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Abstract The Earth's mass redistribution due to deglaciation and recent ice sheet melting causes changes
in the Earth's gravity field and vertical land motion in Greenland. The changes are because of ongoing mass
redistribution and related elastic (on a short time scale) and viscoelastic (on time scales of a few thousands of
years) responses. These signatures can be used to determine the mantle viscosity. In this study, we infer the
mantle viscosity associated with the glacial isostatic adjustment (GIA) and long-wavelength geoid beneath
the Greenland lithosphere. The viscosity is determined based on a spatio-spectral analysis of the Earth's
gravity field and the land uplift rate in order to find the GIA-related gravity field. We used different land uplift
data, that is, the vertical land motions obtained by the Greenland Global Positioning System (GPS) Network
(GNET), gravity recovery and climate experiment (GRACE) and glacial isostatic adjustment (GIA) data, and
also combined them using the Kalman filtering technique. Using different land uplift rates, one can obtain
different GIA-related gravity fields. As shown in this study, the mantle viscosities of 1.9 X 10?2 Pa s and

7.8 x 102! Pa s for a depth of 200700 km are obtained using ICE-6G (VM5a) model and the combined land
uplift model, respectively, and the GIA-related gravity potential signal.

Plain Language Summary The Earth is not a rigid object and has different dynamic changes

that shape its mantle and surface. The heat of the Earth's core results in mantle flow, generating global

mantle convection. The pressure of these flows pushes or pull the surface away from its isostatic equilibrium.
Computing these stresses helps us have a better vertical land motion model for the Earth's surface. Another
dynamic process that is important to include is glacial isostatic adjustment (GIA), an important issue for
example, for the sea-level rise studies. The Earth's surface has not yet reached its equilibrium state due to the
presence of huge ice sheets in the last 25,000 years. This crustal land uplift needs to be identified and modeled
well. A gravimetric land uplift model was developed based on satellite gravity missions (GRACE recovery
and climate experiment) and compared with the one obtained from the Global Positioning System data and
geophysical models in this study. These data were used for determining the mantle viscosity in Greenland. The
mantle viscosity models help us understand the mantle's mechanical behavior and the Earth's internal structure
for example, the internal friction of the mantle flow and continental drift modeling.

1. Introduction

Glacial isostatic adjustment (GIA) describes the tendency of the Earth's crust to preserve lithospheric isostatic
equilibrium when ice sheets load the crust. By analyzing the ongoing crustal rebound (adjustment), various
phenomena can be studied, such as the rheological properties of the Earth's interior. The thermal and chemical
heterogeneities within the mantle show that the mantle is a dynamic system. Therefore, there is a flow in the
mantle which depends on the mantle rheology. Kaufmann & Lambeck (2000) discussed different mantle systems
in their publication. They mentioned that the mantle could have different behaviors. In other words, the Earth's
mantle can be described as an elastic (assuming short time scale), viscoelastic (few thousands of years' scale), and
highly viscous (very long time scale) continua. It is essential to distinguish between the elastic and non-elastic
behaviors of the mantle, especially for predicting the signatures related to the glacial isostatic adjustment process
and estimating a model for the radial variation of mantle viscosity (Kaufmann & Lambeck, 2000). The signatures
such as relative sea-level changes and changes in the Earth's gravitational field can be used to constrain the radial
viscosity profile (Haskell, 1935). Many scholars have proposed different approaches to infer the mantle viscosity
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after Haskell (1935) such as (Cathles III, 1975; Mitrovica & Forte, 2004; Paulson et al., 2007; Tushingham &
Peltier, 1992; W. Richard Peltier, 1996; W. R Peltier & Andrews, 1976). An interesting comparison between
different mantle viscosity modeling can be seen in Kaufmann and Lambeck (2000), where uniform and glacially
induced viscosity models are compared. The comparison shows that the glacially induced viscosity models gener-
ally agree with the radial viscosity variations obtained from the mantle circulation (or flow) models. In another
study, Tosi et al. (2005) showed that it is possible to use long-wavelength and time-dependent zonal components
of the gravity field to constrain the mantle viscosity because the variation in the gravity field originates from
the Earth's mass redistribution. Zhao et al. (2012) studied the lithospheric thickness and mantle viscosity using
the inversion method and the GNSS solutions of the BIFROST project (cf. Johansson et al., 2002; Lidberg
et al., 2010). They estimated the earth model parameters from inversion of the GNSS-derived horizontal and
vertical displacements and also using a joint inversion by employing the two ice models (i.e., ANU-ICE and
ICE-5G, see more in Lambeck et al. (2010) and W Richard Peltier (2004)). They also showed that the GPS data
are best fit to a three-layer earth model and to estimate lithosphere thickness and mantle viscosity.

In this study, we follow the approach proposed by Bjerhammar et al. (1980) and Sjoberg and Bagherbandi (2013)
to determine the mantle viscosity in Greenland. Here we use the long-wavelength geoid model and land uplift
rates as input data. The GIA-related gravity signal should be precisely extracted from the geoid model. It has been
shown that the GIA-related gravity signal has a long-wavelength characteristic (Bjerhammar et al., 1980; Hager &
Richards, 1989; Simons & Hager, 1997; Sjoberg & Bagherbandi, 2013). Hence, the GIA-related gravity field (or
geoid depression) can be used to model the mantle parameters for example, viscosity. Therefore, a spatiospectral
method (i.e., correlation analysis) can be used for extracting the long-wavelength gravity field signal due to the
GIA (Bjerhammar et al., 1980; Joud, 2018; Sjoberg & Bagherbandi, 2013). However, some of the previous viscos-
ity inversion methods used harmonic windows of the gravity field more or less uncritically or based on earlier
experiments in modeling the GIA-related gravity signals (e.g., Balling, 1980; Mitrovica & Forte, 2004) studied
the relation between gravity field and land uplift rates in Fennoscandia and showed a significant correlation
between them. Later, Svensson (1980) showed that the land uplift rate matches a viscosity of about 5 X 10?2 Pa
s in Fennoscandia. A similar study was performed by Simons and Hager (1997) and found a correlation between
the gravity field and the land uplift rate in Hudson Bay. They also determined a viscosity model in Laurentia and
Fennoscandia using land uplift rates and the GIA-related gravity field. They showed that a —31 m geoid depres-
sion that is related to the GIA in the Hudson Bay (cf. Joud, 2018; Sjoberg & Bagherbandi, 2017) presented the
corresponding geoid height depression (due to GIA) in Fennoscandia varies between —8.9 and 0.19 m, with a
mean value of —5.5 + 2.1 m for the spectral window between degrees 10 and 23 (cf. Bjerhammar et al., 1980).
They showed that the spectral window was most correlated with the land uplift rate and the geoid. However,
we know that the geoid varies between 15 up to 45 m in Fennoscandia. Therefore, the GIA-related gravity
signal is implicitly hidden in the Earth's gravity field (cf. Joud, 2018). In fact, the harmonic window between
degrees 10 and 23 is related to the GIA and is corresponding to the maximum —8 m geoid height in the center
of the uplift dome in Sweden. Therefore, the obtained GIA-related gravity signal can be used to determine the
mantle viscosity using the land uplift rate and the truncated gravity field (cf. Bjerhammar et al., 1980; Sjoberg &
Bagherbandi, 2013). However, Root et al. (2015) used a different harmonic window to determine the GIA-related
gravity field that is, 4 < n < 45. The major part of the long-wavelength gravity field signals (n < 10) is explained
by mantle convection of subduction slabs (Mishra & Kumar, 2012; Richards et al., 1988). Therefore, the viscosity
is better constrained for the upper (less than 670 km depth) than the lower mantle (Mitrovica & Peltier, 1991).
Viscosity can also be determined by fitting predicted viscosity models to the GIA-related observations such
as vertical land motions derived using GPS permanent stations. It is worth mentioning that these methods are
dependent on the Earth's interior structure (i.e., rheology) and load history (W. R. Peltier, 1996).

Land uplift modeling plays an important role in the processes related to the Earth system. Studying the land uplift
rate allows us to investigate the long-term development of the Earth's shape, interior and gravity field, which
affects a vast number of other phenomena such as those related to the prediction of climate change and sea-level
rise. GIA-related land uplift rate can be observed using different measurements such as relative sea-level rise, tide
gauge, GNSS data, and gravity field changes observed at the Earth's surface by employing absolute gravimeters
(Olsson et al., 2019). In addition, the land uplift can be obtained using satellite gravimetry techniques that is, the
gravity recovery and climate experiment (GRACE) and GRACE Follow-on missions (Shafiei Joud et al., 2017).
In Greenland, the land uplift has been determined using relative sea-level rise data obtained from tide gauges,
GPS data (Khan et al., 2016), and absolute gravimeters. One of the important data for studying the temporal
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GPS uplift rates

Figure 1. Vertical displacement rates (left) at the Greenland Global Positioning System (GPS) Network (GNET) sites and their uncertainties (right) according to Khan

et al. (2016). Unit: mm/year.

changes of the gravity field obtains from the dedicated satellite gravity mission GRACE that will be used in this
study. Many scholars have used the GRACE monthly data to study mantle rheology and ice history in areas with
GIA and land uplift phenomena (e.g., Argus et al., 2021; Paulson et al., 2007; Zhao, 2013). The satellite-based
data are from low-orbit dedicated missions with a homogeneous coverage. The satellite data suffers from inherent
data processing problems (such as removing noises) and need to be adequately addressed to achieve reliable data
with the desired accuracy. In addition, we will compare the discrepancy between the GRACE-based land uplift
rates, the inferred vertical displacement rates at the GNET sites, and the GIA models like ICE-6G (VM5a) and
Caron et al. (2018) models in Greenland. For this study, we will use the GRACE data from 2003 to 2016 as well.

In this paper, we study the upper mantle viscosity determination by inferring the gravity field signal related to the
GIA in Greenland. For this purpose, we use the land uplift rate obtained from GNET (Khan et al., 2016), GIA
models (ICE-6G (VMS5a) model (Peltier et al., 2013; Caron et al., 2018)), and the GRACE data in Greenland.
We know that the uncertainty is also significantly large in the glaciated regions (Ludwigsen et al., 2020). There-
fore, we integrate these data because the uncertainties, patterns and rates of the land uplift models are different
in Greenland. The applied method procedure (in this study) is as follows. In Step 1, we recover the GIA related
GNSS uplift rates (determined by Khan et al. (2016)) and GRACE data. In addition, we present a combined land
uplift rates using GNSS, GRACE and GIA-derived land uplift rates. In Step 2, we extract the GIA-related gravity
signals by filtering the other effects due to the deeper masses that is, core-mantle (related to long-wavelengths)
and topography (related to short-wavelengths). To do this, we applied correlation analysis for this purpose and
to detect the best harmonic window over which modeled GIA most depends (not the window over which other
phenomena like dynamic topography or surface topography). Finally (in Step 3), we estimate the mantle viscosity
using the GIA-related gravity field according to the method developed by Bjerhammar et al. (1980) and Sjoberg
and Bagherbandi (2017).

2. Data
2.1. GPS Data

We used the GPS-derived vertical displacement rates obtained from the Greenland Global Positioning System
Network (GNET) in this study (see Figure 1), which were published by Khan et al. (2016). There are a total
number of 53 GNET GPS sites. They directly measured the GIA and studied basin-wide mass changes since
the last glacial maximum. The Earth's crust responds to the internal and external forces, and many short-term
elastic readjustments are tangible due to the contemporary mass balance changes and tectonics. In other words,
the elastic rebound is due to the short-wavelength components of the vertical uplift in response to the current ice
mass loss (Spada et al., 2012). Therefore, the elasticity correction (present-day mass loads) is required to extract
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Elastic uplift rate GPS-Elastic uplift rate

Figure 2. Elastic uplift rate correction (left, according to Khan et al. (2016)) and corrected vertical displacement rates (from GPS data) after adding the elastic

correction (right). Unit: mm/year.

the GIA-related uplift rates. The impact of the elasticity should be removed from the observed GPS uplift rates
because the ground surface responds to the GIA and contemporary ice sheet melting in Greenland. However,
Khan et al. (2016) believe that the tectonic deformation can be considered negligible. In addition, they used
satellite and airborne laser and satellite radar altimetry data to model the ice mass changes and then removed the
elastic effect at each GNET site. Different datasets were used for modeling the elastic correction, such as NASA's
Airborne Topographic Mapper (ATM) flights from 1995 to 2014, laser altimetry observations from the Ice,
Cloud, and Land Elevation Satellite (ICESat) from 2003 to 2009, the airborne Land, Vegetation, and Ice Sensor
(LVIS) observations from 2007 to 2013, radar altimetry data from the CryoSat-2 from 2010 to 2015, and the
European Remote-Sensing Satellite—1 (ERS-1) and ERS-2 data during 1995-2003. The elastic correction can be
obtained by converting the volume loss rate into a mass loss rate, as presented in Kuipers Munneke et al. (2015).
Finally, the obtained mass loss changes were convolved using Green's function for determining the land uplift
rates derived by Petrov and Boy (2004). Figure 2 shows the estimated elastic land uplift rates based on the load
changes obtained from radar/laser altimetry observations and GPS uplift rates corrected by the elastic effect. The
applied elastic correction was provided by Khan et al. (2016).

2.2. GIA Model

There are different GIA models on a global scale that can be used for estimating the viscosity parameter in this
study. A review of the GIA models in Greenland can also be seen in Wake et al. (2016). The GIA models show
significant discrepancies in Greenland, which can be seen from the GIA model patterns and rates. For exam-
ple, Figure 3 shows the GIA uplift rates (land uplift) obtained from two GIA models: ICE-6G (VM5a) (Peltier
et al., 2013) and the model presented by Caron et al. (2018). The differences reflect the uncertainties about the
glacial history (melting since the Last Glacial Maximum) and solid Earth rheology according to Kappelsberger
et al. (2021). Generally, GIA models use a global ice and Earth model as input data. One of the purposes of this
study is to combine different GIA-related uplift rates using the Kalman filtering method to obtain a better GIA
uplift rate model. To do this, we need the uncertainty of the GIA model (Caron et al., 2018). GIA model provides
this information for our purpose that will be used in this study. Figure S1 in Supporting Information S1 shows the
uncertainty of the GIA uplift rates in the GNET sites.

2.3. GRACE Data

The Gravity Recovery and Climate Experiment (GRACE) mission, with more than 19 years of observations
can be used to model the Earth's mass redistribution within the Earth system and ice sheet melting at large
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ICE-6G (VM5a) Land uplift model

Land uplift model (Caron et al. 2018)

Figure 3. GIA-related uplift rates obtained from ICE-6G (VMS5a) model (left) presented by Peltier et al. (2013) and Caron et al. (2018) GIA model (right) in

Greenland. Unit: mm/year.

scales (Tapley et al., 2004). Here we employed the level 2 monthly spherical harmonic coefficients of GRACE
Release 05 provided by the Center for Space Research (CSR) at the University of Texas with a truncation of up to
degree 60 (the data are available via http://icgem.gfz-potsdam.de/home). The GRACE data is used for estimating
vertical displacements in Greenland. The relationship between the vertical component (land uplift rate) and the
Stokes mass coefficients was studied by Kusche and Schrama (2005), van Dam et al. (2007), and Sjoberg and
Bagherbandi (2017). More details can be seen in Section 3.1.

3. Methodology
3.1. Determination of Land Uplift Rate Using GRACE Data

The land uplift in the areas with GIA phenomena implies that the deloading of the previous ice sheet results in
a continuous rising of the depressed crust. The deviation of the gravity field from the isostatic balance can be
formulated in terms of the remaining depressions of the Earth's crust and the geoid. To determine the land uplift
rate using the GRACE monthly data, we suppose that the Earth's crust different layers are equally deformed
because of the ice load. According to Sjoberg and Bagherbandi (2013) and Sjoberg and Bagherbandi (2017), the
crust depression due to a continental glacier will affect the disturbing potential in upper and lower layers at sea
level, and it is expressed by:

upper layer lower layer
AT =T pper layer T Ly

GIA GIA
R 5 R-D 5 1)
redr redr
= —Gpcff f Tda - GApff f Tda
6 R—d 6 R—-D—-d
where TS0 %¥er i the effect of the mass deficit on the disturbing potential and Té‘;‘f’ e shows the effect of mass

deficit due to the depressed lower crust into the mantle. G is the gravitational constant, p,_ is the crust density,
Ap is the crust-mantle density contrast, R is the Earth mean radius, / is the distance between the computational
point and integration point, D is the crust thickness or Moho depth (cf. Bagherbandi et al., 2013), and d donates
on the crust depression. By employing the exterior type of the Legendre series and the first-order Taylor series
approximations, Equation 1 can be written in the spectral form:

[Se] 1 n
AT = —47'[Gme P—— dannm, (2)
; 2n+1 Z

m=—n
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where p, is the density of the upper mantle. We rewrite Equation 2 by assuming that the land uplift (%) is the
opposite of the glacial depression process that is, d = —h (Sjoberg & Bagherbandi, 2013):

. 1 i .
hy ——— 2 DT,
TG R 2D 3

where T denotes on the secular rate of AT for example, obtained from the GRACE monthly data and / is the land
uplift rate.

The changes in the gravity field (7)) is determined using the time series analysis explained in Sjoberg and
Bagherbandi (2017) and Wang et al. (2019). The GRACE Stokes coefficients and load Love numbers can be used
to estimate the surface displacements induced by the surface mass loading, according to the elastic loading theory
(Farrell, 1972). In this study, the gridded mass estimates from GRACE were convolved with the Green's function
computed according to Jentzsch (1997) for PREM (Dziewonski & Anderson, 1981) to predict surface displace-
ments. Here, a gridded scaling factor is generated to restore the GRACE predictions of the crustal displacements
from CSR Release 5 (RLO5) spherical harmonic coefficients (up to maximum degree 60) using forward modeling
and surface mass fields. The unscaled land uplift rates calculated from GRACE multiplied by the scaling factors
was used to estimate the downscaled GRACE prediction of the uplift in Greenland at 0.5-degree scale and in the
GNET GPS sites. In the above, a summary of using GRACE data to estimate the land uplift rate was presented.
For more details about the detailed formula, see Wang et al. (2019) and also Zhang et al. (2021).

3.2. A Combined Land Uplift Rate Using Kalman Filtering in the GNET Sites

Three datasets are combined in this study that is, the GIA up rates obtained from the GIA models, GNET sites
and GRACE data. These data can be used as observations (inputs) in a Kalman filtering approach. The Kalman
filtering is a well-known and iterative mathematical method that utilizes a set of equations and consecutive data
(as initial and inputs data) to estimate the true value of a parameter being observed when the observations contain
unpredicted or random error, uncertainty or variation. Simply, the Kalman filtering approach does not require a
whole bunch of inputs, and it starts by taking an initial estimate and quickly starts to narrow into the true value
by taking a few of those inputs. Kalman filtering uses three main equations iteratively that is, Kalman gain (G)
or weight, current estimate and its error. The Kalman gain shows how much we can trust the estimate and the
measurements:

€es
G=—"— (4a)

s
€est + €mea

We assume that the design matrix is an identity matrix (i.e., A = I) in the linearized observation equation that is,
L = AX. Therefore, the measurements/observations vector (L) will be equal to X (unknown parameters). Hence,
the current estimate (updating estimate each time) is given by:

X, =x-1+G[L—-x-1], (4b)

Finally, the new error in the estimate can be calculated by:

emeaeest[_l
Cesty = —————— = [1 - G]eesl‘_l (40)
€mea + Cest—;
where G is Kalman gain, e, is error in the estimate, e, is error in measurements or observation, x, and x,_, are

current and previous estimates, respectively.

The current estimate is obtained using the previous estimate plus the difference between the measured value
and the previous estimate controlled by Kalman gain as a weight. Equation 4c is used to recalculate the error in
the current estimate. If the error in the measurement is very large, the error in the estimate will not change very
quickly and vice versa.
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3.3. Upper Mantle Viscosity Determination Using a Gravimetric Approach

We follow Sjoberg and Bagherbandi (2013) to determine the mantle viscosity. They presented an inverse solution
to this gravimetric boundary value problem in terms of the remaining depression of the load of the ice mass (see
also Sjoberg and Bagherbandi (2017)). The employed approach considers the Earth as a viscoelastic body for
determining the upper mantle viscosity. The approach is based on an a-priori assumption of linear rheology of the
upper mantle. The method needs two data sets: GIA-related gravity field and land uplift rate. The geopotential
magnitude and pattern should reflect the ongoing rebound. The relation between decay time (i.e., the amount of
time it takes for the remaining equilibrium to be reduced due to the ice load) and the remaining land uplift can be
written using the following exponential function (cf. De Geer, 1888; Niskanen, 1949; Walcott, 1980):

= (ho), e™/™ (5a)

where ¢ is time, i, denotes the total depression at time ¢ = 0, 7, is the spectral decay and e ~ 2.67 is the base of
the natural logarithm. It is worth mentioning that relaxation time has an inverse relation with the decay time. By
differentiating Equation 5a with respect to time:

hn = dn /72 (5b)

After inserting Equation 5b into Equation 3, the decay time can be written:

T, N —

TR Gpm Z(2n + 1)— ©)

n=0

According to W. R Peltier (1974) and Mitrovica and Forte (2004) the decay time is only dependent on viscos-
ity and density. Therefore, the decay time can be converted to viscosity (cf. Cathles III, 1975; Sjoberg &
Bagherbandi, 2013):

7l

3
o=— 444> ) 7
J/me< )

Inserting Equation 6 in Equation 7, the viscosity of mantle will be obtained:

_y 2+l T, ®
4zG 2n+4+3/nhrl

n=l

The relation between disturbing potential 7 and geoid height is defined by Bruns' formula (Heiskanen &
Moritz, 1967). Finally, we infer the viscosity of the upper mantle from the geoid anomaly and land uplift rate
using Equation 8. The correlation analysis between the geoid and a land uplift model is used to obtain the geoid
anomaly (representing the remaining uplift to isostatic equilibrium). Figure 4 shows the employed method to
estimate the viscosity using the geoid anomaly, which correlates with the land uplift rates. The land uplift rates
can be obtained using the GIA models, the vertical land motion (related to GIA uplift rate) obtained by GNSS
(i.e., GNET) and GRACE data or a combination of the above-mentioned land uplift rates (see Section 3.2). In
other words, a combined land uplift model can be used if different available land uplift models are not statistically
consistent. Here one can use hypothesis testing (see Appendix A) to evaluate the consistency of the land uplift
models. If the test is passed, then every individual land uplift model can represent the data for the viscosity deter-
mination. Otherwise, the use of combined model is suggested.

4. Results and Discussions

This section presents the estimated mantle viscosities using five scenarios (two regional GIA models and three
pointwise datasets in the GNET sites). We used different GIA-related land uplift models to determine the viscos-
ity using Equation 8 such as ICE-6G (VM5a), the GIA model presented by Caron et al. (2018), GNET uplift rates
(Khan et al., 2016), GIA-related uplift rates obtained from GRACE data, and the combined GIA-related vertical
land motions obtained from Kalman filtering approach in Greenland. The EGM2008 model has been used to
determine the geoid in all the above-mentioned scenarios.
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Figure 4. Flowchart of viscosity determination using geoid anomaly and different land uplift rates.

4.1. GRACE-Derived Land Uplift Rates

In this paper, we followed and used the technique presented by Wang et al. (2019) to model the vertical land
motion in Greenland with a higher resolution than the spatial resolution of the GRACE data that is, 0.5° x 0.5°
scale. As we mentioned in Section 3.1, Wang et al. (2019) used a down-scaling approach to enhance the mass
change derived from the GRACE data by employing surface mass balance and observed surface elevation change
in Greenland. The GNET data was used to evaluate the scaled GRACE-derived vertical displacements predictions.
Moreover, the GRACE-derived vertical land motion predictions belong to the crustal response to the present-day
mass changes in Greenland. Therefore, the elasticity correction should be applied to the GRACE-derived vertical
land motion to determine the GIA-related uplift rates (similar to Section 2.1). Figure 5 shows the GRACE-derived
uplift rates after applying the elastic correction in GNET sites. The GRACE-derived uplift rates (before applying
the elastic correction) and their corresponding uncertainties are shown in Figure S2 in Supporting Informa-
tion S1. In addition, the uncertainties of the GIA-related uplift rates after adding elastic correction using GNET
and GRACE data were determined by the following equations:

GIA _ 2 2
o1 =1/ %ps T Okasiic ©
GIA _ 2 2

%, = \/%ract T OFsic (10)

where ¢ and 65" are the uncertainties of the GIA-related uplift rates, ogpg and 6gp ¢ Show the uncertainties
of the uplift rates derived by GPS and GRACE data, respectively. oy, . is the uncertainty of the elastic uplift rate
correction that can be obtained from Khan et al. (2016). The results of ¢, and 5,5 are illustrated in Figure S3
in Supporting Information S1. 5,54 G1A will be used for combining the land uplift rate utilizing the Kalman

filtering method (see Section 4.3).

and o,
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Table 1

GRACE-Elastic uplift rate

50°w 40" W

Figure 5. GRACE-derived recovery and climate experiment -derived vertical displacements after considering the elastic
uplift rate correction in the Greenland Global Positioning System Network sites. Unit: mm/year.

4.2. Comparison of VLMs in GNET Sites

The uncertainty of the GIA models and the observations used for estimating the VLM (like GPS) can affect
the lithosphere thickness and mantle viscosity determination (cf. Zhao et al., 2012). Therefore, the effect of the

different VLM models for determining the viscosity should be assessed in advance. Table 1 shows the differ-

ences between the VLMs that have been used in this study. The observed GPS land uplift rates (without elastic

corrections) show extreme VLM in some GNET sites for example, in KUAQ and KAGA stations in southeast

and southwest Greenland. Khan et al. (2016) mentioned that an asthenospheric layer with low viscosity and

likely existing the past hot spot track can impact ice sheet or glacier flow dynamics. Accordingly, the geothermal

heat flux at the base of an ice mass will influence the internal thermal regime (see also Rogozhina et al. (2016)).

These extreme values reconcile after considering elastic corrections. However, the land uplift rate models show

different magnitudes and patterns in Greenland (see e.g., Figure 3). This is the main reason to combine different

Statistics of Differences Between Different VLMs Were Applied in This

Study

GPS-GRACE

GIA-GRACE

GIA-GPS

Max 18.2
Min -2.8
Mean 32
Std 4.6

7.9
—-6.7
-1.0

3.1

35
-17.2
—4.2
4.8

Note. Unit: mm/year.

land uplift rates to reduce the remaining errors/uncertainties in this study.
However, it will be reasonable to test different uplift rates statistically first.
This evaluation can be performed by employing null (H,) and alternative (H )
hypotheses for example, by assuming a = 5% significance level, as presented
in the Appendix A. Using the hypothesis test, one can evaluate whether the
vertical land motions (VLM) obtained from GRACE, GPS and GIA models
belong to the same population and are similar or not. The results of the statis-
tical hypothesis testing have been shown in Figure S4 in Supporting Infor-
mation S1. The obtained VLMs from the GIA model, presented by Caron
et al. (2018), are more consistent with the VLM derived from GRACE and
GPS data. Although, the outcomes illustrate that the obtained VLMs are not
similar in some of the GNET sites.
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Mass change rates

50°w 40°W

Figure 6. Surface mass change rates in terms of equivalent water height change over 2003-2016 in Greenland. Unit: cm/year.

The results of the statistical hypothesis testing illustrate that 14 and 17 stations are rejected when one compares
the GRACE- and GPS-derived VLMs, respectively, with the GIA model. The consistency of the GRACE- and
GPS-derived VLMs is not high because of the 46 rejection rate. The number of rejections also depends on
the uncertainties of GRACE and GPS data. The extreme discrepancies between the GPS- and GRACE-derived
VLMs are observed in the southeast and western part of Greenland, where the stations are experiencing a decreas-
ing mass loss with time (i.e., in NW, CW, CE, SE, and SW major regions of the Greenland ice sheet). The discrep-
ancies can result in more considerable uncertainty in estimating the viscosity due to the uncertainty of the elastic
model. Therefore, a combined land uplift model conceivably compensates for the discrepancies and will be help-
ful for our purpose. In other words, since the obtained land uplift from GNET, GIA and GRACE models are not
statistically similar (see Figure 4), a combined model using Kalman filtering is suggested (see Section 4.3). It is
worth mentioning that all stations (even rejected ones) are used to combine the land uplift rates derived from GIA,
GRACE and GPS data in this study.

Solid Earth is not only deforming in viscous response to the last ice age today, but it is also responding elastically
to the recent surface mass changes, including ice melting over Greenland. For instance, Northern Canada has
risen 0.5-3 mm yr~! over the past 25 years in an elastic response to the present-day ice melting over Greenland,
the Canadian Arctic Archipelago, and southeast Alaska (Argus et al., 2021). Figure 6 shows the regional distribu-
tion of the surface mass change rates in terms of equivalent water height change using GRACE RLO06 data over
2003-2016 in Greenland (see more theoretical details in Wahr et al. (1998) and Amin et al. (2020)). As can be
seen, the west side of Greenland is losing the most ice mass, following by center-east (CE) and south-east (SE)
regions. One can see that the highest uplift rates are related to the stations located in regions with the highest
rate of ice melting (see Figure 1). This correlation indicates an obvious elastic response of the solid Earth to
the modern short-period ice mass loss in Greenland. Accordingly, the elastic correction should be applied to
the GPS-based uplift rates. However, the uncertainty of the elastic correction can be one of the reasons for the
discrepancy between the GIA model and other land uplift models obtained by the GPS and GRACE data.

BAGHERBANDI ET AL.

10 of 19

85UB017 SUOWWOD SAIERID 3(dedl|dde ayy Aq pausenob afe saoie YO 8sn Joss|n. 1oy Areiq13Ul|UO /8|1 UO (SUONIPUOD-PUR-SWBHO0" AB 1M ARIq U1 |UO//StIY) SUORIPUOD PUe SWiB | 8U388S *[¢202/TT/IT] Uo Ariq18ulluO /8|1 ‘Z49 Wepsiod Wniuez-z)oyw pH Aq TSEEZ0ErTZ02/620T OT/10p/L00 A8 im Areiq1jpuluo'sgndnbe;/sdiy wo.j pepeojumoq ‘g ‘220z ‘95£669T2



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023351

Uplift rate using Kalman Filtering

50°w 40°' W

Figure 7. Estimated uplift rates at the Greenland Global Positioning System Network sites using the Kalman filtering
approach. Unit: mm/year.

4.3. Combined GIA-Related Land Uplift Rate Obtained Using Kalman Filtering Approach

We utilize the described Kalman filtering approach (Section 3.2) to combine different land uplift rates in this
study. We assume that the land uplift rates obtained from Caron et al. (2018) GIA model as an initial value and the
uplift rates obtained from the GNET and GRACE data as measurements. The combined uplift rate obtained from
the Kalman filtering approach in the GNET sites can be seen in Figure 7. A comparison of the Kalman filtering
results and the uplift rates obtained from GRACE, GPS and the GIA model can be seen in Figure S5 in Support-
ing Information S1. Figure S5 in Supporting Information S1 shows that the forward and backward Kalman
filtering methods provide the same results because the uncertainties of the initial values are low. The uncertainty
of the estimated uplift rates is presented in Figure S6 in Supporting Information S1. Using the Kalman filtering
approach, the obtained uplift rate error varies 0.48 to 0.07 mm/year with a mean value of 0.20 and a standard
deviation of 0.10 mm/year. As we mentioned before, large errors can be observed in the stations experiencing
extreme decreasing ice mass loss (e.g., SRMP, RINK, KAGA, KBUG, HEL?2, and KUAQ stations).

It is worth mentioning that we presented only the Kalman filtering results in this study. Different techniques
can be used to combine the GPS, GRACE and GIA-derived land uplift rates such as simple least squares adjust-
ment, an enhanced least squares method by estimating variance component estimation (VCE) technique (cf.
Amiri-Simkooei, 2007; Helmert, 1924; Rao, 1971; Sjoberg, 1983), and Kalman filtering. There is no doubt that
the post-glacial rebound is a dynamic (time-variable) process. Usually, the Kalman filter is used in recursive
processes, but it could also be implemented in batch processes. However, when dealing with a dynamic phenom-
enon, incorporating the dynamic model into the least squares' solution (which is the Kalman filter in the batch
process) gives us extra information that leads to better estimates. In addition, the redundancy and degree of free-
dom (df = 2) are low in this study. Therefore, if one uses simple least squares adjustment, the estimated unknown
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parameter's quality (land uplift rate in each station) will not be good. A higher degree of freedom provides more
power to reject a false null hypothesis and find a significant result.

4.4. Harmonic Window Analysis and Viscosity Determination

The viscosity of the upper mantle can be determined using Equation 8. However, first, the geoid anomaly (that repre-
sents the remaining uplift to isostatic equilibrium) should be determined by correlation analysis between the geoid
and land uplift rate. The correlation analysis will reveal the harmonic window of the geoid that can sense the present
glacial-isostatic relaxation of the Earth's lithosphere. The obtained harmonic window will also show the depth of the
gravity signal (i.e., the values to a specific depth interval in the mantle), for example, using Bowin (2000) definition
for the ratio of gravity to geoid anomalies as a function of depth to a point-mass source. Figure 8 shows the results
of correlation analysis to find the best geoid signal harmonic window. We utilized the Pearson method to find the
correlation between the land uplift models in Matlab software. To perform this, we change the spherical harmonic
windows from the lowest degree (i.e., n = 2) to higher degrees to find the harmonic window that represents the
remaining uplift to isostatic equilibrium. In other words, we seek the lower and upper harmonic bands in this step
(see also Figure 4). We employed different land uplift rates, as mentioned already, to find the maximum correlation
between the geoid signal and the land uplift rates (in a certain harmonic window). Figures 8a and 8b illustrate the
correlation coefficients derived by harmonic window analysis between the geoid and land uplift rates from ICE-6G
(VM5a) and (Caron et al., 2018) GIA models. The figures show that the most suitable harmonic windows are
10 <n <39 and 11 < n < 26 using ICE-6G (VM5a) and (Caron et al., 2018) GIA models, respectively, because
of the highest correlation coefficients between the obtained lower and upper bands. Similar plots can be obtained
for the uplift rates in GNET sites (Khan et al., 2016), GIA-related uplift rates obtained from GRACE data, and the
combined GIA-related vertical land motions in Greenland obtained using Kalman filtering.

Table 2 shows the mean value of mantle viscosities associated with different harmonic windows and different
land uplift models, called Scenario 1-5 in the table, using Equation 8. The viscosities vary between 1.3 x 10?!
and 1.9 x 10?2 Pa s depending on the land uplift model used for viscosity determination. It is worth mentioning
that the negative viscosity values, obtained in some stations, were removed from the calculations. It also shows
the harmonic window and maximum correlation between the geoid signals and the utilized land uplift models.
We observe lower correlation coefficients compared to other regions between the geoid and land uplift rates for
example, Laurentia and Fennoscandia (cf. Bjerhammar et al., 1980; Sjoberg & Bagherbandi, 2013). One reason
can be (probably) experiencing a decreasing mass loss with time in Greenland and the employed elastic correc-
tion for the land uplift models obtained from GPS, GRACE and combined model. One can observe that other
upper bands could also be used as a harmonic window (in Figure 8). For example, Figure 8a shows the highest
correlation considering a lower band equal to n = 10 and a higher band between n = 39—48. However, we used
n = 39 because higher harmonics (i.e., 10 < n < 48) provided a similar result. The estimated viscosity utilizing
10 < n <48 is equal to 1.4 X 10? versus 1.9 X 10?2 Pa s when one uses 10 < n < 39. Therefore, the lower band
on the harmonic window from the fact that the assumed exponential viscous decay rate breaks down as buoyancy
from the core-mantle boundary becomes significant (see Cathles III (1975)). Hence, the selection of harmonic
windows with slightly smaller correlations generates useable uncertainties for the viscosity.

In addition, the uncertainty of the obtained viscosities can be calculated using the propagation of uncertainty
method. To calculate the uncertainty of the viscosity, one can simplify Equation 8 to the following form (cf.
Sjoberg and Bagherbandi (2017)):

R ——= (11a)
Because it can be considered that the GIA is a regional phenomenon and mainly related to harmonics of degrees
(e.g., larger than a harmonic of degree 10). Therefore, the ratio (2n + 1)/(2n + 4 + 3/n) in Equation 8 is nearly to

one for all degrees larger than 10, which yields Equation 11a. The uncertainties in the obtained viscosities (u(7))
can be obtained using the propagation of uncertainty method:

2 2
1 T .
u(nmi#\/(ﬂ uz(T)+<—ﬁ> i (i) (11b)
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Figure 8. Correlation coefficients derived by harmonic window analysis between the geoid and vertical land motion obtained using (a) ICE-6G (VM5a) and (b) Caron

et al. (2018) models.

where u(T) and u(h) are the uncertainties of the disturbing potential and land uplift rates. The obtained uncertain-
ties can be seen in the last column of Table 2.

The truncated geoid models, using presented harmonic windows in the table, are related to different depths of the
causative masses according to Figure 9, modified after Bowin (2000). Hence, the estimated viscosities are related
to different radial boundaries in the mantle. For example, the estimated viscosities (see Table 2) can be related to
the depth interval of the viscosity layer between 200 and 700 km (except Scenario 3 that can be related to layers

between 200 and 400 km).
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Table 2

Mantle Viscosity Obtained Using Different Scenarios in This Study

Scenarios

Harmonic window Correlation coefficient Viscosity (unit: Pa s) Uncertainty (unit: Pa s)

Scenario 1 EGM2008 & ICE-6G (VMb5a) 10<n <39 0.65 1.9 x 10?2 -

Scenario 2 EGM2008 & Caron et al. (2018) 11<n<26 0.68 9.2 x 10%! 1.2 x 10"
Scenario 3 EGM2008 & GNET uplift rate 18<n<25 0.40 1.3 x 10! 2.6 x 10'®
Scenario 4 EGM2008 & GRACE GIA uplift rate 11<n<26 0.68 5.1 x 102! 1.2 x 10"
Scenario 5 EGM2008 & Combined GIA uplift rate 11<n<26 0.68 7.8 x 10%! 1.4 x 10"

It should be mentioned that our results using for example, Scenarios 1, 2, 4 and 5 are over an order (or half) of
magnitude greater than the estimates in the literature. The obtained results in this study are comparable with
the other studies performed by other scholars. For instance, Lambeck et al. (2017) independently analyzed the
relative sea-level change and tilting of palaco-lake shorelines and, accordingly, developed a GIA model for North
America and estimated mantle viscosity for the upper mantle to be 0.51 x 10%! Pa s. However, they estimated the
viscosity of the lower mantle to be 13 x 10%! Pa s. In the VM5a model (W. R. Peltier et al., 2015), the viscosity
of the upper mantle is constrained to be about 0.5 X 10%!' Pa s based on the Fennoscandia relaxation spectrum.
However, in the VM5a model, the viscosity of the top 600 km of the lower mantle (670-1,260 km depth) is
estimated to be 1.57 x 10?' Pa s. Roy and Peltier (2017) presented a detailed comparison of the viscosity vari-
ations with depth between VM5a, VM6, and VM7 viscosity profiles. They showed radial viscosity structure
of the VM5a, VM6 and VM7 viscosity profiles down to the core—mantle boundary (see Table 2 in Roy and
Peltier (2017)). For example, they presented the mantle viscosity (for 420-670 km depth) using VM5a, VM6, and
VM7 models are consistent and varies between 0.45 and 0.5 X 10?! Pa s. Lau et al. (2016) reported the mean upper
mantle viscosity to be 0.3 X 102! Pa s, the average viscosity of the top 1,500 km of the mantle to be 1.0 X 102! Pa
s, and the average viscosity of the lower mantle to be 5.0 x 102! Pa s. In their viscosity profile, the viscosity of the
top of the lower mantle is 1.3 X 10%! Pa s. Paulson et al. (2007) analyzed the relative sea-level changes along the
east coast of North America and GRACE observations of the Earth's gravity changes and estimated the viscosity
of the top of the lower mantle to be 2.3 x 102! Pa s. Caron et al. (2018) used the relative sea-level change and
GPS vertical rate datasets and aimed to estimate uncertainties in predictions of the GIA models by varying the ice
history and mantle viscosity profiles. Accordingly, they reported 0.6 X 10?! Pa s for the upper mantle viscosity
and 2.3 x 10?2 Pa s for the lower mantle viscosity. Zhao (2013) analyzed the GPS-based uplift rates and GRACE
gravity change solutions in North America and estimated the upper mantle viscosity to be 0.37 x 10%! Pa s and
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Figure 9. Ratio of gravity to geoid anomalies as a function of depth to a point-mass source. Red circles along the curve show
corresponding harmonic degrees (The figure modified after Bowin (2000)).
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the lower mantle viscosity to be 1.9 X 10?! Pa s. The Earth model used in Gowan et al. (2016) study for fitting
observations has an upper mantle viscosity of 0.4 x 10%! Pa s and a lower mantle viscosity of 10?? Pa s. Argus
et al. (2021) reported the viscosity of the top 500 km of the lower mantle to be 1.6 X 10! Pa s (with the mean
viscosity of the lower mantle to be 5 x 102! Pa s) and the upper mantle viscosity to be 0.5 x 10?! Pas.

Adhikari et al. (2021) discussed that in Greenland, inferred the estimates for the viscosity of the upper
mantle are on the order of 0.5 X 10%! Pa s. They reported that the preferred mantle viscosity is in the range of
0.06-0.11 x 10?! Pa s, which is 4-8 times smaller than the local upper mantle viscosity reported in Greenland
GIA studies (Fleming & Lambeck, 2004; Lecavalier et al., 2014; Simpson et al., 2009).

Below we summarize and compare the obtained results (in this study) with other studies. The previous studies
show that the upper mantle viscosity varies between 0.3 x 10?! Pa s and 0.6 x 10?! Pa s, with an average of
0.46 x 10%! Pa s. Similarly, the lower mantle viscosity varies between 1.3 X 10! Pa s and 13 X 10%' Pa s, with an
average of 3.8 x 10?! Pa s. The discrepancy between this study's result and the previous studies can be probably
because of several hypotheses and assumptions in developing the procedure (e.g., the equally deformed Earth
crust assumption in Sections 3.1 and 3.3). The utilized assumption made the proposed method simpler, but it
can affect the uncertainty of the final results. This assumption's reliability will help evaluate the accuracy of the
final results. Therefore, the uncertainties of the used land uplift models are different and could affect the obtained
viscosities. Table 2 shows that the estimated viscosities are slightly different, and the obtained uncertainties are
about one part in 10,000 (varying between 2.6 X 10'° and 1.4 x 10'7). The small magnitude of the obtained uncer-
tainties can be due to some uncertainties are being underestimated or omitted in Equation 11b. In other words,
the presented uncertainties reveal the precision of the estimates rather than the accuracies. The accuracies are
achievable when all biases in the model are removed correctly. To attain such accuracies, a reasonable way is to
avoid the assumption of the equally deformed Earth's crust. However, this practice is hard labor, which is to be
conducted in future studies.

The combined land uplift derived from Kalman filtering could cover the discrepancies between the models (see
Section 4.2) and give a better solution. For example, the obtained viscosity that is, 7.8 x 10! and 9.2 x 10! Pa
s in Scenarios 2 and 3, are closer to the one reported by Lambeck et al., 2017 (i.e., 13 X 10%! Pa s) than the other
scenarios. Although the results are also close to Caron et al. (2018) that is, 2.3 X 10?2 Pa s for the lower mantle
viscosity. Different factors can influence the results, such as using correlation analyses to find the best harmonic
windows. The reader should be aware that these low correlation coefficients (in Table 2) could be a significant
reason for the obtained fluctuating viscosity estimates. In other words, the difference between our results and the
results from the methods in the literature could be originated from these low correlation coefficient estimates.
Our method is gravimetric analysis-oriented because it relies on the geoid model. Therefore, in finding the rela-
tion between the gravity signals (geoid) and the GIA, we encounter some problems, which are: (a) finding the
particular part of the gravity field (harmonic) which can sense the present glacio-isostatic relaxation of the Earth,
(b) how one can filter out the contribution of other gravitational effects (i.e., contribution due to other mass trans-
portation and deep layers effect). These factors are not easy to model and make the studies more complicated.

5. Conclusion

We inferred the Earth's mantle viscosity from the geoid anomaly and vertical land motions due to the Earth's
mass redistribution deglaciation in Greenland. The viscoelastic responses of the Earth's crust (on time scales of
a few thousand years) due to deglaciation are important observables to estimate mantle viscosity. In this paper,
we used a correlation analysis approach to find the best harmonic window of the geoid (i.e., geoid anomaly that
shows the remaining uplift to isostatic equilibrium) so that the truncated geoid reveals maximum correlation with
the land uplift rates beneath the Greenland lithosphere. However, the GIA-related gravity field has been mixed
with other gravitational signals that can be removed using the proposed approach in this study. We evaluated
different land uplift models using pairwise F-tests, such as the land uplift obtained from the Greenland Global
Positioning System (GPS) Network (GNET), GRACE and the GIA models. The evaluation shows that the uplift
rates are different statistically; therefore, one will determine different viscosity values using individual land uplift
models. For example, the results showed that the land uplift rates from GRACE and GPS data are similar to the
GIA model, which means they statistically belong to the same population. However, the GRACE and GPS data
comparison confirms that the discrepancy between them is large. Therefore, a combined land uplift model was
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suggested in this study. The Kalman filtering method was applied to estimate a combined land uplift model,
which can compensate for the discrepancies. In other words, the land uplift models were combined because the
uncertainties of the land uplift models are different in the glaciated regions. Different harmonic windows were
obtained by employing different land uplift datasets, for example, the truncated geoid model with a harmonic
window between degrees 10 to 39 and 11 to 26 showed a maximum correlation with the GIA model ICE-6G
(VMS5a) and the combined land uplift rates, respectively. However, we obtained different harmonic windows by
employing the vertical displacement rates using GPS and GRACE data. The spatiospectral analysis of the Earth's
gravity field helped extract the GIA-related gravity signal by filtering the other effects due to deeper masses that
is, core-mantle and shallow layers. Finally, the different land uplift rates together with the GIA-related gravity
fields were used to estimate the mantle viscosity. Five scenarios were applied to infer the viscosity beneath the
Greenland lithosphere. The result of the combined land uplift model (Scenario 5) is similar to other studies (e.g.,
Lambeck et al., 2017). The obtained viscosities are between 1.3 X 10?! and 1.9 X 10?? Pa s depending on different
radial boundaries in the mantle varying from 200 to 700 km. The proposed method has some advantages with
respect to the previous studies. The methodology is more straightforward and consequently faster. In addition, it
gives a better picture of the depth interval of the viscosity layer using Bowin (2000) model. However, better esti-
mates are achievable if better GIA models are utilized in the proposed method of this study. More investigations
are needed to evaluate the uncertainties of the obtained results that can be done in future studies using different
methods for example, ordinary least squares, Bayesian, Monte Carlo, Kalman Filter, etc. However, our study
showed the uncertainties of the obtained viscosities, using the propagation of uncertainty method, vary between
2.6 x 10"%and 1.4 x 107 Pass.

Appendix A: Statistical Hypothesis Testing

Considering null and alternative hypotheses, one can test the obtained GIA-related vertical land motions statis-
tically. The main idea is to evaluate whether the vertical land motions (VLM) obtained from GRACE, GPS and
GIA models belong to the same population or not (i.e., are they equal, or are the differences significant?) To
perform this evaluation, one can write null (H,) and alternative (H,) hypotheses at for example, a = 5% signifi-
cance level:

Case 1:
Hy : VLMgrace = VLMagia

(AD)
H, : VLMgrace # VLMgia

Case 2:

Hy : VLMgrace = VLMaps
(A2)
H, : VLMgrace # VLMgps

Case 3:

H() . VLMGPS = VLMGIA
(A3)
H, : VLMgps # VLMaia

The test static can be written

VLM, — VLM,

<z
u(AVLM) -

Zobs = ‘ , iand j = GRACE, GPS, and GIA (A4)

o
2

where

u(AVLM) = \/ u(VLM))? 4+ u(VLM;)? (A5)
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where u(VLM,) and u(VLMj) are the uncertainties (error) of the uplift rates obtained by the GRACE, GPS and

GIA data. For example, if z,, value is less than z,,, then a hypothesis test at for example, a = 5% significance

obs
level will reject the alternative hypothesis.
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