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Abstract

We have studied the ability of the GRACE gravimetry mission and Jason-1 altimetry to resolve ice and glacier induced
contributions to sea level rise, by means of a fingerprint method. Here, the signals from ice sheet and land glacier
changes, steric changes, glacial isostatic adjustment and terrestrial hydrology are assumed to have fixed spatial pat-
terns. In a joint inversion using GRACE and Jason-1 data the unknown temporal components can then be estimated by
least-squares. In total, we estimate temporal components for up to ∼80 individual patterns. From a propagation of the
full error-covariance from GRACE and a diagonal error-covariance from Jason-1 altimetry we find that: 1) GRACE
almost entirely explains the mass related parameters in the joint inversion, 2) An inversion using only Jason-1 data
has a marginal ability to estimate the mass related parameters, while the steric parameters have much better formal
accuracy. In terms of mean sea level rise the steric patterns have a maximum formal accuracy of 0.01 mm for an 11
week running mean. In general, strong negative error correlations (<-0.9) exists between the high and low elevation
parts of the ice sheet drainage basins, when those are estimated independently. The largest formal errors found are
in the order of 40 Gton for small high elevation subbasins in the southern Greenland ice sheet, which are difficult
to separate. In a simplified joint inversion, merging high and low elevation basins, we have investigated the ability
of the GRACE and Jason-1 data to separate the geocenter motion into a present-day contribution and a contribution
from glacial isostatic adjustment (GIA). We find that the GIA related signal is larger than the present-day component
with a maximum of -0.71 mm/yr in the Z direction. Total geocenter motion rates are found to be -0.28, 0.43, -1.08 mm/yr

for the X, Y and Z components respectively. The inversion results have been propagated to the Jason-1 along-track
measurements. Over the time period considered, we see that a large part of the variability in the Pacific, Atlantic and
Indian ocean can be explained by our inversion results. The applied inversion method therefore seems a feasible way
to separate steric from mass induced sea level changes. At the same time, the joint inversion would benefit from more
advanced parameterizations, which may aid in fitting remaining signal from altimetry.
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1. Introduction1

The recent Intergovernmental Panel on Climate2

Change 4th assessment report (Bindoff et al., 2007)3

identified sea level change, although occurring with4

considerable regional variations, as one of the most5

important environmental problems for the coming6

century. Sea level rise will affect many countries of7

the world and a large share of the global population8

will have to adjust to it. However, predicted sea level9

change rates still vary significantly, dependent on the10
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choice of climate models used in the predictions.11

12

On the other hand, measured contemporary sea level13

provides a sensitive and readily accessible indicator of14

the climate system and its variability and can thus be15

used to validate our current knowledge and models.16

Contributors to the currently observed global sea17

level rise of about 3 mm/year include ice sheet melting18

in Antarctica and Greenland, melting of glaciers,19

expansion of the ocean due to warming, changes in20

the land-ocean and atmosphere-ocean branches of the21

hydrological cycle. Even glacial isostatic adjustment22

(GIA), the solid-Earth response to past deglaciation,23

affects sea level at a significant level. At inter-annual24
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time scales, phenomena such as El Niño contribute25

to regional sea level changes. Contrary to common26

belief, and of crucial importance for this study, all these27

contributions exhibit a dedicated spatial signature in sea28

level rather than adding up as uniform layers (Plag and29

Jüttner, 2001; Mitrovica et al., 2001; Tamisiea et al.,30

2001).31

32

Antarctica and Greenland estimates of ablation are33

nowadays mainly based upon spaceborne gravimetry.34

Both ice sheets currently contribute around 0.5 mm/yr35

to global sea level rise with considerable variations36

between studies (Cazenave and Llovel, 2010). A37

recent study by Wu et al. (2010), based on joint in-38

version of multiple space-geodetic data sets, estimated39

the Greenland contribution to sea level rise at just40

0.3 mm/year. Land glaciers are thought to add a total41

of 1.4 mm/year (Cogley, 2009), while Cazenave and42

Llovel (2010) suggest 1.0 mm/year for thermal expansion43

during 1993-2007 and 0.25 mm/year during 2003-2007.44

Llovel et al. (2010) conclude that the short-term45

trend in total land water storage, integrated over the46

largest river basins of the world, amounts to a small47

negative contribution to sea level change of -0.22 mm/year.48

49

Present-day ice melting increases the flux of fresh50

water supplied to the ocean and thus affects salinity51

on a regional scale (Stammer, 2008; Brunnabend et al.,52

2011). As a consequence, ocean circulation and sea53

level respond to it. Little is known quantitatively ex-54

cept from those studies that considered the possibility55

of a slowdown in the meridional overturning circulation56

(Willis, 2010).57

Stammer (2008) simulated the ocean’s response to58

freshwater forcing by removing salt from the model59

off the coasts of Greenland and Antarctica. He found60

that the effect of fresh water forcing from Greenland is61

mainly restricted to the Atlantic Ocean, but has a size-62

able effect on the sea surface height.63

More recently, Brunnabend et al. (2011, this issue)64

forced the Finite Ocean Sea-Ice Ocean Model (FE-65

SOM) with meltwater fluxes from Greenland. They66

ensured mass conservation and studied the effect of67

both the circulation changes due to fresh water forcing,68

and the gravitational effect of the dissapearing ice sheet.69

In addition, a scenario which incorporated seasonal70

variations of melting was also fed into the model. They71

found that the salinity and temperature changes were72

mainly confined to the upper ocean in the Atlantic.73

Overall rates in sea level change (mass and steric)74

were found to be approximately proportional to the75

magnitude of the meltwater flux, with an increase in76

global sea level of 0.3 mm/yr for 100 Gt/yr of melting in77

Greenland.78

79

Separating individual sources of sea level rise80

from tide gauge measurements or satellite altimetry81

is difficult. Tide gauges are sparse and limited to82

coastlines, and their measurements need to be corrected83

for local subsidence and other effects unrelated to sea84

level. Radar altimetry provides a dense coverage of the85

oceans, but since Jason-1/TOPEX orbits are confined86

to latitudes up to 66◦, the polar regions cannot be87

observed. In addition, neither satellite altimetry nor tide88

gauges are able to distinguish between mass-induced89

and steric sea level changes.90

91

The Gravity Recovery and Climate Experiment92

(GRACE) mission has provided researchers with a93

complete new type of data, leading to a significantly94

improved knowledge of the mean geoid and of mass95

redistribution within the oceans. However, the grav-96

itational anomalies measured by GRACE represent97

mass integrated over a vertical column which is caused98

by a variety of phenomena within the Earth’s interior99

or on its surface. Several authors have used either100

ARGO data or GRACE in conjunction with altimetry101

to separate the thermo-steric part of sea level change102

from mass change (Lombard et al., 2007; Leuliette103

and Miller, 2009). In addition, the limited spectral104

resolution of GRACE and the filtering typically applied105

in post-processing implies that estimates are affected106

by nearby mass changes of different physical origin,107

like GIA and hydrological storage changes in coastal108

regions. Models of these processes are limited in their109

ability to represent mass variations and thus to correct110

the gravity effect in GRACE. For Antarctica, GIA is111

thought to be the main error source. Another difficulty112

is that GRACE does not provide the degree-1 harmonic113

of the mass change, which is important since it causes114

the center-of-mass of the solid Earth to be displaced in115

space due to momentum conservation (Rietbroek et al.,116

2009, 2011).117

118

The fingerprint method suggested by (Plag and119

Jüttner, 2001; Clark et al., 2002) is based upon the120

assumption that the major sources of sea level change121

can be well-modelled in their large-scale spatial122

characteristics, at least up to a single amplitude for123

each contribution process (when this assumption is124

not justified, the source can be subdivided). For these125

sources, patterns of sea level change (the ‘fingerprints’)126

are then computed following the state-of-the-art self-127

gravitational, elastic theory that includes the rotational128
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feedback of the redistributed ocean mass (Wu and129

Peltier, 1984; Milne and Mitrovica, 1998). Assembling130

tide gauge data from a well-distributed network or131

radar-altimetric sea level allows, in theory, to solve a132

linear inversion problem for the temporal components.133

However, several other effects mask those theoretical134

patterns in the (short) record of data, steric noise being135

among the more prominent ones.136

137

The fingerprint method can be extended to the analy-138

sis of GRACE level 2 products (Stokes coefficients), as139

we propose in this study. In fact, fingerprints are made140

up by linear combinations of spherical harmonic coeffi-141

cients and their estimation thus resembles the ’lumped142

coefficients’ methods in satellite geodesy. In addition to143

altimetry, GRACE measures over land and therefore the144

estimation of ice melt fingerprints is stabilized by the145

direct sensing of mass changes, although one has to in-146

clude and separate other land signals such as hydrology147

and GIA as well. Recently, combined self-consistent148

sea level responses have been calculated from GRACE-149

derived land loads (Riva et al., 2010).150

Another prospect is that, since the fingerprint method151

essentially transforms the space of the spherical har-152

monics into a new low-dimensional space of physically153

consistent base functions with large-scale support,154

there will be no need for GRACE coefficient filtering155

or de-striping. This is important, since filtering and156

rescaling of GRACE solutions (Kusche, 2007) have157

been recognized as a major source for differences158

between analyses.159

160

In this study, we have extended the fingerprint161

method to the simultaneous analysis of Jason-1 altime-162

try data from the open altimeter database (Schwatke163

et al., 2010) and GRACE GFZ-RL04 normal equations164

(Flechtner et al., 2010). Using the sea level equa-165

tion, we show how self consistent sea level patterns166

are computed, which parameterize mass changes from167

ice sheets, land glaciers and hydrology. Additionally,168

time-space patterns representing steric height changes169

are collected in a preliminary database (see table 1). We170

analyse the theoretical resolution and accuracy within171

this challenging inverse problem and provide a corre-172

lation matrix for all estimable parameters. Finally, we173

solve fingerprint amplitudes from data of the period of174

2002-2008, and study the separation of the geocenter175

motion trend into a present-day mass component and a176

glacial isostatic adjustment (GIA) contribution.177

2. Method178

2.1. Sea level fingerprints179

The present-day relative sea level change δs, induced180

by an assumed surface (ice or water storage expressed181

in equivalent water height) load change δh at time t, is182

resolved by the sea level equation in the form:183

δs(λ, θ, t) = O(λ, θ)
∫
Ω

GL
N−U
(
δs(λ′, θ′, t) + δh(λ′, θ′, t)

)
dω

+

∫
Ω

GT
N−UδΛ(δs, δh)dω +

∆V
g

(1)

In this equation, O(λ, θ) is the ocean function, which184

is unity at an oceanic location with longitude λ and co-185

latitude θ and zero elsewhere. The unknown relative sea186

level is assumed to be in an equilibrium state, in which187

it has adapted to 1) the gravitational effects of the pre-188

scribed (land) load , 2) the change in rotational poten-189

tial, δΛ, and 3) the gravitational effect of sea level itself.190

The dependency on the unknown sea level, δs, occurs at191

both sides of the equality sign but can be solved for by192

iterative methods or explicitly.193

The Greens functions, GL
N−U and GT

N−U , describe the194

Earth’s elastic response to surface loading and tidal195

loading resp. in terms of the difference between the196

geoid and the associated uplift (Farrell, 1972). The term197

∆V
g is a uniform shift of the geoid, added to conserve198

mass of the global surface loading distribution, δT .199

200

∫
Ω

δT (λ′, θ′, t)dω =
∫
Ω

(
δs(λ′, θ′, t) + δh(λ′, θ′, t)

)
dω = 0

(2)
In this paper, we will solve the sea level equation in

the spectral domain, where we use real-valued fully nor-
malized spherical harmonic base functions1, Ȳnm(λ, θ),
satisfying:∫

Ω

Ȳnm(ω)Ȳn′m′(ω)dω = 4πδnn′δmm′ . (3)

Where the base functions are related to the associated
Legendre functions, P̄nm.

Ȳnm(λ, θ) =
{

P̄nm(cos θ) cos mλ, m ≥ 0
P̄n|m|(cos θ) sin mλ, m < 0

1no Condon-Shortley phase applied
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In the spectral domain, and using the linearized Euler201

equations, we can write eq. 1 in matrix notation as:202

S̃ = GL
N−U

(
OS̃ + H⃗

)
+GT

N−UΞ
(
OS̃ + H⃗

)
. (4)

Here, H⃗ is a vector containing the spherical harmonic203

coefficients of the load δh, expressed in equivalent204

water height. The boldface symbols GL/T
N−U , are the205

matrix representations of the surface and tidal loading206

Greens functions in eq. 1. The matrix Ξ maps pertur-207

bations of surface loading to changes in the rotational208

potential, such that total angular momentum of the209

Earth is conserved.210

211

The multiplication by matrix O represents the spec-212

tral convolution of a function with the ocean function.213

In a band unlimited domain it will be an infinitely large214

symmetric projection matrix, whereas the bandlimited215

case yields a matrix which can be computed analyt-216

ically, but is not idempotent anymore (Dahlen, 1976;217

Simons et al., 2006). We computed the matrix O, ex-218

pressed in geodesy-style normalized spherical harmon-219

ics, using Wigner-3j symbols up to degree and order220

nmax=150 and stored the results for reuse. In this study,221

we construct fingerprints which should be representa-222

tive for signals covering the last 10 years. During this223

time period, the shoreline is not expected to change dra-224

matically, and a static Ocean function may therefore be225

assumed.226

The vector S̃ denotes the quasi-spectral sea level
(Blewitt and Clarke, 2003; Dahlen, 1976). It represents
an equipotential surface, shifted by a uniform constant
and its variability is measured with respect to the ocean
floor. Since S̃ is non-zero over land we are only al-
lowed to load the Earth with the oceanic component of
this function, S⃗ (which is not an equipotential surface).

S⃗ ≡ OS̃ (5)

2.2. Isotropic Greens functions227

For a spherical, nonrotating, elastic and isotropic228

Earth, with mean radius a, the matrix GL
N−U is diago-229

nal and can be expressed in spectral load Love numbers,230

h′n, k
′
n.231

GL
N−U = diag

{
3ρw

(2n + 1)ρe

(
1 + k′n − h′n

)}
, n > 0 (6)

Where, ρw and ρe is the density of sea water and the
mean density of the Earth respectively. Similarly, the
matrix GT

N−U , convolving tidal (in this case caused by

rotation) induced potential is expressed using the body
Love numbers, hn, kn.

GT
N−U = diag

{
1
g

(1 + kn − hn)
}
, n > 0 (7)

2.3. Rotational feedback232

The (sparse) matrix, Ξ, maps the degree 2 surface
loading coefficients, T2m, to rotational potential changes
using three matrix multiplications.

Ξ = Φ
Λ←m

Γ
m←J

Ψ
J←T

(8)

Matrix Ψ
J←T

relates changes in the rigid Earth’s prod-

ucts of inertia, JR
i3, to perturbations in surface loading

(Milne and Mitrovica, 1998; Wu and Peltier, 1984).

δJ
R
13
δJR

23
δJR

33

 = πa4ρw


0 0 − 4

5

√
10
6 0

0 0 0 − 4
5

√
10
6

8
3 − 8

3
√

5
0 0




T00
T20
T2,1
T2,−1


(9)

The remaining products of inertia are non-zero but can
be ignored as they only occur in higher order terms from
the linearized Euler equations (Peltier and Luthcke,
2009; Mitrovica et al., 2005), described by the matrix
Γ

m←J
:

m1
m2
m3

 =

Ω

1+k′2
Aσ0

0 0

0 Ω
1+k′2
Aσ0

0

0 0 − 1+k′2
C


δJ

R
13
δJR

23
δJR

33

 (10)

Here, A and, C, are the Earth’s principal moments of233

inertia, and σ0 is the Chandler frequency. The symbol234

Ω denotes the mean frequency of the Earth’s rotation.235

The matrix above models the change in polar motion,236

mi, of the elastic Earth subject to an impulse response237

of changing inertia.238

239

A small rotation of the Earth’s axis w.r.t. the obser-
vation frame will induce an apparent potential change
caused by the misalignment of the centrifugal potential.
The matrix, Φ

Λ←m
, maps the polar motion to a change in

potential, based on a rigid rotation of spherical harmon-
ics. For general spherical harmonics, the rotation can be
performed using the Wigner-D matrix (Wigner, 1960),
which redistributes the signal of a coefficient to others
having the same degree. In the case of polar motion ap-
plied to the centrifugal potential, first order dependen-
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cies on mi propagate to changes in potential as follows:


Λ00
Λ20
Λ2,1
Λ2,−1

 = (aΩ)2


0 0 2

3
0 0 − 2

3
√

5
− 1√

15
0 0

0 − 1√
15

0


m1
m2
m3

 (11)

2.4. Solving the Sea level equation240

The Greens functions from equations 6, 7 are valid
only for degree 1 and upward. The spectral sea level
equation (eq. 4) must therefore be augmented by an
equation describing the conservation of mass. Since the
first (corresponding to degree and order 0) row and col-
umn of O are simply the spherical harmonic coefficients
of the Ocean function, Onm, applying mass conservation
in the spectral domain leads to:

S⃗ 00 = −H⃗00 =

nmax∑
n=0

n∑
m=−n

OnmS̃ nm (12)

The mass-induced sea level change can be computed as241

S⃗ 00
O00

. Due to the linearization of the Euler equations, and242

the static coastline, we can now solve eq. 4 for the243

quasi-spectral sea level and obtain the fully populated244

sea level Greens function, GS̃ , by inversion.245

S̃ = GS̃

(
GL

N−U +GT
N−UΞ

)
H⃗ = GS̃ F⃗N−U (13)

The vector F⃗N−U allows for more general forcing to246

be imposed on the sea level equation, such as for exam-247

ple Earthquake induced loading (Melini et al., 2010).248

2.5. Fingerprints database249

The linear nature of eq. 13 allows the superposition250

of diffferent sea level contributors, such as the major251

ice sheets, land glaciers and remaining terrestrial water252

storage. We have constructed a preliminary database253

(see table 1) containing a variety of sea level contribu-254

tors, with their self-consistent sea level response. In this255

study, we will produce simplified inversions based on256

merged fingerprints from the database. With ’merging‘257

we mean an area-weighted average such that the258

resulting parameter represents an uniform change in the259

combined subbasins. The drainage basins, considered260

in Greenland and Antarctica, and land glaciers are261

plotted in fig. 1. The grouping of the land glaciers will262

be explained below.263

264

Sea level fingerprints and the associated geoid and265

sea floor deformation were calculated for uniform266

changes in the drainage basins of Greenland and267

Antarctica (taken from Wouters et al. (2008); Hor-268

wath and Dietrich (2009)). For the contribution of269

land glaciers, we have merged the glacier locations270

from the World Glacier Inventory (WGI) (NSIDC,271

1999) and GLIMS (Global Land Ice Measurements272

from Space) (Raup et al., 2007), using GIS software273

(GRASS Development Team, 2008). We constructed274

fingerprints for several important glacier regions such275

as the Himalayas, Tien Shan, Artic Islands, Alaska,276

Patagonia, Alps, Caucasus. Within the selected areas277

each glacier was equally weighted by assigning a point278

load, which we expressed in spherical harmonics. Each279

group of glaciers was then normalized to 1 Gton, such280

that the unknown temporal components have the units281

Gton. Using this method, we make the assumption282

that each of the regions glaciers melts at the same rate283

although the actual melting rates may well be different.284

However, since the melting rates for each glacier are285

for a large part unknown and may be inaccurate, we286

believe that our approach is appropriate. In any case, it287

provides adequate information about the spatial distri-288

bution of the glaciers. Furthermore, sub-regions with a289

concentration of glaciers will automatically contribute290

more to the sea level. To supress high resolution Gibbs291

phenomena, associated with our finite truncation, we292

have additionally applied a 200 km half width Gaussian293

filter to the patterns before normalization.294

295

The sea level fingerprints of terrestrial water storage296

were accounted for by 9 (complex or real) empirical297

orthogonal functions (EOF, Preisendorfer and Mobley298

(1988)), derived from the WaterGAP Global Hydrology299

Model (WGHM) (Döll et al., 2003). These 9 real and300

complex modes explain 85% and 92% of the modeled301

WGHM signal respectively. Within the inversion, the302

patterns of the EOF are assumed to be fixed while the303

time varying principal components of these patterns are304

freely estimated.305

For the parameterization of the steric sea level,306

sensed by altimetry, we used 9 EOFs computed from307

the steric sea level from Ishii et al. (2006). It must be308

noted that the steric sea level from Ishii et al. (2006)309

only represents changes in the upper 700 meters of the310

ocean. More advanced parameterizations incorporating311

the ocean response to melting using the Finite Element312

Sea-Ice Ocean model (FESOM, Timmermann et al.313

(2009)) are being investigated (Brunnabend et al., 2011,314

this issue), but are not considered in this study.315

316

The geoid and sea level will also exhibit secular317

changes from glacial isostatic adjustment (GIA). As318

5



a GIA fingerprint we have used the present-day trend319

from the GIA model by Klemann and Martinec (2009),320

forced by ICE5G (VM2) (Peltier, 2004). In order to321

correct the modelled GIA pattern for errors we estimate322

a single amplitude, which will be unity for an errorless323

model. This approach does not correct the model324

regionally, but this is currently outside the scope of this325

paper. Care has been taken to express the GIA pattern326

in the Center of Figure (CF) frame of the Earth, such327

that it is consistent with the other patterns.328

329

We currently do not account for changes in ocean dy-330

namic topography, as measured by satellite altimetry.331

This requires the assumption that the remaining signal332

from the dynamic topography will propagate as noise in333

the altimetry residuals after fitting. In the results sec-334

tion altimetric residuals, remaining after removing the335

joint inversion results, are discussed in more detail. The336

mean dynamic topography is accounted for by using sea337

level anomalies as altimeter measurements.338

2.6. GRACE gravimetry339

Since 2002, changes in the Earth’s gravitational po-340

tential are accurately measured by the GRACE satellite341

twins (Tapley et al., 2004). The unknown amplitudes342

of the self consistent fingerprints, x⃗, can be linked to343

changes in (weekly or monthly) Stokes coefficients, δΦ⃗,344

as measured by GRACE.345

δΦ⃗(t) = A(t)


x⃗ice

x⃗glac

x⃗hydro

x⃗gia

 + e (14)

The design matrix, A, consist of columns which346

represent the 1 Gton normalized fingerprints in terms347

of potential change. The time dependency in A arises348

from the columns associated with the GIA fingerprint,349

which varies secularly over time. The error, e, contains350

the GRACE errors. We constructed normal equations351

expressed in the unknown amplitudes for running352

means of 11 GPS weeks, from the GFZ release 04353

normal equations (Flechtner et al., 2010). The period354

of 11 weeks was chosen such that sub-annual signal355

can still be adequately represented, while averaging out356

high frequency phenomena. Using an odd number of 11357

weeks also ensures that the center time of each running358

mean is still aligned to the GPS weeks. For purposes359

related to the estimation of the static gravity field,360

those normal equations are stored up to degree and361

order 150. Without the need for intermediate inversion,362

we can take advantage of the available resolution and363

convert the full normal equations in terms of fingerprint364

amplitudes, by using A. In order to be consistent with365

the altimetry, the weekly atmospheric and oceanic con-366

tribution, as well as the convential rates in C20 and C40,367

are restored. To be consistent with the IB-correction368

from altimetry, we do not restore the oceanic average369

of the atmosphere over the ocean (Leuliette and Miller,370

2009).371

372

2.7. Jason-1 altimetry373

An altimeter essentially measures the mass contribu-374

tion to geocentric sea level, the steric height changes375

due to temperature and salinity variations and dynamic376

topography. An along-track sea level anomaly, δhsla can377

be related to the unknown fingerprint amplitudes similar378

to eq. 14.379

δhsla(t) = B(t)


x⃗ice

x⃗glac

x⃗hydro

x⃗gia

x⃗ster

 + e (15)

The design matrix B contains columns which are the380

fingerprints propagated to the measurement locations,381

using spherical harmonic analysis. In this study we382

have used Jason-1 (Chambers et al., 2003) data from the383

Open Altimeter Database (OpenADB) (Schwatke et al.,384

2010). In addition to the standard range corrections385

(including the inverse barometer correction), the data386

has also been corrected for radial orbit errors. Altimeter387

ranges have been sorted and interpolated to predefined388

bins, which remain fixed in time and space. This has389

the advantage that the fingerprints used in matrix B,390

only need to be calculated once. We have selected391

Jason-1 measurements over the ocean batched in GPS392

weeks to align them with the available GRACE data.393

Normal equation systems for an 11 week running mean394

were subsequently constructed with the altimeter range395

errors as a diagonal error covariance matrix.396

397

The self consistent sea level varies strongest in the398

vicinity of the mass source. High latitude altimeter mea-399

surements are therefore the most sensitive to Greenland400

and Antarctica mass changes. Unfortunately, Jason-1401

measurements are restricted to ±66◦ and the higher lat-402

itude measurements are strongly biased by signals from403

floating sea ice. To prevent the contamination of the404

data by sea ice, we have excluded all measurements405

falling within the region of maximum sea ice extent.406

We also suspect that a time varying sea ice extent might407
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cause an unwanted aliasing effect as near field measure-408

ments are then essentially sampled once a year only.409

2.8. Conservation of linear momentum410

Through the conservation of linear momentum, the
fitted surface loading phenomena are accompanied by a
motion of the geocenter. This is the relative movement
of the center of mass (CM) of the complete Earth system
in the center of figure (CF) frame, which approximates
the center of Earth (CE) frame (Blewitt and Clarke,
2003). After estimating the temporal components of ice
sheets, glaciers, hydrology and the trend correction in
GIA, one can calculate the resulting geocenter motion.
Here, we use an alternative method, where we augment
the normal equations with three unknowns (the carte-
sian components of the geocenter motion r⃗CF). Since
the geocenter motion in the CM frame is zero per def-
inition we may use those as zero valued pseudo obser-
vations (accuracy is assumed to be 0.1 mm) in an ad-
ditional normal system, by implementing the following
observation equation:

a
√

3[A]n=1


x⃗ice

x⃗glac

x⃗hydro

x⃗gia

 − r⃗CF + e = r⃗CM = 0⃗ (16)

The design matrix [A]n=1, is a sub matrix from that in411

eq. 14, and comprises the fingerprint degree 1 compo-412

nents in the appropriate CF frame. It is convenient to413

bind the geocenter motion to the normal systems, since414

it can be estimated at once together with the other pa-415

rameters and the robustsness of the inversion against416

apriori geocenter motion can be easily tested.417

Each fingerprint comes with a fixed direction of its asso-418

ciated geocenter motion, making it possible to retrieve419

r⃗CF from GRACE-only normal systems as well.420

3. Results421

3.1. Errors and separability422

We have assessed the ability of parameter sepera-423

tion of a joint Jason-1 and GRACE inversion. For that424

means we have extracted from the fingerprint database a425

simplified subset of patterns. We chose 9 EOF patterns426

for both the steric and hydrological component. Land427

glacier contribution is parameterized by 6 globally428

distributed components from 1) Alaska, 2) the Artic429

islands, 3) Patagonia, 4) the Alps and the Caucasus, 5)430

Himalaya and Tien Shan and 6) Kamchatka. Estimated431

parameters represent 11 week running means, except432

for the GIA intersect and trend, which is constrained433

using data from the complete period (2003-2008).434

435

We have plotted the formal error correlation matrix in436

fig. 2, which illustrates how GRACE and Jason-1 errors437

propagate into our estimates. The strongest (negative)438

correlations (< −0.9) exists between the high and low439

elevation (split at the 2000 m contour) components of440

drainage basins. This effect is most apparent for the441

Greenland ice sheet, containing small sized subbasins,442

and to a lesser extent for the Antarctic ice sheet.443

444

The steric parameters display weaker error cor-445

relations compared to the hydrological parameters.446

We attribute this to the accurate and fine sampling of447

Jason-1 data, which allows detailed structures to be448

resolved over the ocean compared to GRACE over land.449

450

The magnitude of the formal errors are plotted in451

figure 3. These errors are generally too optimistic,452

as non-fitted signal is not regarded as noise, but they453

provide lower bounds for obtainable estimates. Fur-454

thermore, relative errors between the parameters can be455

compared. A simplified Jason-1 only inversion, with456

merged patterns for Greenland, Antarctica and the land457

glaciers, is additionally shown. When we calculate458

the posteriori fit of the data, we find posteriori sigma459

scaling factors varying over the period between 1.05460

and 1.20 for the joint inversion. This means that joint461

inversion errors will be approximately 5-20% larger462

(for the plot in Fig. 3 the scaling factor was found to be463

1.14).464

465

We find that GRACE data determine the accuracy466

of virtually all of the mass related parameters. The467

steric parameters are well resolved by the addition of468

Jason-1 data with lowest formal accuracies in the order469

of 0.01 mm global sea level height. Although, the mass470

related parameters are weakly determined for a Jason-1471

only inversion, we see that the accuracy of the steric472

amplitudes is only marginally affected by the solution473

space of the mass related parameters.474

475

The drainage basins with the largest uncertainties,476

∼40 Gton, are the high elevation Greenland drainage477

basins in Southern Greenland (number 5 and 6). The478

errors of the two parameters are highly correlated479

(ρ = −0.95, see fig. 2), since the associated fingerprints480

are very similar and the considered areas are relatively481

small. Based on the propagation of GRACE errors482

in those basins, Wouters et al. (2008) found errors in483

their trend, ranging in the order of 5-6 Gton/yr. When484

propagated to trends, our errors would yield smaller485
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errors of 2-3 Gton/yr for the same basins.486

487

Compared to Greenland, the 6 land glaciers contri-488

butions can be resolved better with accuracies in the489

2-3.5 Gtons range. This can be mainly attributed to the490

large distances between the glacier locations, resulting491

in spatially distinct fingerprints.492

493

3.2. Geocenter motion and glacial isostatic adjustment494

In a scheme using real data we have constructed an495

inversion where we merged the high and low elevation496

parts of the drainage basins. Figure 6 shows the497

total estimated geocenter motion variation, together498

with trends from the present-day variation and the499

contribution from GIA. The GIA trend correction from500

the joint inversion is estimated to be 1.16 (1.0 meaning501

no correction), whereas a GRACE only inversion, over502

the same period, resulted in a correction factor of 0.92.503

504

The Z component of the geocenter motion varies505

most strongly both in trends and in terms of seasonal506

behavior. Recently, Wu et al. (2010) also estimated the507

GIA and present-day mass (PDM) contribution to geo-508

center motion trends, using GRACE (CSR), GPS and509

ocean bottom pressure from the ECCO model. For Z,510

the GIA contribution agrees closely with that of Wu511

et al. (2010) (-0.72 mm/yr vs. -0.71 mm/yr), while our PDM512

component shows a stronger trend (-0.37 mm/yr versus -513

0.16 mm/yr). Our X component trend (-0.14 mm/yr for both514

PDM and GIA) is slightly larger than that estimated515

by Wu et al. (2010) (PDM: -0.08 mm/yr, GIA: -0.1 mm/yr).516

Furthermore, although we find a good agreement in the517

overall trend for Y (Wu et al. (2010): 0.4 mm/yr, this518

study: 0.43 mm/yr), the contribution of the PDM versus519

GIA is reversed.520

3.3. Altimetric sea surface height residuals521

In the setup above, we have represented the steric sea522

surface height (SSH) changes by only 9 EOF patterns.523

As mentioned before, the patterns were obtained from524

temperature and salinity measurements of the upper525

part (700 m) of the ocean. Nevertheless, the principal526

components (PC’s) from the original EOF analysis may527

be compared to the fitted PC’s from the inversion (see528

figure 4). The principal components are normalized529

such that their magnitude represents the uniform con-530

tribution to sea level rise. Although warming/cooling531

from the deeper ocean might be present in the fitted532

PC’s, we find a good agreement. This indicates that the533

interannual signal is well represented in both datasets534

and that steric changes in the deeper ocean have only a535

limited influence on the estimated amplitudes.536

537

In order to investigate the SSH residuals which re-538

mains after the joint inversion, we have propagated the539

inversion results (steric patterns, sea level changes due540

to the ice sheets/glaciers/hydrology and GIA) to along-541

track Jason-1 data. For each along-track bin we have542

calculated the variability over the period of the inver-543

sion. The along-track variability before and after re-544

moving the fit are shown in Fig. 5. Clearly, the inver-545

sion removes large scale signals in the Pacific, Atlantic546

and Indian Ocean. As expected, regions with large vari-547

ations in dynamic topography (Kuroshio, Gulf, Agul-548

has), display virtually no reduction. Fig. 5 also shows549

remaining signal in the equatorial Pacific and Indian550

Ocean, indicating remaining Rossby waves. Since these551

are mainly shallow phenomena, we expect that, in future552

research, increasing the amount of fitted steric EOF’s553

may additionally absorb those signals.554

4. Conclusion555

The potential of a joint altimetry and GRACE556

inversion in terms of sea level fingerprints has been557

demonstrated for the first time. We have constucted558

a preliminary fingerprint database, containing self-559

consistent equilibrium sea level responses to forcings560

from ice sheets, land glaciers and hydrological signals.561

Furthermore, the database currently also contains a562

steric representation based on an EOF decomposition563

of the upper 700 m ocean and a pattern involving GIA564

signal. Within the inversion, the pattern of each signal565

is known while the temporal amplitude can be freely566

estimated.567

568

We find that the GRACE data mostly determines the569

accuracy of the mass related parameters, such as glacier570

and ice sheet changes, and hydrology. While altimetry571

has only a marginal capability to resolve these mass572

related parameters, the steric height changes in the573

ocean can be adequately resolved. When GRACE and574

altimetry errors are propagated to the unknowns, we575

find strong negative error-correlations mainly between576

high and low elevation parts of the drainage basins.577

In Greenland we found maximum formal errors of578

∼40 Gtons for small and neighbouring basins. The579

accuracy of the individual basin components is deter-580

mined by the size and similarity of the corresponding581

fingerprints. In addition, since GRACE is most sensi-582

tive to along-track gravity changes, the orientation of583
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the basins may also play a role.584

585

In a first inversion experiment, we have investigated586

the separability of the present-day and glacial isostatic587

components in the geocenter motion. We find a general588

agreement with the results of Wu et al. (2010), although589

discreprancies remain in the present-day Z component590

and the relative distribution of GIA and PDM in the Y591

component.592

593

After propagating the joint inversion results to594

along-track altimetry, Jason-1 residuals have been595

investigated. We found that the inversion results reduce596

the variability of the residuals, mainly on large scales.597

Some signal remains, which may be fitted using addi-598

tional or alternative representations in future research.599

Other signals, such as those associated with regions of600

strongly varying dynamic ocean topography, are not601

expected to be reduced, by adding more patterns. These602

have to be either reduced using a priori corrections, or603

should be treated as noise and be expected to average604

out over longer time scales.605

606

The fitted principal components, associated with607

the steric EOF’s, compare well with the ones derived608

from ARGO floats (Ishii et al., 2006), although these609

are confined to the upper ocean only. Therefore the610

agreement indicates that, for those 9 EOF’s, the deeper611

ocean (below 700 m) plays a marginal role in terms of612

steric height. The influence of the deeper ocean may613

become apparent in either the cumulative effect of the614

fitted modes or in remaining data residuals.615

616

The current study knows some limitations, which617

should be addressed in the future. The steric patterns as618

derived from Ishii et al. (2006) have no direct coupling619

with the actual ice sheet changes and extend only to620

a depth of 700 m. Current simulation efforts yielding621

more advanced sea level responses to melting are un-622

derway (Brunnabend et al., 2011, this issue). We expect623

that the contribution of altimetry to the estimation of624

mass related parameters will be improved with those625

parameterizations. The associated patterns show typical626

high resolution fingerprints over the ocean, which can627

be adequately resolved by altimetry.628

629

In the present setup, the patterns have been assumed630

to be static, while the amplitudes are allowed to vary631

in time. The assumption of sea level and ocean bottom632

pressure responding linearly to forcings may break633

down when one tries to extrapolate the inversion results634

backward or forward in time. In future research, we635

plan to test this linearity assumption by applying a636

backward extrapolation of the inversion results and637

comparing those with historical tide gauges.638

639

Currently, the representation of the glacial isostatic640

adjustment process involves a single pattern and rate.641

More advanced representations are desirable, which al-642

low a parameterization of a wider spectrum of realistic643

GIA models arising from variations in ice history and644

Earth viscosity.645
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Figure 1: Greenland and Antarctic ice sheet drainage basins and clus-
tered land glaciers, contained in the fingerprint database. The Green-
land and Antarctic basin tags follow that of Wouters et al. (2008) and
Horwath and Dietrich (2009) respectively. The glacier locations come
from the World Glacier Inventory (WGI) and GLIMS.
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Figure 2: Error-correlation matrix of a 11 week running mean Jason-1
+ GRACE combination centered on GPS week 1500 (08-10-2008).
The GIA parameters (intersect and trend) are constrained using the
complete dataset. The Greenland and Antarctic drainage basins are
divided at the 2000 m height contour in an upper and lower part. Hy-
drology and steric changes are each parameterized by 9 principal com-
ponents. The contribution of land glaciers is simplified to 6 main con-
tributors. Relative strong negative correlations exist between lower
and upper elevation parts of the drainage basins. Steric parameters
appear to be well separable, which can be attributed to the Jason-1
data. Weak correlations exist between the estimated hydrological pa-
rameters.
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Figure 3: Formal parameter errors (GPS week 1500) expressed in
Gton/uniform sea level change for GRACE only, Jason-1 only and
combination inversions. Whereas the errors of the mass related pa-
rameters for the joint inversion are constrained by GRACE, Jason-1
effectively constrains the steric parameters even though the mass pa-
rameters are weakly determined (note the logarithmic Y axis). The
simplified Jason-1 inversion has merged parameters for Greenland,
Antarctica and the land glaciers. For all inversions, the GIA parame-
ters are constrained using the full combination solution.

2002 2004 2006 2008
−4

−2

0

2

4
PC1

m
m

2002 2004 2006 2008
−2

−1

0

1

2
PC2

m
m

2002 2004 2006 2008
−4

−2

0

2

4
PC3

m
m

2002 2004 2006 2008
−4

−2

0

2
PC4

m
m

2002 2004 2006 2008
−0.5

0

0.5
PC5

m
m

2002 2004 2006 2008
−1

−0.5

0

0.5

1
PC6

m
m

2002 2004 2006 2008
−4

−2

0

2

4
PC7

m
m

2002 2004 2006 2008
−2

−1

0

1
PC8

m
m

2002 2004 2006 2008
−0.1

0

0.1

0.2

0.3
PC9

m
m

 

 
Ishii et.al. 2006 (upper 700m)
This study (full column)

Figure 4: The first 9 principal components of steric heights derived
from the Ishii et al. (2006) dataset (blue line with ’+’s) versus those as
estimated from the joint inversion (solid red line). The principal com-
ponents are scaled such that the vertical scale represents the uniform
contribution of the corresponding mode to global sea level. For exam-
ple, the first mode causes a seasonal variation of ∼ 3 mm in terms of
uniform sea level rise. The discrepancies between the curves may be
explained by remaining errors in the ARGO data and/or the contribu-
tion of the deeper ocean in the joint inversion results.

Figure 5: Left: Variability of the Jason-1 along-track measurement
bins before fitting (a running mean of 11 weeks has been applied in
order to be consistent with the inversion results). Right: variability of
the Jason-1 residuals after removing the joint inversion results. Af-
ter fitting, reductions can be seen in the Pacific, Indian and Atlantic
Ocean, while regions with high variability in dynamic topography
(Gulf stream, Kuroshio, Agulhas) display little change.
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Figure 6: Estimated geocenter motion from a GRACE+Jason-1 com-
bination over the period 2002-2008. The associated trend has been
separated into a present-day component and a GIA component.
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Contributing process # regions Timescale Model/reference observable
Greenland 16 seasonal-interannual Wouters et al. (2008) N,U,S
Antarctica 31 seasonal-interannual Horwath and Dietrich (2009) N,U,S
Glaciers 16 seasonal-interannual WGI/GLIMS N,U,S
Hydrology 9 (EOF’s) weekly-seasonal WGHM (Döll et al., 2003) N,U,S
Hydrology 9 (CEOF’s) weekly-seasonal WGHM (Döll et al., 2003) N,U,S
GIA 1(global) secular VILMA (ICE5g+VM2) (Klemann

and Martinec, 2009)
N,U,S

Steric 9 (EOF’s) monthly-interannual Ishii et al. (2006) Steric S
Steric 9 (CEOF’s) monthly-interannual Ishii et al. (2006) Steric S
Circulation - daily-interannual FESOM (planned) Dyn. Topo./steric S

Table 1: Preliminary fingerprint inventory. N, U, and S denote geoid
change, uplift and sea level respectively.
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