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Abstract: The Tibetan Plateau is the largest region of high
elevation in the world. The source of water for a number
of important rivers, the Himalayan region is vital to the
billions of inhabitants of the Asian continent. Over the
last fifty years, the climate in the region has warmed more
rapidly than anywhere else at the same latitude. Causes
and effects, and the geographical details of these alarm-
ing warming trends are as yet not fully known. One way
of assessing the effects of climate change in this area is to
measure the change in glacier volume in the region, but es-
timates made on the basis of different techniques have not
been conclusive to date, and remain difficult to reconcile.
We examine the temporal behavior of the mass flux inte-
grated over four distinct groupings of Tibetan glaciers us-
ing satellite gravimetry from the Gravity Recovery and Cli-
mate Experiment (GRACE). We use a technique known as
spatio-spectral localization using spherical Slepian func-
tions to convert global spherical harmonic expansions of
the time-dependent geopotential into monthly estimates
of mass changes over the Tibetan Plateau. Subsequent re-
ductions are aimed at interpreting this mass change as due
to gains or losses in ice mass. We find that (ice) mass has
been decreasing on the Tibetan Plateau between 2002 and
2016 but with significant spatial variability throughout the
region. Specifically, in the regions of Himalaya, Pamir, Qil-
ian, and Tien Shan, glaciers have been losing ice mass at a
rateof -11+3,-1+2,+8+2, and -6 + 1 Gt/yr, respectively,
over the last decade.
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1 Introduction

The Tibetan Plateau has been dubbed the Third Pole [1].
The largest high-elevation area in the world, covering an
area of 2.5x10° km?, it is the region in the world with the
most ice mass after the North and South Poles. The re-
gion has experienced significant warming over the past 50
years of 1.8°C [2]. This warming is greater than any other
region of the world at the same latitude [3]. Over forty cli-
mate models agree that the area will continue warming
over the next century, with predicted mean annual tem-
perature increases ranging from 3.9-6.0°C by 2100 [4].
Regional minimum daily temperature has also increased
at a rate double that of the daily maximum temperature
increase (0.41°C/decade compared to 0.18°C/decade) [5].
This asymmetric warming may lead to a more pronounced
effectin colder regions such as the Tibetan Plateau. [6] esti-
mated that regions at higher altitudes such as the Tibetan
Plateau may warm faster than areas of low altitude. The
causes and effects of this warming are not fully known,
particularly on the local level [7].

Earth’s cryosphere is affected by an increasing mean
annual global temperature. Understanding the change in
ice mass on the Tibetan Plateau in particular is essential
for many reasons. Glaciers in the Tibetan Plateau are an
important store of the Earth’s freshwater. Glaciers and ice
caps contain approximately 70% of the Earth’s freshwa-
ter [8]. [9] estimated that, between 2003 and 2009, glacier
mass wastage contributed 0.71 + 0.08 mm of sea-level
equivalent per year which was 29 + 13% of observed sea-
level rise. [10] found that for sea-level rise not attributed to
thermal expansion, about 60% was attributed to melting
of glaciers and ice caps rather than melting of the Green-
land and Antarctica ice sheets. [10] estimated that accel-
erated glacier melting may cause 0.1 to 0.25 m of sea-level
rise by 2100. These studies suggest that the contributions
to sea-level rise by glaciers on the Tibetan Plateau is cer-
tainly far from negligible.

In addition to affecting global sea-level rise, changes
in mass of glaciers on the Tibetan Plateau have local
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implications on human health and survival [11]. Unlike
Antarctica and Greenland, the glaciers of high moun-
tain Asia play an important role in global water security.
Nearly one quarter of the world’s population depends on
rivers fed partially from Tibetan Plateau, and these rivers
run through some of the world’s most densely populated
and rapidly developing countries including China and In-
dia [12]. Water from these glaciers is used by hundreds of
millions of people for industry, agriculture, power gener-
ation and drinking water. Glacial runoff from the western
Himalaya on the Tibetan Plateau contributes 70% of the
summer river flows of the Ganges and Indus rivers.
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Figure 1: Regions of interest used in this study chosen based on
areas used by [13]. Four different regions of interest: Tien Shan,
outlined in yellow, Qilian outlined in green, Pamir outlined in blue,
and Himalaya outlined in red. The glaciers, outlined in dark grey,
represent the largest 10,000 by area glacial stock as measured by
the Randolph Glacier Inventory [14]. Country political boundaries
are shown in light grey.

As glaciers on the Tibetan Plateau are important wa-
ter sources for surrounding drainage basins they are of-
ten considered the “Asian water towers” [15]. The effect of
dwindling glaciers on these different basins is not thor-
oughly understood. A decrease in glacial runoff to these
basins in the future, exacerbated by river seasonality,
poses a serious threat to food and water security for nearly
a fifth of the world’s population. A dearth of knowledge
on glacier and melt water interaction leaves a highly pop-
ulated portion of the Earth potentially underprepared for
water scarcity [16].
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The seasonality of water availability, large popula-
tions, and the potential for political tension in the area
make predicting the impacts of climate change a very
pressing issue. No scientific consensus has been reached
on the expected behavior of this area [17]. The region is
very heterogeneous, hence small-scale sampling does not
easily provide an accurate picture of the overall behavior
[18]. Furthermore, ground-truthing of models is limited.
Between 2000 and 2007 no major studies were published
on the changes of ice mass in this region, until the assess-
ments by the Intergovernmental Panel on Climate Change
brought mass wasting of Himalayan glaciers again to the
foreground.

Surface mass balance (SMB) of glaciers is determined
by measuring net accumulation and ablation rates at the
surface of the glacier, in the field, using a simple measur-
ing stick or via GPS. These are compared with predictions
from weather models for the region, ground-truthed by
weather stations. GPS is furthermore used to measure rates
of crustal uplift that can be associated with ice mass loss
based on the vertical displacement of crust near glaciers
[19]. Hence, GPS can provide a secondary measurement of
the response to the change, rather than be a measurement
of the change itself. Glacial thickness can be measured
seismologically, by ice-penetrating radar, or by drilling
[20]. However even the best local measurements do not of-
fer a complete picture of glacial change over a large and
possibly heterogeneous area. Moreover, SMB studies do
not account for dynamic losses (due to flow) or basal melt-
ing [21].

In recent studies in the Himalaya, satellite-based mea-
surements have been favored over SMB modeling. There
are many ways to estimate the change in ice mass over a re-
gion from a satellite. Passive imagery measures change in
surface area and albedo, but does not account for changes
in ice thickness or density. Active laser and radar altimetry
can measure the change in elevation of a glacier but can-
not account for changes in density. The Geoscience Laser
Altimeter System on the ICESat satellite has been used
in many studies including [22]. Altimetry cannot directly
measure the change in mass of glaciers as it measures only
the change in relative altitude. Glacial models and esti-
mates of glacial density need to be applied to the estimated
change in volume in order to interpret the measurements
in terms of the change in mass.

[23] compared surface mass balance and gravimetric
techniques for measuring changes in acceleration of ice
mass loss in Antarctica and Greenland and found the mea-
surements fell within the same confidence intervals. How-
ever, for the Tibetan Plateau, measurements of change in
ice mass using satellite gravimetry data have varied from
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4 to 61 Gt/yr [13, 24]. Part of the variation can be explained
by the difference in techniques used to “localize” satel-
lite gravimetry measurements, which include their expan-
sion on grids, via point masses, using radial basis func-
tions, mascons, or wavelets. [25] measured the changes in
ice mass of the Greenland ice sheet with high spatiotempo-
ral resolution using a robust optimized method that relies
on spherical Slepian functions [26]. The same method was
employed by [27] for the Antarctic region, and we will use
their method in this study also. Using Slepian basis local-
ization of satellite gravimetry we will measure the change
and rate of change of ice mass on the Tibetan Plateau over
the last twelve years.

Figure 1 shows the region of interest for this study as
well as the glaciers present in the area according to the
Randolph Glacier Inventory [14] and defined in [13].

2 Data & Methods

We use data from the Gravity Recovery and Climate Ex-
periment (GRACE), a mission launched in 2002 to deliver
time-dependent measurements of the Earth’s gravity field
[28]. The GRACE satellites measure the Earth’s gravity field
via the geopotential difference between the leading and
the trailing satellite. Over denser or more “massive” parts
of the planet, the satellites will be pulled in a tighter or-
bit than when they are flying over less dense portions.
Data from the GRACE missions provide high spatial and
temporal resolution for the Earth’s gravity field. Global
trends that are visible in GRACE data and are changes in
surface density which can include monsoons, droughts,
current changes in ice mass and Glacial Isostatic Adjust-
ment (GIA) from the previous deglaciation [29]. The GRACE
mission data centers have returned monthly averages for
the Earth’s gravity for each of the past 150 months or so.
The specific data set used in this study is the Release 05
Level 02 product processed by the Center for Space Re-
search in Austin, Texas [30].

GRACE mission data are routinely delivered as a set of
spherical harmonic coefficients which evenly parameter-
ize the surface of the globe [27]. Spherical harmonics com-
prise a set of functions and their expansions coefficients by
which to describe a field, such as the Earth’s gravitational
potential. The spherical harmonic coefficients are weights
attached to the basis functions, generally available as
monthly varying solutions, complete up to a maximum
spherical harmonic degree or bandwidth L = 60. When
processing GRACE data, degree-one coefficients were re-
placed by the values determined by [31], and degree-two-
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zero coefficients were replaced by the values from satellite
laser ranging [32].

A spherical harmonic of degree | and order m, is a
function of colatitude 8, and longitude ¢. With 1 = 0, ..., e
and m = -1, ..., l the Y,,,(6, ¢) form a complete orthonor-
mal basis for all square-integrable functions s that live on
the surface of the unit sphere Q. Any bandlimited spheri-
cal function f can be expressed as a finite sum of spherical
harmonics,

L l
f6.9)=3" 3" fin¥im(6. 9), W

1=0 m=-1

where f,, are the weights associated with the spherical
harmonics Y;,, and the bandwidth L is the maximum
spherical harmonic degree.

The set of spherical harmonics from the GRACE mis-
sion describe the gravity field of the entire Earth. For the
typical GRACE bandwidth of L = 60 (which is commensu-
rate with the altitude of the satellites, about 400 km) there,
thus are 3721 degrees of freedom. However, in order to ex-
amine a specific subsection of the Earth it is not necessary
to use all (L +1)? of them. The approximate number of per-
tinent functions, the effective size of the space of geopoten-
tial solutions is an “area-bandwidth product”, a quantity
termed the Shannon number,

K=(+ 1)2%, @)

where A/4/m is the fractional area of the region of interest
on the unit sphere.

A Slepian function at the bandwidth L, and for a cer-
tain region R is a bandlimited spherical harmonic expan-

sion
L

l
ga(B, <P) = Z Z Salm Ylm(e’ fP)- (3)
1=0 m=-1
The expansion coefficients g,;, are the eigenvectors of a
matrix,
ZZDlm,l'm'gal'm' = Aa 8uim> %)
r m

whose elements are

me=/ﬂﬂamwm@¢MQ ©)
R

Equation (5) presents the main computational burden in
the determination of the Slepian functions for arbitrary
regions R, although recent work has reduced this burden
considerably [33].

Formally, the Slepian functions are eigenfunctions of
an “area-bandwidth limiting operator”, and the associ-
ated eigenvalues Ay measure their “utility” in terms of
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Figure 2: Well-concentrated L = 60 Slepian functions, localized for the Himalayan region in central Asia. The region of concentration is
outlined in a black dashed line. Coastlines are shown in light grey. a denotes the rank of the eigenfunction. The parameter A is the corre-
sponding eigenvalue for each function indicating the amount of concentration. Magnitude values whose absolute values are smaller than

0.01 are left white.

their relative areal concentration:

/ 226, 9) dQ

R (6)
/ 820, ) dQ

Q

In other words, A4 is defined as the energy of the func-
tion g4 as measured over the region R as a fraction of all
of its energy over the entire sphere Q. The Shannon num-
ber K equals the sum of all eigenvalues, and given the typ-
ically stair-step nature of the eigenvalue spectrum (with
eigenvalues that are either very near unity or very near
zero), it is also roughly the number of “useful” functions
that suffices to approximately expand a bandlimited sig-
nal L within the region R of interest.

The Slepian function set constitutes on orthonormal
basis for the entire sphere Q, and forms an approximate
basis for functions that are concentrated over the region
of interest R, which entails

(L+1)?
f6, ) = Z faga(6, @), for(0,p) c Q, (@)
a=1
K
=Y fagal6,9),  for(d,@)eR.  (8)
a=1

Hence, the problem of “spatiospectral localization” of the
global gravity geopotential, expressed in spherical har-
monics Y}, into a new expansion valid over the region of
interest, R, at the same resolution provided by the band-
width L, amounts to finding the appropriate Slepian field
expansion coefficients fj.

Equation (3) shows how the Slepian functions are lin-
ear transforms of spherical harmonics, from the properties
of the matrix in Eq. (5), which is symmetric and positive-
definite, it now follows that the transformation of the basis
coefficients f;,,, [ = 0, ..., L, m = -1, ..., I, to the localized
setfo, a=1,...,(L+1)*is simply accomplished by

L 1
fazzzgalmflm' (9)

1=0 m=-1

This gives us the transformed coefficients, fa, approxi-
mately K of which will be required to provide good cov-
erage over the region R.

In the construction of the appropriate Slepian func-
tions, we thus have only a few available parameters to
tune. These “knobs™ are the bandwidth L, the geograph-
ical description of the region of interest R and the precise
number of functions required to provide a faithful repre-
sentation of the unknown geopotential. The latter num-
ber depends on the signal-to-noise levels of the original
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Figure 3: Well-concentrated L = 60 Slepian functions, localized for the Pamir region in central Asia. Annotations and labeling are as in

Fig. 2.

coefficients fj,,. Generally, and as we take this to be the
case here, the appropriate number is close to the area-
bandwidth product or Shannon number K. The size of
the region R is determined via synthetic input-output in-
version experiments [25, 27]. Based on these experiments
corrections for leakage error are unnecessary and are not
made.

Each of the Slepian functions is an “eigenmap” pattern
whose integral is a measure of the average importance of
the function in question over the area of interest. Multipli-
cation of the integral value with the the expansion coeffi-
cients yields the total value of mass flux over the region.

Figures 2, 3, 4, 5 show the Slepian functions for the
four different regions used in this study. The Shannon
number of useful functions for each region is constituted
by those elements of the Slepian basis that have eigenval-
ues A Z 0.5, which are listed in the figure panels. The
Shannon numbers for each region were Himalaya K = 7,
Pamir K = 3, Qilian K = 7, and Tien Shan K = 4. We
note that the smaller the region under study, the fewer
Slepian functions are available or necessary for the expan-
sion, which altogether limits the spatial coverage over the
region. The values for the regions on the Tibetan Plateau
end up being much smaller those used previous studies of
ice mass loss using Slepian functions, which considered
the much larger areas of Greenland and Antarctica [25, 27].

After turning the original spherical harmonic coeffi-
cients, which have no spatial selectivity, into the expan-
sion coefficients of the Slepian basis designed for the re-
gion of interest, we obtain new time series that are then
analyzed for their temporal behavior.

The final step in the analysis is the attribution of the
mass fluxes over the regions to ice mass behavior. We cor-
rected the data using a global glacial isostatic adjustment
(GIA) model [34, 35] which subtracts the effects of ongoing
mass trends related to previous deglaciations. We also use
a model of terrestrial water storage (TWS) calculated from
the Global Land Data Assimilation System 1.0 (Noah) to
correct for non-ice related hydrological fluxes which may
contaminate the mass signal; ice turning to melt is not nec-
essarily all removed from the system, and non-ice related
hydrological fluxes may contaminate the mass signal. We
limit or mask the TWS model to areas which are not cur-
rently glaciated because these models are known to be in-
accurate in areas containing land ice.

3 Results

Figures 6, 8, 9, and 10 show the total change in ice mass
from April 2002 to May 2016 in all four regions outlined in
Fig. 1, determined by the combination of the determined
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Figure 4: Well-concentrated L = 60 Slepian functions, localized for the Qilian region in central Asia. Annotations and labeling are as in

Fig. 2.

Slepian functions (Figs. 2, 3, 4, and 5) integrated over the
area and multiplied by their corresponding expanding co-
efficients. Ice mass is translated to sea-level equivalents
using the conversion of 1 mm SLR per 361 Gt of purported
ice mass.

Temporal fitting was carried out in a polynomial ba-
sis up to the third degree, as warranted by F-tests on the
proportional improvement of the fits in terms of their re-
duction of variance. Yearly (365 day) and biannual (182.5
day) cycles were also included in this fit, as seasonal cy-
cling has alarge impact on glacial mass. All plots exhibited
well-resolved linear trends. The total fit of the Tien Shan
region in Fig. 10 exhibits a deviation from the linear trend
in the data, the modeling of which was not improved by
reconstructing with higher degree polynomials. The total
fit of the data was used to determine the rate of change of
the glaciers and the total change during the time period of
the glaciers. None of the four regions examined revealed
detectable acceleration (quadratic trends)in mass change
during our study period. However, glaciers in those region
may be accelerating over time scales greater than the mea-
surement epoch.

Figure 7 shows the individual functions in the region
scaled by the integrated weight of the Slepian functions.
Note that those Slepian functions were shown in Fig. 2.

Figures 7, 12 and 13 show the individual Slepian com-
ponents for Figs. 6, 9, and 10.

Figure 14 shows the spatial change of all four of
the subregions. Himalaya and Tien Shan experienced the
largest losses of ice mass over the twelve-year period and
had mass loss concentrated in the eastern portion of the re-
gions. Pamir exhibited little net change over the time pe-
riod but had consistent seasonal cycles present through-
out, as visible in Fig. 8.

Results in Figs. 6, 8, 9, 10 are vary slightly from the
results in Fig. 14 because of the ordering of combining in-
dividual functions and averaging them. In this study we
followed the procedures of [36] creating the temporal fit by
first expanding the coefficients, integrating over the region
and then inverting them, and creating the spatial trend by
inverting each Slepian function before re-expanding and
summing them.

The yearly melt rates, M, for each region determined
by the temporal method of fitting with 95% confidence in-
tervals were: Himalaya M =-11 + 3 Gt/yr, Pamir M =-1 +
2 Gt/yr, Qilian M =+8 + 2 Gt/yr, Tien Shan M =—6 + 1 Gt/yr.

4 Discussion

In this study we used a statistical technique known as spa-
tiospectral localization using spherical Slepian functions
to estimate the time-evolving mass system in the Tibetan
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Figure 5: Well-concentrated L = 60 Slepian functions, localized for the Tien Shan region in central Asia. Annotations and labeling are as in
Fig. 2.
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Figure 6: Total change in ice mass from April 2002 to May 2016 in the Himalayan region as determined from our analysis. The black line
with 95% confidence bars in grey shows the monthly total ice mass as obtained from the projection of the raw data collected by GRACE onto
seven Slepian functions designed for the area and with a bandwidth of L = 60. The red line shows the linear component of the best fit that
also included yearly and bi-annual cycles, which were removed for display. The blue lines are the 95% confidence interval for this linear fit.
The Himalayan region exhibited a consistent loss over the twelve-year period totaling -129 Gt of ice mass in that time period, equivalent to
+0.36 mm of global sea-level rise.
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Figure 7: Monthly time series of the seven Slepian coefficients used to extract the total ice mass loss in the Himalayan region, which was
shown in Figure 2. The black lines show the raw data from GRACE after projection onto the individual Slepian functions. The blue lines show
their least-squares fits in terms of periodic functions with a 182.5 day and a 365 day cycles, and polynomials up to the third degree. The
eigenvalues of the Slepian functions are denoted by V and W is their integral, which is the weight by which these are combined into the

total shown in Figure 2.

Plateau, focusing on four subregions, which we took to be
Qilian, Tien Shan, Pamir, and Himalaya. The data source
is from the GRACE gravity mission, which has an intrinsic
resolution limitation corresponding to a maximal spheri-
cal harmonic degree of L = 60. The Slepian technique re-
duces the number of components that need to be estimated
from the data to a small handful, scaling the full dimen-

sion of the inverse problem, (L + 1)2, by the fractional area
of the region under study. The benefits of dimensional re-
duction are offset by an increase in estimation variance.
Overall, the biggest limitation to this study was the small
area of interest, which as we know from the definition of
the Shannon number (see Eq. (2)), greatly limits the num-
ber of Slepian functions applicable to the area. Despite this
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Figure 8: Total change in ice mass from April 2002 to May 2016 in the Pamir region as determined from our analysis. Symbols and anno-
tations are identical to those used in Figure 6. The Pamir region exhibited minimal ice mass change over the twelve-year period with a net
loss of -7 Gt of ice mass in that time period, equivalent to less than +0.02 mm of global sea-level rise.
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tations are identical to those used in Figure 6. The Qilian region exhibited a steady gain over the twelve-year period totaling +95 Gt of ice
mass in that time period, equivalent to —0.26 mm of global sea-level fall.

small area, there was high spatial variability within the Ti- ing by almost 100 Gt. The net regional change was -118 Gt
betan Plateau, with two areas decreasing by 110 and 70 Gt  ice mass.
of ice mass, one staying mostly the same and one increas-
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of ice mass in that time period, equivalent to +0.21 mm of global sea-level rise.
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Figure 11: Monthly time series of the three Slepian coefficients used to extract the total ice mass loss in the Pamir region, which was shown
in Figure 8. The black lines show the raw data from GRACE after projection onto the individual Slepian functions. The blue lines show their
least-squares fits in terms of periodic functions with a 182.5 day and a 365 day cycles, and polynomials up to the third degree. The red lines
show only the non-cyclical components of these fits.

Some of the regional variability may be explained by glacial melt distribution for the Tien Shan region as found
three factors, elevation, aspect and latitude. These three in [37]. Our findings were closely aligned with those of [37]
factors accounted for 75% of the variance in temporal for the Tien Shan region. Our findings of M=-57 Gt/yr,
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Figure 12: Monthly time series of the seven Slepian coefficients used to extract the total ice mass loss in the Qilian region, which was
shown in Figure 9. The black lines show the raw data from GRACE after projection onto the individual Slepian functions. Labels and anno-
tations as in Figure 11.

were in line with their findings of M = —5.4 + 2.8 Gt/yr for ~Table 1: Comparison of results from this study with [37].
glaciers in Tien Shan modeled between 1961 and 2012. [37]
do not suggest that there is an acceleration in the rate of Region [37] [Gt/yr] This Study [Gt/yr]
glacier loss for this region but that there has been a con- Qilian -5.4:2.8 +8+2

sistent decline. Satellite images of the Tien Shan indicate
glaciers lost approximately 8% of their area in the 30 years

prior to the launch of GRACE (1971-2002) [38]. [39] found 2002. In addition the interannual variations and the sec-
that all sectors of the Tien Shan have been losing ice since ular trend in the Tien Shan since 2002 are consistent with

rising temperatures in the region [39].

Brought to you by | Princeton University Library
Authenticated
Download Date | 12/8/18 3:22 AM



94 —— Alyson K. Beveridge, Christopher Harig, and Frederik J. Simons

DE GRUYTER

&, o
oS o o
T

Tien Shan Region

N
(]

ice mass [Gt] ice mass [Gt] ice mass [Gt] ice mass [Gt]

Jan2002 Jan2004 Jan2006 Jan2008 Jan2010 Jan2012 Jan2014 Jan2016

Figure 13: Monthly time series of the four Slepian coefficients used to extract the total ice mass loss in the Tien Shan region, which was
shown in Figure 10. The black lines show the raw data from GRACE after projection onto the individual Slepian functions. Labels and anno-

tations as in Figure 11.

Table 2: Comparison of results from this study with [13].

Region [13] [Gt/yr] This study [Gt/yr]
Himalaya -5+6 -11+3
Pamir -1+5 -1+2
Qilian +7+7 +8+2
Tien Shan -5+6 -6=+1

[13] measured global ice mass changes between Jan-
uary 2003 and December 2010 using GRACE data localized
with mascons, small regions of the earth. Our four regions
of interest were defined by [13], and our results well within
the 95% confidence intervals for each region. However the
confidence intervals found in this study were much tighter
than those in [13] due the improvements of using Slepian
functions rather than arbitrarily defined shapes, mascons,
on the sphere.

[40] found that climate variability resulted in 3200 +
900 Gt of water being stored on land between 2002 and
2014, indicating that there may be some some offset to the
amount to which glaciers contribute to SLR. However in
the distribution of this water offset based on global GRACE
mascon analysis TWS decreased in the regions of interest
for this study.

Table 3: Comparison of results from this study with [41].

Region [41] [Gt/yr]

-12.8+3.5

This study [Gt/yr]
-11+3

Himalaya

[41] used ICESat altimetry and Shuttle Radar Topogra-
phy Mission (SRTM) Digital Elevation Model (DEM) to de-
termine the decrease in glacier ice mass in the Himalayan
region. They found the yearly decrease to be M = -12.8 +
3.5 Gt/yr. However the altimetric model of determining
glacier ice mass change assumes constant ice density and
assumes that loss of ice volume will be proportional to the
loss of mass.

[15] contends that not all regions surrounding the Ti-
betan Plateau will be affected evenly if glaciers in this area
continue shrink. They found that less than 10% of wa-
ter in the Ganges, Yellow, and Yangtze river came from
glacial runoff, and that glacial runoff is often confused
for snow melt. However in drier regions such as Pakistan
and Afghanistan, glacial runoff is an extremely impor-
tant source of water, and losing the glaciers as a water
source could greatly compromise water security in the
area. Ground-truthing of any information in this region re-
mains extremely difficult as relations between neighbor-
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Figure 14: Four maps of the spatial change in ice mass between April 2002 and May 2016 in the four designated regions of the Tibetan
Plateau. Box A shows the Pamir region which remained relatively unchanged during this time period. However, this region was the small-
est and had the least Slepian Functions. Box B shows the Tien Shan region which had the second greatest amount of ice loss and has a
more spatially distinct distribution of ice mass loss, concentrated in the eastern portion of the region. Box C shows the spatial ice mass
change in the Himalayan region. This region experienced the greatest amount of ice mass loss at a change of —-129 Gt ice mass. The spatial
distribution of mass projected by the seven Slepian functions shows the greatest decrease in the eastern half of the region. Box D shows
the Qilian region which had a net positive change of of +95 Gt of ice mass. The increase in ice mass appears to be more evenly distributed

within the region than in the Himalayan and the Tien Shan regions.

ing countries in the region to not foster scientific collabo-
ration. In situ data collection remains extremely challeng-
ing in the area [42].

If glaciers on the Tibetan Plateau continue to decline
and grow at their current rates without any acceleration,
they will contribute about 2.3 mm of SLR by 2100. Although
this number seems relatively small contribution to pre-
dicted global sea-level rise, local implications for changes
in glacial melt contributions to local drainage basins may
have a more severe effect. [43] estimated the total volume
of glaciers in this region to be 4561 km>. The density of
glacial ice is on average approximately 850 kg/m?> [44],
which is equal to 0.85 Gt/km>. If glaciers in the region con-
tinued to decline at a constant rate —10 Gt/year (combined
all regions gaining and loosing) it would take 387 years for
the glaciers on the Tibetan Plateau to melt.

5 Conclusions

This study uses a novel technique of Slepian analysis to
measure changes in ice mass on the Tibetan Plateau using
GRACE data from 2002 to 2016. This technique is unique
from the previous studies of the region and its findings
have a higher spatial resolution than other methods of
analyzing GRACE data. The Tibetan Plateau is warming
and may exhibit more dramatic effects due climate change
than other regions in the world. Previous studies have
been inconclusive. We find that the Third Pole, the third
largest region of ice mass in the world, is losing ice mass at
a steady rate and did not exhibit any acceleration during a
twelve-year time period. However some regions did exhibit
slight deviations from the linear trend, such as Tien Shan,
which indicate that other nonlinear trends may be observ-
able over longer periods of time. By localizing GRACE co-
efficients using a Slepian basis we were able to determine
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spatiotemporal variability on the Tibetan Plateau. Overall
the region had a net loss of —118 Gt of ice mass, equiva-
lent to 0.33 mm of sea-level rise. Despite this small con-
tribution to sea-level rise, changes in the high mountain
Asian glaciers threaten water security for nearly one quar-
ter of the world’s population. Change in ice mass varied
by region with one region gaining ice mass, two regions
losing ice mass, and one region remaining the same. Fur-
ther study is necessary to determine how changes in differ-
ent regions will affect populations, and what factors corre-
late to ice mass loss versus gain in a relatively small, het-
erogeneous region. Cooperation between local scientists
for local data collection as well as international cooper-
ation collecting remotely sensed measurements, such as
GRACE, should be continued in order to better estimate
further changes on the Tibetan Plateau.
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