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Abstract

Crustal motion observations from Global Positioning System (GPS) networks have not yet been fully exploited in previous

studies on glacial isostatic adjustment (GIA) and mantle rheology structure. In this study, we have isolated GIA signals from

vertical velocity observations at rigorously selected (over 2,000) GPS stations from the Nevada Geodetic Laboratory (NGL)

by removing the effects of atmospheric and oceanic loading, as well as changes in the contemporary glaciers. We have also

attempted to include hydrological and sea-level loading corrections based on the most updated model products, but found them

still not accurate enough for GIA-related studies. Therefore, we recommend the GPS-derived global GIA uplift rate dataset

MIDAS-AO without hydrological and sea-level loading corrections applied. Under the constraints of MIDAS-AO uplift rates,

we refined the VM5a viscosity model and obtained two revised viscosity profiles, VM5aR AO1 and VM5aR AO2, that differ

by an extra layer in the transition zone of the latter profile. With respect to VM5a, VM5aR AO1 indicates a slight increase of

viscosity within the upper mantle, while VM5aR AO2 favors a softer upper part of the upper mantle and a stiffer transition

zone. Maps of the variations of model-dataset misfits show that our new viscosity profiles commonly recover a better fit for

sites located at the Scandinavian Peninsula and south of the Hudson Bay.
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Abstract13

Crustal motion observations from Global Positioning System (GPS) networks have14

not yet been fully exploited in previous studies on glacial isostatic adjustment (GIA) and15

mantle rheology structure. In this study, we have isolated GIA signals from vertical ve-16

locity observations at rigorously selected (over 2,000) GPS stations from the Nevada Geode-17

tic Laboratory (NGL) by removing the effects of atmospheric and oceanic loading, as well18

as changes in the contemporary glaciers. We have also attempted to include hydrolog-19

ical and sea-level loading corrections based on the most updated model products, but20

found them still not accurate enough for GIA-related studies. Therefore, we recommend21

the GPS-derived global GIA uplift rate dataset MIDAS-AO without hydrological and22

sea-level loading corrections applied. Under the constraints of MIDAS-AO uplift rates,23

we refined the VM5a viscosity model and obtained two revised viscosity profiles, VM5aR AO124

and VM5aR AO2, that differ by an extra layer in the transition zone of the latter pro-25

file. With respect to VM5a, VM5aR AO1 indicates a slight increase of viscosity within26

the upper mantle, while VM5aR AO2 favors a softer upper part of the upper mantle and27

a stiffer transition zone. Maps of the variations of model-dataset misfits show that our28

new viscosity profiles commonly recover a better fit for sites located at the Scandinavian29

Peninsula and south of the Hudson Bay.30

Plain Language Summary31

The crust of the Earth got unloaded due to the melting of continental-scale ice sheets32

since the Last Glacial Maximum (LGM). Except for the almost instantaneous rise and33

fall of the crust, there are also slow changes in the Earth’s surface due to the viscoelas-34

tic response of the Earth’s mantle beneath the crust, which is known as glacial isostatic35

adjustment (GIA). The rise and fall of the Earth’s surface caused by melted ice, as an36

aspect of GIA, is still happening today. Continuous measurements from the Global Po-37

sitioning System (GPS) can monitor displacements of the Earth’s surface, including GIA-38

induced ones. After removing all the non-GIA signals in GPS data, we got datasets of39

GIA-induced crustal displacements derived from global GPS data. On the other hand,40

the rates of GIA-induced crustal displacements are controlled by the viscosity-depth pro-41

file of the mantle, and thus the observed GIA-induced crustal displacements (the GPS42

datasets developed by this study) can be used to refine the mantle viscosity-depth pro-43

file. Our revised viscosity-depth profiles can reproduce surface displacements better fit-44

ting the GPS measurements from the Scandinavian Peninsula and south of the Hudson45

Bay.46

1 Introduction47

Rheology is a branch of physics that deals with the deformation and flow of mat-48

ter, especially the non-Newtonian flow of liquids and the plastic flow of solids. For the49

case of Earth, rheology is the study of the viscoelastic behavior of the mantle, or the re-50

lationship between force (stress) and deformation (strain) of mantle materials under a51

set of loading and environmental conditions. While mantle rheology controls most of the52

geoprocesses with geological time scales, such as the style of mantle convection as well53

as glacial isostatic adjustment (GIA) and the nature of thermal evolution (Karato, 2010),54

the constraints available on mantle rheology are often rather loose, leading to significant55

uncertainty in mantle viscosity-depth profiles. Time-dependent crustal motion after the56

collapse of continental-scale ice sheets during the Last Glacial Maximum (LGM, ˜ 21,00057

years ago) is the most frequently used observation that provides some constraints on the58

viscosity of the mantle (Karato, 2010; S. D. King, 1995), which is also the topic of the59

current study.60
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Since the LGM, the melting of ice causes the redistribution of surface loads, result-61

ing in the slow flow of materials in the Earth’s mantle that leads to crustal motions and62

relative sea level change as well as variations in the Earth’s rotation and gravity field.63

These responses, largely governed by the viscosity of the mantle, are collectively termed64

as GIA and are evident in the long-term observations of various ongoing processes such65

as relative sea level (RSL) changes, present-day crustal deformation rates monitored by66

Global Positioning System (GPS) observations that are not due to tectonic processes,67

and present-day changes in the gravity field seen by satellite missions and field campaigns68

(e.g., M. A. King et al., 2010; Whitehouse, 2018; Spada, 2017; Roy & Peltier, 2018; Davis69

et al., 1999; Spada & Melini, 2019; Melini & Spada, 2019; Caron & Ivins, 2020; Steffen70

et al., 2010). GIA also results in changes in the orientation of the Earth’s rotation vec-71

tor and length of day, which also provide constraints on the rheology of the mantle (e.g.,72

Nakada et al., 2018; Lau et al., 2016).73

A number of studies obtained diverse viscosity results based on regional GIA in dif-74

ferent areas. In the British Isles, upper mantle viscosity is 4−6×1020 Pa s and lower75

mantle viscosity is ≥ 3× 1022 (Bradley et al., 2011); in Antarctica, upper mantle vis-76

cosity lies in the range 0.8 − 2.0 × 1021 Pa s (Whitehouse et al., 2012); in Fennoscan-77

dia, upper mantle viscosity is about 2 − 4 × 1020 (Steffen et al., 2010); and in North78

America, upper mantle viscosity is estimated to be 5.1 (3.5−7.5)×1020 and lower man-79

tle viscosity is estimated to be 1.3 (0.8−2.8)×1022 (Lambeck et al., 2017). These dif-80

ferences themselves imply lateral heterogeneity in the viscosity structure of the Earth,81

which is expected to exist based on the nature of the mantle convection process (Roy82

& Peltier, 2015). Nevertheless, it is recognized that typical viscosities for the upper and83

lower mantle lie in the ranges 1020−1021 Pa s and 1021−1023 Pa s, respectively (e.g.,84

Bradley et al., 2011; Whitehouse et al., 2012; Steffen et al., 2010; Lambeck et al., 2017;85

Argus et al., 2014; Lau et al., 2016; Caron et al., 2017; Nakada et al., 2018).86

The VM5a model was established aiming to provide a global 1D mantle viscosity87

profile (Peltier & Drummond, 2008). However, in this model, the thickness of the litho-88

sphere, the viscosity of the upper mantle, the viscosity of the top 500 km of the lower89

mantle, and the viscosity of the middle and bottom of the lower mantle are constrained90

by RSL histories from the British Isles, RSL data from Fennoscandia and Laurentia, and91

the rate of change of Earth’s oblateness (J̇2) and polar wander, respectively (Argus et92

al., 2014). Due to the lateral heterogeneity in the mantle viscosity structure as discussed93

above, the VM5a model, constrained by regional GIA signals at several areas, may not94

represent the average viscosities of the planet well, and thus further improvements are95

indicated.96

While the RSL data are limited to coastal regions, GPS data can offer much bet-97

ter spatial coverage. The abundant 3D displacement data provided by dense GPS cov-98

erage all over the globe (especially in North America, Europe, and Scandinavia) may en-99

able us to better model the GIA-induced deformations globally and thus improve the 1D100

mantle viscosity profile (Simon et al., 2021; Steffen & Wu, 2011; Bock & Melgar, 2016).101

Schumacher et al. (2018) developed a new global GPS dataset (in the ITRF2008 frame)102

for GIA-induced crustal uplift rates consisting of around 4000 GPS sites. However, there103

are notable discrepancies between this dataset and uplift rates as predicted by various104

GIA forward models (Zhou et al., 2020). To obtain a spherically symmetric model of man-105

tle viscosity expected to provide a suitable background viscosity structure for the whole106

globe via the GPS method, some improvements seem to be needed to the work of Schumacher107

et al. (2018). We focus on two aspects here: derivation of the observed GPS uplift rates108

and elastic corrections applied to separate GIA signals from other geoprocesses-related109

signals.110

The Nevada Geodetic Laboratory (NGL) routinely updates station velocities in a111

global geocentric reference frame at over 17,300 GPS sites all over the globe. These ve-112

locities are estimated robustly from observed position time series using the Median In-113
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terannual Difference Adjusted for Skewness (MIDAS) method, a median-based GPS sta-114

tion velocity estimator that is insensitive to outliers, seasonality, step functions (abrupt115

changes) arising from earthquakes or equipment changes, and statistical data variabil-116

ity (Blewitt et al., 2016). In recent years, NGL has updated its GPS data processing strat-117

egy so that the new NGL GPS data are provided in the IGS14 reference frame (the IGS118

realization of the ITRF2014), with multiple updated measurement models and correc-119

tions applied (including ocean tidal loading correction) but without nontidal atmospheric,120

oceanic and hydrological loading corrections (Blewitt et al., 2018; Sibois et al., 2014; Moyer,121

2003; Kedar et al., 2003; Bar-Sever, 1996; Bassiri & Hajj, 1993). In addition, the NGL122

modeling of tropospheric delays is particularly notable and effective at retaining the full123

nontidal atmospheric load signal in the observed station coordinate time series (Martens124

et al., 2020). Therefore, the new NGL GPS processing results offer us ideal resources to125

extract GIA signals.126

While M. A. King et al. (2010) argued that corrections for signals associated with127

the global water cycle, atmospheric effects, and local tectonics or sediment compaction128

must be applied to these geodetic data to invert for the mantle rheology, the hydrolog-129

ical correction is absent due to the fact that the representation of long-term trends is a130

common problem among hydrological model simulations (Döll et al., 2014). Yet recently,131

the Earth System Modelling group at Deutsches GeoForschungsZentrum (ESMGFZ) up-132

dated their model of hydrological mass loads (HYDL, version 1.3) based on water stor-133

age from the new Land Surface Discharge Model (LSDM, version 2) using new European134

Centre for Medium-Range Weather Forecast (ECMWF) operational forcing data. The135

new model is consistent with the release 06 (RL06) of the Gravity Recovery and Climate136

Experiment (GRACE) Atmosphere and Ocean De-Aliasing Level-1B (AOD1B) product137

and has an improved long-term consistency due to the introduction of a time-invariant138

reference orography in continental regions (Dobslaw et al., 2017). We are interested in139

the issue of how state-of-the-art hydrological model simulations will contribute to the140

estimation of the GIA signals from GPS observational data. In this study, we will present141

two GPS datasets: one with the HYDL correction and denoted as MIDAS-AOHS, while142

the other is without the HYDL correction and denoted as MIDAS-AO. These two vari-143

ants of GPS GIA datasets will be assessed with the help of GIA model predictions and144

the GPS dataset from Schumacher et al. (2018). The resulting datasets will then be used145

to invert the viscosity-depth profiles. An additional viscosity structure in the transition146

zone is tentatively introduced in the revision of the viscosity-depth profiles to further in-147

vestigate the viscosity structure features embedded in our datasets.148

Our work is arranged as follows. The GIA models adopted in this study are pro-149

vided in Section 2, then the GPS data and corrections for non-GIA trends are described150

in Section 3. Furthermore, the software and method are set out in Section 4. Results and151

discussions are presented in Section 5, and final conclusions are given in Section 6.152

2 GIA Models153

ICE-6G D (VM5a) is one of the ICE-NG (VMX) series of GIA models developed154

at the University of Toronto, and consists of the ICE-6G glaciation history, the VM5a155

mantle viscosity model, and the associated present-day global crustal uplift rates (Argus156

et al., 2014; Peltier et al., 2015; Purcell et al., 2016; Peltier et al., 2018, available at https://157

www.atmosp.physics.utoronto.ca/~peltier/data.php).158

Reconstructed based on the BEDMAP2 bathymetry model, the ICE-6G model de-159

scribes ice thickness histories of the major ice sheets from 122,000 years ago to the present160

and differs from previous ICE-NG models in that glaciation history has been explicitly161

refined by applying the present-day uplift rates estimated from GPS measurements from162

North America, Eurasia, and Antarctica. Besides, time-dependent gravity data derived163

from the GRACE satellites, and radiocarbon-dated relative sea level histories through164
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the Holocene epoch have also constrained or validated glaciation history (Peltier et al.,165

2018).166

The viscosity model VM5a describes the rheological structure of the Earth’s man-167

tle (Peltier & Drummond, 2008, see Table 1). It is a 3-layer approximation of the vis-168

cosity model VM2, which is inferred on the basis of a formal Bayesian inversion of a sub-169

set of the RSL data that depend only weakly on the glaciation history and Earth rota-170

tion constraints (Peltier, 2004). For the VM2 model, the RSL histories from sites in Fennoscan-171

dia constrain the mean viscosity of the upper mantle and transition zone to be ≈ 0.5×172

1021 Pa s, while the RSL histories from sites in Laurentia constrain the mean viscosity173

of the upper 500 km of the lower mantle to be ≈ 1.6×1021 Pa s; the wander of Earth’s174

spin axis since 1900 and the non-tidal acceleration of Earth’s rotation rate constrain the175

viscosity of the remainder of the mantle to be ≈ 3.2×1021 Pa s (Argus & Peltier, 2010).176

The VM5a model also shares these properties but differs from VM2 in the structure of177

the lithosphere: while the VM2 lithosphere is entirely elastic and 90 km thick (Peltier,178

2004), the VM5a lithosphere consists of a 60-km-thick elastic layer above a 40-km-thick179

highly viscous (10×1021 Pa s) layer. This additional layer introduced by VM5a can elim-180

inate VM2’s misfits of horizontal motion in the region of the North American continent181

and has no significant effect on the predicted rates of vertical motion and the quality of182

the fits to radio-carbon dated relative sea level histories from sites along the east coast183

of the US (Peltier & Drummond, 2008).184

Table 1. Viscosity profile of VM5a.

Depth Range (km) Viscosity (×1021Pa s)

0-60 (lithosphere) elastic
60-100 (lithosphere) 10.0
100-420 (upper mantle) 0.50
420-670 (transition zone) 0.50a

670-1260 (lower mantle) 1.57
1260-2885.5b (lower mantle) 3.23

aTransition zone shares the same value of viscosity with the upper mantle.
bIn our computations this value is replaced by 2880.

In this study, we adopt the following forward models of GIA-induced crustal up-185

lift rates to establish and test our global GPS-derived GIA uplift rate datasets:186

1. ICE6G D (VM5a) published by Peltier et al. (2018);187

2. ICE6G ANU D published by Purcell et al. (2018);188

3. Predictions published by Caron and Ivins (2020) (denoted as VESL 2019 for con-189

venience).190

3 GPS Data and Corrections191

3.1 MIDAS velocity data192

In this study, we have adopted the GPS-based vertical velocity data derived from193

the MIDAS algorithm (hereafter MIDAS velocity data for short; available at http://194

geodesy.unr.edu/velocities/midas.IGS14.txt, last accessed on 25 Nov. 2021). These195

data are derived from GPS position time series generated by the NGL at the University196

of Nevada, Reno (UNR). Before applying the MIDAS algorithm, the GPS data have been197

processed using the GPS Inferred Positioning System (GIPSY) OASIS II software by the198
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Figure 1. Distributions of the GPS sites of MIDAS velocity files. The colors of dots denote

crustal uplift rates.

Jet Propulsion Laboratory (JPL) and using their final fiducial-free GPS orbit products.199

The precise point positioning method has been applied to ionospheric-free carrier phase200

and pseudorange data. More details about models and conventions used in the process-201

ing are documented at http://geodesy.unr.edu.202

The MIDAS algorithm is a variant of the Theil-Sen nonparametric median trend203

estimator, modified to use pairs of data in the time series separated by approximately204

1 year, making it insensitive to seasonal variation and time series outliers. And since the205

MIDAS-estimated velocity is essentially the median of the distribution of these 1-year206

slopes, it is insensitive to the effects of steps in the time series (even if they are undoc-207

umented and occur at unknown epochs) as long as they are sufficiently infrequent. The208

MIDAS uncertainties are calculated by using the scaled median of absolute deviations209

of the residual dispersion, and have been shown to be realistic and usually do not require210

further scaling. The MIDAS algorithm is reported to outperform all 20 other automatic211

algorithms tested in terms of the 5-th percentile range of accuracy in blind tests using212

synthetic data with unknown step functions inserted (Blewitt et al., 2016). Therefore,213

the MIDAS velocities are as accurate as the best methods involving step detection. These214

are the reasons why we have chosen the robust and unbiased estimations of MIDAS ve-215

locity data to establish the global GIA uplift rate dataset and invert the mantle viscos-216

ity profile.217

The MIDAS velocity data contain estimated velocities of the north, east, and up218

components with corresponding uncertainties from more than 17,300 GPS sites (see Fig-219

ure 1 for the site distributions over the globe) time series in the IGS14 reference frame-220

work, whose origin is the center of figure (CF; Blewitt et al., 2018; Altamimi et al., 2016).221

Only the vertical velocity data (up components of velocities) are adopted in this study.222

First of all, GPS time series have to be sufficiently long for the purpose of the GIA223

study. Following Schumacher et al. (2018), GPS sites with data time spans less than 5224

years are excluded.225
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Figure 2. Stations that are excluded from the dataset for GIA purposes. Gray shading de-

notes plate boundaries and the colors of dots denote observed crustal uplift rates.

Second, a number of GPS sites are located near plate boundaries in order to study226

crustal displacements due to tectonics and earthquakes. For these sites, the GPS data227

are highly affected by tectonics and earthquakes and thus unsuitable for GIA-related stud-228

ies. We can exclude the sites within the plate boundary zones relying on the Global Strain229

Rate Map released by Kreemer et al. (2014).230

Finally, the prior information from global GIA forward model predictions ICE6G D231

(VM5a) uplift rates (released by Peltier et al. (2018)) is adopted to ensure that only sta-232

tions with vertical land motion (VLM) signals dominated by GIA are included. Consid-233

ering the difference between GPS-derived uplift rates and modeled GIA rates to be non-234

GIA VLM signals, we can calculate the ratio Ṙnon−GIA/ṘGIA at each site, and regard235

it as GIA dominant if Ṙnon−GIA/ṘGIA < 0.5 (Simon & Riva, 2020).236

After three rounds of selection, we obtained 2,353 GIA-dominant sites, while about237

15,000 sites are excluded. The distribution of excluded NGL GPS stations is shown in238

Figure 2 where plate boundaries are marked with gray color.239

3.2 Elastic correction240

To remove the elastic signal from GPS rates, we adopt general circulation model241

(GCM)-based elastic surface loading products provided by the ESMGFZ Section 1.3 (Dill242

& Dobslaw, 2013), involving 3 kinds of individual mass loading data: non-tidal atmo-243

spheric loading (NTAL), non-tidal oceanic loading (NTOL), and HYDL. And ESMGFZ244

additionally provides a special barystatic sea-level loading (SLEL) for the conservation245

of global mass. These non-tidal elastic surface loading deformations are calculated in the246

spatial domain by convolving the load Green’s function for the elastic earth model “ak135”247

(Kennett et al., 1995) and are provided in the form of grid data with 0.5◦ × 0.5◦ spa-248

tial resolution (available at http://rz-vm115.gfz-potsdam.de:8080/repository). ES-249
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MGFZ offers these elastic surface loading products both in the CF and CM frames. In250

this study, we have adopted those products in the CF frames.251

NTAL is derived from the 3-hour sampled atmospheric surface pressure given by252

0.5◦×0.5◦ 3-hourly ECMWF reanalysis, ERA-40, ERA-Interim, and operational ECMWF253

data. To isolate the non-tidal variability of the atmosphere, atmospheric tides were re-254

moved by harmonic analysis of 12 major tidal constituents: main solar tides S1, S2, and255

S3, and the main semi-diurnal lunar tide M2, each with two additional side-bands added.256

Non-tidal atmospheric surface pressure is resampled on a regular 0.125◦×0.125◦ global257

grid.258

NTOL is derived from 3-hour sampled non-tidal ocean bottom pressure given on259

a regular 1.0◦×1.0◦ global grid from the Max-Planck-Institute for Meteorology Ocean260

Model (MPIOM; Jungclaus et al., 2013) and consistent deformation fields from daily means261

of the ECMWF atmospheric surface pressure. Oceanic tides excited by the time-varying262

atmospheric surface pressure were removed by harmonic analysis of 12 major tidal con-263

stituents similarly as in NTAL. Non-tidal ocean bottom pressure is resampled on a reg-264

ular 0.125◦ × 0.125◦ global grid.265

HYDL version v1.3 is based on water storage from new version-2 LSDM (Dill, 2008,266

updated glacier definitions in the Himalaya region) using new 24-hour 0.5◦×0.5◦ ECMWF267

operational forcing data that was preprocessed to a commonly defined high-resolution268

reference topography in order to avoid inconsistencies between different ECMWF model269

setups (ERA-40, REA-Interim, operational). Mass loads are given from the LSDM as270

soil moisture, snow, surface water, and water in rivers and lakes on a daily regular 0.5◦×271

0.5◦ global grid with mean mass during 2003˜2014 subtracted and are resampled to 0.125◦×272

0.125◦ with a 0.125◦×0.125◦ land-sea mask applied. Water stored in rivers and lakes273

is re-allocated from the model 0.5◦ river network to a high-resolution 0.125◦ geographic274

information system (GIS)-based river network (Dill et al., 2018) to concentrate the river275

masses to a more realistic river location than in the 0.5◦ model river network.276

As atmospheric models, oceanic models, and hydrological models together gener-277

ally do not conserve their global mass, especially most oceanic models only keep their278

own mass constant and do not consider the mass exchange with atmosphere and land,279

ESMGFZ introduced SLEL by solving the sea-level equation for the total mass of ter-280

restrial water storage and atmospheric surface pressure to obtain global mass conserva-281

tion (Dill & Dobslaw, 2019). SLEL is not included in the oceanic contribution NTOL.282

Therefore, the sum of the above four components (NTAL + NTOL + HYDL + SLEL)283

represents the complete surface loading deformation of a globally mass-conserving model284

system.285

First, we extract the station time series of the complete elastic surface loading de-286

formations by these stations’ longitudes and latitudes from the gridded values. Second,287

we cut these time series off according to the MIDAS time series’ first and last epochs.288

The resulting tendencies estimated from these time series are the ESMGFZ elastic cor-289

rections applied in this study (see Figure 3 for more details about ESMGFZ elastic cor-290

rections and see Figure S1 for more details about individual components of the ESMGFZ291

elastic corrections).292

A seasonal-driven annual discharge model has been included in the LSDM model293

to accumulate and remove the annual snowfall, while long-term ice masses are kept con-294

stant (Dill, 2008). Nevertheless, the contemporary ice mass loading impact on elastic de-295

formation is not included in the LSDM model. To remedy this, we compute present-day296

mass trend (PDMT) corrections at the NGL GPS sites, based on the grids released by297

Riva et al. (2017) spanning 2005-2014 (for the selection of this spanning, we referred to298

(Schumacher et al., 2018), and see Figure 4 for more details). Total elastic corrections299
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Figure 3. ESMGFZ elastic corrections (NTAL + NTOL + HYDL + SLEL) applied for GPS

sites. The colors of dots denote crustal uplift rates.

(NTAL + NTOL + HYDL + SLEL + PDMT) applied for NGL GPS sites are illustrated300

by Figure 5.301

Although Klos et al. (2021) suggests applying HYDL at the stage of time series anal-302

ysis could reduce amplitudes in the seasonal and longer terms, some studies show that303

subtracting the hydrological loading by removing simulations from global hydrological304

models might introduce even more uncertainties, as surface hydrology is not well mod-305

eled in most models (Döll et al., 2014; Santamaŕıa-Gómez & Mémin, 2015). Moreover,306

we note that HYDL is the most relevant one in the total environmental load (NTAL +307

NTOL + HYDL + SLEL) for long-term trends (see Fig S1 for more details). We ought308

to be more cautious about the application of HYDL (and SLEL) corrections. Therefore,309

we decided to present two parallel GPS datasets for GIA: one with NTAL + NTOL +310

HYDL + SLEL + PDMT corrections applied, denoted as MIDAS-AOHS, and one only311

with NTAL + NTOL + PDMT corrections applied, denoted as MIDAS-AO.312

We notice that there are some outliers in our processed datasets after applying elas-313

tic corrections, which are very similar to the sharp ”spikes” as shown in Figure 3 of Zhou314

et al. (2020). We infer that these outliers are caused by some local, not well-modeled ef-315

fects, such as deep groundwater variations. Besides, sites affected by earthquakes out-316

side the plate boundary zones may also be outliers.317

We adopted a low-pass spatial filtering approach to exclude these outliers. For this,318

we applied a median filter with a 1.5◦×1.5◦ moving window, consistent with the spa-319

tial resolution of the glaciation history and the precision of the forward modeling code.320

The absolute difference between the median value and the original value is taken as a321

selection criterion. Sites with this metric exceeding 3σ of the moving window scatter will322

be excluded.323

Since the GIA forward model predictions are often provided in a reference frame324

with the origin in their own realization of the center of mass of the solid Earth (CE), while325

the MIDAS velocities are provided in a CF frame, we transformed our datasets into a326

CE frame by a pragmatic method to better assess the misfits between the GIA model327
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Figure 4. PDMT elastic corrections applied for GPS sites. The colors of dots denote crustal

uplift rates.
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Figure 5. Total elastic corrections (NTAL + NTOL + HYDL + SLEL + PDMT) applied for

GPS sites. The colors of dots denote crustal uplift rates.
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predictions and our GPS-derived GIA datasets (M. A. King et al., 2012; Peltier et al.,328

2015; Schumacher et al., 2018). Finally, our GPS-derived GIA crustal uplift rates datasets329

MIDAS-AOHS and MIDAS-AO are presented here.330

4 Software and Method331

4.1 GIA Software332

Based on the viscoelastic normal mode (VNM) theory, Spada (2003b) developed333

a Fortran-based posT glAcial reBOund calculatOr (TABOO), which can solve various334

problems in the context of GIA modeling, including crustal uplift rates due to loads of335

various shapes and time-histories. The TABOO software treats the Earth as a spheri-336

cally symmetric, non-rotating, incompressible, self-gravitating, radially stratified Maxwell-337

viscoelastic body with an elastic lithosphere and a homogeneous, inviscid core (the in-338

ner core is not included), with profiles of elasticity and density from the preliminary ref-339

erence Earth model (PREM) (Dziewonski & Anderson, 1981) but somewhat simplified.340

A benchmark for GIA codes by Spada et al. (2011) shows that computations implemented341

by TABOO have a satisfactory agreement with those implemented by other GIA codes,342

even with those based on different methods and solution techniques, like spectral-finite343

elements and finite elements.344

While TABOO does not take account of effects of the Earth’s rotation, the GIA-345

induced deformation will perturb the Earth’s rotation at long-term scales (such as the346

polar wander), and as feedback, the changed rotation vector will lead to changes in cen-347

trifugal potential and thus additional crustal deformation (known as rotational feedback).348

However, only the degree-0 and degree-2 spherical harmonic terms will be affected (Mitrovica349

et al., 2001, 2005). Besides, Zhou et al. (2020) found the GPS-derived low-degree spher-350

ical harmonic terms for the crustal uplift rates are quite unreliable though GPS data help351

to refine the terms with higher degrees. With these two reasons in mind, we decide to352

exclude spherical harmonic terms of degree 0, 1, and 2 in our inversion but use these terms353

from Zhou et al. (2020) (namely, these terms will not change). In fact, degree-0, -1, and354

-2 terms of GIA-induced crustal uplift rates reflect the viscosity of the deepest mantle,355

whereas the viscosity of the deepest mantle is better constrained by other geophysical356

observational data, such as the rate of degree-2 zonal term J̇2 or Ċ20.357

4.2 The Forward Problem358

Here the classical VNM theory developed by Peltier and Andrews (1976) is adopted,359

in which the rate of radial displacement Ṙ(θ, ψ, t) for the field point with colatitude θ360

and east longitude ψ at time t can be expressed as361

Ṙ(θ, ψ, t) =

∞∑
l=0

l∑
m=−l

Ṙl,m(t)Yl,m(θ, ψ) (1)362

where an overhead dot denotes the derivative with respect to time, Yl,m is the surface363

spherical harmonic of degree l and order m and Ṙl,m(t) is the corresponding spherical364

harmonic coefficients for the rate of radial displacement.365

The coefficient Ṙl,m(t) is related to both the rates of the total surface mass (ice plus366

ocean) load L̇l,m and the perturbing rotational potential Λ̇l,m, and takes the form367

Ṙl,m(t) =
4πa3

(2l + 1)Me
L̇l,m(t)⊗ ΓL

l (t) +
Λ̇l,m(t)

g
⊗ ΓT

l (t) (2)368

where Me, a and g are the Earth’s mass, average radius and surface gravitational accel-369

eration, respectively. The degree- and time-dependent terms ΓL
l (t) and ΓT

l (t) are coef-370

ficients in Legendre polynomial expansions for Green functions associated with radial371
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displacement. Mitrovica et al. (2001) showed ΓL
l (t) and ΓT

l (t) can be expressed as the372

sum of a series of VNMs in the form373

ΓL
l (t) = hL,E

l δ(t) +

J∑
j=1

rl,Lj exp(−sljt) (3a)374

ΓT
l (t) = hT,E

l δ(t) +

J∑
j=1

rl,Tj exp(−sljt) (3b)375

where the first term on the right-hand sides of these equations denotes the instantaneous376

elastic response, while the second term, comprising a set of VNMs, describes the viscous377

response. More mathematical details for the VNM can be found in the booklet of Spada378

(2003a).379

4.3 The Inverse Problem380

In the inverse problem, we take a chi-squared analysis to quantitatively evaluate381

the differences between the GPS dataset and forward model predictions, and take the382

χ2 value as the cost function. Our revision of viscosity profile is based on the premise383

that all the misfits between the GIA model predictions and GPS datasets stem from de-384

ficiencies in the radial viscosity structure, and is accomplished by editing candidate vis-385

cosity profiles to decrease the model-dataset misfits as small as possible.386

The normalized χ2 measure of misfits between N observations and predictions is387

computed as388

χ2 =
1

N

N∑
i=1

(Oi − Ci)
2

σ2
i

(4)389

where for the ith station, Oi and Ci are the observations (GPS-derived GIA crustal up-390

lift rates) and computations (predictions of crustal uplift rates computed for viscosity391

profiles), respectively, and σi represents the uncertainty of the observation.392

A χ2 value of 1 indicates an appropriate trade-off between misfit and variance. A393

value of χ2 ≥ 1 indicates that the model fits the data poorly, whereas a value of χ2 ≤394

1 suggests overly conservative uncertainties or an over-parameterized model (Simon &395

Riva, 2020; Peltier et al., 2015).396

Although a χ2 value of 1 is usually expected in other works, we still seek the min-397

imum of the χ2 and corresponding viscosity profile. Here, the assigned uncertainties are398

just used to give different weights to different sites to constrain the mantle viscosity. The399

site whose quality is better plays a more important role in the revision of viscosity struc-400

ture.401

We have noted that GPS-derived crustal uplift rates are relatively insensitive to402

the variations of lithosphere related parameters, and there is a notable lateral hetero-403

geneity in the lithosphere (e.g., Nield et al., 2018; Burov, 2011). In addition, the rheol-404

ogy of the lithosphere is likely to impact on the GIA-induced horizontal motions (Peltier405

& Drummond, 2008), which are not discussed in this study. Given these factors, we will406

not investigate the rheology of the lithosphere in this study. Lithosphere-related param-407

eters (thickness of the elastic layer in the lithosphere and the viscosity with depth rang-408

ing from 60 km to 100 km) are fixed throughout the search for best-fitting models.409

To overcome the trade-off among the viscosity layers in the mantle (Milne et al.,410

2001; Zhao et al., 2012; Argus et al., 2021), we introduced a priori constraints: the vis-411

cosity of lower mantle is no less than that of the upper mantle and the viscosity of lower412

part of lower mantle is greater than that of upper part of lower mantle (Mitrovica & Forte,413

2004; Lau et al., 2016; Caron et al., 2017).414
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Searching for the minimum of χ2 is accomplished by the fmincon function from the415

Optimization Toolbox® of MATLAB™, which can find the minimum of a constrained416

nonlinear multivariable function.417

5 Results and Discussions418

5.1 New dataset for GPS-derived GIA crustal uplift rates419

Our final post-processed global GPS datasets, MIDAS-AOHS and MIDAS-AO, con-420

sisting of 2221 sites (See Figure 6 for more details), are provided in a reference frame with421

its origin in the CE. Sites from our datasets are mainly distributed in North America422

and Northwestern Eurasia, followed by Antarctica, Greenland, and South America.423
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Figure 6. Distributions of the GPS sites from our GPS datasets: (a) MIDAS-AOHS; (b)

MIDAS-AO. The colors of dots denote GIA crustal uplift rates.
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In the following sections, we will describe and discuss our GPS datasets in the five424

regions of North America, Northwestern Eurasia, Antarctica, Greenland, and South Amer-425

ica, and over the entire globe.426

5.1.1 North American Continent427

As illustrated in Figure 6, most sites of our GPS datasets are distributed over North428

America, mostly in the US with the rest scattered across Canada, especially near its south-429

ern border. The majority of places in Canada were previously covered by the Lauren-430

tide Ice Sheet and have been undergoing uplift since LGM. At the same time, most places431

in the US are on the periphery of the glacial bulge and thus are subsiding.432

To further characterize those sites of our GPS datasets, we compute some statis-433

tical indicators (minimum, maximum, mean, and median) of our GPS datasets and GIA434

model predictions over the North American Continent and summarize the results in Ta-435

ble 2.436

The minima of our GPS datasets are less than those of GIA model predictions, and437

the maxima of our GPS datasets are within the range of GIA model predictions. The438

mean and median of vertical motions for sites in North America also show that most sites439

in North America are still subsiding nowadays.440

We can divide these sites into two groups, whether uplifting or subsiding. As for441

sites in the subsiding area, our GPS datasets are close to the GIA model predictions. Mean-442

while, the MIDAS-AO results indicate that sites in the uplift area are generally expe-443

riencing more significant uplifting than the MIDAS-AOHS and GIA model predictions.444

Figure 7 provides a clearer view of spatial differences between our GPS datasets445

and GIA model predictions over the North American Continent. Our GPS datasets share446

similar spatial differences to those of GIA model predictions, while those of GIA model447

predictions differ considerably. Our GPS datasets fit well with the ICE6G D (VM5a) in448

the subsiding area. However, there are significant differences in the uplifting area. Com-449

pared with the ICE6G ANU D and the VESL 2019 models, there are pronounced dif-450

ferences at the forebulge of the Laurentia and within the Laurentia.451

5.1.2 Northwestern Eurasia452

The second most numerous concentration of sites in our datasets is in Northwest453

Eurasia. Most sites are located along the Atlantic coast, the Fennoscandia Peninsula,454

and England. In addition, a smaller number of stations fall along the Mediterranean coast.455

In Northwest Eurasia, the minima of our GPS datasets are a bit less than those456

of GIA model predictions, and the maxima of our GPS datasets are a bit greater than457

those of GIA model predictions. Moreover, the mean and median values indicate that458

most sites in Northwest Eurasia are relatively stable.459

Like North America before, we discuss the sites of our GPS sites in Northwest Eura-460

sia separately by uplifting and subsiding areas. In the uplifting area, the results of our461

GPS datasets are similar to the ICE6G D (VM5a), between the ICE6G ANU D and the462

VESL 2019. Our dataset and GIA model predictions are similar in the subsiding area463

(see Table 2 for more details).464

As illustrated in Figure 8, in Northwestern Eurasia, our GPS datasets generally fit465

well with the ICE6G D (VM5a) and the VESL 2019 models, although our GPS datasets466

indicate that sites in Fennoscandia Peninsula are uplifting slightly faster. Compared with467

the ICE6G ANU D, our GPS datasets indicate that sites in Fennoscandia Peninsula are468

uplifting about 3 mm/a faster, and sites around the Netherlands are subsiding more no-469

ticeably.470
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Figure 7. GIA model predictions at sites from our GPS datasets over the North American

Continent and the differences of GPS rates and the GIA model rates, that is GPS minus forward

model. (a) ICE6G D (VM5a) from Peltier et al. (2018); (b) ICE6G ANU D from Purcell et al.

(2018); (c) VESL 2019 from Caron and Ivins (2020). (a-c1) MIDAS-AOHS minus forward model

predictions; (a-c2) MIDAS-AO minus forward model predictions.
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Figure 8. GIA model predictions at sites from our GPS datasets over Northwestern Eurasia

and the differences of GPS rates and the GIA model rates, that is GPS minus forward model. (a)

ICE6G D (VM5a) from Peltier et al. (2018); (b) ICE6G ANU D from Purcell et al. (2018); (c)

VESL 2019 from Caron and Ivins (2020). (a-c1) MIDAS-AOHS minus forward model predictions;

(a-c2) MIDAS-AO minus forward model predictions.
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5.1.3 Antarctica471

As one of the three major regions of LGM ice cover, Antarctica has not been con-472

strained as well as North America and Northwestern Eurasia. Our GPS datasets have473

far fewer locations in Antarctica than in North America and Northwestern Eurasia, with474

the majority of them concentrated in the Antarctic Peninsula and West Antarctica. At475

these scattered sites in Antarctica, statistical indicators show that our GPS datasets do476

not fit the GIA model predictions so well as those in North America and Northwestern477

Eurasia (see Table 3 for more details). It is notable that the ICE6G D (VM5a) and the478

ICE6G ANU D models both indicate that all the sites in Antarctica are uplifting. In con-479

trast, our GPS datasets and the VESL 2019 show that there are sites in Antarctica sub-480

siding. Spatial differences are illustrated in Figure 9 show that our GPS datasets and481

GIA model predictions do not agree on the location of the main uplift areas in Antarc-482

tica.483
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Figure 9. Comparisons between uplift rates at sites from our GPS datasets and from GIA

model predictions over Antarctica. (a) MIDAS-AOHS; (b) MIDAS-AO; (c) ICE6G D (VM5a)

from Peltier et al. (2018); (d) ICE6G ANU D from Purcell et al. (2018); (e) VESL 2019 from

Caron and Ivins (2020).

5.1.4 Greenland484

In Greenland, sites are distributed on the periphery of the island, mainly at the485

north end. Our GPS datasets fit well with VESL 2019 and are lower overall than the ICE6G D486

(VM5a) and the ICE6G ANU D models. Moreover, like in Antarctica before, our GPS487

datasets and VESL 2019 model predictions show that some sites are subsiding, while the488
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Table 3. Statistics of vertical motions of sites from our GPS datasets and GIA model predic-

tions (in mm/a) over Antarctica.

Resources Minimum Maximum Mean Median

MIDAS-AOHS -0.8754 8.6376 1.3511 0.6620
MIDAS-AO -1.0020 8.1814 1.0044 0.3530
ICE6G D (VM5a) 0.5335 6.8654 2.4999 1.7995
ICE6G ANU D 0.3243 5.3128 2.1117 1.7608
VESL 2019 -0.4653 6.3344 1.8235 1.4746

ICE6G D (VM5a) and ICE6G ANU D model predictions do not. Related results are sum-489

marized in Table 4 and illustrated in Figure 10.490
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Figure 10. Comparisons between uplift rates at sites from our GPS datasets and from GIA

model predictions over Greenland. (a) MIDAS-AOHS; (b) MIDAS-AO; (c) ICE6G D (VM5a)

from Peltier et al. (2018); (d) ICE6G ANU D from Purcell et al. (2018); (e) VESL 2019 from

Caron and Ivins (2020).

5.1.5 South American Continent491

Sites in South America are mainly distributed in the La Plata River Basin. Un-492

like sites in the glaciated regions or in the glacial forebulge regions, these sites in the far-493

field offer a constraint on low-degree terms of GIA fingerprints. Our GPS dataset MIDAS-494

AO and the three GIA model predictions are in overall good agreement. However, the495

GPS dataset MIDAS-AOHS differs notably from the others and is generally on the low496

side. Related results are summarized in Table 5 and illustrated in Figure 11. We ten-497
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Table 4. Statistics of vertical motions of sites from our GPS datasets and GIA model predic-

tions (in mm/a) over Greenland.

Resources Minimum Maximum Mean Median

MIDAS-AOHS -2.6420 4.6013 1.6391 1.9525
MIDAS-AO -1.7452 4.9546 2.0154 2.2898
ICE6G D (VM5a) 1.7173 8.2537 4.2461 4.0102
ICE6G ANU D 0.6474 6.3653 2.7540 2.3788
VESL 2019 -1.6937 3.6843 1.4734 1.6942

tatively conclude that the application of hydrological corrections may be associated with498

these inconsistencies. We will further discuss the causes of these inconsistencies and how499

they affect the inversion of the mantle’s viscosities in section 5.3.500
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Figure 11. Comparisons between uplift rates at sites from our GPS datasets and from GIA

model predictions over the South American Continent. (a) MIDAS-AOHS; (b) MIDAS-AO; (c)

ICE6G D (VM5a) from Peltier et al. (2018); (d) ICE6G ANU D from Purcell et al. (2018); (e)

VESL 2019 from Caron and Ivins (2020).

5.1.6 Global501

We further evaluated our GPS datasets with respect to the three GIA model pre-502

dictions by calculating Root Mean Square (RMS) values in five regions as well as global503

RMS values; results are summarized in Table 6.504

Adding HYDL and SLEL corrections generally brings about 0.1 mm/yr (not big-505

ger than 0.4 mm/yr, except in South America) changes to the RMS values. In most se-506

lected regions and over the globe, MIDAS-AO fits the GIA model predictions better than507

MIDAS-AOHS. However, in Antarctica MIDAS-AOHS fit GIA model predictions bet-508

ter than MIDAS-AO. In South America, though, the HYDL and SLEL corrections in-509

crease the RMS values by about 1.7 mm/yr, which stands out compared with other re-510
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Table 5. Statistics of vertical motions of sites from our GPS datasets and GIA model predic-

tions (in mm/a) over the South American Continent.

Resources Minimum Maximum Mean Median

MIDAS-AOHS -3.5912 1.3907 -0.8225 -0.7872
MIDAS-AO 0.2427 1.1273 0.5666 0.5586
ICE6G D (VM5a) 0.1432 0.7438 0.4893 0.4870
ICE6G ANU D 0.1164 0.7307 0.5073 0.5525
VESL 2019 0.2051 0.7034 0.4686 0.4936

Table 6. RMS of the vertical velocity differences (in mm/a) between our GPS datasets and

GIA forward model predictions over the entire globe and five regions: North America, Northwest-

ern Eurasia, Antarctica, Greenland, and South America.

North Northwestern South
GPS Data GIA Model Global America Eurasia Antarctica Greenland America

MIDAS-AOHS
ICE6G D (VM5a) 0.7655 0.7075 0.5511 1.6331 3.0135 1.7464
ICE6G ANU D 1.1300 1.0902 1.2362 1.5191 1.8103 1.7816
VESL 2019 1.2597 1.3482 0.6452 2.3197 1.3925 1.7497

MIDAS-AO
ICE6G D (VM5a) 0.6631 0.6182 0.5421 1.8638 2.6678 0.2272
ICE6G ANU D 1.0540 1.0154 1.2448 1.6864 1.5761 0.2414
VESL 2019 1.2187 1.3202 0.6398 2.4061 1.4660 0.2669

gions, and is thus largely likely to indicate a deficiency of HYDL (and SLEL) corrections511

over South America. Across near-field regions (except South America), our GPS datasets512

fit GIA model predictions better in North America and Northwestern Eurasia than the513

other regions and the globe. Improvements are needed in Antarctica and Greenland.514

We next introduced the GPS dataset from Schumacher et al. (2018) into the as-515

sessment of our GPS datasets in terms of RMS and reduced χ2 against GIA model pre-516

dictions. All the results are summarized in Table 7.517

Among these three GPS datasets, the MIDAS-AO always fits GIA model predic-518

tions better than the others. The vertical rates from MIDAS-AOHS and GIA model pre-519

dictions agree next most closely. Across all the nine model-data pairs, the best fit is achieved520

by MIDAS-AO and the ICE6G D (VM5a), whose RMS value is 0.6631 mm/yr. Against521

the three GIA model predictions, the RMS values of our GPS datasets are in the range522

of 0.6 ∼ 1.3. While the GPS dataset from Schumacher et al. (2018) shows RMS val-523

ues that are greater than 1.6 with all selected GIA model predictions. In addition, con-524

cerning the results of the reduced χ2, it is likely that the Schumacher et al. (2018) un-525

certainties are underestimated.526

We are glad to see that the disparities of our GPS datasets against GIA model pre-527

dictions are in a more acceptable range compared to the other preexisting datasets, as528

a result of upgrading GPS data in the IGS08 reference framework to GPS data in the529

IGS14 (Métivier et al., 2020), together with other processing improvements. Moreover,530

stricter selection of GPS sites further ensures the quality of GIA signals extracted from531

our GPS sites, though at the cost of coverage.532

We suggest some possible explanations for the misfits enlarged due to applying the533

HYDL and SLEL corrections: (1) There are flaws in HYDL correction (particularly in534

South America); (2) GIA forward model predictions used in our studies, particularly ICE6G D535

(VM5a) from Peltier et al. (2018), have already been tuned to fit GPS-derived GIA up-536
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Table 7. RMS and reduced χ2 of the vertical velocity differences (in mm/a) between GPS

datasets: MIDAS-AOHS, MIDAS-AO, and Schumacher et al. (2018) and GIA forward model pre-

dictions: ICE6G D (VM5a) from Peltier et al. (2018), ICE6G ANU D from Purcell et al. (2018),

and VESL 2019 from Caron and Ivins (2020).

GIA model prediction GPS dataset RMS reduced χ2

ICE6G D (VM5a)

MIDAS-AOHS 0.7655 1.0757
MIDAS-AO 0.6631 0.8483
Schumacher et al. (2018) 1.6994 30.5026

ICE6G ANU D

MIDAS-AOHS 1.1300 2.4153
MIDAS-AO 1.0540 2.1904
Schumacher et al. (2018) 1.7968 37.2677

VESL 2019

MIDAS-AOHS 1.2597 2.6281
MIDAS-AO 1.2187 2.6255
Schumacher et al. (2018) 1.9385 43.4628

Table 8. Viscosity profiles of VM5aR AO1, VM5aR AO2, and VM5a.

Depth range VM5a VM5aR AO1 VM5aR AO2
km ×1021 Pa s ×1021 Pa s ×1021 Pa s

0-60 elastic elastic elastic
60-100 10.0 10.0 10.0
100-420 0.50 0.62 0.51
420-670 0.50 0.62 0.71
670-1260 1.57 1.34 1.34
1260-2885.5 3.23 4.33 4.05

lift rates without hydrological corrections; and (3) SLEL is computed without consid-537

ering the current-day melting of glaciers and ice sheets, so SLEL does not necessarily keep538

the global mass conserved after the introduction of PDMT.539

Given the performance of MIDAS-AOHS in the assessments against GIA model pre-540

dictions, MIDAS-AOHS will not be involved in the subsequent revision of the viscosity541

profiles. Only MIDAS-AO will be utilized to revise viscosity profiles.542

5.2 Revised Viscosity Profiles543

Combining our global GPS dataset MIDAS-AO, and nonlinear programming solver544

fmincon, a new radially symmetric viscosity profile VM5aR AO1 for the Earth’s man-545

tle is presented here. Moreover, an additional viscosity structure at the transition zone546

(depth ranging 420 - 670 km) is tentatively introduced in our revision of the viscosity547

of the mantle, and another viscosity profile VM5aR AO2 is presented. Our new viscos-548

ity profiles are illustrated in Figure 12, and their properties are listed in Table 8; more549

details about the modeling of these profiles including spectral responses (elastic and fluid550

loading Love numbers and spectra of characteristic times with a range of harmonic de-551

grees) are illustrated in Figure S2-4. These spectral responses demonstrate that our pro-552

files are modeled successfully (Spada et al., 2011).553

Compared with the precursor model VM5a, VM5aR AO1 indicates a stiffer upper554

mantle (100-670 km). As for finer structures within the upper mantle, VM5aR AO2 shows555
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Figure 12. Comparison of the radial variations of the viscosity in depth for the VM5aR AO1

and VM5aR AO2 viscosity profiles with the VM5a from Argus et al. (2014), VM2 from Peltier

(2004) and M9 from Nakada et al. (2018).
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Table 9. Misfits of forward modeling predictions using different viscosity profiles compared to

GPS datasets in terms of RMS (in mm/yr) and reduced χ2.

GPS dataseta viscosity profilea RMS reduced χ2

MIDAS-AOHS
VM5a 0.8430 1.3503
VM5aR AO1 0.8349 1.3087
VM5aR AO2 0.8236 1.2766

MIDAS-AO
VM5a 0.7574 1.1157
VM5aR AO1 0.7231 1.0171
VM5aR AO2 0.7185 1.0069

Schumacher et al. (2018)
VM5a 1.7620 35.2840
VM5aR AO1 1.7859 37.0480
VM5aR AO2 1.7784 36.5280

a Spherical harmonic terms of degrees 0˜2 are not included in both GPS datasets
and forward modeling predictions.

a softer upper part of the upper mantle (100-420 km) and a harder transition zone (420-556

670 km), compared to VM5aR AO1. This means that there is an increase of viscosity557

within the upper mantle, which also is supported by VM2 and M9 (Figure 12). In ad-558

dition, our revised viscosity profiles indicate similarly a softer upper part of the lower559

mantle (670-1260 km). And a stiffer lower part of the lower mantle is preferred by our560

revised viscosity profiles.561

Results of RMS and χ2 of our viscosity profiles compared to the GPS uplift rates562

are summarized in Table 9. Not surprisingly, viscosity profile VM5aR AO2 with an ad-563

ditional structure in the transition zone is found to fit the observational data better than564

VM5aR AO1, as there is more room for the models with more parameters to adjust them-565

selves to fit observational data. Additionally, our revised profiles are shown to fit the dataset566

MIDAS-AOHS better than the VM5a. However, when it comes to the dataset from Schumacher567

et al. (2018), worse results are obtained by our revised profiles.568

Unfortunately, misfits maps (Figure 13) show that the model-dataset misfits of VM5a569

have not been eliminated decisively but rather reduced somewhat by our revised viscos-570

ity profiles. To see more clearly how our revised viscosity profiles affect the misfits, we571

calculated the variations of absolute model-data misfits, that is |ṘVM5aR−ṘGPS|−|ṘVM5a−572

ṘGPS|, and mapped these results in Figure 14.573

Compared with the precursor VM5a, our revised viscosity profiles similarly enable574

better fits at sites in the Scandinavian Peninsula and between Hudson Bay and Lake On-575

tario. At the same time, fits to the MIDAS-AO at sites from Lake Huron to Great Slave576

Lake worsen in our revised profile reconstructions. The deterioration of fits at these sites577

in the scenario of VM5aR AO2 is not as severe as that of VM5aR AO1.578

5.3 Sensitivity Analysis579

Fréchet kernels provide a measure of the sensitivity of a datum δy to δv(r), depth-580

dependent perturbations in mantle viscosity. For a given datum, we define the Fréchet581

kernel by the relation582

δy =

∫ LAB

CMB

F (v, r)δv(r)r2dr (5)583

where CMB and LAB are the dimensionless radii of the core-mantle boundary and the584

lithosphere-asthenosphere boundary (or the base of the lithosphere), respectively.585
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Figure 13. Misfits between forward model predictions computed by different viscosity profiles

and our new GPS datasets. (a) VM5aR AO1 - MIDAS-AO; (b) VM5aR AO2 - MIDAS-AO; (c)

VM5a - MIDAS-AO.

To be consistent with the revision of spherically symmetric models of mantle vis-586

cosity, we discretize Fréchet kernels in the same way as VM5a discretizes radial viscos-587

ity profile, and scale discrete Fréchet kernels by r2. The discrete scaled Fréchet kernel588

of the ith layer Fir
2 has the form589

Fir
2 =

δy

δvi(ri+1 − ri)
(6)590

where δvi is the perturbation of the ith layer’s viscosity, ri+1 and ri are the radii of the591

ith layer’s upper and lower boundaries, respectively.592

These scaled Fréchet kernels are computed in which the viscosity of the mantle is593

allowed to vary, in turn, in each of the mantle subdivisions of the VM5a profile, while594

the rest of the profile remains identical to VM5a. Throughout the computations, the vis-595

cosity perturbation δv is set to be 0.01×1021 Pa s, and the ice loading history is fixed596

to the ICE-6G D model.597

As shown in Figure 15, scaled Fréchet kernels for crustal uplift rates (without spher-598

ical harmonic terms of degrees 0, 1, and 2) are related to the glaciation history and depths599

of the mantle. Stiffer mantle viscosity values tend to reproduce more pronounced uplifts600

in the glaciated regions and more pronounced collapses in the glacial peripheral regions,601

and thus more abrupt transition between the uplifting regions and the forebulge collapse602

regions. And we can see that the scaled Fréchet kernels for crustal uplift rates become603

more geographically uniform with increasing depth of the mantle.604

As indicated by the magnitudes of kernels, GIA-induced crustal uplift rates are more605

sensitive to the viscosity variations of the upper mantle (depth ranging from 100 km to606

670 km, especially the transition zone) than those of the lower mantle and lithosphere.607

Thus, observed uplift rates could be invoked to constrain the viscosity of the upper man-608

tle (especially the transition zone) more reliably than those of other parts of the man-609

tle.610
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Figure 14. Changes in the absolute misfits of VM5aRx and VM5a to GPS datasets, that is

|ṘVM5aR − ṘGPS| − |ṘVM5a − ṘGPS|.
(a) —VM5aR AO1 - MIDAS-AO— - —VM5a - MIDAS-AO—;

(b) —VM5aR AO2 - MIDAS-AO— - —VM5a - MIDAS-AO—.
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Figure 15. Dimensionless discrete Fréchet kernel (scaled by r2) of crustal uplift rates (with-

out spherical harmonic term of degrees 0˜2). (a) depth ranging 60-100 km; (b) depth ranging

100-420 km; (c) depth ranging 420-670 km; (d) depth ranging 670-1260 km; (e) depth ranging

1260-2885.5 km.
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It should be noted that near-field uplift rates are much more sensitive to the vis-611

cosity variations of the mantle than far-field uplift rates, and within the near-field, crustal612

uplift rates in the glaciated region are somewhat more sensitive to the viscosity varia-613

tions of the mantle than those over the forebulge. In this way, crustal uplift rates at GPS614

sites in the glaciated regions (and glacier forebulge regions) offer more constraints on the615

viscosity of the mantle via the GIA approach than those in the far-filed areas. Thus, we616

should be more cautious with hydrological corrections in the near-field areas (e.g., Canada,617

Greenland, and Antarctica) when it comes to estimating GIA signals from GPS obser-618

vations.619

6 Conclusions620

In this study, we have presented two global GPS-derived GIA uplift rate datasets,621

MIDAS-AOHS (with HYDL and SLEL corrections applied) and MIDAS-AO (without622

HYDL and SLEL corrections applied), and subsequently utilized them to invert the man-623

tle viscosity profile on the basis of the VM5a model, with two revised viscosity profiles,624

VM5aR AO1 and VM5aR AO2, released.625

For the GPS-derived GIA uplift rates, we can conclude that our datasets (MIDAS-626

AOHS and MIDAS-AO) have notable improvements compared with those of Schumacher627

et al. (2018) (the global RMS differences between them can reach ˜1 mm/yr level), since628

our datasets in general agree better with the GIA forward modeling results. The improve-629

ments of MIDAS-AOHS and MIDAS-AO relative to the dataset of Schumacher et al. (2018)630

are partly due to the adoption of MIDAS velocities in the updated global reference frame631

IGS14, more strict site selection criterion, and improved geophysical fluid loading prod-632

ucts from ESMGFZ. Despite various improvements of the ESMGFZ hydrological model633

(together with the sea level correction model) with respect to previous ones, we found634

applying hydrological and sea level loading corrections can increase the RMS misfits by635

˜0.1 mm/yr with respect to GIA model predictions at the global scale, and ˜1.5 mm/yr636

increase in South America. Therefore, hydrological and sea level loading corrections are637

still not accurate enough for GIA-related studies, and the MIDAS-AO dataset without638

these corrections is recommended.639

The two viscosity profiles VM5aR AO1 and VM5aR AO2 are obtained by revis-640

ing the VM5a model under the constraints of the MIDAS-AO dataset. With respect to641

VM5a, VM5aR AO1 indicates a slight increase of viscosity within the upper mantle, while642

VM5aR AO2 favors a softer upper part of the upper mantle and a stiffer transition zone.643

Maps of the variations of model-dataset misfits show that our new viscosity profiles com-644

monly recover a better fit for sites located in the Scandinavian Peninsula and south of645

the Hudson Bay.646

Finally, global sensitivity analyses show that GIA-induced crustal uplift rates are647

relatively more sensitive to the viscosity variations of the upper mantle than those of the648

lower mantle. Therefore, GPS-derived crustal uplift rates are more suitable for constrain-649

ing the viscosity of the upper mantle, and the changes in the upper mantle indicated by650

our revised models VM5aR AO1 and VM5aR AO2 are plausible.651
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