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Summary 

In this study, we focus on improved constraint of the glacial isostatic adjustment (GIA) signal at 

present-day, and its role as a contributor to present-day sea-level budgets. The main study area 

extends from the coastal regions of northwestern Europe to northern Europe. Both Holocene relative 

sea level (RSL) data as well as vertical land motion (VLM) data are incorporated as constraints in a 

semi-empirical GIA model. 71 geological rates of GIA-driven RSL change are inferred from Holocene 

proxy data and 108 rates of vertical land motion from GNSS provide an additional measure of regional 

GIA deformation. Within the study area, the geological RSL data complement the spatial gaps of the 

VLM data and vice versa. Both datasets are inverted in a semi-empirical GIA model to yield updated 

estimates of regional present-day GIA deformations. A regional validation using tide gauges is 

presented for the North Sea, where the GIA signal may be complicated by lateral variations in Earth 

structure and existing predictions of regional and global GIA models show discrepancies. The model 

validation in the North Sea region suggests that geological data are needed to fit independent 

estimates of GIA-related RSL change inferred from tide gauge rates, indicating that geological rates 

from Holocene data do provide an important additional constraint for data-driven approaches to GIA 

estimation. 

Key words: loading of the Earth; sea level change; satellite geodesy; Europe 
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1. Introduction 

Glacial isostatic adjustment (GIA) describes the process of the solid Earth surface and gravitational 

potential field perturbing and re-equilibrating in response to changing loads from ice sheets and 

glaciers and their redistributed ocean and shelf sea water equivalents. These perturbations in turn 

drive changes to the height of sea-level over time (Walcott 1972, Farrell and Clark 1976, Peltier and 

Andrews 1976, Mitrovica and Milne 2003). At present-day, GIA can be driven by ice load changes that 

span millennial to decadal or even annual timescales, although the term GIA typically refers to 

deformations driven by the last glacial cycles (long-term GIA). Many recent studies that address 

ongoing present-day sea-level and surface mass change have focussed on constraining the long-term 

GIA signal in order to remove its contribution from these measured variations  and thereby better 

isolate the signals that are driven by recent changes to climate (e.g., Ivins et al. 2013, Caron et al. 

2018, Whitehouse 2018). 

 

Relative sea level (RSL) proxy data form the classical underlying data control for GIA models, and the 

fit of model predictions to these data typically either validate a particular model or are used as a basis 

for model revision. RSL proxy data generally consist of dated materials from coral reefs as well as 

sedimentary, biological, and archaeological records (e.g., Lambeck and Nakada 1990, Tushingham 

and Peltier 1992, Khan et al. 2019). RSL data points are also known as sea level indicators, and 

together their age, location, elevation, and indicative meaning can reconstruct the changing position of 

sea level through time in a given area (Shennan 2007, Shennan 2015). The indicative meaning is a 

property that relates the vertical position of a sea level indicator to a reference tidal level and expected 

vertical range of formation (Shennan 2007). Holocene RSL data have variable spatial and temporal 

distributions and are limited to coastal regions but have the advantage of being one of the only data 

types that constrain the changing magnitude and spatial pattern of GIA deformation over millennial 

timescales. By comparison, tide gauges record almost continuous changes to relative sea-level at 

generally high accuracy (Holgate et al. 2013, Thompson et al. 2016); however, tide gauges are also 

subject to spatial coverage limitations and record only over the last several decades. Because of their 

time series length, tide gauge data often contain significant signals related to recent changes in 

climate in addition to sea level changes driven by the long-term GIA response. In the last two decades, 

important additional constraint of GIA has been provided by satellite geodesy, namely, GNSS (Global 
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Navigation Satellite Systems) and GRACE (Gravity Recovery and Climate Experiment), which 

measure vertical and horizontal motions of the solid surface (e.g., Milne et al. 2001, Sella et al. 2002) 

and changes to the Earth’s time variable gravity field (e.g., Tapley et al. 2004, Wouters et al. 2014), 

respectively. Unlike Holocene and tide gauge RSL data, these measurements can constrain GIA over 

continental interiors and record horizontal GIA deformations (GNSS only) but are limited to changes in 

the last 2-3 decades. As with tide gauge data, measurements from satellite geodesy often contain 

significant contributions from non-GIA processes, including tectonics and recent ice melt. Accurate 

separation of recent climate-driven signals from tectonic deformation and the relatively stable long-

term GIA signal is needed to understand the role of various contributors to total present-day sea-level 

and mass change budgets (Slangen et al. 2012, Rietbroek et al. 2016, Bamber et al. 2018, Caron et 

al. 2018). 

 

In this study, geological RSL proxy data are employed in a somewhat different way than in traditional 

forward GIA models; instead of using the full time-varying RSL history, the Late Holocene data are 

used to infer present-day rates of relative sea-level change. It is assumed that the rate of change of 

the GIA relaxation process over the Late Holocene (the time since ~4 ka BP) has changed sufficiently 

slowly that the linear Late Holocene rate represents a reasonable approximation of the present-day 

rate of change. The inferred present-day rates are then inverted in a semi-empirical GIA model, alone 

and in combination with GNSS rates, to constrain the regional present-day GIA signal. As described in 

more detail in Section 4, the semi-empirical model combines present-day observations attributable to 

GIA with a prior model set of GIA model predictions such that the final product consists of data-driven 

maps of the GIA-induced component of several deformation fields at present-day (e.g., vertical land 

motion and relative sea level change). The output predictions therefore constrain the present-day GIA 

signal, but do no infer ice sheet or Earth model parameters. Previous studies (Simon et al. 2018) have 

also included GRACE data in the inversion, but we elect in this study to examine only the GNSS and 

RSL datasets since they are both pointwise datasets. To our knowledge, geological rates of RSL 

change, that is, rates derived from geological measurements of Holocene era materials, have not been 

used before as constraint in data-driven models of GIA. Given the power of Holocene RSL data as 

constraints in forward GIA models, it is desirable to explore the usefulness of translating these data 

into present-day rates for incorporation into data-driven GIA formulations that focus on estimation of 
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present-day GIA signals. Specifically, the study objectives are: i) convert Holocene proxy RSL data 

into rates of present-day RSL change from GIA, ii) examine the utility of inverting the rates in a semi-

empirical GIA model, and  iii) apply the results in a sea-level budget analysis in the North Sea.  

 

The paper is structured as follows. Section 2 provides a summary of previous glacial and GIA 

modelling results for the region (including interpreted glaciation history and inferred Earth model 

parameters). Sections 3 and 4 respectively discuss the data and modelling methods used, while 

Section 5 presents the results including a validation in the North Sea region. Summary comments are 

presented in Section 6. 

 

2. Overview of Regional Glacial History and GIA Modelling Studies  

This work focusses on the estimation of the GIA signal at present-day and not on the constraint of GIA 

model parameters that describe aspects of ice sheet history or Earth rheology. However, the study 

area has been the focus of extensive GIA research over several decades. We therefore provide an 

overview of the glacial history and summarize some of the main findings of regional forward GIA 

modelling studies. In accordance with the regional nature of this study, this section summarizes only 

the regional glacial history of the study area. However, glacial isostatic adjustment is a global process 

with varying and complex regional expressions and present-day GIA signals are a response to both 

local and global ice sheet changes. That is, while the regional glacial ice sheet history is focussed on 

below, GIA models with regionally developed components also generally include a description of ice 

cover at the global scale to obtain more accurate GIA predictions. 

 

The study area extends from northern Europe and the British Isles, across Scandinavia and northward 

to the Barents Sea and Russian Arctic (Figure 1). During the last glaciation, there were three main 

glaciation centres in the region; at the last glacial maximum (LGM, ~26-19 kyr BP), the British-Irish, 

Fennoscandian, and Barents Sea ice sheets coalesced to form the Eurasian Ice Sheet Complex 

(Patton et al. 2017). At its peak extent, the British-Irish Ice Sheet (BIIS) covered the northern British 

Isles and Ireland, was thickest in central and western Scotland, and coalesced across the northern 

North Sea basin with the Fennoscandian Ice Sheet (FIS). Although Eurasian ice cover extended 

farther south during a limited number of earlier glaciations (e.g., Lambeck et al. 2006), the LGM 
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margins of the Eurasian ice sheet complex did not extend to the southern British Isles or the southern 

part of the North Sea basin. In Scandinavia, the FIS was thickest over northern Sweden and the Gulf 

of Bothnia and extended and thinned southwards to the Baltic Sea and Denmark. The Barents Sea ice 

sheet (BSIS) was a grounded marine based ice sheet centred over the Barents Sea and extended to 

northern Norway, Svalbard, Novaya Zemlya and Franz Josef Land at its margins. Together, the ice 

sheet complex contained at least 20 metres of sea level equivalent at LGM, with the Fennoscandian 

Ice Sheet having the largest volume of the three sectors (~14 m) and the British-Irish Ice Sheet the 

smallest (~2 m) (Hughes et al. 2016). Observational data and glaciological modelling experiments 

suggest that neither growth nor retreat of the ice sheet complex was synchronous (Böse et al. 2012, 

Marks et al. 2018, Patton et al. 2016, Patton et al. 2017, Rinterknecht et al. 2018). Expansion of the 

three individual glaciation centres began after ~35 kyr BP, with coalescence of the BIIS and FIS 

preceding BSIS expansion; maximum volume of the ice sheet complex was reached ~22-21 kyr BP 

(Hughes et al. 2015). By 20 kyr BP, The British-Irish Ice Sheet was retreating from its margins and by 

18 kyr BP had separated from the Fennoscandian Ice Sheet; between 19-15 kyr BP the BSIS 

retreated significantly. After 17 kyr BP and 15 kyr BP respectively, the BIIS and BSIS had decreased 

in volume by ≥1 m and ≥3 m sea level equivalent, and thus were contributing <1 m of global sea level 

equivalent to the ocean (Hughes et al. 2016). By 14 kyr BP, only the FIS had significant remaining 

volume in the region (~6 m global sea level equivalent, Hughes et al. 2016). By 11 kyr BP, the FIS had 

shrunk further (~1-2 m global sea level equivalent), and remnants of the BSIS existed over Svalbard, 

Franz Josef Land and Novaya Zemlya; deglaciation of the region was likely complete by ~9 kyr BP 

(Carlson and Clark 2012, Hughes et al. 2016). 

 

 

Understanding the regional land and sea-level movements driven by these past glacial cycles has 

been the focus of numerous GIA modelling studies. For Scandinavia, Steffen and Wu (2011) 

summarized the results of several GIA modelling studies and indicated that these analyses suggest 

regional upper mantle viscosities of between 0.1 – 1 × 10
21

 Pa s and lower mantle viscosities 

approximately one to two orders of magnitude larger. Furthermore, they indicated that lithospheric 

thickness in Scandinavia likely varies from 80 – 200 km (Steffen and Wu 2011). More recent studies of 

Scandinavia infer values of upper mantle viscosity, lower mantle viscosity, and lithospheric thickness 
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that may range from (or lie within) 0.34 – 3 × 10
21 

Pa s, 3 – 50 × 10
21 

Pa s, and 93 – 160 km, 

respectively (Zhao et al. 2012, Kierulf et al. 2014, Schmidt et al. 2014, Patton et al. 2017). In the 

British Isles region, studies indicate upper and lower mantle viscosity values within the ranges given 

for Scandinavia (3 × 10
21

 Pa s and 2 × 10
22

 Pa s respectively) but also suggest the presence of a 

thinner lithosphere of ~71 km (Bradley et al. 2011, Kuchar et al. 2012). In the more northern part of the 

study area, around the Barents Sea region, Auriac et al. (2016) summarized the predictive ability of six 

ice sheet models; the selected best-fitting models infer respective upper and lower mantle viscosities 

of 0.2 – 2 ×10
21

 Pa s and 1 – 50 × 10
21

 Pa s and lithospheric thicknesses of 71 – 120 km. Both Root et 

al. (2015) and Patton et al. (2017) have inferred regional Earth parameters that are within the ranges 

given by Auriac et al. (2016). 

 

3. Data 

3.1 Geological RSL Data: Availability and Selection Criteria 

The study area has a good availability of Holocene RSL data, much of which has been published 

recently following consistent data reporting protocols (Hijma et al. 2015, Khan et al. 2019). Following 

published data sources, the study area is divided into four regions (Figure 1): i) the European 

coastline (García−Artola et al. 2018, Meijles et al. 2018, Hijma and Cohen 2019), ii) the British Isles 

(Shennan et al. 2018), iii) Scandinavia including Svalbard (Tushingham and Peltier 1993, Nordman et 

al. 2015), and iv) the Russian Arctic (Baranskaya et al. 2018).  

 

In all of the datasets used here, spatially adjacent RSL data points are grouped into regional RSL 

curves that describe the time-varying changes to RSL within a given region (Figure 1). The European 

coastline has a total of 15 RSL curves, with 13 along the Atlantic coastline (García−Artola et al. 2018) 

and an additional two sites in the Netherlands along the North Sea coastline (Meijles et al. 2018, Hijma 

and Cohen 2019). The British Isles database has 86 RSL curves (Shennan et al. 2018), Scandinavia 

has 47 RSL curves, and the Russian Arctic has 26 RSL curves (Baranskaya et al. 2018). Within most 

of the databases, individual sea level indicators are classified as being either sea level index points 

(SLIPs) or as marine or terrestrial limiting data. Sea level index points define the position of sea level 

at a distinct point in space and time (with uncertainties), whereas limiting data cannot be related to 
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past tidal levels and therefore only provide lower bounds (marine limiting) or upper bounds (terrestrial 

limiting) on the position of sea level (Hijma et al. 2015).  

 

In order to calculate a geological rate of RSL change, a given RSL curve must have two or more data 

points within the specified time interval (≤4 kyr BP). The selected time interval considers not only the 

time frame in which linearity of the GIA process is likely reasonable, it also reflects a natural cutoff 

within some datasets; for example, along the parts of the North Sea coast, earlier Holocene sea level 

basal peat indicators in younger time are typically replaced by later Holocene salt marsh indicators 

(Vermeersen et al. 2018, Hijma and Cohen 2019) and in general there has been debate over the 

reliability and quality of interpreted sea level signals over the last ~4000 years (e.g., Bungenstock and 

Weerts 2010). Another criterion is that, for the European coastline and British Isles data, all selected 

points must be classified as SLIPs. This constraint is applied because SLIP data in these regions are 

ample and are best suited to this study (i.e., they will provide rates more consistent with vertical rates 

derived from GPS); however, terrestrial and marine limiting data remain valuable constraints for GIA 

studies. The ‘SLIP only’ constraint is not applied to the Scandinavian RSL information because these 

data have not been published following the same standardization as the other more recent datasets 

and do not include the data point type classification. This means that, for Scandinavia, the derived 

rates should be considered approximate; for now, we account for this by increasing the measurement 

uncertainty on the RSL data by a factor of two. These rates can be revisited when the Scandinavian 

data are publicly available following the same protocols as the other datasets; a new sea level 

database for the Baltic Sea region is already in progress (Klemann et al. 2018, Rosentau et al. 

2021,QSR, in revision). An exception to the limitation of the Scandinavian RSL information used here 

is the reappraisal of the RSL curve from Ångermanland in central Sweden published by Nordman et al. 

(2015); these data are reported with more detailed information including the material type and higher 

precision radiocarbon and varve ages. The ‘SLIP only’ constraint is likewise not applied to the Russian 

Arctic data as most curves there have fewer SLIPs in the later Holocene than either the European 

coastline or British Isles data. However, for the Russian Arctic data, if the computed rate is determined 

with only upper limiting data and/or lower limiting data, it is excluded from consideration as these rates 

will represent upper or lower bounds only.  
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3.2 Data Corrections 

Over millennial time scales, RSL curves probably are not strongly influenced by shorter term climate 

change signals that influence tide gauges and satellite geodetic measurements. However, several 

processes can contribute to changes recorded in Holocene relative sea level data (e.g., Shennan et al. 

2012 their Figure 1), of which glacial isostatic adjustment is only one. The sea level data may for 

example contain other significant contaminating (non-GIA) signals due to tectonics, sediment 

compaction and barystatic sea-level change. As discussed below, corrections will differ between 

regions, data sources, and in the case of some of the more modern databases, the user’s choice of 

starting RSL position (corrected or uncorrected). 

 

3.2.1 Tectonics 

Sea level can be influenced by both longer-term (traditional) tectonic signals as well as short-term 

(neo-)tectonic activity; it is therefore worth evaluating whether the sea level data examined here can 

be expected to contain significant tectonic signals. Region 1, the European coastline, includes the 

Atlantic coastline of Portugal, Spain, and France, as well as the North Sea coastline in the 

Netherlands. The northern coastline of Spain is a passive margin dating to the Mesozoic, and much of 

the French sea level data originates from the Armorican Massif; both regions are generally considered 

to be tectonically stable on Holocene timescales (Boillot et al. 1979, Morzadec-Kerfourn 1995, 

Lambeck 1997, García−Artola et al. 2018). There is observed seismicity and neotectonic activity along 

the Portuguese coastline (Leorri et al. 2013, García−Artola et al. 2018), although some studies have 

suggested that along the southern Portuguese margin recent tectonic movements are small or 

negligible (Delgado et al. 2012).  

 

On the other hand, the Dutch, German and SW Danish coastlines lie along the southern rim of the 

North Sea basin, a basin formed by Jurassic-early Cretaceous rifting and a subsiding sedimentary 

depocentre with active deposition throughout the Cenozoic including the Quaternary period (e.g., 

Cloetingh et al. 2007, Phillips et al. 2017, Westaway 2017). Some tectonic subsidence around the 

boundaries of the North Sea is expected, with subsidence rates generally increasing into the basin 

(Kiden et al. 2008, Vink et al. 2007) although constraining the magnitude and regional variability of the 

signal is difficult. There have been numerous studies that discuss the separation of isostatic and 
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tectonic signals in sea-level data from the Netherlands. Kooi et al. (1998) and Vink et al. (2007) 

estimate an average tectonic subsidence rate of -0.142 mm/yr for the western Netherlands. In the 

northeastern Netherlands and around the German Bight, the tectonic subsidence estimates decrease 

to approximately -0.05 mm/yr (Vink et al. 2007). These regional estimates are in general agreement 

with those of Kiden et al. (2002) (~-0.06 to -0.16 mm/yr). In summary, while it seems that the tectonic 

signal along the Dutch coastline is both considerably smaller than isostatic movements (Kiden et al. 

2002, Meijles et al. 2018) and can be challenging to constrain (both magnitude and operating time 

scale), various studies do point towards a non-negligible tectonic component of subsidence that may 

be on the order of up to -0.1 mm/yr. 

 

In Region 2, the British Isles, vertical tectonic motions are generally cited as being negligible during 

the Holocene period (Shennan and Horton 2002, Teferle et al. 2009, Shennan et al. 2012) although in 

southeast England, evidence of longer-term signals on the order of ~0.1 mm/yr driven by isostatic 

uplift from erosion (Bridgland and Schreve 2009, Shennan et al. 2012) and neotectonic signals 

(Teferle et al. 2009) have been reported.  

 

In Scandinavia, Region 3, the vertical deformation signal in particular is likely dominated by glacial 

isostatic adjustment. Milne et al. (2001) presented a three-dimensional map of crustal motions in 

Scandinavia derived from GPS (Global Positioning System) measurements. Removing best-fit GIA 

model predictions from the observed deformation field, the authors suggested that the residual vertical 

motion signal may be attributable to tectonics, with the inferred signal not exceeding ±1 mm/yr for 

most of the region. For the majority of the Scandinavian RSL locations, this uncertainty is less than the 

computed uncertainty of the Late Holocene RSL rate (Section 3.3, Table S1). Neotectonic activity in 

the form of intraplate seismicity (associated with a combination of postglacial rebound and ridge-push 

from the North Atlantic region) is observed throughout Scandinavia (Steffen and Wu 2011). 

 

Region 4, the Russian Arctic, is tectonically complex, with numerous faults and tectonic boundaries. 

Much of the sea level data come from the Baltic Shield, the Russian Plate, the Franz Josef Land flood 

basalt massive, and the Siberian Platform (Baranskaya et al. 2018). Both the Baltic Shield in the 

western portion of the region around the Kola Peninsula as well as the Laptev Sea in the eastern part 
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of the region and part of the Siberian platform experience some degree of active tectonic movements 

(Baranskaya et al 2018). Anomalously high sea level positions in western Siberia could also be 

attributable to tectonic uplift (Baranskaya et al. 2018).  

 

In summary, a tectonic correction is not applied to the data from the Atlantic part of the coastline from 

Region1, to the British Isles data, or the Scandinavian data, because the regions are assumed to be 

relatively tectonically stable over the later Holocene. A tectonic subsidence correction is applied to the 

two sea level curves from the Dutch North Sea coast (-0.14 ± 0.07 mm/yr for Rotterdam and -0.05 ± 

0.025 mm/yr for the Wadden Sea and German Bight); the 50% uncertainty is ad-hoc and accounts for 

the considerable uncertainty that may be associated with regional estimates of long-term sedimentary 

basin subsidence (e.g., Hijma and Kooi 2018). For the Russian Arctic, a correction for neotectonics 

may well be relevant at some locations although quantitative constraints are sparse and tectonic 

correction values are not provided in Baranskaya et al. (2018). 

 

3.2.2 Compaction and Other Local Effects 

 Local processes, such as sediment compaction, can also influence the interpreted position of past 

sea-level. García−Artola et al. (2018) do not explicitly incorporate uncertainty in the RSL vertical 

position associated with sediment compaction, although to minimize the influence of compaction, they 

only consider basal dates for the freshwater limiting data. Kiden et al. (2002) indicate that compaction 

of underlying deposits in the region is considered negligible on Holocene time scales. However, the 

latest Holocene data from the RSL curve from the Wadden Sea is likely influenced by sediment 

compaction and/or raised groundwater table effects (Meijles et al. 2018). For this reason, as 

suggested by Meijles et al. (2018), the later Holocene data from the Wadden Sea (after 2 kyr BP) may 

be better interpreted as terrestrial limiting data rather than sea-level index points; to account for this 

uncertainty in interpretation, we increase the vertical uncertainty on the Wadden Sea data by a factor 

of two and indicate (visually only) that these data may be terrestrial limiting (Figure S1). Sediment 

compaction likely affects some of the samples from the British Isles (Shennan and Horton 2002, 

Shennan et al. 2018). In their database, Shennan et al. (2018) included estimated corrections for 

sediment compaction and tectonics – it is the corrected RSL positions that have been used for the rate 

calculations. For the RSL data from Ångermanland in Scandinavia, Nordman et al. (2015) indicate that 
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the error associated with compaction is likely negligible, and thus do not incorporate a compaction 

correction. In the Russian Arctic RSL database, there are likewise no compaction corrections included 

and Baranskaya et al. (2018) indicate that most samples from this region are from non-sedimentary 

sources and therefore are not expected to experience significant compaction. 

  

3.2.3 Barystatic Sea-level Change 

Finally, because Holocene RSL curves record a combination of change due to (local) crustal 

displacement from glacial isostatic adjustment and the global effect of barystatic sea-level rise due to 

deglaciation, some studies consider a correction for barystatic sea-level change to isolate better local 

crustal movements in sea level records. Unlike tectonics and sediment compaction, which can locally 

vary in value, barystatic sea-level change is spatially uniform and varies only in time. This study 

however considers both the local and global effects on sea level change to be part of the GIA process 

and thus no correction for barystatic (often formerly eustatic, Gregory et al. 2019) sea level change is 

required.  

  

 

3.3 RSL Rate Calculation 

There are various ways to compute trends of Holocene RSL change (Ashe et al. 2019). Here, all rates 

are calculated with a linear fit to the data points of ≤4 kyr BP age, with linearity of the RSL curves 

considered to be a reasonable assumption for later Holocene data. Specifically, the rates are 

computed using iteratively reweighted least squares to limit the influence of outliers in the dataset. At 

present, only the elevation uncertainties are used in the trend calculations although the age 

uncertainties can be significant at some locations. However, tests that incorporated the age 

uncertainties indicated that the calculated trends were not strongly sensitive to their inclusion. Plots of 

the sea level data and the computed trends are provided in the Supporting Information (Figures S1-

S4). Computed rates with at least 2σ significance or failing that, calculated uncertainties of ≤0.5 

mm/yr, are included in the analysis. Out of the original 175 RSL curves, the applied criteria yield a total 

of 71 rates for consideration (9 for the mainland European coastline, 42 for the British Isles, 12 for 

Scandinavia and 8 for the Russian Arctic) (Figure 1, Table S1).  
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Along the mainland European coastline, inferred rates of present-day relative sea-level change are 

small, and range from approximately 1.0 mm/yr of sea-level rise along the North Sea coastline and 

German Bight  to 0.1 mm/yr of sea-level fall in Iberia (Figure 2, Table S1). In the British Isles, the 

rates range from 1.6 mm/yr of sea-level fall in central and western Scotland and up to 1.8 mm/yr of 

sea-level rise in southeastern England. The rates in this region are also characterized by the smallest 

estimated uncertainties. Across Scandinavia, sea-level change rates vary from 0.4 mm/yr of sea-level 

rise along the northern coastline of Germany to 10.9 ± 0.5 mm/yr of sea-level fall at Ångermanland, 

near the centre of the former Fennoscandian Ice Sheet. In the Russian Arctic, the calculated rates all 

predict sea-level fall that ranges from -0.3 to -3.2 mm/yr. 

 

 

As a means of checking the computed geological rates, they are compared with RSL rates at co-

located tide gauges from the Permanent Service for Mean Sea Level (PSMSL) (Holgate et al. 2013, 

PSMSL 2019). The comparison shows that tide gauge derived sea-level change is consistently higher 

(by ~1 mm/yr) than sea-level change derived from the geological data (Figure 3). This result is 

generally consistent with the results of Shennan and Horton (2002), who showed a similar comparison 

using data from 17 sites within the British Isles only and also found an offset on the order of ~1 mm/yr. 

The ~1 mm/yr offset is consistent with 20
th
 century GMSL change (Dangendorf et al. 2017), a signal 

which will not be captured by the geological sea level data. The selected PSMSL data uses time series 

of ≥50 years length and records that are ≥70% complete. The tide gauge sea-level trends shown in 

Figure 3 are computed using the Hector software package with a generalized Gauss Markov noise 

model (Bos et al. 2013). 

 

 

3.4 Vertical Land Motion Data 

Rates of vertical land motion are derived from GNSS measurements, specifically GPS, and provide 

additional constraint for the model inversion. The GPS-measured VLM rates are from the Nevada 

Geodetic Laboratory (Blewitt et al. 2016) and from the study of Kierulf et al. (2014) (Scandinavia only) 

and are shown at the 2σ significance level (108 sites, Figure 4). The selected rates span 1996-2016 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/advance-article/doi/10.1093/gji/ggab261/6316780 by U

niversity of G
roningen user on 12 July 2021



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

and have been corrected for present-day mass effects (melt from Greenland, Antarctica and glaciers 

and ice caps) following the correction from Simon et al. (2018) (their Figure 3). Specifically, Greenland 

Ice Sheet mass loss is estimated from 1993 to 2014 using surface mass balance estimates from 

RACMO2.3 (Noël et al. 2015) and ice discharge with a constant acceleration of 6.6 Gtyr
-2

 (van den 

Broeke et al. 2016). Antarctic Ice Sheet mass loss is estimated over the same period using 

RACMO2.3p1 and a constant acceleration in ice discharge of 2 Gtyr
-2

 (van Wessem et al. 2016). The 

elastic correction ranges in magnitude from ~0.2-0.5 mm/yr throughout the study area with the largest 

contribution coming from Greenland Ice Sheet melting. For both the Holocene RSL data and the GPS 

data, it may also be important to consider local vertical deformation due to anthropogenic activity such 

as mining in Great Britain (Humphries 2001, Bell et al. 2005) and gas extraction in the northern 

Netherlands (de Waal et al. 2015, Fokker et al. 2018). However, corrections for local anthropogenic 

activity have not been applied here for the time being. In the input VLM dataset used, there are 

relatively few subsidence measurements, and fewer still that record subsidence rates in excess of 3 

mm/yr; the localized effect of anthropogenic activities is therefore likely small in the inversion. For the 

two locations along the Dutch North Sea coastline, the small tectonic subsidence correction applied to 

the RSL data is also applied to the corresponding GPS rates.  

 

4. Method 

Forward modelling studies that aim to describe the GIA process typically select a body of 

observational constraints against which to evaluate and refine a coupled model description of the ice 

sheet history and Earth structure. Ice sheet models are constrained by reconstructions of retreat 

history, estimates of maximum ice volume, inferences of glacial flow directions and areal extent of past 

ice sheets; some GIA models include explicit ice sheet models covering ice mechanics and 

incorporating glaciological and climatological information (Tarasov et al. 2012, Gowan et al. 2016), 

while others use the fit to RSL proxy data to describe how ice volume and thickness varied in time and 

space without specifically incorporating ice physics (Peltier 2004, Peltier et al. 2015). Earth model 

formulations likewise vary. One-dimensional radially varying Maxwell viscoelastic models are 

commonly used, although models that allow for three-dimensional Earth structure and/or different 

parameterizations of mantle rheology have been increasingly prevalent in recent years (e.g., van der 

Wal et al. 2013, Li and Wu 2019, van Casteren 2019). The benefit of the forward modelling approach 
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is the ability to incorporate and therefore constrain ice sheet and Earth parameters; the associated 

limitation is that the uncertainties associated with model parameterizations are carried forward into the 

model predictions leading to non-unique solutions (e.g., Whitehouse 2018). Conversely, semi-

empirical type models do not offer direct constraints on model parameters (e.g., Riva et al. 2009, Hill 

et al. 2010, Simon et al. 2017), but do, through a data-driven approach, minimize the uncertainties 

inherent to the traditional forward modelling approach. 

 

The least-squares adjustment methodology used in this study is based on Hill et al. (2010) and Simon 

et al. (2017). The method simultaneously inverts the data constraints with a priori GIA model 

information and minimizes the misfit to both the data and prior model inputs; the data and prior inputs 

are also weighted using variance component estimation as described in Simon et al. (2017). The prior 

model set consists of 96 model forward GIA model runs that includes predictions of present-day 

deformation rates. Two ice sheet scenarios are used: ICE-6G (Peltier et al. 2015) and the version of 

the ANU ice sheet model for the British Isles and Scandinavia (Lambeck et al. 2010). The second 

scenario includes the North American component of Simon et al. (2016) and ICE-5G (Peltier 2004) 

elsewhere. The Earth models in the prior set are three-layer radial Maxwell viscoelastic models, with 

upper and lower mantle viscosities that range from 0.2 to 2×10
21

 and 1 to 60×10
21

 Pa s, respectively. 

Because the two ice sheet models were each tuned to be valid with a particular description of Earth 

structure and rheology, coupling the ice sheet models with a large set of Earth models will create 

some ice-Earth model combinations that generate predictions inconsistent with observational 

constraints. However, the goal of the prior model set is not solely to generate best-fit GIA predictions, 

it is rather to create a range of predictions that bracket plausible GIA deformation. Three data 

combinations with the a priori model set are considered: inversion of the VLM data only (model G1), 

inversion of the geological RSL data only (G2) and inversion of both the VLM and geological RSL data 

sets (G3). The G1 model is similar to the D1 model of Simon et al. (2018), which also used 

measurements from GPS as the only data constraint in the inversion. The G1 model inverts a smaller 

subset of VLM measurements than the D1 model; however, the average predicted difference between 

the models is <0.2 mm/yr throughout the study area for both the VLM and RSL predictions. 
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5. Results 

5.1 Regional GIA Predictions 

The predicted rates and uncertainties of GIA-related RSL change at present day for models G1-G3 are 

shown in Figure 5. Analogous plots for predicted vertical land motion are shown in Figure S5. The 

predicted signals of the three models show broad similarities, with RSL fall predicted over central 

Scandinavia and the British Isles and RSL rise predicted in the southern British Isles and along much 

of the northern European coastline. There are also several differences, including the location of peak 

RSL fall in Scandinavia – the G2 model predicts a more south-westerly peak in RSL fall whereas 

including the GPS rates (G1 and G3) places the peak RSL fall more directly over the central Gulf of 

Bothnia. Over the British Isles, inclusion of the geological RSL data (G2, G3) reduces the size of the 

region of RSL fall in the north, with the transition from RSL fall to RSL rise occurring farther north than 

in model G1. Because consideration of tectonic signals may be required for the Russian Arctic region, 

we also downweighted the RSL data from the Russian Arctic region in the inversion; the predicted 

deformation patterns over Scandinavia, northern Europe and the British Isles were not particularly 

sensitive to the downweighted Russian Arctic rates and the test had negligible effect on the North Sea 

validation presented in the next section. 

 

Although RSL change is not the direct inverse of VLM, the predicted pattern of VLM uplift (Figure S5) 

broadly mirrors the predicted pattern of RSL fall. The GPS site at Umeå, Sweden, is located 

approximately at the centre of Scandinavian uplift (~63.6 N, 19.5 E). The empirical model predictions 

should be able to reproduce GPS-measured uplift here, which in our input is 9.7 ± 0.5 mm/yr. Both the 

G1 and G3 models succeed in this respect, with predicted uplift rates of 9.3 ± 0.2 mm/yr and 9.2 ± 0.5 

mm/yr, respectively. At 8.5 ± 0.8 mm/yr, the G2 model underpredicts vertical land motion at this 

location; this underprediction is a consequence of the sparser, more loosely constrained last 4 kyr RSL 

inputs for the Scandinavian region and may also indicate that the assumption of linear change during 

the Late Holocene does not hold for central Scandinavia. Moreover, in comparison to the GNSS data, 

the peak uplift of the G2 model at >10 mm/yr is too large, and located too far to the southwest in the 

region (Figures 5, S6). The predicted G1 and G3 vertical velocities are similar to the maximum rates 

in the Scandinavian land uplift model of Vestøl et al. (2019).  
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The average absolute values of the residuals for the VLM data (evlm) are (0.76, 1.70, 0.81) mm/yr for 

the G1-G3 models (Figure S6). The average absolute values of the residuals for the RSL data (ersl) 

are (0.82, 0.54, 0.66) mm/yr for the G1-G3 models (Figure S7). The G1 model fits the VLM 

observations the best (evlm = 0.76 mm/yr) and the RSL proxy rates the worst (ersl = 0.82 mm/yr). In 

particular, the VLM residuals are inversely proportional to data coverage, with larger residuals present 

over the British Isles and smaller residuals over Scandinavia where GPS coverage is dense. Similarly, 

the G2 model predictions fit the RSL rates the best (ersl = 0.54 mm/yr) and the VLM rates the worst (ersl 

= 1.70 mm/yr). In G2, the rates of vertical land motion show a zone of strong overprediction in 

southern and western Scandinavia which is mirrored by a similar zone of underprediction in northern 

and eastern Scandinavia. This misfit pattern is largely the result of a lack of (low uncertainty) RSL 

proxy rates in the region. Inclusion of the Late Holocene sea level rates derived from the geological 

proxy data in G2 and G3 decreases the RSL residuals most noticeably in the British Isles region, 

where current RSL data coverage is densest. As expected, the best overall fit to both datasets, RSL 

and VLM, is obtained for the G3 model (evlm and ersl of 0.81 and 0.66 mm/yr, respectively). 

 

 

5.2 Validation in the North Sea 

In this section, we consider a test to evaluate the robustness of each of the model predictions. Along 

the North Sea coastline, predictions of present-day RSL change extracted from various regional and 

global GIA models indicate deviating patterns of RSL rise and fall (Vermeersen et al. 2018, Figure 6), 

making the region an interesting candidate for a data-driven scenario. Lateral variations in lithospheric 

thickness, which are expected between Scandinavia, the British Isles and the North Sea Basin in 

between, may further complicate the interpretation of regional 1D GIA model predictions (Section 2). 

 

The test follows a similar analysis from Simon et al. (2018) in which two categories of independently 

derived rates of RSL change from GIA are compared. The first category of RSL rates are the 

predictions of the G1-G3 models. The second category of RSL rates are derived from correcting 

measured rates of RSL change from tide gauges for non-GIA processes. Following Frederikse et al. 

(2016), RSL rates at 12 PSMSL tide gauges in the North Sea (Figure 7) are corrected for present-day 

mass effects and ocean dynamics to yield a tide-gauge derived estimate of the GIA component of RSL 
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change (Figure 8). However, while the processes of present-day mass loss and ocean dynamics are 

removed from the total tide gauge rates, local sea level variability may still be present and therefore 

represents a potential source of uncertainty in the inferred GIA contribution. The signal from ocean 

dynamics is based on an apparent correlation between the open ocean steric signal in the Bay of 

Biscay with North Sea level variability – the strong correlation between the two regions allows the Bay 

of Biscay open ocean estimates to be used as a proxy to describe the steric-induced sea-level change 

in the North Sea (Frederikse et al. 2016). The present-day mass estimates are obtained by solving the 

elastic sea-level equation for present-day melt scenarios for Greenland, Antarctica, and glaciers and 

ice caps. 

 

The corrected tide-gauge estimates provide independent values of GIA against which the semi-

empirical model predictions (G1-G3) can be compared. Figure 8 shows that inclusion of the geological 

RSL data provides a better fit to the tide-gauge derived rates, with the G3 model providing the best fit 

overall (χ2
 < 1). Improved fits with respect to G1 are particularly noticeable at North Shields and 

Lowestoft in the British Isles, a region where there are abundant good quality RSL data. The improved 

agreement between the two independent estimates suggests that proxy RSL data can provide useful 

constraints in semi-empirical models, particularly in regions with good spatial coverage. 

 

6. Discussion and Conclusions 

We have derived 71 proxy rates of RSL change due to long-term GIA over northern Europe and 

Scandinavia. In three of the four regions of the study area, the RSL data have been recently updated 

in an attempt to report sea level data following consistent protocols (e.g., Hijma et al. 2015). In 

general, the derived trends are consistent with expectations: the rates indicate strong GIA-induced 

sea-level fall in central Scandinavia, moderate sea-level fall in the northern British Isles, and weak 

sea-level rise along much of the northern European coastline.  

 

There are limitations of the current study that future research can address. Specifically, when updated 

datasets for RSL data in Scandinavia, and the North Sea and Baltic Sea regions become available, 

the geological rates should be revisited to quantify the impact of the improved data constraints; new or 

updated datasets may provide better spatial coverage and/or smaller data uncertainties. As well, 
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different models for rate calculations exist and could be explored (Ashe et al. 2019), although later 

Holocene data are probably less sensitive to modifications in the assumption of linearity than earlier 

Holocene data. And, while the calculated rates may have some sensitivity to the details of the rate 

calculation, the rates are likely most sensitive to the robustness of applied corrections for non-GIA 

signals. This is particularly true in regions outside of central Scandinavia (where the signal will be 

dominated by GIA) such as around the southern North Sea coastline where GIA and non-GIA signals 

are of the same magnitude. For example, the tectonic subsidence signal here is challenging to 

constrain and therefore difficult to separate with confidence from the GIA subsidence signal. Finally, 

the derived rates in the Russian Arctic do not include a correction for tectonic movements. However, a 

tectonic correction may well be required at some sites in this region, so within the context of GIA, the 

derived rates should be interpreted with some caution.  

 

What we have implemented is a first attempt at using proxy rates of Late Holocene RSL change 

derived from geological sea level data as a constraint in a semi-empirical GIA model. This approach 

differs from the usual use of Holocene sea level data in GIA models: in most GIA studies, geological 

sea level measurements have been used as pointwise, space-time varying data to validate GIA 

models (i.e., to evaluate to what extent GIA models adequately capture deglaciation-related sea-level 

change). In contrast, here we have used the youngest part of the geological data sets to infer proxy 

rates of sea-level change as a way to calibrate present-day rates predicted by GIA models. Such an 

approach may be useful to explore further, as data-driven approaches are increasingly used to 

constrain the present-day GIA signal. The typical focus of data-driven predictions is logically to use 

contemporary timescale datasets, but these data often include large signals from present-day ice 

melting and/or continental hydrology. While geological rates may also contain contaminating signals 

from various processes that require correction (Section 3.2), they will, in strong contrast to GNSS and 

tide gauge data collected during the 20
th
 and 21

st
 centuries, be relatively free of signals from recent 

changes to climate. The geological proxy rates thus provide a unique dataset with which to 

complement or validate existing data-driven approaches that use satellite era rates of change. 
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Data Availability 

As described in the text, the geological sea level data is publicly available in published databases and 

research articles, and is divided here by subregion: i) the European coastline (García−Artola et al. 

2018, Meijles et al. 2018, Hijma and Cohen 2019), ii) the British Isles (Shennan et al. 2018), iii) 

Scandinavia including Svalbard (Tushingham and Peltier 1993, Nordman et al. 2015), and iv) the 

Russian Arctic (Baranskaya et al. 2018). The GNSS data are publicly available from the Nevada 

Geodetic Laboratory (http://geodesy.unr.edu/). The computed proxy RSL rates are available in table 

format in the supporting information of this article. 
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Figure 1. Relative sea-level curves of the four regions. Upper panel – all RSL curves. Lower panel – 

those curves that fulfil the criteria for which to infer a rate of relative sea-level change. Dark blue 

circles – European coastline (García−Artola et al. 2018, Meijles et al. 2018, Hijma and Cohen 2019); 

violet triangles – British Isles (Shennan et al. 2018); yellow squares – Scandinavia (Tushingham and 

Peltier 1993, Nordman et al. 2015); pink stars – Russian Arctic (Baranskaya et al 2018). The 

approximate LGM boundary is shown by the black dashed line (Hughes et al. 2016). 
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Figure 2. Inferred rates of present-day RSL change across the study area. Note uneven scale. 

 

 

 

 

Figure 3. a) Inferred rates of geological RSL change versus RSL rates derived at collocated tide 
gauges (TG) within the study area. (Pink circles: 100+ years TG data, Yellow triangles: 75+ years TG 
data, Dark blue squares: 50+ years). The tide gauge derived rates are on average 0.9 mm/yr higher 
than the inferred geological rates. b) TGs (coloured symbols as in a)) with collocated geological RSL 
sites superimposed as crosses. 
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Figure 4. Rates of vertical land motion from GPS used in the inversion (108 sites). Rates of VLM from 
GPS from the Nevada Geodetic Laboratory (Blewitt et al. 2016) and Kierulf et al. (2014) (Scandinavia 
only), shown at the 2σ significance level. The rates span 1996-2016 and have been corrected for 
present-day mass effects (melt from Greenland, Antarctica and glaciers and ice caps). 
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Figure 5. Model predictions of GIA-induced present-day RSL change and uncertainty using VLM data 

(G1), geological RSL data (G2) and both VLM and geological RSL data (G3) as inputs. In regions 

without significant data coverage (see Figures 2 and 4) the predictions will not be well constrained by 

data. 
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Figure 6. GIA model comparison: predictions of present-day RSL change due to GIA in the North Sea 
from various regional and global models and using different methodologies indicate variable patterns 
of RSL rise and fall (panels A-D adapted from Vermeersen et al. 2018, panels E-F from this study). 
The prior model information in panels E and F include the ice sheet information of panels C and D. 
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Figure 7. Locations of 12 tide gauges around the North Sea. 
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Figure 8. Comparison of GIA-related RSL change derived from tide gauges (grey boxes) to 
predictions of the semi-empirical model (G1-G3, coloured squares) at 12 North Sea stations.  
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