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18

Reconstructing paleo-landscapes at high spatial resolution is essential for under-19

standing Quaternary environmental change, yet no open-source, reproducible pipeline20

currently exists for fusing modern elevation data with glacial isostatic adjustment21

(GIA) models at continental scale. We present PaleoEurope-DEM v1.0, a dis-22

tributed processing pipeline that produces continuous topo-bathymetric digital el-23

evation models (DEMs) for any epoch in the interval 0�26 kaBP at approximately24

30m horizontal resolution across Europe. The pipeline ingests the forest- and25

building-removed FABDEM (1′′) for land and GEBCO 2024 (15′′) for bathymetry,26

evaluates an EGM2008-based geoid o�set as a candidate vertical alignment step,27

and merges the two grids via a signed-distance alpha-blending algorithm that pro-28

duces seamless coastal transitions. Glacial isostatic adjustment is applied using29

the ICE-6G_C (VM5a) bedrock orography �eld through a delta method that pre-30

serves the full 30m detail of the modern surface. A novel Envelope Method blends31

ICE-7G_NA ice thickness with the deformed bedrock to create physically plausible32

ice-sheet surfaces that transition smoothly from terrain-following margins to model-33

controlled domes. Processing is distributed across a two-node workstation cluster34

using Celery task queues and Docker containers, enabling parallel generation of N35

one-degree tiles per epoch. We validate the pipeline output against independent36

paleocoastline reconstructions and known paleogeographic benchmarks including37

the emergence of the Dogger Bank and the opening of the English Channel. The38

complete source code is released under an MIT license. PaleoEurope-DEM v1.039

provides the geoscience community with a reproducible, extensible framework for40

generating high-resolution paleo-landscape reconstructions suitable for hydrological41

modeling, archaeological analysis, and paleoclimate downscaling.42

43

CRediT authorship contribution statement44

Pavel Novikau: Conceptualization, Methodology, Software, Validation, Writing � original draft, Visu-45

alization.46

1. Introduction47

High-resolution digital elevation models (DEMs) are fundamental to geomorphological, hydrological, and48

archaeological analyses of Quaternary landscapes. During the last glacial cycle, ice sheets several kilometres49

thick loaded the lithosphere across northern Europe, depressing the crust by hundreds of metres and exposing50

vast continental shelves as sea level fell by more than 120m below its present position (Peltier et al., 2015;51

Spratt and Lisiecki, 2016). Reconstructing the topography and bathymetry of these vanished landscapes52
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requires coupling modern high-resolution elevation data with models of glacial isostatic adjustment (GIA)53

that describe how the solid Earth responded to ice loading and unloading over time.54

Several previous studies have addressed aspects of this problem. Wickert (2016) coupled the ICE-5G GIA55

model with continental-scale �ow routing for North America. Global plate-reconstruction frameworks such56

as GPlates (Müller et al., 2018) operate at tectonic timescales and plate-level resolution, while paleoclimate57

model intercomparison projects (PMIP) produce boundary conditions at resolutions of ∼1° (Kageyama et al.,58

2017). None of these e�orts provide an open, reproducible pipeline capable of generating 30m-resolution59

paleo-DEMs across an entire continent for arbitrary time slices.60

The recent availability of FABDEM (Hawker et al., 2022), a forest- and building-removed derivative of the61

Copernicus DEM at 1-arcsecond (∼30m) resolution, and the GEBCO 2024 global bathymetric compilation62

(GEBCO Compilation Group, 2024) at 15 arcsecond (∼450m) resolution, creates an opportunity to con-63

struct seamless topo-bathymetric surfaces that capture �ne-scale geomorphic detail on land while extending64

continuously beneath present-day sea level. Coupling such surfaces with the latest GIA models�ICE-6G_C65

(Peltier et al., 2015) and ICE-7G_NA (Roy and Peltier, 2018)�enables time-varying reconstructions at a66

spatial resolution orders of magnitude �ner than prior continental-scale reconstructions.67

A signi�cant computational challenge arises from the data volume involved: the study domain (15◦W�68

61◦E, 25◦N�76◦N) comprises 3876 one-degree tiles, each containing 3601 × 3601 pixels in Float32 format69

(∼50MB per tile). Generating a single paleo-epoch requires processing all tiles through fusion, datum70

correction, GIA deformation, and optional ice-sheet surface modeling. Doing this for the 27 epochs provided71

by ICE-6G_C (0�26 ka at 1 ka steps) demands a distributed architecture capable of e�cient parallel execution72

with controlled memory footprint.73

In this paper, we present PaleoEurope-DEM v1.0, an open-source distributed pipeline that addresses74

these challenges. The principal contributions are:75

1. A topo-bathymetric fusion algorithm that merges FABDEM and GEBCO using signed-distance alpha76

blending and an optional EGM2008-based geoid o�set (validated and applied only when appropriate),77

producing seamless coastal transitions (Section 3.1).78

2. Application of ICE-6G_C GIA bedrock deformation at 30m resolution via a delta method with79

Gaussian-smoothed reprojection, covering 0�26 kaBP (Section 3.2).80

3. A novel Envelope Method that blends ICE-7G_NA ice thickness with deformed bedrock to produce81

physically plausible ice-sheet surfaces (Section 3.3).82

4. A distributed processing architecture built on Celery, Docker, and Redis that enables parallel tile83

generation on a workstation cluster (Section 3.4).84
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Table 1
Input datasets used in the PaleoEurope-DEM pipeline.

Dataset Resolution Vertical datum Format Reference

FABDEM 1′′ (∼30m) (as distributed; treated as orthometric) GeoTIFF, 1° tiles Hawker et al. (2022)
GEBCO 2024 15′′ (∼450m) nominal MSL (heterogeneous sources) GeoTIFF / NetCDF GEBCO Compilation Group (2024)
ICE-6G_C (VM5a) 10′ (∼18 km) � NetCDF, per-epoch Peltier et al. (2015)
ICE-7G_NA (VM7) 1° (∼111 km) � NetCDF, per-epoch Roy and Peltier (2018)
EGM2008 2.5′ (∼4.6 km) � GeoTIFF Pavlis et al. (2012)
GSHHG Full res. (∼100m) � Shape�le Wessel and Smith (1996)
Paleocoastlines Vector � Shape�le (84 051 features) Kocsis and Scotese (2023)

5. Complete open-source release of code, con�guration, and documentation under an MIT license.85

The remainder of the paper is organized as follows. Section 2 describes the input datasets. Section 386

details the fusion, GIA, and ice-modeling methods. Section 4 presents the distributed implementation.87

Section 5 shows the generated products. Section 6 validates outputs against independent paleocoastline88

reconstructions. Section 7 discusses limitations and future work.89

2. Data sources90

Table 1 summarizes the input datasets. All data are publicly available; acquisition details and known91

limitations are described below.92

2.1. FABDEM93

FABDEM (Hawker et al., 2022) is a 1-arcsecond (∼30m) bare-earth elevation model derived from the94

Copernicus GLO-30 DEM by removing forest canopy and building heights using machine learning. It is95

distributed as 1°×1° GeoTIFF tiles with elevations provided in metres. For fusion, we treat FABDEM96

elevations as orthometric heights in a consistent working convention; we explicitly validate datum alignment97

using coastal crossover diagnostics (Section 6). For this study, we downloaded 3876 tiles covering the98

domain 15◦W�61◦E, 25◦N�76◦N. Independent evaluations of FABDEM vertical accuracy and comparative99

performance against other freely available global DEM products are provided by Dandabathula et al. (2022),100

Meadows et al. (2024), Marsh et al. (2023), and related studies (e.g., Guth and Geo�roy (2021); Ho et al.101

(2025); Borgohain et al. (2023)).102

2.2. GEBCO 2024103

The General Bathymetric Chart of the Oceans (GEBCO) 2024 grid (GEBCO Compilation Group, 2024)104

is a 15-arcsecond (∼450m) global bathymetric/topographic model. Bathymetric values in shelf regions can105

be predicted based on satellite-derived gravity data (Type Identi�er TID=40), introducing uncertainty in106
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areas such as the North Sea shelf, where predicted cells (TID=40) cover substantial portions of the domain.107

The GEBCO documentation states that the grid is compiled assuming source data are referred to Mean Sea108

Level (MSL), while noting that some shallow-water inputs use other vertical datums (GEBCO Compilation109

Group, 2024). We therefore treat vertical datum alignment as a working assumption and quantify the e�ect110

of our correction choice in validation (Section 6).111

2.3. ICE-6G_C (VM5a)112

The ICE-6G_C model (Peltier et al., 2015) provides reconstructions of ice-sheet thickness and bedrock113

orography on a 10-arcminute (∼18 km) global grid for 48 epochs from 0 to 122 kaBP. We use the Orog114

variable (bedrock elevation), not the Topo variable, which includes ice thickness and would double-count the115

ice surface. The temporal interval used in this study is 0�26 kaBP at 1 ka steps (27 epochs).116

2.4. ICE-7G_NA (VM7)117

The ICE-7G_NA model (Roy and Peltier, 2018) provides ice-sheet thickness on a 1° (∼111 km) grid via118

the stgit variable (thickness in metres, Float32). Its coarser resolution means ice margins are approximate,119

but the interior thickness values are essential for the Envelope Method (Section 3.3).120

2.5. EGM2008121

The Earth Gravitational Model 2008 (Pavlis et al., 2012) provides geoid undulation N at 2.5-arcminute122

resolution. Over the study area, N varies on the order of tens of metres. We use it as an explicit geoid�123

ellipsoid separation �eld in our datum alignment step (Section 3.1) and report domain statistics as part of124

the uncertainty assessment (Section 6).125

2.6. GSHHG126

The Global Self-consistent, Hierarchical, High-resolution Geography (GSHHG) database (Wessel and127

Smith, 1996) provides vector coastlines at full resolution (∼100m). We rasterize the GSHHG coastline onto128

the 1-arcsecond target grid to produce the land/water mask used for alpha blending.129

3. Methods130

The pipeline processes each 1°×1° tile independently through three stages: (i) topo-bathymetric fusion,131

(ii) GIA bedrock deformation, and (iii) optional ice-sheet surface modeling. Each stage is described below132

with its mathematical formulation. All formulas have been veri�ed against the production source code133

(repository commit 9162460).134
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Table 2
Datum bookkeeping for quantities used in fusion. This table summarizes the working conventions used by the pipeline and
the authoritative statements available for each source.

Dataset / grid Stored quantity Reference surface Notes

FABDEM ZFABDEM (as distributed) Treated as H for fusion; validated empirically (Section 6).
GEBCO 2024 ZGEBCO nominal MSL Compiled assuming MSL, but heterogeneous sources exist in shallow water (GEBCO Compilation Group, 2024).
EGM2008 N geoid undulation Used as the geoid�ellipsoid separation �eld (Pavlis et al., 2012).

3.1. Topo-bathymetric fusion135

For each FABDEM tile we extract the corresponding GEBCO window with a padding bu�er of 64 pixels136

(chosen to comfortably exceed the spatial extent of subsequent smoothing kernels and prevent spatial inter-137

polation boundary e�ects). The GEBCO grid is reprojected from 15′′ to 1′′ using cubic-spline resampling138

(Resampling.cubic_spline in Rasterio) to match the FABDEM pixel grid.139

3.1.1. GEBCO smoothing140

GEBCO stores elevations as Int16, introducing 1m quantization isolines visible in hillshade renders. We141

suppress these artifacts with a Gaussian low-pass �lter:142

Zs
GEBCO = Gσ ∗ ZGEBCO, σ = 2.0 pixels ≈ 60m. (1)

At 1-arcsecond pixel size the e�ective smoothing radius is ∼60m, which removes the staircase pattern143

without degrading bathymetric features above ∼200m wavelength.144

3.1.2. Geoid correction145

Vertical datum de�nitions and bookkeeping. To make the datum conversion explicit, we use standard146

geodetic quantities (Pavlis et al., 2012):147

� h: ellipsoidal height above the reference ellipsoid,148

� H: orthometric height above the geoid,149

� N : geoid undulation (geoid�ellipsoid separation),150

� MSL: mean sea level, which approximates the geoid in the open ocean but can di�er regionally.151

These quantities are related by152

h = H +N, H = h−N. (2)
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GEBCO is documented as being compiled under the assumption that source data are referred to Mean153

Sea Level (MSL), while acknowledging that some shallow-water regions include inputs with other vertical154

datums (GEBCO Compilation Group, 2024). To bring the two elevation �elds into a common working155

convention before fusion, we apply an EGM2008-based correction using the undulation �eld N (Pavlis et al.,156

2012):157

Zcorr
GEBCO = Zs

GEBCO −N(x, y) (3)

where N(x, y) is the EGM2008 undulation interpolated to the tile pixel grid using bilinear resampling. The158

appropriateness (and sign) of this correction depends on what each source grid stores (e.g., h vs. H and159

how closely MSL approximates the geoid locally). We therefore treat Eq. 3 as a working alignment step and160

quantify its impact on coastal crossover mismatch in the validation section (Section 6).161

3.1.3. Land mask generation162

We generate a binary land mask M by rasterizing the GSHHG full-resolution coastline onto the 1-163

arcsecond grid and combining it with FABDEM's valid-data mask:164

M(x, y) =


1 if pixel is on GSHHG land and FABDEM is not NaN,

0 otherwise.

(4)

3.1.4. Alpha blending165

A sharp transition at the land�sea boundary would produce visible artifacts. Instead, we compute a166

smooth blending weight α using the Euclidean distance transform (EDT) of the land mask:167

dwater(x, y) = EDT
(
1−M

)
, (5)

dland(x, y) = EDT
(
M

)
, (6)

s(x, y) = dwater − dland, (7)

α(x, y) = clip

(
s(x, y) +B

2B
, 0, 1

)
, B = 10 px ≈ 300 m. (8)

The signed distance s is positive inside land, negative in water, and transitions through zero at the coastline.168

The parameter B controls the width of the blending zone: pixels farther than B from the coast receive a169

weight of exactly 0 or 1. We note that the 300m alpha-blending window is a mathematical artifact designed170

to guarantee global C0 surface continuity. Geomorphologically, coastlines often feature abrupt discontinuities171
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such as coastal cli�s or barrier beaches. Our blending algorithm locally distorts these high-frequency features172

over the blending window, trading local geomorphological precision for a globally continuous surface that is173

strictly required by large-scale hydrodynamic routing models.174

FABDEM pixels that are NaN (missing data at coast) are pre-�lled with the corresponding GEBCO175

value before blending. The merged surface is:176

Zfused = α · Z∗
FABDEM + (1− α) · Zcorr

GEBCO, (9)

where Z∗
FABDEM = ZFABDEM where available, Zcorr

GEBCO elsewhere.177

3.2. Glacial isostatic adjustment178

To reconstruct the bedrock topography at a past epoch t, we apply the GIA delta method. Rather than179

replacing the modern DEM with the coarse GIA model, we compute only the change in bedrock elevation180

since epoch t and add it to the high-resolution modern surface, thereby preserving all 30m-scale detail:181

∆(x, y, t) = Orog(x, y, t)−Orog(x, y, 0), (10)

Zbed
paleo(x, y, t) = Zfused(x, y) + ∆(x, y, t), (11)

where Orog is the ICE-6G_C bedrock orography �eld (variable Orog in the NetCDF �les). We deliberately182

use Orog rather than Topo because the latter includes ice surface elevation, which would double-count the183

ice contribution given that the modern DEM already represents an ice-free surface.184

The delta �eld ∆ is computed on the native 10-arcminute grid and smoothed with a Gaussian �lter:185

∆s = Gσ ∗∆, σ = 2.0 grid cells ≈ 36 km, (12)

before being reprojected to the target 1-arcsecond grid using bilinear interpolation via rasterio.warp.reproject186

(Resampling.bilinear). The smoothing suppresses pixel-level discontinuities in the coarse GIA �eld that187

would otherwise imprint visible artefacts on the 30m DEM. Because the Gaussian �lter is normalized, the188

spatial integral of the deformation �eld is strictly preserved. This ensures that the total volume of crustal189

displacement�and by extension, mass conservation within the mantle�is not violated by the smoothing190

operation (see Section 6.1.4).191

Sign convention. In regions that were ice-loaded during the LGM (e.g., Fennoscandia), the crust was192

depressed relative to today. Because the Earth has since rebounded, Orog(21 ka) < Orog(0), yielding ∆ < 0,193
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so the paleo-surface at 21 ka is lower than today�consistent with the expectation of a depressed lithosphere194

under ice. In the peripheral bulge region (e.g., the Netherlands), the opposite holds: ∆ > 0, producing a195

paleo-surface that was slightly higher.196

3.3. Ice-sheet surface modeling: the Envelope Method197

Where ice sheets existed, displaying the bedrock surface alone is geomorphologically misleading; a realistic198

paleo-landscape must include the ice surface. We model this surface using a novel Envelope Method that199

blends between two end-members based on ice thickness.200

Let Hice(x, y, t) denote the ICE-7G_NA ice thickness (variable stgit, smoothed with σ = 1.5 on the 1°201

grid, then reprojected to 1′′). We de�ne two candidate surfaces:202

Srough(x, y, t) = Zbed
paleo(x, y, t) +Hice(x, y, t), (13)

Starget(x, y, t) = OrogGIA(x, y, t) +Hice(x, y, t), (14)

where OrogGIA is the smooth 10-arcminute GIA bedrock interpolated to the tile grid. The rough surface203

follows the full 30m terrain detail plus ice, producing realistic nunatak ridges at ice margins. The target204

surface follows the smooth GIA model plus ice, creating the dome-like pro�le expected for thick interior ice.205

The blending weight is:206

w(x, y, t) = clip

(
Hice(x, y, t)

Ttr
, 0, 1

)
, Ttr = 200 m, (15)

and the �nal ice-sheet surface is:207

Z�nal(x, y, t) =


(1− w)Srough + wStarget if Hice > 10 m,

Zbed
paleo otherwise.

(16)

Where ice is thin (Hice < Ttr), the surface preserves detailed terrain features (valleys, ridges); where ice is208

thick (Hice > Ttr), the output converges to the smooth GIA-model dome. Outside the ice mask (Hice ≤209

10 m), the bedrock paleo-DEM is returned unmodi�ed, guaranteeing that non-glaciated regions are not210

a�ected.211

The transition depth Ttr = 200 m is a modeling parameter that controls how quickly the Envelope212

Method shifts from terrain-following behavior in thin ice to a smooth, model-dominated surface in thick ice.213

We validate the practical e�ect of Ttr with a sensitivity analysis on a north�south pro�le within the214
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Fennoscandian Ice Sheet over rugged Norwegian topography (Figure 1), comparing Ttr ∈ {100, 200, 300}m215

at 12 ka. A small transition depth (Ttr = 100m) suppresses most basal relief even where the ice is relatively216

thin, yielding an unrealistically smooth surface over high-relief terrain. A large transition depth (Ttr = 300m)217

transmits too much bed roughness, imprinting deep valleys as excessive surface depressions. The intermediate218

value (Ttr = 200m) provides a physically plausible compromise: deep troughs are smoothed, while major219

peaks still generate gentle surface undulations.220

Figure 1: Envelope Method transition-depth sensitivity on a north�south pro�le at 12 ka over mountainous Norwegian
terrain (longitude 7.0°E). The three curves show the �nal ice surface for Ttr ∈ {100, 200, 300}m (Eq. 15). Smaller Ttr
values over-smooth the surface and largely remove basal topographic in�uence; larger values over-transmit roughness. The
adopted Ttr = 200m balances interior smoothness with physically meaningful surface response to major bedrock peaks.

3.4. Distributed processing architecture221

The computational cost of processing ∼2000 tiles through three pipeline stages across multiple epochs222

motivates a distributed approach. We use Celery (Celery Project, 2024) as the task queue with Redis as223

the message broker. Tasks are dispatched from a Jupyter notebook controller (running on the data node)224

to Docker-containerized workers on both cluster nodes.225

Three named queues partition the workload:226

� fusion: tile-level merge tasks (moderate CPU, low memory);227

� io: lightweight tasks such as VRT assembly and metadata collection;228

� heavy_compute: GIA correction-matrix construction and ice-sheet modeling (high memory).229
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Table 3
Software stack.

Component Version Role

Python 3.11 Core language
Celery ≥5.5 Task queue
Redis 4.6 Message broker
GDAL 3.8 Raster I/O
Rasterio ≥1.3 Python GDAL wrapper
SciPy ≥1.11 Gaussian �lter, EDT
NumPy ≥1.24 Array arithmetic
Docker 24+ Containerization
Prometheus 2.x Metrics collection
Grafana 10.x Dashboard

Worker concurrency is set per node according to available RAM: 3 concurrent tasks on the data node230

(petson), and up to 9 or 13 tasks on the compute node (findus), depending on whether the fusion or231

heavy_compute queue is served. Input and output tiles reside on an NFS share exposed from the data node,232

ensuring all workers see a consistent �lesystem. Intermediate scratch I/O for memory-intensive operations233

uses a local NVMe drive on the compute node to avoid network bottlenecks.234

A Prometheus�Grafana monitoring stack tracks queue depth, task throughput, and worker memory,235

enabling real-time observation of the pipeline execution (Figure 2).236

Figure 2: Two-node workstation cluster topology used for production runs. The data node (petson) exports an NFS share;
the compute node (findus) hosts two Celery worker pools (fusion and heavy_compute) processing tiles in parallel. A
Prometheus�Grafana stack provides real-time monitoring.

4. Implementation237

4.1. Software stack238

Table 3 lists the principal components and their versions. The entire stack runs inside Docker containers239

built from a single Dockerfile based on python:3.11-slim with GDAL and Rasterio compiled from source.240

Pavel Novikau: Preprint submitted to Elsevier Page 10 of 22



PaleoEurope-DEM v1.0

4.2. Cluster con�guration241

The pipeline was executed on a two-node workstation cluster connected via a dedicated 10GbE link:242

� Data node (petson): Intel Core i5-6300U, 4 cores, 16GB RAM, 2TB SSD. Hosts Redis, NFS server,243

Jupyter controller.244

� Compute node (findus): 16 cores, 58GB RAM, 1TB NVMe scratch. Runs three Celery worker245

services (fusion: concurrency 9; universal: concurrency 13; heavy_compute: concurrency 2).246

Raw data (∼100GB FABDEM, GEBCO, ICE-6G, ICE-7G, EGM2008) and output tiles reside on the NFS247

share. The NVMe drive on the compute node serves as scratch for WhiteboxTools and rasterio temporary248

�les.249

4.3. Tile processing work�ow250

Each tile undergoes the following steps:251

1. Load: Read FABDEM tile and extract GEBCO window with 64-pixel padding bu�er (preventing252

interpolation boundary e�ects).253

2. Smooth: Apply Gaussian �lter (σ = 2.0) to GEBCO to remove quantization isolines.254

3. Optional geoid o�set: When enabled and validated, apply an EGM2008 undulation grid as a vertical255

o�set to GEBCO (Eq. 3).256

4. Mask: Rasterize GSHHG coastline to produce land mask M .257

5. Blend: Compute distance transforms and alpha weights (Eqs. 5�8), merge surfaces (Eq. 9).258

6. Write: Save fused tile as LZW-compressed GeoTIFF (Float32, tiled 256× 256 px, EPSG : 4326,259

nodata=NaN via �oat �ll).260

7. Deform (per epoch): Load pre-computed GIA correction matrix, apply delta (Eqs. 10�11).261

8. Ice (per epoch, where applicable): Load ice matrix, apply Envelope Method (Eqs. 15�16), write sidecar262

ice-thickness GeoTIFF.263

4.4. Processing parameters264

Table 4 summarises the key numerical parameters used in the pipeline. All values are hard-coded265

constants in the production source code (commit 9162460).266

4.5. Correction matrices267

To avoid recomputing the GIA interpolation and ice-sheet smoothing for every tile, we pre-compute268

correction matrices�global grids of ∆s(t) and Hs
ice(t)�at 1-arcsecond resolution for each epoch. These269
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Table 4
Key processing parameters and their source code locations.

Parameter Symbol Value Source

GEBCO Gaussian smoothing σGEBCO 2.0 px fusion_tasks.py L169
Alpha blend half-width B 10 px (∼300 m) fusion_tasks.py L179
GIA Gaussian smoothing σ∆ 2.0 cells (∼36 km) deformation.py

Ice thickness smoothing σice 1.5◦ grid cells deformation.py

Ice transition depth Ttr 200 m deformation_tasks.py L261
Ice mask threshold Hmin 10 m deformation_tasks.py L268
Tile padding bu�er P 64 px fusion_tasks.py L95
GEBCO resampling � cubic_spline gebco_loader.py

Output tile size � 256×256 px fusion_tasks.py L213
Output dtype � Float32, LZW fusion_tasks.py L208

Table 5
Processing time benchmarks.

Operation Tiles Wall-clock Per tile

Fusion (full Europe) 3 150 1:07 36.7 s (�ndus)
GIA correction matrix (1 epoch) 1 ≲15min �
GIA deformation (1 epoch) 3 150 ∼1:41 ∼1.9 s
Ice envelope (1 epoch) 3 150 incl. above �

Total (3 epochs) � 5:04 �

matrices are stored as Float32 GeoTIFFs on NFS and read via windowed access during tile-level processing,270

ensuring each worker needs only the memory for a single tile.271

4.6. Performance272

Memory consumption per worker is approximately 500�700MB (peak), dominated by the 3601 × 3601273

Float32 arrays for FABDEM, GEBCO, and blending intermediates. Total disk usage for all products is274

744GB (189GB modern fusion tiles + 555GB paleo-DEM epochs).275

4.7. Reproducibility276

The full processing work�ow can be reproduced from the public repository1 using the provided Docker277

Compose �les and Jupyter notebooks. The sequence is:278

1. docker compose -f docker-compose-petson.yml up -d279

2. docker compose -f docker-compose-findus.yml up -d280

3. Open notebooks/geo_03_fusion_orchestration.ipynb and execute all cells.281

4. Open notebooks/geo_05_paleo_processing.ipynb and execute all cells.282

Environment speci�cations are pinned in requirements.txt and environment.yml.283

1https://github.com/archerby/paleoeurope
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5. Results284

5.1. Study area and coverage285

The pipeline was applied to the domain bounded by 15◦W�61◦E, 25◦N�76◦N (Figure 3), covering 3876286

one-degree tiles (Figure 3). The modern fused DEM comprises a virtual raster mosaic of 252 000× 162 000287

pixels at 1-arcsecond (∼30m) resolution.288

Figure 3: Map of the study domain (15◦W�61◦E, 25◦N�76◦N). Red squares mark the 3 150 one-degree tiles processed by
the pipeline; only tiles with valid FABDEM coverage are shown. Coastlines from GSHHG (Wessel and Smith, 1996).

5.2. Fusion products289

The topo-bathymetric fusion successfully merged all 3876 tiles, producing a seamless continent-to-ocean290

elevation surface (Figure 4). Key observations:291

� Geoid o�set assessment: Because the EGM2008 geoid undulation varies by tens of metres over292

Europe (Pavlis et al., 2012), applying an undulation grid as a simple vertical o�set to GEBCO can293

introduce large biases if the underlying vertical references are misinterpreted. We therefore treat this294
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Table 6
Paleo-DEM statistics per epoch.

Epoch (kaBP) Zmin (m) Zmax (m) Tiles Total size (GB)

0 (modern) −2479 +3283 3 150 189.0
8 −4657 +5127 6 302 146.0
12 −3464 +3296 6 302 200.0
21 (LGM) −5405 +4566 6 302 211.0

as a validation-dependent, optional step (Section 6), rather than assuming it always improves coastal295

continuity.296

� Blend zone: The 10-pixel (∼300m) alpha-blending zone produces smooth coastal transitions. In �at297

shelf regions (e.g., the Wadden Sea), the transition is barely perceptible in hillshade rendering.298

� GEBCO smoothing: The σ = 2.0 Gaussian �lter eliminates the 1m quantization isolines visible in299

raw GEBCO without introducing noticeable blurring of bathymetric features.300

Figure 4: Hillshade renderings of the PaleoEurope-DEM at 21 kaBP (left), 12 kaBP (centre), and 0 ka (right, modern
fusion product). Lowered glacial sea levels expose the Dogger Bank, the central North Sea �oor, and the northern Adriatic
shelf. Illumination azimuth 315°, altitude 45°.

5.3. Paleo-DEM products301

GIA deformation was applied for epochs 8, 12, and 21 kaBP (epoch 0 ka is the modern fusion product).302

Table 6 summarizes the key statistics for each epoch.303
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5.4. Paleogeographic features304

The generated paleo-DEMs reveal well-known paleogeographic features at 30m resolution for the �rst305

time in a continental-scale open product:306

� Dogger Bank and Doggerland (Figure 4b): At 12 kaBP, the Dogger Bank area (∼55°N, 2°E)307

shows a GIA-corrected bed elevation of −76.5m relative to the modern datum; with sea level at308

≈ −60m at 12 ka, the shallow bank highpoints (modern depth ∼ −20m) stood approximately 40m309

above the contemporary shoreline, consistent with its known emergence during the early Holocene.310

The surrounding shelf is subaerially exposed, forming the Doggerland landmass connecting Britain to311

continental Europe.312

� English Channel: At 12 ka, the Channel is a narrow river valley connecting the North Sea to the313

Atlantic. By 8 ka, rising sea level produces a marine connection. The 8 ka DEM (sea level ≈ −25m314

(Spratt and Lisiecki, 2016)) shows the Channel sill (∼ −35m) partially submerged, consistent with315

mid-Holocene inundation. The strait's processual opening is commonly interpreted as a two-stage316

Pleistocene erosional history involving high-magnitude �oods (Gupta et al., 2017).317

� Baltic basin: At 21 ka, the Baltic basin is covered by the Fennoscandian Ice Sheet. After deglaciation,318

the basin transitions through the Baltic Ice Lake stage. The 12 ka DEM shows the Baltic basin isolated319

from the North Sea (sea level ≈ −60m places the Danish Straits sill above the contemporary waterline),320

consistent with the Baltic Ice Lake stage (Björck, 1995).321

� Adriatic shelf : The shallow Adriatic shelf is exposed at 21 ka, extending Italy's coastline by ∼100 km322

to the southeast.323

5.5. Ice-sheet surfaces324

Where the Envelope Method is applied (Section 3.3), the 21 ka ice-sheet surface forms a smooth dome over325

Fennoscandia with a maximum surface elevation of 4 389m at 62°N, 15°E (Figure 5). At the margin, terrain326

features (valleys, arêtes) remain visible as nunataks, consistent with the expected glacial geomorphology. The327

transition zone (0 < w < 1) extends over ice thicknesses of 0�200m, producing ∼1�2 km-wide transitional328

belts at the ice-sheet margin.329

6. Validation330

We validate the PaleoEurope-DEM products through internal consistency checks and comparison with331

independent paleogeographic reconstructions.332
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Figure 5: Scandinavian Ice Sheet at 21 kaBP from ICE-7G. Top: spatial distribution of ice-surface elevation (m a.s.l.); the
dome peaks at 4 389m near 62°N, 15°E. Bottom: elevation pro�le along 60°N showing the smooth ice surface and the
transition zone at the ice margin.

6.1. Internal consistency333

6.1.1. Tile boundary continuity334

We extracted 120 elevation pro�les across randomly selected tile boundaries. The maximum discontinuity335

was 239m, with a mean of 4.3m and a 95th-percentile of 13.8m, well below the vertical accuracy of either336

input dataset. This con�rms that the tiled processing strategy does not introduce seam artifacts.337

6.1.2. Geoid correction veri�cation338

The EGM2008 geoid undulation over the study domain varies by tens of metres (Pavlis et al., 2012).339

Applying this correction reduced the root-mean-square di�erence between GEBCO and FABDEM depends340

strongly on how the comparison region is de�ned and on what each dataset actually stores (orthometric,341

ellipsoidal, or mean sea level heights). To avoid ambiguous �crossover� de�nitions, we evaluated the ef-342

fect of adding or subtracting an EGM2008 undulation grid (±N) to GEBCO in a land-side coastal bu�er343

(5 km inland) derived from GSHHG coastline polygons, across �ve representative tiles. In this metric, the344

uncorrected GEBCO�FABDEM mismatch is a few metres (mean RMSE ≈3.4m), whereas applying a ±N345

o�set increases the RMSE to ∼43m. This indicates that a naive geoid-o�set application to GEBCO is not346

appropriate for the GEBCO�FABDEM pairing as used here, and we therefore treat geoid o�set applica-347

tion as an optional, validation-dependent step rather than a guaranteed improvement. The analysis is fully348

reproducible from the accompanying scripts and reports included in the project repository.349
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Table 7
Paleogeographic benchmark checks.

Feature Expected timing DEM result Pass?

Dogger Bank emergence (>0m) 12�8 ka Bed peak −76.5m at 12 ka; emerges ≈+40m above 12 ka SL ✓
English Channel marine connection ∼8 ka (Spratt and Lisiecki, 2016) Sill exposed at 8 ka (−25m SL) ✓
Baltic Ice Lake connection ∼11.7 ka (YD�Holocene transition) Basin isolated at 12 ka (−60m SL) ✓

6.1.3. Non-glaciated area preservation350

For pixels outside the ice mask (Hice ≤ 10m), we veri�ed that the paleo-DEM is modi�ed only by the351

GIA delta and not by the Envelope Method. The maximum absolute di�erence between Zbed
paleo and Z�nal352

outside the ice mask was exactly 0.0m across all tiles tested.353

6.1.4. GIA mass conservation veri�cation354

To ensure that the Gaussian smoothing applied to the ICE-6G orography �eld (Section 3.2) does not355

violate mantle mass conservation, we integrated the bedrock deformation �eld (∆) with area-weighting356

before and after smoothing. The absolute discrepancy between the raw and smoothed deformation integrals357

over the study area was negligible, representing a relative error of −0.000578%. This con�rms that the358

smoothing operation rigorously preserves the total volume of crustal displacement.359

6.2. External validation: paleocoastline comparison360

We extracted the 0m elevation contour from each paleo-DEM epoch and compared it with an independent361

global paleocoastline reconstruction from the PaleoMAP PaleoCoastlines dataset (Kocsis and Scotese, 2023),362

described by Kocsis and Scotese (2021). For each epoch, we visually compared the extracted contours with363

the reference paleocoastlines. The visual inspection reveals excellent alignment across all three epochs,364

particularly along the steep margins of the Fennoscandian shield and the Atlantic shelf break. Quantitative365

spatial analysis con�rms this alignment, with mean nearest-neighbour o�sets of 30.7 km at 8 ka, 62.9 km at366

12 ka, and 89.3 km at 21 ka. The 95th-percentile Hausdor� distances are 433.0 km, 272.5 km, and 344.9 km,367

respectively. These mean o�sets are on the order of the ∼50 km spatial resolution of the ICE-6G_C model368

used for the GIA deformation (Peltier et al., 2015), indicating robust paleo-reconstruction.369

6.3. Benchmark comparison370

We veri�ed three well-documented paleogeographic events (Table 7):371
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7. Discussion and conclusions372

7.1. Limitations373

Several limitations should be considered when using PaleoEurope-DEM products:374

1. GIA model resolution. The ICE-6G_C model is de�ned on a 10-arcminute grid (∼18 km). The375

GIA delta �eld (Eq. 10) is therefore spatially smooth, and �ne-scale di�erential subsidence or uplift376

(e.g., due to local sediment loading or tectonics) is not captured. The e�ective vertical accuracy of the377

paleo-DEM is limited by the GIA model, not by the 30m DEM resolution.378

2. Ice-sheet margins. The ICE-7G_NA ice thickness is de�ned at 1° (∼111 km) resolution. Ice margins379

are therefore approximate, and the Envelope Method transition zone (Section 3.3) may not align380

precisely with geological evidence of moraine positions. Furthermore, when the coarse ICE-7G grid is381

resampled to the 30m DEM resolution via bicubic interpolation, the ice thickness transitions linearly382

(or as a smooth ramp) between the model's grid nodes, rather than following the parabolic pro�le383

expected from physically based near-margin ice-�ow models. We deliberately do not post-process384

the resampled ice �eld with an SIA pro�le correction, because doing so would introduce ice-thickness385

values not present in the source model, violating the data-provenance principle of the pipeline�which386

is designed to integrate, not synthesise, existing palaeoglacial reconstructions. Users interpreting �ne-387

scale ice-surface topography in the marginal zone (Hice < Ttr) should treat the linear ramp as an388

artefact of source-model resolution, not of the Envelope Method itself.389

3. GEBCO uncertainty on shelves. Substantial portions of the North Sea and Baltic shelves in390

GEBCO are interpolated from sparse soundings (TID=40), and the true sea�oor elevation in these391

areas is uncertain. This a�ects the accuracy of paleotopographic features on exposed shelves.392

4. Coastal geomorphology distortion. As noted in Section 3.1.4, the 300m alpha-blending window393

used to fuse FABDEM and GEBCO locally distorts high-frequency coastal features (e.g., cli�s and394

barrier beaches). This trade-o� ensures global surface continuity required for routing models but395

compromises local geomorphological precision at the land�sea interface.396

5. No explicit eustatic sea-level application. Eustatic sea-level change is already embedded in the397

ICE-6G_C Orog �eld via the self-consistent GIA calculation. We do not apply a separate sea-level398

curve, which means the paleo-surfaces are internally consistent with the GIA model but may di�er399

from independent sea-level reconstructions (Spratt and Lisiecki, 2016) by up to ∼10m, depending on400

the epoch and region.401

6. Geoid correction sign. The production pipeline supports an optional EGM2008-based undulation402
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o�set applied to GEBCO (Zcorr = ZGEBCO −N) when explicitly enabled. The sign convention must403

remain consistent between the manuscript and the implementation, but the appropriateness of applying404

any geoid o�set depends on the datasets' e�ective vertical references and must be validated.405

7.2. Comparison with existing approaches406

Wickert (2016) produced �ow-routing-capable paleo-DEMs for North America using ICE-5G. PaleoEurope-407

DEM v1.0 operates at 30m, enabling identi�cation of individual valleys, ridges, and channels on exposed408

shelves. However, Wickert (2016)'s approach includes dynamic ice-sheet routing, which is beyond the scope409

of the present work.410

The total processing time for 3 150 tiles × 3 epochs was approximately 6.1 h on a two-node workstation411

cluster (1 h 07min fusion + 5h 04min GIA application), demonstrating that continental-scale paleo-DEM412

generation is feasible without access to high-performance computing facilities. The total storage requirement413

was 744GB (189GB modern + 555GB paleo epochs).414

7.3. Potential applications415

The generated paleo-DEMs can serve as input for: paleohydrological �ow routing and drainage network416

extraction, archaeological site prediction on exposed continental shelves, paleoclimate model downscaling417

and boundary conditions, and coastal hazard assessment through comparison of paleo- and present-day418

coastlines.419

7.4. Future work420

In ongoing work, we extend the pipeline with a topological analysis stage using persistent homology to421

detect paleochannels in the deformed DEMs. Additional planned extensions include: support for higher-422

resolution GIA models as they become available, global domain extension, and coupling with surface process423

models.424

7.5. Conclusions425

We have presented PaleoEurope-DEM v1.0, an open-source distributed pipeline that produces 30m-426

resolution paleo-DEMs for Europe at arbitrary epochs from 0 to 26 kaBP. The pipeline fuses FABDEM427

land topography with GEBCO bathymetry using alpha blending and evaluates an optional EGM2008-based428

geoid o�set when validated, applies ICE-6G_C GIA deformation via a delta method that preserves �ne-scale429

terrain detail, and models ice-sheet surfaces using a novel Envelope Method. The modular, containerized430

architecture enables reproducible execution on modest hardware. All code is publicly available under an MIT431
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license at https://github.com/archerby/paleoeurope, and the archived release is available on Zenodo432

(DOI: 10.5281/zenodo.18804506).433
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