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Seasonal and inter-annual changes of snow and ice in the terrestrial and
planetary cryosphere from time-variable gravity field
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Various kinds of mass redistribution constantly occur on the earth and planet. At-
mospheric circulation driven by solar heat brings rainfall and snow accumulation on the
surface. Mantle convection within planetary interior induces volcanic activity and earth-
guakes. Recent global warming causes rapid and huge losses of water ice in continental
ice sheets and mountain glaciers. Because these geophysical phenomena accompany the
movement of mass such as wditee and crugmantle material, they also change gravity
field of the planet. Gravity observations provide the key to investigate such dynamics
of the earth and planets. Space geodetic techniques which made dramatic progresses in
recent years enable us to measure subtle gravity changes with high temporal and spatial
resolution. In this study, | try to investigate seasonal and inter-annual changes of snow
and ice in the terrestrial and planetary cryosphere from time-variable gravity field ob-
served by artificial satellites. The present study can be divided into the following two
topics; (1) Seasonal and Inter-annual changes of volume density of martiaaro®.

; (2) Glacial ice loss in Asian high mountains due to global warming.

(1) Seasonal and Inter-annual changes of volume density of martiais@w

First | studied the gradual increase of the volume density of carbon dioxidg) (CO
snow in the polar regions of mars due to compaction. The martian atmosphere ex-
changes C@with the surface by repeating condensation and sublimation, causing sea-
sonal growth and decay of the polar €8howcaps. Ninety-five percent of the current
atmosphere of mars is G@nd up to one third of which is considered to solidify (i.e.
accumulate as snow) in the polar region every winter of martian year, resulting in a re-
distribution of~ 1 x 1078 of Mars. These processes leave two kinds of independent
geodetic signatures, i.e. seasonal changes of the martian gravity field and of surface
elevation of the snow-covered regions. Here | study time variation of volume density
of martian CQ snow due to compaction by combining these two data sets from Mars
Global Surveyor (MGS) during 1999-2001 covering three Martian winters. Then | found
that light fresh snow of 0.1 x 10° kg/m® slowly becomes denser reachingdl.0 x 10°
kg/m® or more immediately before it thaws. The maximum snow density varies year
to year, and between hemispheres. In the second winter, the density became as high as
~ 1.6 x 10° kg/m®. This might have been caused by a dust storm activity, e.g. increased
mixing of silicate particles aridr enhancement of sintering.

(2) Glacial ice loss in Asian high mountains due to global warming

Secondly | studied the rapid decrease of the total mass of the glacial water ice in
Asian high mountains due to recent global warming. Asian high mountains around Ti-
betan Plateau store the largest amount of ice in the low and middle latitude region known
as the’ Third pole of the earth. Substantial amount of glacial ice is considered to be
melting in this region due to recent global warming. Gravity Recovery and Climate Ex-
periment (GRACE) satellite enables direct measurement of mass loss rates over these
mountain glacier systems. Here | analyze GRACE data sets during 2002-2009 and ob-
tain the average ice loss rate there of492 Gigaton (Gt) yr', equivalent to~ 0.13



+ 0.04 mm yr! sea level rise. This is twice as fast as the average rate~0¢6ryears
before the studied period, and agrees with the global tendency of accelerating glacial
ice loss. Such ice loss rate varies both in time and space; mass loss in Himalaya is
slightly decelerating while those in northwestern glaciers show clear acceleration. Un-
certainty still remains in the groundwater decline in northern India, and proportion of
almost isostatic (e.g. tectonic uplift) and non-isostatic (e.g. glacial isostatic adjustment)
portions in the current uplift rate of the Tibetan Plateau. If gravity increase associated
with ongoing glacial isostatic adjustment partially canceled the negative gravity trend,
the corrected ice loss rate could reach 63 Gt.yr
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Fig.1 Kepler elements determining satellite orbit.
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19970 1100000000 19990 20 0000000000000 DOOOODOO
Ooo0o0oooooooooooo (MGS)O, 000000000000 0oooon
0, 0000000000000 oobooo
(Zuberetal., 2000 00000000000, MGSOO0OO0OOOOOO, Mars Orbiter
Laser Altimeter(MOLA) D OO OO OO0 O00O,00000000 19990 2000 2001
O050000080000,0000 10 200000000000.0000000000
dofdooooooooo.obodbooooobooooooon.ooboooooon
g, jggoooooooboobobooon. bbb gdggooooo
O00oooooo,000000oooogooooooooooood (Parkeretal.,
1993).000 MOLAO,00000000 kmOOOOODOOODOOODOOOOO
000 (Carrand Head, 2003 O O 0000000000 OOoOOoOoOOoOoOoOOOO
Oo00dooooooooooooooooooo (Perronetal., 20071 000 O, 2008).
oo oob, oo oo boooooboooa
OO0 (Nimmoetal,2008)0 0 0000000000000, 00000000000
goboooooobuoogoou, oo ooooonbuoo
aooao.

O00D0000o0oooooo0oooo0.ooo,HLO0D0DODo0DooOoOoOooooon
Ikmdoooo (Dooo)o,CoO00 (Co)oboooooooooooono, Co,
00ooo000oDO0o0oooDoooOoooooDOooDoOo.MOLAODDODOOO 10 20
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J0000000dddOdo,000dd00ddd0o0odooon,d0ooco 0000
0000000000000000000.MGSOOODOO000000000,000
000000065500 8.50000000000000000000. Smith etal.
(2001)0 0, 66000 000000000000 (DO00OO0OO0OO00O0)000000000
0,0000000000000000000000000000000,0000 (00
00)000056cm0000000000.00000,0000000 ~1.5mO000
0,0000000 ~12mO00000000000.CG,O000000000,0000
0000000000000 0000D00.00000000000000000000,
000000000000 CoO0000000000000000000 (Yoder et al.,
2003; Konoplivetal.,, 2006 00 0000000000000 O0000000000O0
000,000000000000000000000000000000. Smith etal.
(2001)0, MOLA 0O O0O0OODODOOO0O0O00OOODOOOO (00O J,O)O0O00O,0
0000000000 (0.91+0.23)x 1 kym* 0000000000 O0.0000O,CO,
00 (~15x10kgm3) 000 ~4000000000000.000000000,00
0000000000D0000D000O0o0on.
0000,H,O0000,0000000000000000000000000.000
00000000 (~0.08x 10 kgm®) 0,0 000000000000,000000
0000 (00)0000,000000000050 (~05x100kgmd) 000000
(Heki, 2004). Feldman etal. (2008), 000 0000000000000 O000000
000 Cco,00000000,MOLADDDDODDDDODOOOOOOOD.OOO,O
000000000Oooo,MOLAOOOOOOO0OO0O0O0000000000000.0
00,000000000000000,00000 Smithetal. (200100000000
(0.91+0.23)x 1 kgm* 00D DO0O00DDOOO00ODD.00000O,000000
0000000000000 00000D0D00000000000000000.000
O0000,MOLAODOOOODOOODOOOOOONOODOOODDOOOODOQ
000000000000,0000000000000000000.

22 O00OOOOO

gooo,0jbguoboboobdouoboubooboo.obbobuooboubo
doodbobooboooo, 00 bobobobob0ooobooooooooao
(Heiskanen and Moritz, 1967; Kaula, 1966).

. M nmax n - . . o .
Gravity(¢, 1) = G ernars Z (n+ 1)Z[C”m cosm + SpmSiNMA] Pam(Sing) (1)
n=2

m=0

Gravity(¢,)) 000 4000 A000O00000O0,RO0000000 (3396km),G O
000000, Mmas000000,Pm0000000000000000, nmaxd00
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00 (950)0000,n,mO0000000000.CmD Syw00O0000000000
OO00C0O00 (00O000O00)0oo.
00000000000000,00000000(Q000000)000,0000
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00 J00,00000 wOO0O0O0O0O00000.00J,00000000 zonald
00 QODO000000000,%00 L, Jk000000000000.000000 J,
00,J,),000000000000.0000000000000000000O0, O
000000000,0000 »BO0O0O0O000000000.000,MGSO0000
00000000000000,00000000000000000.0000,000
00 LO00O0O0O000O000O0,000J,001000100000000 (Konopliv
etal., 2006)0 0000000 J,00 J300,000000000 zonalDOODOOO
0,00000000000000,0000MGSO00O0OOODOONDOOOO.

AJy = 83, +2.04604 + 2.896Jg + 3485 + ... )
AJs = 63+ 1.26605 + 1.31637 + 1.256Jg + ... 3)

oo0o,MGSOO0DDOO00DOOO0UDODOOODDO AODDDO,000DDO0FODODOO
ggoooo.

©0]0]0]0

Fig.2 Shapes of low degree zonal gravity components.
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Fig.4 Martian gravity observed by 2-way Doppler tracking data. Gravity models are
available as sperical harmonic é¢beients (maximum degree 95) in Planetary Data System
(PDS) Geoscience Node (httfwwwpds.wustl.edu). Thé, component is removed.



-10

Jan -
2002

Jan -
2001

Jan -
2000

il Solution from Odyssel

N G
90 180 270 360 0 90 180 270 360 0 90 180 270

Solar Longitude Ls (degree)

18

Fig.5 Time-series oAJ, observed by MGS and Mars Odyssey (Konopliv et al., 2006).
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23 U0O0OOOOOOOOoboooDOg

MOLA ODOOOOOO0O0O0OO0O00C0O0O, Smithetal. (20010 Fig20 0000
0000000000,0000.0000 L(0000000000000000000
0000,0000000,10003600000)0 15 000000,300000
000000O000.00655 00865000 zonalDDOOO0DOOOOOOCOO
(Fig.7),000000000000000,60.00000000000,0000000
0000000000.00000000000,000000000000000000
00000000000 (Wahretal., 1998).

§Jn = —6Cro = AcPam(sing) cosgde (4)

3
2Rpave(2n + 1) f
Ao = f Apsnowdh %)

000,0000000(C000000000000000000),pae0000000
O,psow0 00000 (000O0000O000)0,hO00000000.

00,000000000 zonalDOOOOOO0,0000000000000000
00000000000 (Fig.8).

Roave
3,05now

h(¢) = > JnPao(sing) (6)
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Fig.7 Time-series of surface elevation change as latitudinal profiles from latitutlés 65
86° in north and south polar regions. These elevation changes show changessn&O

depth. The laser altimeter data were analyzed by Smith et al.(2001).
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Fig.8 Time-series of changes in latitudinal profiles of snow depth at everpfl$olar
longitudeLs between 105and 528 expressed as the sum of zonal spherical harmonics
with degrees 2-10. The left and right panels show south and north regions, respectively.
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Fig.9 Upper panel shows the time-series of changes in gravitjiceatAJs. The black

dots with 1e¢- error bars show gravimetritJ; observed by MGS (Konoliv et al., 2006).

The blue curves show altimetric]; calculated from MOLA snow depth data (Smith et al.,
2001), where the average density of snow pack is assumed constant. Lower panel show
time-series of average density. Here snow density is assumed constant.
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Fig.10 Time-variable volume density o, snow in Sapporo (Hachikubo et al., 1997).
Snow linearlly increases its density in time.
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Fig.11 Upper panel shows the time-series of changes in gravitfficeat AJ;. The

black dots with 1s- error bars show gravimetritJ; observed by MGS. The red curves
show altimetricAJ; calculated from MOLA snow depth data (Smith et al., 2001), where
the average density of snow pack is assumed time-variable without inter-anffeal di
ences. Lower panel shows the time-series of average density in the northern (solid lines)
and southern hemispheres (dashed lines).
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Fig.12 Upper panel shows the time-series of changes in gravitfficeat AJ;. The

black dots with 1e- error bars show gravimetritJ; observed by MGS. The red curves
show altimetricAJ; calculated from MOLA snow depth data (Smith et al., 2001), where
the average density of snow pack is assumed time-variable with inter-anflieaédce.
Lower panel shows the time-series of average density in the northern (solid lines) and
southern hemisphere (dashed lines).
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Fig.14 An overview of TES (Thermal Emission Spectrometer) atmospheric observations
shown as zonal averagea as a function of latitude and season. Upper panel is daytime
atmospheric temperture. Lower panel is dust opacity.
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Fig.15 Conceptual scheme of elactic deformation by surface load. Cited from
httpy//wwwsoc.nii.ac.jpgeod-sogveb-textpart3hekiheki-0.html.
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Fig.16 Load Love number as a function of degrees. Here | show the load Love number
assuming a 1468 km liquid outer core and a 3280 km mantle-crust interface radius.
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Fig.18 Upper panel shows the time-series of changes in gravitfficeat AJ;. The

black dots with 1e- error bars show gravimetritJ; observed by MGS. The three curves
show altimetricAJs; calculated from MOLA snow depth data (Aharonson et al., 2004),
where the average density of snow pack is assumed constant (blue), time-variable without
inter-annual dference (green), time-variable with inter-annudtatience (red). Lower
panel shows the time-series of average density in the northern (solid lines) and southern

hemisphere (dashed lines).
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GRACEO OO (UTCSRO)ODO,00000000000000O0O0O0O00O0O,00000
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ocean model (Cagre and Lyard, 2003) 0 00 00000000000 AOD1B Release-
Odproducti DO ODDOOODOODOO. Fig.190,UTCSRODOODODODOODOOOOOO
GGMO3CO OO (D000 3600)00000O0O0ODOOD. 000, 0000000 (Capo
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Fig.19 Static Gravity field of the earth observed by GRACE. Up to 360 degree and order
of stokes cofficients are expanded. Spheroida} {Ccomponent is removed.

GRACEODOUOOOOOOODDODO,DDOO00000000O0ODDoDOoOODOO.Oo00
g, 0gdododooodooboo, oo oooooooooouoood
O.000000000000,UTCSROOOOO GSM(Gravity Satellite only Monthly
solutions)D 000 O000O0.000000O,00600000000000000000
O00,000000 ~300kmO0,000000000000000.00000000
00000000000 (AChmASym 0,0000000000000000 (Ag)O0O
gooooboooo.

nmax n
A, ) = %‘f‘”‘“ > (n+1) > [ACimCOSMU + ASnmsinmi]Pon(sing)  (12)
n=2 m=0

000,00 A000000,ROO0000000 (6378km),GOOO00OOO, Mearth O
Oo0o0o0,Pm00d0d000od0dd, 00000 (600)0000,n,mO0000
O000D00.GRACEDODODOODOOODODOODDOODO,000000ODOoODoon
00 AC,o 00000 SLRODODOO (Cheng and Tapley, 2004) 0000000000
0000000 (ACyo,AC11,AS1)) 00000, GRACED D UIDODOODDOOODOOODO
gogoooogod.

Fig.200,20050 10 0000000000000 00O0ODOOOOO0O.00000O
g, bbbt uoobooo,ogbuooo
bbb oobuooob.gbob oo, bbb oobuobuooon



36

January, 2005
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Fig.20 Gravity anomaly in January 2005 observed by GRACE satellite, where no spatial
filters have been applied.
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Fig.21 (a) Spherical harmonic ddieientsW, of regular Gaussian filters with the averag-

ing radius of 350 km (red) and 500 km (green), respectively, used for spatial averaging of
GRACE data. (b) weight of regular Gaussian filter and its projection onto the (n, m) plane
(L = 300 km); (c) weight of the fan filter (Gaussian filter with weights considering hoth
andm) and its projection (L= 300 km). (Zhan et al., 2009)
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January, 2005

350 km-Gaussian filter

0’ 30° 60° 90" 120° 150° 180° 210° 240° 270° 300° 330° 0°

500 km Gaussian filter

0° 30° 60° 90" 120° 150° 180" 210° 240° 270° 300° 330° O0°

1000 km Gaussian filter

0’ 30° 60° 90" 120° 150° 180" 210° 240° 270° 300° 330° O°

Gravity deviation Fmm——mm— micogl
-6.0 -40 -24 -08 0.8 24 4.0 6.0

Fig.22 Gravity deviation in January 2005 observed by GRACE satellite with the Gaus-
sian filter of the averaging radius of (a) 350 km, (b) 500 km, (c) 1000 km.
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January, 2005
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Fig.23 Gravity deviation in January 2005 observed by GRACE satellite with the fan filter
of the averaging radius of (a) 350 km, (b) 500 km, (c) 1000 km.
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Fig.24 Stokes cd&cient plotted as functions of degree for ordersG¥3 and n=15-18.
(a) and (c) plotted for every degree; (b) and (d)fie&nts plotted saparetely for even and
odd degrees. (Swenson and Wahr, 2006)
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Fig.25 Gravity anomaly in January 2005 observed by GRACE satellite, for which the
de-striping filter of P5M12 is applied.
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January, 2005
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Fig.26 Gravity deviation in January 2005 observed by GRACE satellite, in which the de-
striping filter of P5M12 and the fan filter with the averaging radius of (a) 350 km, (b) 500
km, (c) 1000 km are applied.
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Fig.27 Global gravity changing rate between April 2004 and April 2009. The de-striping
filter of P5M12 and the fan filter with the averaging radius of 350 km are applied.
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Fig.28 (a) Distribution of glaciers (white dots) in Asian high mountains. (b) Gravity

time series by GRACE at three points, Karakorant &8 7 N) and East Himalaya (9E,
28 N), North India (77E, 28N) shown in (a).J Onewo error bars are given a-posteriori

to bring chi-squares of post-fit residuals unity.
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Fig.29 (a) Gravity changing rate in Asian high mountains. (b) Gravity time series at
three points, Karakoram (7B, 37N) and East Himalaya (9E, 28 N), North India (77E,

28N) in (a). Blue curves show best-fit models with polynomials with degrees up to three
and seasonal changes. The polynomial parts of the model are shown by red broken curves.
Thick green lines show average trends from April 2002 to April 2009.
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Fig.30 Spatio-temporal variability of gravity changing rates expressed in equivalent wa-
ter level changing rates at three epochs 2004.5 (a), 2006.0 (b) and 2007.5 (c).

75°
.06
75°
.06

(a) (b)

a5° Observed Synthesized

30°

° O ° O
R < 9 S

Water depth trend in 2004.5 o o

=75 -5.0 25 -0.9 10 30 50 75

Fig.31 (a) The average gravity decrease during 2002-2009 from GRACE, converted to
equivalent water level changing rates after Wahr et al. (1998)) Water level changing
rates at 2004.5 obtained by assuming 8 Gt yee loss over HM Asia glaciers, and 16 Gt
yr-! groundwater loss in northern Indian plain. The same filter was applied in (a) and (b).
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Fig.32 (a) The average gravity decrease during 2002-2009 from GRACE, converted to
equivalent water level changing rates. (b) Water level changing rates at 2006.0 obtained by
assuming 70 Gt yt ice loss over HM Asia glaciers, and 16 Gt{igroundwater loss in
northern Indian plain.
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Fig.33 (a) The average gravity decrease during 2002-2009 from GRACE, converted to
equivalent water level changing rates. (b) Water level changing rates at 2007.5 obtained
by assuming 68 Gt yt ice loss over HM Asia glaciers, and 8 Gtyigroundwater loss in
northern Indian plain.
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Glacial area Epoch Glacial changing rate Average
(km?) (yr) (Gtyr™) (Gtyr™)
Himalaya 2004.5 -20
(33,050) 2006.0 -45 -23.3
2007.5 -5
Karakoram 2004.5 +1
(16,600) 2006.0 0 -0.3
2007.5 -2
Tien shan 2004.5 -4
(15,430) 2006.0 -16 -13.7
2007.5 -21
Pamir 2004.5 +3
(12,260) 2006.0 -24 -20.0
2007.5 -39
Kunlun 2004.5 + 10
(12,260) 2006.0 +10 +9.3
2007.5 +8
Hindu kush 2004.5 +2
(5,900) 2006.0 -2 -3.0
2007.5 -9

Table.1 Glacial changing rate in each glacier area at three epochs (2004.5, 2006.0,
2007.5). These values are obtained by grid-search for optimum changing rate to best fit
GRACE data. Glacier areas are cited from Dyurgerov and Meier (2005).

Epoch (yr) Total ice loss rate (Gt yr?)
2004.5 8
2006.0 70
2007.5 68

2002-2009 48.7

Table.2 Time variability of total ice loss rate in HM Asia glacial system.
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Fig.34 The average water level changing rate at three epochs by GLDAS land hydrology model.
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andUmar,2008)) 0 0 0 0000000000000 OOOOOOOOOO.

Epoch (yr) Groundwater loss rate (Gt yr?)
2004.5 16
2006.0 16
2007.5 8

2002-2009 13.3

Table.3 Time variability of groundwater loss rate in north India.

000000000,GRACEDDONDODONON 2000000000000000.
Rodelletal. (20090, 0000000000,0000,00000000000000
00 17.7Gtyr! 0000000, Tiwarietal. (20090, 0000000000000 0
0000000000000000,54Gtyrl00000000000000.000
0000,0000000000000000000000000.000000000,
GRACEDDODODODOOOOOO,000000000000000000000000
000000000000000000000O0.

The digital global map of irrigation areas

Area under irrigation in
percentage of land area
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<0.1 [ 20- 35
0.1-1 [ 35-50
1-5 [ s0-75
5 - 10 [ 75 - 100|

Fig.35 The area equipped for irrigation, given as a percentage of cell area,
for 5 x 5 cells (Siebert et al., 2007). For most countries the base year

of data is during 1997-2002. The largest-amplitude feature is the narrow

east-west band extending across northern India into Pakistan and Bangladesh.
(http7/www.fao.orgnr/wateyaquastairrigationmapgindex10.stm)
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gogobobooobobobuoooobboooobobooon.
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GPS point displacement in Lhasa
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Fig.36 Residual time series of the Lhasa GPS station in ITRF2005 (Altamimi et al., 2007)
in up (a), north (b), and east (c) components, show clear seasonal variations (red curves).
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GPS point displacement  Elastic deformation from GRACE
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Fig.37 Residual time-series of GPS displacement in Lhasa between 2003-2006 (left col-
umn). Time-series of elastic deformation calculated from GRACE after Farrell (1972).
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Fig.38 \ertical and horizontal displacement at grid points due to surface load in January-
April (average of 2002-2009) inferred from seasonal gravity change by GRACE.
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Fig.39 \Vertical and horizontal displacement at grid points due to surface load in May-
August (average of 2002-2009) inferred from seasonal gravity change by GRACE.
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September-December (average of 2002-2009) inferred from seasonal gravity change by
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Glacial area Epoch Glacial changing rate Average
(km?) (yr) (Gtyr™) (Gtyr™)

Himalaya 2004.5 -29
(33,050) 2006.0 -54 -33.0

2007.5 -16

Karakoram 2004.5 +1
(16,600) 2006.0 0 -0.3

2007.5 -2

Tien shan 2004.5 -4
(15,430) 2006.0 -15 -13.3

2007.5 -21

Pamir 2004.5 +3
(12,260) 2006.0 -24 -20.0

2007.5 -39

Kunlun 2004.5 +5
(12,260) 2006.0 + 10 +6.7

2007.5 +5

Hindu kush 2004.5 +2
(5,900) 2006.0 -2 -3.0

2007.5 -9

Table.4 Modified glacial changing rate in each glacier area at three epochs (2004.5,
2006.0, 2007.5) assuming GIA(Tibet-4) in Tibetan plateau.

Epoch (yr) Total ice loss rate (Gt yr?) GIA Contribution (Gtyr %)
2004.5 22 14
2006.0 85 15
2007.5 82 14

2002-2009 63.0 14.3

Table.5 Modified total ice loss rate in HM Asia glacial system.
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Fig.41 Ice models for two selected epochs. The maximum ice thickness at the last glacial
maximum (LGM) is around 1000 m. The LGM cross-section is taken along latituthé. 35
Left: KUHLE model, the maximum ice thickness at LGM is around 1000 m. Middle:
TIBET4 model, the maximum ice thickness at LGM is around 3000 m. Right: TIBET6
model, the maximum ice thickness at LGM is around 1700 m.
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Kuhle model
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Fig.42 Predicted present-day uplift rates (left) and predicted secular rates of free-air grav-
ity anomalies (right) for each model (Kuhle, Tibet-4, Tibet-6) and the reference earth
model.
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Glacial Isostatic Adjustment
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Fig.43 The water level changes converted from gravity changing rates predicted by the
Kuhle, Tibet-4, Tibet-6 GIA models (Kaufmann, 2005). The de-striping filter and 350 km
Fan filter are applied.
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Fig.44 (a) The equivalent water level changing rates from GRACE data after correcting
for the gravity change predicted by the Tibet-4 GIA model. (b) Water level changing rates
at 2004.5 obtained by assuming 22 Gtlyice loss over HM Asia glaciers, and 16 Gt¥r
groundwater loss in northern Indian plain.
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Fig.45 (a) The equivalent water level changing rates from GRACE data after correcting
for the gravity change predicted by the Tibet-4 GIA model. (b) Water level changing rates
at 2006.0 obtained by assuming 85 Gtlice loss over HM Asia glaciers, and 16 Gtr
groundwater loss in northern Indian plain.
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Fig.46 (a) The equivalent water level changing rates from GRACE data after correcting
for the gravity change predicted by the Tibet-4 GIA model. (b) Water level changing rates
at 2007.5 obtained by assuming 82 Gtlyice loss over HM Asia glaciers, and 8 Gt yr
groundwater loss in northern Indian plain.
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Fig.47 Ice mass losses inferred from GRACE (blue), topography (green), and field ob-
servations (white), are shown against seasonal ice volume changes (Meier, 1984). If the
TIBET-4 GIA model were correct, the ice loss rate in HM Asia would be slightly larger
(red circle). GRACE data cover 2002-2004 (Tamisiea et al., 2005), and 2002-2005 (Chen
et al., 2006), for Alaska, 2002-2006 for Patagonia (Chen et al., 2007), and indicate value
in 2003-2009 for HM Asia (this study). Topographic data cover 1995-2000 for Patagonia
(Rignot et al., 2003), and from mid 1990s to 2000-2001 for Alaska (Arendt et al., 2002).
In Svalbard, we multiplied 1.6, the ratio of the ice loss in 1996-2002 to those over the
last 30-40 years (Bamber et al., 2005), with the 1961-2003 average ice loss rate. Average
rates 1961-2003, shown by white circles, were inferred by compiling field observations of
individual glaciers (Dyurgerov and Meier, 2005). The error bar for HM Asia is the combi-
nation of gravity time series fitting error7Gt yr'), GLDAS land hydrological changes

in the same period {10Gt yr?), and the diference in GIA models £3Gt yr?, only for

the GIA corrected one)
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Glacial system Period Mass loss rate Reference
(yr) (Gtyr ™)
Field Observation
Svalbard 1961-2003 6.05+ 1.33 Dyurgerov and Meier (2005)
Patagonia 0 16.90+ 2.72 O
HM Asia 0 30.74+ 3.29 0
Southern Alaska O 53.78+ 8.67 0
Topography
Svalbard 1996-2002 9.68+2.13 Bamber et al. (2008)
Patagonia 1995-2000 419+ 4.4 Rignot et al. (2003)
Southern Alaska mid 1990’s to 2000-20001 96.0+ 35.0 Arendt et al. (2002)
GRACE
Patagonia 2002-2006 279+ 11.0 Chen et al. (2007)
HM Asia 2002-2009 49+ 12
63+ 13 (GIA} This study
Southern Alaska 2002-2004 110+ 30 Tamisiea et al. (2005)
Southern Alaska 2002-2005 101+ 22 Chen et al. (2006)
Worldwide 2000's 266+ 36 This study

1 Error was not given in Dyurgerov and Meier (2005), and so the samesigal ratio was assumed as Alaska.

2 Corrected for GIA in the Tibetan Plateau (Kaufmann, 2005)

3 This values was obtained by multiplying 1.6, the ratio of the ice loss in 1996-2002 to those over the last 30-40

years (Bamber et al., 2005), with the 1961-2003 average ice loss rate Dyurgerov and Meier (2005).

Table.6 Glacial mass loss rates in Fig.47.
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Fig.48 Sources of sea level rise and their contributions in mm per year for the periods
1961-2003 (Blue bar) and 1993-2003 (Brown bar) from the IPCC 2007 assessment (Bind-
off et al., 2007).

Sea Level Rise (mm yr?)

Source 1961-2003 1993-2003 This study
Thermal Expansion 0.42+0.12 1.6+05
Glaciers and Ice Caps 0.50+0.18 0.77+0.22 0.73+0.09
Greenland Ice Sheet 0.05+ 0.12 0.21+ 0.07
Antarctic Ice Sheet 0.14+ 0.41 0.21+0.35
Sum 11+05 2.8+0.7
Observed 1.8+0.5
3.1+0.7
Difference (Observed - Sum) 0.7+ 0.7 0.3+1.0

Table.7 Sealevelrise.
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