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Abstract

:

In addition to studies of sea level change and mantle rheology, reliable Glacial Isostatic Adjustment (GIA) models are necessary as a background model to correct the widely used Gravity Recovery and Climate Experiment (GRACE) monthly gravity solutions to determine subsecular, nonviscous variations. Based on spherical harmonic analyses, we developed a method using degree-dependent weighting to assimilate the Global Positioning System (GPS) derived crustal uplift rates into GIA model predictions, in which the good global pattern of GIA model predictions and better local resolution of GPS solutions are both retained. Some systematic errors in global GPS uplift rates were also corrected during the spherical harmonic analyses. Further, we used the refined GIA uplift rates to infer the GIA-induced rates of Stokes coefficients (complete to degree/order 120) relying on the accurate relationship between GIA vertical surface deformation and gravitational potential changes. The results show notable improvements relative to GIA model outputs, and may serve as a GIA-correction model for GRACE time-variable gravity data.
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1. Introduction


During the last glacial maximal (~18,000 years ago), large portions of the Northern and Southern Hemispheres were covered with great sheets of ice, which caused isostatic depressions of the land below and around the ice but bulges surrounding these indentations. Though the ice retreated long ago, much of North America, Scandinavia, Greenland, and Antarctica are still rising where the massive layers of ice pushed it down, while the bulges are still slowly sinking. This ongoing movement of land is a viscous response to its ice-age burden and is called the Glacial Isostatic Adjustment (GIA). As an adjustment process of the Earth towards an equilibrium state with retreated ice, GIA is evident in various phenomena, such as geopotential variations, Earth surface displacements, global sea-level change, geocenter variations, and Earth’s rotational changes, etc., which have been studied to infer the extent and amount of the former ice masses, to reconstruct the sea level during a glacial cycle, and to constrain rheological properties of the Earth’s interior [1,2,3,4,5,6,7,8].



The GIA-induced vertical crustal deformations, or crust uplifts, cause mass redistributions within the Earth and thus lead to changes in geopotential. On decadal and shorter time scales, GIA-induced changes in geopotential and crustal uplift can both be regarded as linear drifts. Therefore, we are more interested in the rate of crust uplift     u ˙   G I A   ≡   ∂  u  G I A   ( θ , λ , t )  /  ∂ t     and rate of geopotential change   δ   V ˙   G I A   ≡   ∂ [ δ  V  G I A   ( θ , λ , t ) ]  /  ∂ t     rather than    u  G I A     and   δ  V  G I A     themselves. Reliable     u ˙   G I A     can be used to infer mantle viscosity, and   δ   V ˙   G I A     are necessary as a background model to correct the widely used Gravity Recovery and Climate Experiment (GRACE) monthly gravity solutions for these secular variations [9,10,11,12].



Currently, the GIA-induced uplift rates can be obtained either from a certain GIA model [13,14,15] or from Global Positioning System (GPS) measurements [16]. However, the agreements between model-based and GPS-based results are usually limited due to a number of factors (some are discussed in the following sections). It is believed that the GIA models are good at describing large-scale and especially global GIA patterns while GPS data are better at local details although the GPS rates can also be affected by unrelated local effects [17,18].



Arguing that the GIA-induced crust uplifts are dominated by the Earth’s viscosity mode M0 [19], Wahr et al. [20,21] proposed an approximate theory to infer changes in Stokes coefficients from the measured GIA uplift rates. Later, Purcell et al. [22] refined the theory relying on viscous load Love numbers (also see Section 2.3 for some details). While most studies [23,24,25] of the GIA-induced geopotential change are on the basis of the approximate theory of Wahr et al., Purcell et al. [22] and Jia et al. [26] pointed out that this method will lead to a ~15% relative error, which would weaken GRACE’s monitoring of global changes. However, both of the two methods ignore possible systematic errors in measured uplift rates as discussed in this study.



On the other hand, Argus et al. [13] and Peltier et al. [14,15] had assimilated GPS uplift rates into their GIA numerical simulations, leading to a notable improvement to their GIA models. However, only a few tens of GPS sites were used in their studies, which is obviously not enough for GIA as a global process. Guo et al. [27] compared 14 GIA models from different studies and concluded that the accuracy and consistency of GIA models need to be substantially improved to fully exploit space geodetic data, such as GRACE data, to enhance the constraints on an ice-sheet mass balance and the mass component of global sea-level change. Recently, Schumacher et al. [16] derived vertical crustal uplift rates from global GPS measurements and compared them with various GIA models, and also suggested notable discrepancies between different GIA models.



This study aims to refine the GIA uplift rates by assimilating global GPS results (but with some systematic errors corrected, as shown in Section 2), and then obtain refined rates of Stokes coefficients using the refined GIA uplift rates, as well as the accurate relationship between GIA uplift rates and gravitational potential changes proposed by Purcell et al. [22]. The results may serve as a GIA-correction model for the GRACE time-variable gravity data (including Mascon solutions [9,10,11]), and can be improved in the future if the data of GPS-derived uplift rates are denser and more uniformly distributed over the globe.




2. Materials and Methods


2.1. Data and Models


In this study, we have adopted four variants of the ICE-6G GIA model, as well as a global GPS data set for GIA uplift rates recently released by Schumacher et al. [16] to obtain refined GIA-induced uplifts and geopotential changes. More details about these models and data can be found below.



2.1.1. GIA Models


ICE-6G_C (VM5a) and ICE-6G_D (VM5a) are the latest models of the glacial isostatic adjustment process in the ICE-NG (VMX) sequence from the University of Toronto [13,14,15]. New models of the deglaciation history and mantle viscosity were introduced by the two models (available at http://atmosp.physics.utoronto.ca/~peltier/data.php).



Based on the National Oceanography Centre, Southampton (NOCS), the ETOPO2 bathymetry model, the ICE-6G_C (VM5a) was constrained to fit the uplift rates at 42 sites estimated from GPS measurements, ice thickness change at 62 locations estimated from exposure-age dating, Holocene relative sea level histories from 12 locations estimated on the basis of radiocarbon dating, and age of the onset of marine sedimentation at nine locations along the Antarctic shelf also estimated on the basis of 14C dating [13,14]. The ICE-6G_D (VM5a) was a revised version of ICE-6G_C (VM5a), by replacing the NOCS ETOPO2 bathymetry model with the BEDMAP2 and rerunning their GIA codes [15]. Hereafter, the two models, respectively, are referred to as ICE6GC and ICE6GD for convenience. One can refer to Figure 1a,b for the uplift rates predicted, respectively, by the two models.



Using the Australian National University (ANU) group’s CALSEA software package, as well as the ICE-6G ice thickness history and VM5 Earth rheology as the inputs, Purcell et al. [28,29] recalculated the present-day GIA-induced uplifts and geopotential changes. Although sharing the same models of the deglaciation history and mantle viscosity with ICE-6G_C/D, Purcell et al. adopted different topographic data which are a combination of the GEBCO_08 topographic database (version 20100927, http://www.gebco.net) and the BEDMAP2 data sets [30]. However, the model data released by Purcell et al. [28,29] are actually not the same (see Figure 1c,d). Hereafter, we termed these two ICE-6G variants as PUR16 and PUR18, respectively. The PUR16 and PUR18 data sets are available as supporting information of [28] and [29], respectively.



Unfortunately, all the four model outputs provide no information on their errors. However, one can see some notable differences mainly around Canada, Greenland, and Antarctic from Figure 1.




2.1.2. GPS Data and 2D Fitting


The data for uplift rates (together with their uncertainties) released by Schumacher et al. [16] are derived from 4072 GPS sites (the sites were selected based on prior information from the GIA forward models to exclude tectonic signals; see Figure 2 for the site distributions over the globe), and tested with 13 global GIA forward model solutions. This data set is derived from the global GPS data set from the Nevada Geodetic Laboratory (NGL) at the University of Nevada, Reno (UNR), as well as the A-NET and G-NET regional GPS data sets, respectively, for Antarctica and Greenland, with outliers, jumps, pole tides, and elastic response of the solid Earth to global changes in ice sheets, glaciers, and atmospheric-ocean loading all corrected; further, these GPS data were converted from the center of mass of the total Earth’s system (CM) reference frame to the centre of mass of the solid Earth (CE) frame (more details can be found in [16,31], while the corresponding GPS data set for GIA uplift rates is available at https://doi.pangaea.de/10.1594/PANGAEA.889923).



Due to uncertainties in the GIA models and possible errors in GPS measurements and data processing, the agreement between the model predictions and the uplifts derived from GPS data (see Figure 3 for an example) is limited. In order to make the best of the GPS-derived uplift rates, we applied a 2D cubic-spline weighted fitting to them using MATLAB and obtained the corresponding global gridded data (the weights are determined from the uncertainties of the GPS solutions; see Figure 4a for global grids and Figure 4b for land-only grids), which made the following spherical harmonic expansion more convenient, and removed some outliers as shown in Figure 3. Hereafter, we termed these gridded data as GPSinterp.




2.1.3. Weighting the GIA Models


There are some differences among the GIA models as shown in Figure 1, due to the adoption of different bathymetry models and/or numerical codes. Further, the notable differences between PUR16 and PUR18 should be caused by some changes of the relevant parameters. In order to facilitate the refinement of GIA effects considering the fact that all these model outputs provide no information on their errors, a weighted average of these models will be used as the reference model, which is termed as ICE6Gavg hereafter. That is because the weighted average would be the best in most cases due to the theory of errors.



We noted from Figure 4b that after applying the landmask to GPSinterp, the GPS results are then comparable with the GIA model predictions as shown in Figure 1. As direct measurements of crust uplift rates, GPSinterp within land areas may be used to weight the GIA models through:


  W  t  MOD   =  1   σ  MOD  2    ,   σ = R M S  [   v  MOD  L  −  v  GPSinterp  L   ]  ,  



(1)




where RMS[x] means the root mean square of x and the super script L indicates that only the land uplifts are considered while oceanic ones are ignored. The landmask is a generalized function which equals 1 over land areas and 0 for all other regions.



For MOD = ICE6GD, PUR16, or PUR18, the corresponding RMS differences with respect to GPSinterp are 1.2914, 1.2519, and 1.2986 mm/year, respectively. Then, their relative weights are 0.3275, 0.3485, and 0.3239, respectively. The ICE6GC was not used as it is based on a different bathymetry model and contains a notable error near the Antarctic coast [28,29].



The uplift rates for the weighted average ICE6Gavg model are illustrated in Figure 5, while uplift rate differences of ICE6GD, PUR16, PUR18, and GPSinterp with respect to ICE6Gavg are illustrated in Figure 6. One can see that all of them agree with each other within a few mm/year even at the areas with maximal differences (note that strong GPSinterp signals over oceans are not realistic, and one should focus on its signals on land only). These comparisons confirm that ICE6Gavg should be reliable as the reference model, though the discrepancies between ICE6Gavg and GPSinterp are larger. That fact should be due to possible uncertainty of GPS data and errors in the models for ice history and mantle viscosity.





2.2. Spherical Harmonic Analyses


2.2.1. Spherical Harmonic Expansion of the Crustal Uplift Rates


By comparing Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6, we can see notable differences between the GIA uplift rates derived from model predictions and GPS-based results, and GIA models are good at describing large-scale and especially global GIA patterns while GPS data are better at local details although the GPS rates can also be affected by unrelated local effects [17,18]. Bearing this in mind, we developed the following spherical harmonic analyses to assimilate GPS data into GIA model outputs (predictions).



The field of GIA-induced uplift rates can be expanded to a series of spherical harmonics, namely:


    u ˙  X  ( θ , λ ) = a   ∑  n = 0  ∞     ∑  m = 0  n    [    c ˙   n m  X  cos m λ +   s ˙   n m  X  sin m λ  ]       P  n m   ( cos θ )  



(2)




where a is the mean equatorial radius, θ and λ, respectively, are the colatitude and east-longitude,    P  n m   ( cos θ )   are the fully-normalized associated Legendre polynomials, and     c ˙   n m  X    and     s ˙   n m  X    are the coefficients for uplift rates and can be obtained by [32] through numerical integration. In Equations (2) and (3), the superscript X denotes MOD (for a certain GIA model, ICE6GC/D or PUR16/18 for the current study) or GPS (for GPS-derived GIA uplift rates).


      c ˙   n m  X  =  1  4 π  a 2       ∬ S       u ˙  X  ( θ , λ )  a  cos m λ  P  n m   ( cos θ )  a 2  d θ d λ          s ˙   n m  X  =  1  4 π  a 2       ∬ S       u ˙  X  ( θ , λ )  a  sin m λ  P  n m   ( cos θ )  a 2  d θ d λ       



(3)







In this study, all spherical harmonic coefficients are truncated to degree/order 120 in order to match the monthly GRACE gravity models.




2.2.2. Degree-Dependent Weighting


As GPS-based results tend to provide biased low-degree terms but are promising to provide better high-degree terms which describe local patterns, we may design a degree-dependent weight function    w n    so that the adjusted coefficients can be written as:


   (        c ˙   n m   A D J           s ˙   n m   A D J        )  =  w n   (        c ˙   n m   G P S           s ˙   n m   G P S        )  + ( 1 −  w n  )  (        c ˙   n m   M O D           s ˙   n m   M O D        )  =  (        c ˙   n m   M O D           s ˙   n m   M O D        )  +  w n   (        c ˙   n m   G P S   −   c ˙   n m   M O D           s ˙   n m   G P S   −   s ˙   n m   M O D        )   



(4)




where the superscript GPS = GPSinterp and MOD = ICE6Gavg. It is obvious that    w n    should increase gradually with degree n and satisfy the condition:


   {       w n  = 0 ,     n = 0        w n  → 1 ,     n → + ∞       .  



(5)







Here, we proposed the following weight function which can meet the above conditions and produce acceptable results:


   w n  ( α ) =  2 π    tan   − 1     α n π   180   ,  



(6)




where α is a parameter that controls the increasing rate of    w n    with respect to n. The curves of    w n  ( α )   for selected α are plotted in Figure 7.



We noted from Figure 2, Figure 3 and Figure 4 that the GPS results are adversely affected by the nonuniform distributions of GPS sites. In general, the GPS uplift rates for the United States, South America, and West Europe are much better than those for other areas (hereafter, A-areas and B-areas, respectively). In addition, GPSinterp over ocean regions can be very poor and thus, should be dropped. We applied the landmask to remove the GPSinterp signals over oceans. With landmask applied, we found it rather good to set α = 2 and α = 0.5 for the A- and B-areas, respectively. This choice not only helped make the best of the A-area GPS uplift rates, but also attenuated the anomalous B-area GPS results.



Here, we would like to stress some facts about the GIA signals in Greenland, which is in the B-areas though they are very important in GIA studies. First, as shown in Figure 2, almost all GPS stations on Greenland distribute only along the coast. Second, there are complex geodynamic phenomena (e.g., rising mantle plumes [1,7]) going on for Greenland which makes it difficult just relying on GPS data. Therefore, we could not obtain a notable improvement of Greenland GIA in this study.



Taking into account Equation (4), this procedure can be done by:


    u ˙   A D J   =   u ˙   I C E 6 G a v g   +  L A   [    ∑ n    w n  (  α 1  ) (   u ˙  n  G P S   −   u ˙  n  I C E 6 G a v g   )    ]  +  L B   [    ∑ n    w n  (  α 2  ) (   u ˙  n  G P S   −   u ˙  n  I C E 6 G a v g   )    ]   



(7)




where LA[x] or LB[x] means applying the A- or B-landmask to x, and    α 1    = 2,    α 2    = 0.5 as discussed above, and


    u ˙  n X  ( θ , λ ) = a   ∑  n = 0  ∞    [    c ˙   n m  X  cos m λ +   s ˙   n m  X  sin m λ  ]     P  n m   ( cos θ )  



(8)




is the degree-n component of     u ˙  X   (X = GPS or ICE6Gavg). One can see that the systematic errors in GPS are automatically removed by our spherical harmonic analyses (Equations (6)–(8), where the (0,0) components of GPSinterp have zero weights) but may not be as effectively handled by other spatial filtering methods, such as empirical orthogonal function filtering or some Gaussian filtering [33,34,35,36,37]. The adjusted model is termed as ICE6Gavg (GPS).





2.3. Geopotential Variations Due to GIA


The rate of geopotential changes due to GIA can be expressed as [32,38]:


  δ   V ˙   G I A   ( θ , λ , t ) =   G M  r    ∑  n = 0  ∞      (   a r   )   n    ∑  m = 0  n    [  δ   C ˙   n m   G I A   ( t ) cos m λ + δ   S ˙   n m   G I A   ( t ) sin m λ  ]   P  n m   ( cos θ )      



(9)




where G is the gravitational constant, M and a are the mass and mean equatorial radius of the Earth, respectively,    C  n m   ( t )   and    S  n m   ( t )   are time-dependent fully-normalized Stokes coefficients.



A linear relation is generally assumed between     u ˙   n m   G I A     and   δ   V ˙   n m   G I A    , that is:


   [        c ˙   n m   G I A           s ˙   n m   G I A        ]  = R ( n )  [      δ   C ˙   n m   G I A         δ   S ˙   n m   G I A        ]   



(10)




where R(n) can be obtained from a certain Earth model, such as PREM, with some theoretical approximations.



Wahr et al. [20,21] argued that for each degree n, the viscoelastic mode M0, primarily caused by buoyancy forces acting on the depressed lithosphere, dominates the total signals of crustal uplift rates. Then, they found that for a variety of possible ice geometries and time histories for both Antarctic and Greenland, as well as plausible mantle viscosity profiles, R(n) can be approximately obtained as:


   R  W a h r   ( n ) =     u ˙   n m   G I A     δ   V ˙   n m   G I A     ≈   2 n + 1  2   



(11)




if only the effect of the M0 mode is considered. Wahr et al. [20] found that this approximation was able to recreate an uplift rate field for Antarctica to within ∼2 mm/yr compared to a field generated by their ice sheet modeling program. This empirical approximation has been used by van der Wal et al. [23], Tregoning et al. [24], and Wu et al. [25] for deriving GIA uplift rates from GRACE temporal spherical harmonic fields.



On the other hand, rather than relying on an approximate mathematical formulation restricted to the M0 mode, Purcell et al. [22] considered the rheology of the whole Earth and preferred to express the GIA-induced uplift as:


    u ˙   G I A   ( θ , λ ) = a   ∑  n = 0  ∞       h ′  n  v e       k ′  n  v e       ∑  m = 0  n   ( δ   C ˙   n m   G I A   cos m λ     + δ   S ˙   n m   G I A   sin m λ )  P  n m   ( cos θ )  



(12)




which implies a more rigorous relation between the GIA-induced crustal uplift and the associated geopotential change:


   R  P u r c e l l   ( n ) =     h ′  n  v e       k ′  n  v e      



(13)




where     h ′  n  v e     and     k ′  n  v e     are degree-n viscoelastic load Love numbers. Purcell et al. [22] showed that Equation (13) is not sensitive to uncertainties in ice or Earth models and valid for a broad range of Earth and ice-load models, and uplift rates obtained by Equation (13) agree with the results of fully detailed forward modeling routines within 0.3 mm/yr, a significant improvement over the results of the Wahr et al. [20,21]. The R(n) functions for the Wahr and Purcell models are compared in Figure 8.



From Figure 8, one can see a notable difference between the two models and the difference increases with the degree n. Therefore, we chose the more accurate Purcell model but not the Wahr model as adopted by previous studies [23,24,25].





3. Results


3.1. Improved GIA Model ICE6Gavg (GPS) for Uplift Rates by Assimilating GPS Data


Based on harmonic analyses as described by Equations (2) and (3), we obtained the coefficients     c ˙   n m  X    and     s ˙   n m  X    as described by Figure 9, as well as Table 1 and Table 2.



In Figure 9 and Figure 12, the line number is relevant with the tabulating of degree n and order m (refer to Table 3 and Table 4 for examples), and its definition is consistent with the rows in the data section of GRACE monthly gravity models. For a given degree n, the maximal of the line number is (n+1)(n+2)/2.



From Table 1 and Table 2 and Figure 9, one can see that the low-degree terms for GPSinterp are highly biased compared to ICE6GC/D and PUR16/18. Especially, the nonzero and positive (0,0) term, namely     u ˙   00   = a   c ˙   00  X   , implies a systematic error in the global GPS solutions for uplift rates. That is, the Earth was expanding as a whole if     u ˙   00     has the GPSinterp value as shown in Table 1, while it is more likely the Earth conserves its volume during the GIA process. Therefore, we need to apply to GPSinterp the degree-dependent weighting as described in Section 2.2.2, to eliminate or reduce the low-degree anomalies but retain some local detailed signals conveyed by higher-degree terms.



By assimilating the GPS data (GPSinterp) into the averaged GIA model ICE6Gavg through Equations (6)–(8), we obtain the adjusted model for GIA uplift rates, namely ICE6Gavg (GPS), of which the adjusted coefficients are described in Figure 9 and Table 1 and Table 2. Moreover, the corresponding adjusted global GIA uplift rates can be obtained from these adjusted coefficients by using Equation (2). From Figure 10 and Figure 11, one can see that the adjusted uplifts in the areas with dense GPS sites got refined markedly (especially for the A-areas) with respect to the original model predictions. For other areas, GPS can only show some departures from GIA model predictions.




3.2. Improved GIA-Induced Geopotential Variations


In this study, we chose R(n) as given by Equation (13) as it is more accurate than Equation (11). Then, the geopotential changes   δ   C ˙   n m   A D J     and   δ   S ˙   n m   A D J     can be obtained from the adjusted coefficients     c ˙   n m   A D J     and     s ˙   n m   A D J     by Equation (10). The rates of Stokes coefficients for ICE6GC/D, PUR16/18, and GPSinterp can also be obtained in a similar way (see Figure 12 and Table 3 and Table 4 for some comparisons).



From Figure 12 and Table 3 and Table 4, one can see the   δ   C ˙   n m   A D J     and   δ   S ˙   n m   A D J     absorbed the merits of both GIA models and GPS data as designed.





4. Discussion


Recall that this study aims to provide an improved GIA-correction for GRACE monthly gravity models, whose spatial resolution is about 300 by 300 km (around 3 by 3 degrees at the equator). Therefore, the distances between every two GPS sites should be around 300 km (or 3 degrees) or less to match the resolution of GRACE. One can see that only the A-areas defined in Section 2.2 can meet this condition, which can justify the different treatments of the A- and B-areas adopted by this study. In fact, GPS may play a much more important role to study GIA-related issues provided GPS sites distributions get improved in the future.



On the other hand, as shown in Figure 2, Figure 3 and Figure 4, though the global crustal uplift rates derived from GPS data (GPSinterp) may provide more local details, they are adversely affected by the nonuniform distributions of GPS sites, and can be very poor over ocean regions. Thus, the GPS uplift rates for the dense GPS site areas, namely the A-areas (including United States, South America, and West Europe), should have a higher weight (α = 2), and those for the less-dense GPS site areas, namely the B-areas (including all other lands), should have a lower weight (α = 0.5), while those for ocean regions should be at zero weight. This choice not only helped make the best of the A-area GPS uplift rates, but also attenuated the weaker B-area GPS results and removed the anomalous signals over oceans. All these were achieved by using Equations (6)–(8), which describe the full procedures of degree-dependent weighting. Admittedly, these α values are not well constrained since the data of another type (namely non-GPS) are needed to do so while only GPS can provide uplift rates at the global scale. However, for α >2, the resulting differences are not significant. Therefore, the results presented in this study should be reliable.



From Figure 10 and Figure 11 and Table 1 and Table 2, one can see that the     c ˙   n m   A D J     and     s ˙   n m   A D J     absorbed the merits of both GIA models and GPS data as designed. That is, the adjusted model ICE6Gavg (GPS) not only has a very similar global pattern (Figure 10) as the three ICE6G variants, namely ICE6GD, PUR16, and PUR18, but also more details (Figure 11) than them. This proves the validity of the spherical harmonic analyses and degree-dependent weighting.



One may wonder why the low-degree coefficients for GPS uplift rates are incorrect. Physically speaking,     u ˙   00   = a   c ˙   00  X    describes the uplift or sink rate of the Earth surface as a whole. Therefore, the GPS results as shown in the second row of Table 1 and Table 2 and Figure 6d imply a net uplift rate at the global scale (Figure 6d shows that almost the entire Earth is uplifting, except for three small zones; if it were true, then the Earth is expanding as a whole), while it is more likely the Earth conserves its volume during the GIA processes. In addition, as shown below, coefficients     c ˙   n m  X    and     s ˙   n m  X    are related to the rates of Stokes coefficients, and thus these biased low degree coefficients     c ˙   n m  X    and     s ˙   n m  X    imply unrealistic changes in the Earth’s total mass and inertial tensor, as well as geocenter, which are due to not only the nonuniform distributions of the GPS sites as shown in Figure 2, but also some systematic errors in the GPS solutions as indicated by Figure 6d.



Through Equation (13), the low-degree   δ   C ˙   n m   G P S     and   δ   S ˙   n m   G P S     are also problematic due to the significantly biased GPS-derived crustal uplift rates. Here, we stress the systematic errors of GPS uplift rates through the geophysical meanings of the degree-0, 1, and 2 Stokes coefficients: (1) The nonzero degree zero term implies a rather rapid change in the Earth’s mass; (2) the anomalous degree one terms predict a wrong direction of geocenter motion; (3) the over-estimated     C ˙   20     are more than twice of the observed values.



The above reasons explained why the degree-dependent weight function should be applied. Therefore, the GPS-derived GIA uplifts are biased and should be corrected by using the method as described in Section 2.2.2.




5. Conclusions


In this study, we developed a method to combine and refine the crust uplift rates derived from GIA models and GPS observations, since GPS uplifts can be very good in some small regions but are very poor in global patterns, especially for the global systematic errors evidenced as the surface uplifting of the whole Earth, and the GIA model is on the contrary. This method is based on spherical harmonic analyses of both the modeled and observed crust uplift rates, and then a degree-dependent weighting of them. Therefore, our results absorbed the merits from both GIA models and GPS data, and removed the systematic errors in the global GPS crustal uplift rates.



Further, we derived the rates of Stokes coefficients based on the refined GIA uplift rates, as well as the accurate relationship between GIA uplift rates and gravitational potential changes proposed by Purcell et al. [22]. The results may be used as a GIA correction to various GRACE monthly geopotential models, especially the high-accuracy Mascon products as released by Watkins et al. [9], Wiese et al. [10] and Save et al. [11], and may help to generate an updated version of the multiple-data-based monthly geopotential model set LDCmgm90 as released by Chen et al. [12].



To sum, it may be useful to refine the resolution of the GIA uplift map by assimilating GPS data, through which the GIA-induced geopotential changes can also be improved. Doubtlessly, both GIA uplift rates and geopotential changes can be continuously improved provided there are more and more GPS sites distributed uniformly over the globe (especially for the B areas), with site distances around 3 degrees (about 300 km at the equator) or less. With the refined GIA-induced geopotential removed, GRACE data may be used to study other long-period variations in the Earth system.
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Figure 1. Glacial isostatic adjustment (GIA) uplift rates as predicted by four variants of the ICE-6G models. (a) ICE6GC; (b) ICE6GD; (c) PUR16; (d) PUR18. The zero-motion contours are indicated by white curves. Despite visible differences for some local details, all the four model predictions agree with each other at the global scale. 
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Figure 2. Distributions of the 4072 global positioning system (GPS) sites for the study of GIA crustal uplift rates. 
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Figure 3. Comparisons of GIA uplift rates from the ICE6GC model and GPS results. The ICE6GC uplift rates form a smooth surface while the discrete GPS results are similar to sharp “spikes”. 
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Figure 4. Preliminary processing of the GPS-derived GIA uplift rates as provided by Schumacher et al. [13]. (a) GIA uplift rates from fitted GPS solutions; (b) the same as (a) but with the landmask applied. The zero-motion contours are indicated by white curves. 
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Figure 5. Uplift rates for the weighted average GIA model ICE6Gavg. The zero-motion contours are indicated by white curves. 
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Figure 6. Differences in uplift rates of ICE6GD, PUR16, PUR18, and GPSinterp with respect to the weighted average GIA model ICE6Gavg. (a) Difference between ICE6GD and ICE6Gavg; (b) difference between PUR16 and ICE6Gavg; (c) difference between PUR18 and ICE6Gavg; (d) difference between GPSinterp and ICE6Gavg, where the differences are reconstructed using spherical harmonic analyses. The zero-difference contours are indicated by white curves. Note that strong GPSinterp signals over oceans are not realistic, thus only its signals on land make sense and will be used. 
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Figure 7. Degree-dependent weight wn for selected values of α. 
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Figure 8. R(n) functions for the Wahr and Purcell models, respectively. 
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Figure 9. Coefficients     c ˙   n m  X    and     s ˙   n m  X    for the uplift rates as derived from ICE6GC/D, PUR16/18, GPSinterp, and ICE6Gavg (GPS). The coefficients for line number  ≤  200 are displayed in small boxes to show more details. 
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Figure 10. Final results for GIA uplift rates: The ICE6Gavg (GPS) solution. The zero-motion contours are indicated by white curves. 
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Figure 11. Differences in uplift rates of ICE6Gavg (GPS) with respect to ICE6Gavg. The zero-difference contours are indicated by white curves. 
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Figure 12. Rates of Stokes coefficients due to GIA as derived from ICE6GC/D, PUR16/18, GPSinterp, and ICE6Gavg (GPS). The coefficients for line number  ≤  200 are displayed in small boxes to show more details. 
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Table 1. Selected low-degree coefficients     c ˙   n m  X    of the uplift rates (Unit: 10−11 yr−1) 1.
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	n, m
	ICE6G-C
	ICE6G-D
	PUR16
	PUR18
	GPSinterp
	ICE6Gavg (GPS)





	0, 0
	−0.0000
	−0.0000
	0.0000
	0.0001
	3.4973
	0.0000



	1, 0
	0.9348
	0.9700
	1.3803
	1.4527
	2.3985
	1.2694



	1, 1
	0.1554
	0.1500
	0.2337
	0.2392
	1.3595
	0.2081



	2, 0
	4.0201
	3.8636
	3.7802
	3.9165
	6.7551
	3.8517



	2, 1
	−0.5934
	−0.6016
	−0.2137
	−0.2546
	−3.3227
	−0.3540



	2, 2
	−0.8500
	−0.8470
	−0.8839
	−0.8875
	−0.5817
	−0.8730



	3, 0
	0.6715
	0.8680
	0.9535
	1.0183
	0.4444
	0.9465



	3, 1
	0.3309
	0.3130
	0.3495
	0.3135
	3.0800
	0.3259



	3, 2
	−1.5963
	−1.5988
	−1.6791
	−1.7070
	−2.9660
	−1.6618



	3, 3
	0.0754
	0.0756
	0.0355
	0.1017
	2.2209
	0.0700



	4, 0
	1.9807
	1.7508
	1.6660
	1.7746
	0.2638
	1.7290



	4, 1
	0.3089
	0.3510
	0.3940
	0.3507
	5.1859
	0.3659



	4, 2
	−2.6493
	−2.6374
	−2.7762
	−2.9039
	−0.8364
	−2.7721



	4, 3
	0.1502
	0.1423
	0.1370
	0.1643
	−0.6214
	0.1475



	4, 4
	0.1325
	0.1352
	0.1415
	0.1552
	3.6533
	0.1439



	5, 0
	−2.5332
	−2.2571
	−2.2676
	−2.4280
	−4.6320
	−2.3161



	5, 1
	0.6841
	0.6520
	0.7159
	0.6802
	1.2718
	0.6834



	5, 2
	−3.1391
	−3.1644
	−3.3642
	−3.5365
	−2.5247
	−3.3546



	5, 3
	−0.0278
	−0.0229
	−0.0560
	0.0130
	−0.4209
	−0.0228



	5, 4
	0.9174
	0.9055
	0.9614
	1.0851
	0.8596
	0.9832



	5, 5
	0.0034
	0.0038
	0.0082
	0.0192
	−1.8049
	0.0103



	6, 0
	−0.2711
	−0.5588
	−0.7469
	−0.8136
	−1.0671
	−0.7069



	6, 1
	0.5268
	0.5785
	0.6146
	0.6067
	0.4287
	0.6002



	6, 2
	−3.8244
	−3.8045
	−3.9613
	−4.0711
	−3.3941
	−3.9455



	6, 3
	−0.0672
	−0.0759
	−0.1010
	0.0230
	−0.4247
	−0.0526



	6, 4
	1.2479
	1.2476
	1.3217
	1.3811
	−2.4670
	1.3167



	6, 5
	0.0121
	0.0165
	0.0209
	0.0123
	1.4768
	0.0167



	6, 6
	−0.0073
	−0.0090
	−0.0088
	0.0025
	−1.4879
	−0.0052







1 See Table S1 for the full table with coefficients with more digits up to degree and order 120.
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Table 2. Selected low-degree coefficients     s ˙   n m  X    of the uplift rates (Unit: 10−11 yr−1) 1.
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	n, m
	ICE6G-C
	ICE6G-D
	PUR16
	PUR18
	GPSinterp
	ICE6Gavg (GPS)





	0, 0
	0
	0
	0
	0
	0
	0



	1, 0
	0
	0
	0
	0
	0
	0



	1, 1
	−0.3925
	−0.3936
	−0.5428
	−0.5814
	−0.2333
	−0.5064



	2, 0
	0
	0
	0
	0
	0
	0



	2, 1
	2.4902
	2.5227
	3.4276
	3.6953
	−2.0796
	3.2179



	2, 2
	0.0732
	0.0761
	0.0752
	0.0670
	−1.3995
	0.0728



	3, 0
	0
	0
	0
	0
	0
	0



	3, 1
	−3.0718
	−3.0483
	−3.0044
	−3.2498
	−4.1242
	−3.0983



	3, 2
	0.4888
	0.4740
	0.4718
	0.5351
	2.7229
	0.4930



	3, 3
	0.6772
	0.6705
	0.6628
	0.7411
	−2.4413
	0.6907



	4, 0
	0
	0
	0
	0
	0
	0



	4, 1
	−2.7379
	−2.8181
	−2.9112
	−3.1001
	−3.2907
	−2.9419



	4, 2
	0.3035
	0.3135
	0.3220
	0.4008
	0.0360
	0.3447



	4, 3
	1.0494
	1.0546
	1.0758
	1.1641
	0.2258
	1.0975



	4, 4
	0.3769
	0.3635
	0.4033
	0.4435
	3.4466
	0.4033



	5, 0
	0
	0
	0
	0
	0
	0



	5, 1
	−3.1112
	−3.0053
	−3.0913
	−3.3399
	−4.6518
	−3.1437



	5, 2
	0.3057
	0.2865
	0.2900
	0.4082
	−1.1122
	0.3271



	5, 3
	2.0740
	2.0754
	2.1677
	2.3645
	0.5202
	2.2012



	5, 4
	0.0711
	0.0750
	0.0996
	0.0729
	1.7572
	0.0829



	5, 5
	0.0839
	0.0767
	0.1060
	0.0745
	0.2649
	0.0862



	6, 0
	0
	0
	0
	0
	0
	0



	6, 1
	−0.5756
	−0.7401
	−0.8132
	−0.7757
	1.7817
	−0.7771



	6, 2
	0.3991
	0.4420
	0.5284
	0.6393
	−1.4918
	0.5360



	6, 3
	3.1258
	3.1416
	3.3148
	3.4857
	3.1034
	3.3134



	6, 4
	0.2512
	0.2517
	0.3185
	0.2648
	−0.5003
	0.2792



	6, 5
	−0.3714
	−0.3669
	−0.3886
	−0.4056
	0.5800
	−0.3870



	6, 6
	0.0443
	0.0427
	0.0265
	0.0340
	−1.4207
	0.0343







1 See Table S2 for the full table with coefficients with more digits up to degree and order 120.
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Table 3. Rates of selected low-degree Stokes coefficients   δ   C ˙   n m  X    (Unit: 10−11 yr−1) 1.
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	n, m.
	ICE6G-C
	ICE6G-D
	PUR16
	PUR18
	GPSinterp
	ICE6Gavg (GPS)





	0, 0
	−0.0000
	−0.0000
	0.0001
	0.0001
	6.6450
	0.0001



	1, 0
	0.5920
	0.6143
	0.8742
	0.9201
	1.5191
	0.8039



	1, 1
	0.0984
	0.0950
	0.1480
	0.1515
	0.8610
	0.1318



	2, 0
	1.4870
	1.4291
	1.3983
	1.4487
	2.4987
	1.4247



	2, 1
	−0.2195
	−0.2225
	−0.0791
	−0.0942
	−1.2290
	−0.1309



	2, 2
	−0.3144
	−0.3133
	−0.3270
	−0.3283
	−0.2152
	−0.3229



	3, 0
	0.1732
	0.2238
	0.2459
	0.2626
	0.1146
	0.2441



	3, 1
	0.0853
	0.0807
	0.0901
	0.0808
	0.7942
	0.0840



	3, 2
	−0.4116
	−0.4123
	−0.4330
	−0.4402
	−0.7648
	−0.4285



	3, 3
	0.0194
	0.0195
	0.0091
	0.0262
	0.5727
	0.0181



	4, 0
	0.3890
	0.3439
	0.3272
	0.3485
	0.0518
	0.3396



	4, 1
	0.0607
	0.0689
	0.0774
	0.0689
	1.0185
	0.0719



	4, 2
	−0.5203
	−0.5180
	−0.5452
	−0.5703
	−0.1643
	−0.5444



	4, 3
	0.0295
	0.0279
	0.0269
	0.0323
	−0.1220
	0.0290



	4, 4
	0.0260
	0.0266
	0.0278
	0.0305
	0.7175
	0.0283



	5, 0
	−0.4003
	−0.3567
	−0.3584
	−0.3837
	−0.7320
	−0.3660



	5, 1
	0.1081
	0.1030
	0.1131
	0.1075
	0.2010
	0.1080



	5, 2
	−0.4961
	−0.5001
	−0.5316
	−0.5589
	−0.3990
	−0.5301



	5, 3
	−0.0044
	−0.0036
	−0.0088
	0.0021
	−0.0665
	−0.0036



	5, 4
	0.1450
	0.1431
	0.1519
	0.1715
	0.1358
	0.1554



	5, 5
	0.0005
	0.0006
	0.0013
	0.0030
	−0.2852
	0.0016



	6, 0
	−0.0358
	−0.0739
	−0.0987
	−0.1076
	−0.1411
	−0.0935



	6, 1
	0.0696
	0.0765
	0.0813
	0.0802
	0.0567
	0.0794



	6, 2
	−0.5056
	−0.5030
	−0.5237
	−0.5382
	−0.4487
	−0.5216



	6, 3
	−0.0089
	−0.0100
	−0.0134
	0.0030
	−0.0562
	−0.0070



	6, 4
	0.1650
	0.1649
	0.1747
	0.1826
	−0.3262
	0.1741



	6, 5
	0.0016
	0.0022
	0.0028
	0.0016
	0.1952
	0.0022



	6, 6
	−0.0010
	−0.0012
	−0.0012
	0.0003
	−0.1967
	−0.0007







1 See Table S3 for the full table with coefficients with more digits up to degree and order 120.
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Table 4. Rates of selected low-degree Stokes coefficients   δ   S ˙   n m  X    (Unit: 10−11 yr−1) 1.






Table 4. Rates of selected low-degree Stokes coefficients   δ   S ˙   n m  X    (Unit: 10−11 yr−1) 1.





	n, m
	ICE6G-C
	ICE6G-D
	PUR16
	PUR18
	GPSinterp
	ICE6Gavg (GPS)





	0, 0
	0
	0
	0
	0
	0
	0



	1, 0
	0
	0
	0
	0
	0
	0



	1, 1
	−0.2486
	−0.2493
	−0.3438
	−0.3682
	−0.1477
	−0.3207



	2, 0
	0
	0
	0
	0
	0
	0



	2, 1
	0.9211
	0.9331
	1.2679
	1.3669
	−0.7692
	1.1903



	2, 2
	0.0271
	0.0282
	0.0278
	0.0248
	-0.5177
	0.0269



	3, 0
	0
	0
	0
	0
	0
	0



	3, 1
	−0.7921
	−0.7861
	−0.7747
	−0.8380
	−1.0635
	−0.7990



	3, 2
	0.1261
	0.1222
	0.1217
	0.1380
	0.7022
	0.1271



	3, 3
	0.1746
	0.1729
	0.1709
	0.1911
	−0.6295
	0.1781



	4, 0
	0
	0
	0
	0
	0
	0



	4, 1
	−0.5377
	−0.5535
	−0.5718
	−0.6089
	−0.6463
	−0.5778



	4, 2
	0.0596
	0.0616
	0.0632
	0.0787
	0.0071
	0.0677



	4, 3
	0.2061
	0.2071
	0.2113
	0.2286
	0.0443
	0.2155



	4, 4
	0.0740
	0.0714
	0.0792
	0.0871
	0.6769
	0.0792



	5, 0
	0
	0
	0
	0
	0
	0



	5, 1
	−0.4917
	−0.4749
	−0.4885
	−0.5278
	−0.7351
	−0.4968



	5, 2
	0.0483
	0.0453
	0.0458
	0.0645
	−0.1758
	0.0517



	5, 3
	0.3278
	0.3280
	0.3426
	0.3737
	0.0822
	0.3479



	5, 4
	0.0112
	0.0119
	0.0157
	0.0115
	0.2777
	0.0131



	5, 5
	0.0133
	0.0121
	0.0168
	0.0118
	0.0419
	0.0136



	6, 0
	0
	0
	0
	0
	0
	0



	6, 1
	−0.0761
	−0.0979
	−0.1075
	−0.1026
	0.2356
	−0.1027



	6, 2
	0.0528
	0.0584
	0.0699
	0.0845
	−0.1972
	0.0709



	6, 3
	0.4133
	0.4153
	0.4382
	0.4608
	0.4103
	0.4381



	6, 4
	0.0332
	0.0333
	0.0421
	0.0350
	−0.0661
	0.0369



	6, 5
	−0.0491
	−0.0485
	−0.0514
	−0.0536
	0.0767
	−0.0512



	6, 6
	0.0059
	0.0056
	0.0035
	0.0045
	−0.1878
	0.0045







1 See Table S4 for the full table with coefficients with more digits up to degree and order 120.
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