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Introduction

« Climate change is not a physical barrier and, by itself, does not contribute to storage safety or the
long-term safety of a disposal system.

It can influence engineered barriers and their surrounding natural environment (the surface
systems and geosphere) to such an extent that long-term safety could be compromised if climate-
related parameters (precipitation, temperature) and their impacts (e.g. floods, sea-level rise, ice-
sheet development, permafrost) are not considered during design and site selection.

When considering safety of nuclear waste disposal systems, a wide range of timescales need
to be considered covering operational and post-closure safety periods.

102 years » 106 years
Relevant climate forcing agents Human-caused, Orbital changes (Milankovitch forcing)
greenhouse gases and CO, (natural and human-caused)

aerosols



Future climate change: shorter timescales (102 years)
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Simulated change at 4°C global warming

Results from several
different General
Circulation Models
(GCMs)

Regionally, climate change will depend on several factors,
including:

1. Arctic amplification

2. Land-ocean contrast

3. Atmosphere and ocean circulation changes

TIPCC: Intergovernmental Panel on Climate Change; see https://www.ipcc.ch/assessment-report/ar6/
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Future climate change: shorter timescales (102 years)

Annual-mean precipitation
change relative to 1995-2014
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In most of Europe, evapotranspiration increases more than precipitation as a result of climate warming -> drier

conditions (on average)
However, there are significant seasonal variations and variability across models;

see https://interactive-atlas.ipcc.ch/
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Future climate change: risk of AMOC collapse?

The Atlantic Meridional Overturning Circulation (AMOC) is density-
driven flow: warm and saline surface waters lose heat as they travel
north and become more dense and sink.

Europe’s relatively mild climate, compared to regions at similar
latitudes, is partly due to the AMOC.

ATLANTIC OCEAN

Climate change leads to increased precipitation and meltwater forcing
from the Greenland ice sheet, resulting reduced salinity and

weakening of AMOC.
From Carbon Brief: AMOC: Is global warming tipping

key Atlantic ocean currents towards ‘collapse’?

Weakening is seen in AMOC measurements (only since 2004).
Climate modelling suggest a further weakening with increased warming.

IPCC says that a complete “collapse” is unlikely to occur before
2100. However, some recent studies’ have argued that climate change
could force the AMOC past a “point of no return” over the coming
decades that could lead to a collapse next century.


https://interactive.carbonbrief.org/amoc-explainer/index.html
https://interactive.carbonbrief.org/amoc-explainer/index.html

Red text: response to question asked after the presentation.

Consequences of an AMOC collapse Surface air temperature anomaly

Summer (JJA) Winter (DJF)

IPCC Sixth Assessment Report: “If an AMOC collapse were to
occur, it would very likely cause abrupt shifts in the regional weather
patterns and water cycle, such as a southward shift in the tropical rain
belt, and could result in weakening of the African and Asian |
monsoons, strengthening of southern hemisphere monsoons and e T T T Vo ey S SO |
drying in Europe.”
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» Greatest cooling in the winter season, especially winter Precipitation anomaly
extremes can be affected (e.g. van Westen and Baatsen
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« The magnitude of cooling is uncertain (model dependent).

 For Forsmark, the Swedish site for nuclear waste disposal,
annual cooling in response to an AMOC collapse is assessed
to be 2 to 6°C (Liakka and Naslund 2025).

* Any cooling caused by an AMOC collapse will be counteracted
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» An AMOC collapse is projected to increased the sea level in . T——_—_;
western Europe. Jackson et al. (2015)

Jackson L C, Kahana R, Graham T, Ringer M A, Woollings T, Mecking J V, Wood R A, 2015. Global and European climate impacts of a slowdown of the AMOC in a high resolution GCM. Clim. Dyn. 45, 3299-3316.
Liakka J, Naslund J-O, 2025. Climate and climate-related issues for Forsmark. State of knowledge report 2025. SKB TR-25-07, Svensk Karnbranslehantering AB.

van Westen, R. M., & Baatsen, M. L. (2025). European temperature extremes under different AMOC scenarios in the community Earth system model. Geophysical Research Letters, 52(12), e2025GL114611.

van Westen, R. M., Katsman, C. A, & Le Bars, D. (2025). Dynamic and Steric Sea-level Changes due to a Collapsing AMOC in the Community Earth System Model. EGUsphere, 2025, 1-25.



Beyond 2100 until 10 kyr — how warm can it become?

AT, = ECS

AFzxco,

Equilibrium Climate Sensitivity (ECS): global-mean surface air temperature increase
caused by a doubling of the atmospheric CO2 concentration.

Likely range: 2.5—4 °C (IPCC 2021)

AFZXCOZ: increase in radiative forcing caused by a doubling of CO, (W m-)

Value: 3.9 W m-2 (Myhre et al. 1998)

AF: increase in radiative forcing caused by anthropogenic greenhouse-gas emissions

Scenario

Maximum warming (°C)

SSP1-2.6
SSP2-4.5
SSP3-7.0
SSP5-8.5

0.9 [0.5 to 1.3]
2.5[2.0 to 3.7]
6.8 [5.6 to 9.4]
8.5[7.0t011.7]




Beyond 10 kyr up to 1 Myr after present

... but let’s first look into the past...
. . . . . . . , Last Glacial Maximum (LGM; ~20 kyr ago)
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Figure 4-3. LGM Northern Hemisphere ice-sheet extent (white). From Patton et al. (2016).
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Patton H, et al , 2016. The build-up, configuration, and dynamical sensitivity of the Eurasian ice-sheet complex to Late Weichselian climatic and oceanic forcing. Quat. Sci. Rev., 153, 97-121.




Maximum 65°N

concentration (ppmv)  insolation (W m2)
M M [ %] w A

(=]

Atmospheric ('.:ID2
[an}

Benthic §'%0 (%o)

-

w

N
o
o

n
(=]
(=]

o

w

(o]
T

(=]
o

[ |
o O
T T

n
o
T

[ T U RS
T 1 T

Beyond 10 kyr up to 1 Myr after present

... but let’s first look into the past...
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Milankovitch cycles: three types of variations in Earth’s

orbit and orientation that influence long-term climate:

« Eccentricity — Changes in the shape of Earth’s orbit
around the Sun (from more circular to more elliptical),
affecting the overall distance and energy received.
Period: ~100 kyr.

« Obliquity (tilt) — Changes in the angle of Earth’s axis
(about 22.1°-24.5°), influencing how strongly seasons
are expressed. Higher tilt = stronger seasons.

Period: ~40 kyr.

* Precession — The wobble of Earth’s rotational axis,
which alters the timing of seasons relative to Earth’s
position in its orbit.

Period: ~20 kyr.
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Beyond 10 kyr up to 1 Myr after present
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Summer insolation is currently
at a minimum

The next 50 kyr are characterised
higher summer insolation relative to
present-day -> continued
interglacial conditions

The timing of the onset of the next glacial
cycle also depends on the prevailing
atmospheric CO, concentration.



Beyond 10 kyr up to 1 Myr after present
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For no or low (~SSP1-2.6) anthropogenic
emissions, the onset of the next glacial cycle
occurs after ~50 kyr in most studies

For medium emissions (~SSP2-4.5), it is
projected to occur after 100 kyr.

For high emissions (~SSP5-8.5): potentially
delayed until 500 kyr after present or longer.



Global to local scale...

How can we transfer information on global climate change on timescales 10°— 106 years to
local/regional change?

Hierarchy of models

Global conceptual

General Circulation Earth system Models of Intermediate models
Models (GCMs) Complexity (EMICs) e.g. Paillard (1998),
Used by IPCC e.g. CLIMBER (see e.qg. Ganopolski et al. 2016) Liakka et al. (2024)

>

Reduced complexity
Reduced spatial resolution
Increased computational time

The choice of model depends on the question that you want to answer

Ganopolski A, Winkelmann R, Schellnhuber H J, 2016. Critical insolation—CO2 relation for diagnosing past and future glacial inception. Nature 529, 200-203.
Liakka J, Lord N S, et al, 2024. Assessing future ice-sheet variability for long-term safety of deep geological repositories. Advances in Geosciences 65, 71-81
Paillard D, 1998. The timing of Pleistocene glaciations from a simple multiple-state climate model. Nature 391, 378-381.



Summary

« Climate change over the next 100 — 1000s of years will be primarily controlled by the amount
anthropogenic emissions. Uncertainties are primarily associated with the amount of future emissions, (2)
how will be climate respond to these emissions (output of climate models!), and (3) what happens with
AMOC.

« Current interglacial is projected to prevail for at least 50 000 years into the future. The timing of the next
glaciation depends on the anthropogenic emissions.

» The climate evolution following the next glaciation is associated with even larger uncertainty. For this
period, the models used need to be tailored to the specific question that should to be answered.

Further reading

« EURAD-2 - Domain Insight 4.3.2 Climate change | Eurad
« SKB TR-25-07: Climate and climate-related issues for Forsmark. State of knowledge report 2025 — SKB
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CLIMATE RISK APPROACH

RISK = HAZARD x EXPOSURE x VULNERABILITY

Disaster

Climate risk is defined by the IPCC as a function of
hazard, exposure, and vulnerability:

« Hazard - the potential occurrence of damaging CLIMATE el DEVELOPMENT
climate-related events (e.g. droughts, floods, | /
heatwaves) Natural

Variability 4 l
/' Weather and
« Exposure — the presence of people, assets, or | Climate DI;»:\SSI(TER
systems that could be affected by these " _ \ Events
nthropogenic
events(hazard) Climate Change O

* Vulnerability — the sensitivity and capacity of the
exposed elements to cope with or adapt to the
hazard

Disaster Risk
Management

Climate Change
Adaptation

Greenhouse Gas Emissions

19 May 2026 2026 Online Training
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CLIMATE RISK APPROACH

This two phase approach is recommended by international
frameworks such as IPCC ARG, ISO 14091:2021, and the
CLIMAAX Methodology, as it supports evidence-based
prioritisation, efficient use of resources, and clear
communication of preliminary results to stakeholders and
regulators.

This framework illustrates a structured approach to climate
risk management, built around an iterative evaluation:

1. Screening phase: identifies projected climatic changes
and highlights potential hazards and at-risk facilities
using a broad but consistent set of criteria

2. Detailed assessment phase: focuses on those
identified priorities, applying more detailed modelling
and site-specific analysis.

https://www.climaax.eu/handbook/framework/

19 May 2026 2026 Online Training

Screening phase

Monitoring Risk
& Evaluation Exploration

Key Risk Risk
Assessment Analysis

N
€Chnical choice®

Detailed -
assessment eu
phase

L



https://www.climaax.eu/handbook/framework/
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EXPOSURE TARGETS FROM CLIMATE HAZARD (ABOUT 100 YEARS AP)

« Just concepts of target facilities

Surface Disposal Facility Near-Surface Disposal Facility Deep Geological Repository (DGR)

&0 ; i 49

444“ ,,“4
‘ ‘
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TASK 3 CLIMATE GROUP : SURFACE FACILITY

type group

Finland (Olkiluoto) Mitta, VTT, GTK
Surface Dfc Lithuania (Ignalina B19, B25) FTMC
Ukraine (ENSDF L3) SSTC NRS ; gﬁi‘
Belgium (Dessel) SCK CEN ’f/‘jqz;: S sk
Surface Cfb UK (LLWR) NWS Cfgr‘m(p 3sb
France (CSM/CSA) Andra, ASNR, BRGM ?“’ Cfs;,a',m '3Se ~,j
Spain (El Cabril) Amphos 21 9.5 (= :
. - ol N
Surface Cs Lt:llglci%engosno Nazionale-site ENEA
Surface D Bulgaria (Radiana) GI-BAS, TUS
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TASK 3 CLIMATE GROUP : NEAR-SURFACE FACILITY

Di I | Cli
type group

_ Belgium (Olen) SCK CEN
Near Ctb

surface France (FAVL-site selection) Andra, ASNR, BRGM

Near- )
m ' Cs  France (Malvesi) Andra, ASNR, BRGM
surface

19 May 2026 2026 Online Training
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TASK 3 CLIMATE GROUP : DGR FACILITY

Disposal | Climate
m Countries(Facilities) Contributors
type group

Finland (Onkalo) Mitta, VTT, GTK
Deep Cfb, Dfb Germany (No site) BGE, GRS
Geological Dfp, Dfb  Czechia (Czechia (Dunaj)) SURAO, TUL
Cfb, Cfa Switzerland (Nordlich Lagern)  Nagra
Germany (Konrad) BGE, GRS
Deep b UK (No site) NWS
Geological Belgium (No site) SCK CEN
France(Cigeo) Andra, ASNR, BRGM

19 May 2026 2026 Online Training




s |

CLIMATE SCENARIOS OF TASK 3 GROUP : SUMMARY

* 15 Primary climate hazards vs. 8 climate groups (e-Both Screening & Detailed phase, O-Screening phase only)
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2. Flash Flooding

3. River Flooding

O O O @

4. Coastal Flooding

O O @ @ o

5. Sea Level Rise

7. Cold Spells
8. Droughts
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9. Windstorms

10. Soil Erosion
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11. Water Table Variations
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13. Wildfires o

19 May 15. Landslides O O O
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(5 TYPES) INTERDEPENDENCY AND CASCADING RISKS

1.Sequential Cascades 2.Compound Events 3.Infrastructure Cascades 4.Temporal Accumulation 5.Spatial Propagation

1. Sequential Cascades
* May involve primary hazards triggering secondary and tertiary effects through cause-and-effect chains.

» Heavy rainfall — flash floods — soil erosion — degradation of protective covers — increased infiltration
potential — groundwater table rise — ultimately affecting engineered barrier integrity.

« This cascade develops over timescales ranging from hours (flooding) to decades (barrier degradation).

2. Compound Events

» Can occur when multiple hazards coincide temporally, producing impacts exceeding the sum of individual
hazards.

» Coastal storm surge coinciding with extreme precipitation and high tide creates compound flooding with
dramatically higher inundation than any single event.

* Drought combined with heat waves overwhelms cooling systems while simultaneously reducing water
availability for emergency response.

» Winter storms, combining extreme wind, heavy snow, and freezing temperatures, stress multiple facility
systems concurrently.

eu 2

L
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(5 TYPES) INTERDEPENDENCY AND CASCADING RISKS

1.Sequential Cascades 2.Compound Events 3.Infrastructure Cascades 4.Temporal Accumulation 5.Spatial Propagation

3. Infrastructure Cascades
« propagate through interconnected waste management facility and systems.

» Windstorm damages to power distribution causes HVAC failure during heat wave climate conditions,
resulting in worker safety risks and operational shutdown.

» Flooding of drainage systems leads to surface water intrusion, causing humidity control loss, accelerating
corrosion of containment function and systems.

» These cascades demonstrate the vulnerability of technical systems to climate-driven perturbations.

4. Temporal Accumulation

 involves repeated modest-intensity events causing cumulative degradation exceeding the effects of a single
extreme event.

« Seasonal freeze-thaw cycling progressively fractures concrete structures, creating infiltration pathways.
» Repeated drought-rewetting cycles degrade clay barrier plasticity and swelling capacity.

» This temporal accumulation challenges traditional design approaches based on single extreme event
scenarios.

eu 2

L
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(5 TYPES) INTERDEPENDENCY AND CASCADING RISKS

1.Sequential Cascades 2.Compound Events 3.Infrastructure Cascades 4.Temporal Accumulation 5.Spatial Propagation

5. Spatial Propagation

« Can transmits climate impacts through environmental pathways beyond A Fsoding
the immediate facility footprint.
» Upstream watershed changes can alter downstream flood e &=\
characteristics at the facility location. ‘4“4“‘ iy
» Regional groundwater depletion can modify local hydrogeological 6949 (¢) Impacts
conditions.

 This spatial propagation requires assessment beyond facility
boundaries to watershed and regional scales.

(b) Runoff

‘

(c) River flow

19 May 2026 2026 Online Training




(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS

. Drought-Heat Wave Compounds

. Coastal Storm Surge with Extreme Precipitation and High Tide
. Heavy Precipitaion on Frozen or Saturated Ground

. Windstorm with Power Outage During Heat Wave

. Pluvial-Fluvial Compound Flooding

. Fire-Drought-Heat Compound

N 6O U A W N =

. Winter Storm with Ice Accumulation and Power Loss

19 May 2026 2026 Online Training
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(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS

1. Drought-Heat Wave Compounds

» The simultaneous occurrence of prolonged drought periods with extreme heat waves can
creates severe operational challenges through multiple pathways.

 Limited water availability reduces cooling system capacity precisely when cooling demands
are at their peak.

» Drought-stressed vegetation fails to provide evapotranspiration cooling, worsening heat
island effects at disposal facility sites.

 Soil moisture deficits can increase dust generation, impacting air quality and equipment,
while allowing deeper heat penetration that affects underground structures.

« This combination particularly impacts facilities with substantial cooling needs.

» The historical analogue of the 2003 European heatwave

« Combined with severe drought, this analogue demonstrates cascading failures in facility
cooling systems, agricultural water supply, and ecosystem services.

» Projections indicate increasing co-occurrence probability of drought and heat under climate
change, requiring integrated assessment and adaptation strategies.

19 May 2026 2026 Online Training

Europe Endures Fourth Hottest Summer on Record

Scientists analyzed climate models and health records to estimate that 68 percent of
24,400 heatwave deaths in the summer of 2025 in 854 European cities can be attributed to
human-caused warming, primarily sparked by burning oil, gas and coal, as well as
deforestation. In Northern Europe, their report showed, nearly all of the heatwave deaths
were attributable to human-caused warming.

EUROPEAN TEMPERATURE ANOMALY—SUMMER 2025

In degrees Celsius, deviation from 1990-2020 average temps, June-Aug. 2025
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(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS

Main Water Body
2. Coastal Storm Surge with Extreme Precipitation and High Tide
« Compound coastal flooding can combine multiple drivers:

« Astronomical high tide provides an elevated baseline water level, storm surge from low-
pressure systems and wind stress can raises water levels further,

» Extreme precipitation overwhelms inland drainage systems, preventing discharge, and wave
action can add dynamic overtopping and impacts.

= =
e — e 5

» The timing coincidence of these factors can create a flood severity that dramatically exceeds
any individual component.

» This compound can critically affect coastal facilities.

» Climate change can increase compound coastal flooding risk through multiple mechanisms:

« Sea level rise can elevate the baseline for all components, a potential increase in storm
intensity enhances surge,

* Intensified precipitation can increase inland runoff contribution, and modified storm tracks
may alter timing relationships.

19 May 2026 2026 Online Training
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(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS

3. Heavy Precipitaion on Frozen or Saturated Ground

» Heavy rainfall occurring on frozen ground during the winter-spring transition, or on = iy
already saturated soils following antecedent precipitation, can produce rapid runoff with ' streamflow
minimal infiltration.

» Frozen or saturated soils can prevent precipitation storage, concentrating the entire rainfall
into immediate surface flow.

» This compound can create flash flooding, exceeding expectations based on precipitation
intensity alone.

 Particular concern exists for facilities experiencing freeze-thaw transitions.

 Climate change can modify this compound through altered freeze-thaw timing,

 Increased likelihood of rain-on-snow events (more winter precipitation) falls as rain rather
than snow, and potential for higher-intensity precipitation events during transitional
seasons.

19 May 2026 2026 Online Training
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4. Windstorm with Power Outage During Heat Wave

« Severe windstorms damaging electrical distribution infrastructure can cause extended
power outages coinciding with heat wave conditions

* It can create compounding risks to facility operations and worker safety.

» Loss of powered cooling and ventilation during extreme heat leads to rapid internal
temperature rise, potential equipment failure, and hazardous working conditions.

» Emergency power systems can face maximum stress when most critical.
» This compound can affect all climate groups but particularly those with substantial heat
loads.

(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS

» Adaptation measures for this compound require redundant cooling systems

« Enhanced emergency power capacity and fuel reserves, passive cooling design reducing
powered cooling dependency, and

» Operational procedures for safe facility evacuation (minimal staffing during compound
events).
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(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS

5. Pluvial-Fluvial Compound Flooding

) . L ) Pluvial Flooding .l.“a“." '.“.‘.“‘: c,:]':‘z:;' 1“’;,':,'3,‘;‘.’ Fluvial Flooding
» Compound flooding can occur when intense local precipitation (pluvial g ——5 0y 0 i e dichore el

bankfull capacity,
causing the river to
overflow its banks.

surface runoff. TR T
‘

flooding) coincides with high river water levels (fluvial flooding) e
« Can create backwater effects preventing drainage system discharge.

water pools on
» Urban and developed areas can experience particularly severe impacts as
storm drainage systems become surcharged and reverse-flow, causing
widespread surface flooding.

* Facilities in river valleys can face this compound risk.

LU merges with river overflow,
causing deeper and more

widespread flooding.

Pluvial-Fluvial
Compound Flood

» Climate change can amplify the combined impact of rain and river floods by:

* Increasing extreme rainfall which leads to higher runoff, altering river
discharge patterns with rising peak flows, and

» Possibly expanding the area affected by storms, raising the chances of
precipitation events coinciding at local and watershed levels.
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(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS

6. Fire-Drought-Heat Compound
* In Mediterranean and continental climate, facilities can face compound wildfire risks.

» Where prolonged drought can dehydrate vegetation, extreme heat can lower ignition
thresholds and can speeds up fire spread, and windstorms facilitate fire dissemination.

 Post-fire conditions can create secondary hazards such as loss of erosion control,
hydrophobic soils that change infiltration and runoff, and increased debris flow risk.

» This compound can exhibit strong positive feedback:

» Drought-stressed vegetation can become more flammable, heat can accelerate
vegetation water stress, fire can remove vegetation, increasing drought sensitivity of S
residual plants, and bare soil can experience the enhanced heating. e wsne

Increased
wildfires and
intensity
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(7 SCENARIOS) INTERDEPENDENCY AND CASCADING RISKS§

7. Winter Storm with Ice Accumulation and Power Loss
« Compound winter storms combining freezing rain,

« Causing ice accumulation on infrastructure, strong winds stressing ice-laden structures,
and power outages from transmission line failures can create severe operational
challenges for northern facilities.

* Ice loading exceeding structural design limits can risks collapse of overhead structures,

loss of power can prevent active heating, causing facility freeze-up, and emergency
response access becomes limited.

« Climate change can affect on this compound show greater uncertainty,

« Some projections suggest the decreased ice storm frequency in warming climates,

while others indicate potential increases in transitional seasons when temperatures
fluctuate around freezing.
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MODELLING APPROACHES FOCUSING ON FACILITY

. Heavy Rainfall and Drainage Performance (including Example)
. Heat Waves and HVAC Reliability

. Drought Impacts on Water Supply and Cooling

River and Coastal Flooding

. Water Table Variations and Barrier Performance

. Soil Erosion and Cover Degradation

N o A WIN =

. Coastal Sea Level Rise and Storm Surge
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MODELLING APPROACHES FOCUSING ON FACILITY
1. Heavy Rainfall and Drainage Performance

» Task groups typically select heavy rainfall for detailed evaluation,

» Employing high-resolution hydrological modelling, hydraulic analysis of drainage systems, and assessments
of infrastructure vulnerability.

» Facilities designed according to historical data are:
» Expected to face exceedance probability increases by the end of the century under high-emission scenarios.

« Drainage infrastructure generally does not incorporate design margins sufficient to address these predicted
Increases.

« Key concerns include:
 Surface water ponding at facilities beyond their design capacity,
* Infiltration through covers into disposal cells which may mobilize contaminants, and
 Erosion affecting cover structures and layered protective barriers.
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Infiltration Air
Atmosphere

EXAMPLE : HEAVY RAINFALL OVER THE DISPOSAL COVER m

0.5m Gravelly Sand

 Near-surface
Disposal facility

lLiseine T ]
0.5m Pea gravel /

* How does changing-rainfall under different climate scenarios affect the = "yt
rate of water infiltration through the cover? o uppercay

0.3m Lower Sand ‘-" Unsaturated Soil Zone
- What does that mean for long-term radionuclide transport and potential 7
radlatlon dose? " asssssssssssssssssmssss :; llllllllllllllllllllllllllllll

Saturated Rock

Lower (Concrete) liner

 Rainfall(P) comes in, part(Q) runs off, part(ET) returns to the atmosphere,
and the remainder(F) infiltrates through the cover into the disposal
facility

F=P—-Q—-ET=P-Q

F = infiltration through cover into disposal cell (mm/yr)

P = rainfall precipitation (mm/yr)

« @ = surface runoff (mm/yr)

* ET = evapotranspiration (mm/yr)

« Assumption:

« Rainfall(P) is significant enough that infiltration(F) consistently exceeds
evapotranspiration (ET), which can be disregarded in the context of the impact of
annual rainfall
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EXAMPLE : HEAVY RAINFALL OVER THE DISPOSAL COVER

Figure 2-1  Solution of runoff equation.

* If so, how much rainfall(P) can be run off(Q) amounts? =—
* Run off curve number (CN) method (USDA 1986) 8

7 Curves on this sheet are for the
case I, = 0.2S, so that

o (P - 025)2 \ (.):F(,F'—o.z::)2
~ (P+0.89) '

* Where, S is the potential maximum retention after runoff
begins and,

Direct runoff (Q), inches

* S can be represented by runoff Curve Number (CN)
that is determined based on soil properties and
conditions. w

1000
~ CN
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« Set of Rainfall cases : (a), (b) and (c)
« DATA | : historical average annual rainfall

EXAMPLE : HEAVY RAINFALL OVER THE DISPOSAL COVER

during 1,000 years

« DATA Il : 14.2% increase of every 100 years of
annual rainfall during 1,000 years (SSP2-4.5)

« DATA Il : 16.6% increase of every 100 years of
annual rainfall during 1,000 years (SSP5-8.5)

« Set of infiltration cases : (d)

* Infiltration rates (mm/yr) as the boundary
condition over the disposal cover for water

infiltration and transport calculation

19 May 2026
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EXAMPLE : HEAVY RAINFALL OVER THE DISPOSAL COVER

6000

5000 -

N
8
o

Amount (mm/yr)
g
o

2000 4

1000

0

0.5m Gravelly Sand
0.5m Pea gravel
0.3m Upper Sand
0.8m Upper Clay
0.3m Lower Sand
0.8m Lower Clay
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« Water infiltration modeling
= q - Along the multi-layered cover, waste area, unsaturated and saturated zone
for the flow velocity and hydraulic head
 Different permeability(Hydraulic conductivity) of each layers
| rﬁfr'”l"’ﬁnh”" “ WM * Lateral drainage function of sand layers
TGS
M « Radionuclide transport and exposure dose (well) modeling
2100 22'00 23|00 24I00 25'00 26IOO 27'00 28I00 29'00 30lOO 31I00 : Groundwater flOW VeIOCity Of Saturated Zone
(d) Infiltration Time=400 a Contour: Hydraulic head (m) Streamline: Total Darcy velocity field o
Infiltration Air R ' : : ' ' : . :
Atmosphere o DRRRARRIRRAA AR AR SERR Y
/| Upper (Concrete) liner L Near-surface z:
/ Waste Disposal facility 25
i Water 30|
Lower (Concrete) liner ] Well I ‘ I ‘ Ground surface B8
Unsaturated Soil Zone R
............................................................................... o Groundwater table :::
Saturated Rock i :::
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MODELLING APPROACHES FOCUSING ON FACILITY
2. Heat Waves and HVAC Reliability

» Focusing on thermal modelling of buildings and systems, HVAC
performance simulation, and development of operational heat stress
protocols.

» Performance degradation of the HVAC system,

» When cooling demands reach their peak, can cause potential
operational failures.

« Electronic control systems and instrumentation can face temperature- Cooling System Failures in Industrial Equipment:
induced failures Summer Troubleshooting Guide

» Worker productivity and safety decline under extreme heat, potentially
necessitating operational restrictions during periods of peak demand.

« Construction activities face constraints from concrete temperature
specifications and worker safety limits.
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MODELLING APPROACHES FOCUSING ON FACILITY
3. Drought Impacts on Water Supply and Cooling

» Groups of DGR facilities in water-stressed regions or those with
substantial cooling requirements.

» Extended drought periods can threaten:

* Facility water supply for cooling systems, concrete curing, dust
suppression, and worker facilities.

* Drought can simultaneously reduce water availability while increasing
cooling demands during associated heat waves, creating compound
stress on operations.

» Drought-induced vegetation stress can affect erosion control,
effectiveness of vegetated covers, potentially triggering accelerated
degradation.

» Soil moisture deficits can modify infiltration patterns and groundwater
recharge, with long-term implications for barrier performance. ey
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MODELLING APPROACHES FOCUSING ON FACILITY

4. River and Coastal Flooding
 River flooding is particular concern

« Where facilities were sited based on historical flood frequencies
potentially underestimating future risk.

» Coastal flooding is critical especially

» Where sea level rise occurs along with storm surge and extreme
precipitation.

* Facilities flooding risks can be amplified by climate change through
multiple mechanisms:

 Increased precipitation intensity raises watershed runoff, modified
seasonal patterns shift flood timing, and sea level rise elevates coastal
flood baselines.

» Detailed assessment of river and coastal flooding requires:

» Hydrodynamic modelling coupling with watershed hydrology, river
hydraulics, and facility-scale inundation mapping, integrated with i
climate projections spanning range of plausible futures. e U
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MODELLING APPROACHES FOCUSING ON FACILITY
5. Water Table Variations and Barrier Performance

« Water table variation impacts for detailed assessment requires:

« Coupled climate-hydrogeological modelling, geotechnical testing of barrier materials under cyclic saturation
conditions, and long-term performance simulation.

» Groundwater table fluctuations can critically affect:
« Engineered barrier systems, particularly clay-based barriers sensitive to saturation state.

» Rising water tables can increase hydrostatic pressure on structures and enhance contaminant transport
potential, while falling water tables cause settlement and structural stress.

« Seasonal and inter-annual water table variations can induce wet-dry cycling in clay barriers, progressively
degrading plasticity, swelling capacity, and hydraulic performance.
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6. Soil Erosion and Cover Degradation

MODELLING APPROACHES FOCUSING ON FACILITY

» Long-term landscape evolution modelling, vegetation dynamics simulation under changing climate, and
engineering analysis of cover system resilience.

» Progressive erosion of engineered cover systems can present a critical risk to surface and near-surface
facilities.

 Climate change can amplify erosion through increased precipitation intensity, drought-weakened vegetation,
and potentially enhanced wind erosion in drying regions.

» Erosion processes operate cumulatively over decades to centuries,

 Potentially reducing cover thickness below design specifications or creating preferential flow paths
compromising barrier function.
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MODELLING APPROACHES FOCUSING ON FACILITY
7. Coastal Sea Level Rise and Storm Surge

 Integrated coastal modelling spanning ocean dynamics, groundwater, and facility response.

« Coastal facilities can face threat from projected sea level rise combined with storm surge intensification.

* Mean sea level rise (0.5-1.0 meters or more by 2100) fundamentally alters facility relationship to marine
environment, with storm surges propagating further inland and reaching higher elevations.

 Saltwater intrusion into groundwater systems can threaten facility operations and potentially accelerates
corrosion.

 Coastal erosion progressively reduces buffer distance between facility and shoreline.
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SYNTHESIS AND FINDINGS : FACILITY-SPECIFIC INSIGHTS

 Surface Disposal Facility

» Exhibit maximum exposure to atmospheric climate hazards with direct impacts on waste emplacement
zones.

» Erosion and cover system degradation represent unique long-term concerns.
» These facilities benefit most from robust engineered covers, enhanced drainage, and vegetation
management.
* Near-Surface Disposal Facility
« Show intermediate exposure with particular sensitivity to groundwater table fluctuations and infiltration.
 Vault and barrier performance under moisture cycling represents a critical concern.
* These facilities require emphasis on hydrogeological monitoring and barrier material selection tolerant to
saturation variations.
* Deep Geological Repository (Surface temporary infrastructure performance)
 Surface facilities exposed to climate hazards, while underground disposal areas remain buffered.

* Interim Storage Facilities represent the highest-intensity operations with maximum cooling and
infrastructure requirements.

 Elevated vulnerability to heat waves, power outages, and operational disruptions from extreme weather.
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INTRODUCTION

* How can output from climate models (numerical or conceptual) be used to build relevant
climate scenarios to assess the impact of climate-related processes

Climate-
related
processes

Climate

Impact

assessment

models
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INTRODUCTION

* Short-term, up to 1,000-10,000s years
* Climate scenarios for climate zone Cfb
* Climate scenarios for climate zone Csa
* Climate scenarios for climate zone Dfb

* Long-term, up to 10,000-100,000s years
* Climate scenarios for climate zone Cfb
* Climate scenarios for climate zone Csa
* Climate scenarios for climate zone Dfb

Koppen- Koppen-
Geiger Trewartha

Cfb (Do)
Csa (Cs)
Dfb (Dc)

Cfb (Temperate, no dry season, warm summer)
Csa (Temperate, dry summer, hot summer)

. Dfb (Celd, no dry season, warm summer)

eu 1 2
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Code

BW
BS

Cs

Cw

Cf

D

E
F

Climate group/type
Koppen-Trewartha

Dry climate

Desert

Steppe/semi-arid

Subtropical

Mediterranean / dry-
summer subtropical

Subtropical monsoon/
dry-winter subtropical

Humid subtropical

Temperate

Boreal/subarctic
Polar

Main criterion

Annual precipitation below
Trewartha aridity threshold

Pann < aridity threshold

Pann = aridity threshold but
Pann < 2 x threshold

8 or more months = 10°C,
but not tropical

C climate; dry summer

C climate; dry winter; often
treated as part of humid
subtropical group

C climate; no strong dry
summer

4-7 months = 10°C

1-3 months =210°C
All months <10°C

1961-1990 1991-2020

BW BS Cs Cw Cf Do Dc Eo Ft
= _—_ -

Holtanova, E., Belda, M., Randriatsara, HR. et al. Scenarios of Kbppen-
Trewartha climate types in Europe based on GCM-RCM combined
projections. Theor Appl Climatol 156, 596 (2025). e Ur

1
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INTRODUCTION

» Cross-cutting all climate zones and time frames is this question: from which source/data the
scenario is derived?

High-resolution climate models, e.g., GCMs, is typically what IPCC is producing
* Global Circulation Models, complex three-dimensional models of the atmosphere

* Low-resolution long time window climate models, e.g., EMICs

» Earth System Models of Intermediate Complexity, include physical climate processes plus biological and chemical
systems

* Reduced-complexity models, in which only a few processes are included (mathematically), focusing on one
parameter e.g. ice volume on Earth

» Simple energy-balance models, non-distributed models (representing time, not space)

« Conceptual models such as past climatic cycles (e.g., the last glacial-interglacial cycle)

eu

L
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SHORT TERM, CLIMATE Cfb

Date Event




- |

CLIMATE CHANGE SCENARIOS FOR THE SURFACE DISPOSAL FACILITY AT DESSEL,
BELGIUM (ONDRAF/NIRAS)

» Climate-related processes of interest
 Erosion of the earth cover
« Infiltration of water through the earth cover

* Models: what is needed is meteorological/climatic input data (ET and P)
* Up to 10,000 years AP

NIROND-TR 2009-07E
Version 2 19 October 2018

eu




- |

CLIMATE CHANGE UNTIL 2100 8

« Back then (early 215t century): IPCC studies °C 4
show that there are significant ranges in the
values of climate change parameters
predicted for northern Europe until 2100 CE,
due to basic uncertainties in the amounts of 0
emitted man-made greenhouse gases

« Temperature anomalies with respect to 1901-

1950 average for Northern Europe region 1900 1950 2000 2050 2100

* 1906 to 2005 (black line) and as simulated (red
envelope) by the multi-model data set (MMD)

models incorporating known forcings (SRES Scenario | Description
; _ ; 1 ! A1 Fast growing economy, new/efficient technologies, population peak around mid-
scenarios — prior to RCP's and SSP S) century and decline thereafter. Three storyline subgroups: fossil intensive (A1FI),
e As projected for 2001 to 2100 by MMD models fossil energy sources (A1T) and balanced use of all sources (A1B).

: A2 Heterogeneous world, preservation of local identities, continuous population growth.
for the A1B scenario (orange envelope). The bars Economic/technological progress is more fragmented and slower than in other
at the end of the orange envelope represent the scenarios.
range of projected changes for 2091 to 2100 for B1 Global population as in A1, services and information society, clean and resource

. . efficient technologies.
the B1 scenario (bI_ue), the A1B scenario (Orange) B2 Global population as in A2 but slower evolution, intermediate economic
and the A2 scenario (red) development, more diverse evolution in technology than in the A1 and B1 storylines.

Date Event 8 I



CLIMATE CHANGE AFTER 2100

» IPCC climate change projections predict a Cs/Cr climate (Koppen-Trewartha) by the next
century

» IPCC extended the projections for a scenario that follows A1B to 2100 CE and then keeps
atmospheric composition, hence radiative forcing, constant until 3000 CE. By that time, the
warming range is still compatible with Cs/Cr climate

 This is also in line with BIOCLIM simulations (see next slide) that account for strong
anthropogenic CO2 forcing (in addition to insolation), and which predict warm conditions for
at least the next 170,000 years

* However, another set of BIOCLIM simulations with natural CO2 variations only, suggests that
the current climate may persist for the next 10,000 years

* Thus, two possible climate states for the next 10,000 years for Dessel: Cs/Cr and Do (current
climate)

eu 2
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IPCC VS BIOCLIM

» IPCC: high-resolution Global Circulation Model ensembles for the next 100 years

* BIOCLIM (figures below): lower-resolution Earth System Model of Intermediate Complexity
for the next million years - forcings: insolation + CO2

~ Northern hemisphere ice volume
s ; ] | 1 : 1

f ER ; : % 2 i 0
o e
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Assessment timeframe
(10000 a)

——

|
Reference (B4) [ "Cs ICr DO EO DO
||
Alternative 1 (Ada) | | DO EO FT (10 (]

Alternative 2 (B3) | I IICS I IGEN DO
NN TOVAVAVAVAV A VAVAVAVAV . VAVAVAVAW
marine inundation DO EO DO
| |
Extreme event -
early glaciation (A3, Adb) | | DO eo FT LD S
1

[
0 25000 50000 75000 100000 125000 150000 175000 200000
Years AP

NIROND-TR 2009-07E
Version 2 19 October 2018
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A TIERED APPROACH

» Tier 1 uses meteorological data from a climatic analogue station that matches the overall
regional averages of temperature and precipitation projections from a set of global models

* Tier 2 uses downscaled GCM/RCM derived climate data

Date Event 12 I
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TIER 1: LOOKING FOR METEOROLOGICAL DATA FOR A FUTURE CLIMATE IN

DESSEL FROM ANALOGUE STATIONS

* Criteria
* Temperature and precipitation Station Mean annual Annual
* Elevation temperature (°C) precipitation
« Distance to moisture source (mma™)
Cs
Qurense, Spain (1986-2000) 14.5 807
Huelva, Spain (1986-2000) 18.1 479
_ Cadiz, Spain (1971-1991) 77 536
Cr
Gijon, Spain (1983-2000) 13.8 947
eur-c 2
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TIER 2: LOOKING FOR METEOROLOGICAL DATA FOR A FUTURE CLIMATE IN
DESSEL FROM DOWNSCALED GCM/RCM-DERIVED CLIMATE DATA

Date

CCI-HYDR project
High/Wet, Mean/Mild and Low/Dry hydrological scenario was defined

The three hydrological scenarios are based on an ensemble that consists of 22 GCM
simulations (from the IPCC AR4 database) run with medium-coarse resolution (150-450 km)
for the IPCC A1B, A2, B2 scenarios (from SRES) and 10 RCM simulations (from the PRUDENCE
database) run with high resolution (50 km) for the A2 and B2 scenarios.

Current Current CCI-HYDR CCI-HYDR CCI-HYDR
Dessel Ourense ‘Low/Dry’ ‘Mean/Mild' 'High/Wet'
DO Cs DO Cr Cs
eu . 2
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TIER 2: TEMPERATURE AND PRECIPITATION

Month Dessel Ourense 'Low/Dry' ‘Mean/Mild' 'High/Wet' Month Dessel Ourense ‘Low/Dry’ 'Mean/Mild" 'High/Wet"

(mmmonth™) (mmmonth™) (mm month™) (mm month™)  (mm month™) (°C) (°C) (°C) (°C) (°C)

1 74.3 86.6 72.9 90.0 122.0 1 3.6 8.0 5.1 6.8 7.8

2 71.2 41.4 63.2 88.6 119.9 2 42 94 49 6.5 8.1

3 65.2 37.3 77 77.7 777 3 6.8 12.4 79 9.0 9.0
4 48.0 90.2 47.5 47.5 47.5 4 9.9 13.2 1.4 12.5 12.5
5 58.1 824 512 51.2 51.2 5 13.9 16.5 154 16.8 16.8
6 79.2 39.0 36.8 58.2 36.8 6 16.3 19.7 17.9 19.7 217
7 95.5 18.9 275 58.4 275 7 18.3 226 20.8 227 256
8 745 26.7 18.0 426 18.0 8 18.1 22.5 20.9 23.4 27.0
9 76.5 77.2 58.4 58.4 58.4 9 14.8 18.7 17.8 19.5 19.5
10 75.3 101.1 70.1 70.1 70.1 10 11.0 15.3 13.4 14.8 14.8
11 849 120.2 83.6 83.6 83.6 11 6.7 11.2 8.8 10.0 10.0

12 87.5 143.7 78.9 100.4 137.5 12 3.6 9.2 5.1 6.6 8.3
Annual 890.3 864.5 685.9 826.8 850.2 Annual 06 14.9 125 14.0 15.1
(mma) (°C)
r |
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CCI-HYDR HIGH/WET SCENARIO WAS TAKEN FORWARD BECAUSE MOST
CONSERVATIVE

10 -
o

o 8

8 - - IPCC Max

g 6 -~ 4~ |IPCC Median

- IPCC Min

c 4 —&— CCI-HYDR 'High/Wet'

g —#— CCI-HYDR 'Mean/Mild'

§ 2 CCI-HYDR "Low/Dry'

(@} —&— Ourense - Dessel (this study)

- - |PCC Max
- &~ |[PCC Median
IPCC Min

—&— CCI-HYDR 'High/Wet'

~—#— CCI-HYDR 'Mean/Mild'
CCI-HYDR 'Low/Dry"

—®— Ourense - Dessel (this study)

Change in precipitation [%]

Date Event




HOW IS THIS INCORPORATED IN THE SAFETY CASE?

Until 1000 years AP, expected evolution, Cs or Do climate

» Impact of erosion on the multi-layer cover is considered to be low, and no water can penetrate the disposal
facility

After 1000 years AP, expected evolution, Cs or Do climate

» Gradual and slow degradation of the earth cover, such that in the end water infiltration is only inhibited by
evapotranspiration from remaining vegetation

Until 1000 years AP, alternative evolution, Cs or Do climate
« Extreme erosion and fully eroded earth cover shortly after the control period

After 2000 years AP, penalizing scenario, Cs or Do climate
» Fully degraded disposal system

Date Event 17 I
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température ("C)

SHORT-TERM CLIMATE SCENARIOS DEVELOPED BY ANDRA (F)

 Climatic evolution (with monthly data) computed for the critical emission scenario
Bioclim5000 (5000 Gt or 1635 ppm CO2; ~RCP8.5), with iLoveClim model that provides

monthly mean rainfall and temperature, and converted into climate types and potential
biomes

precipitations (mm/mois)

_5[] - & & =
1 2 3 4 5 6 7 3 g 0 11 12

maois

Paillard, Didier, et Didier Roche. 2020. « REVISION DE LA SIMULATION DU CLIMAT SUR
LE SITE DE STOCKAGE DE LAUBE AU COURS DES PROCHAINS 1000 ANS ». Document
technique externe CGRPFS3C200004. FAVL. ANDRA.




- |

SHORT-TERM CLIMATE SCENARIOS DEVELOPED BY ANDRA (F)

climate type

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 200 250 1000
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SHORT-TERM CLIMATE SCENARIOS DEVELOPED BY ANDRA (F)

 iLoveClim gives a low (global) temperature value compared with other models: only +2°C,
compared with +2 to +4.5°C for other models, therefore temperature anomaly (given by the
simulation results) was multiplied by 2, yielding another sequence of typical climates

,,,,,,,,

Cs

BS

BW

Date

100

Event




SHORT TERM, CLIMATE Csa
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CLIMATE GROUP Cs (ENRESA)

» IPCC predictive models for the most unfavorable case, RCP 8.5, up to the year 2100

* Projected warm-dry transition (Csa to BSh climate)
* Higher temperatures and equal or reduced mean precipitation
 Greater hydroclimatic variability
* Increased erosive potential
» General decline in soil moisture and aquifer recharge

* Nevertheless, given the projected greater hydroclimatic variability, two alternative scenarios
affecting site precipitation are taken into account for the longer term
» Scenario EC1 postulates a change in average annual precipitation, leading to a change in the potential
infiltration flux through the barriers, affecting the processes of contaminant release and transport within
the storage facility and in the geosphere

* Penalising scenario EC2 postulates a rise in the water table such that the groundwater comes into contact
with the waste, altering the source term with respect to that estimated in the reference scenario

ENRESA (2022). Documento Técnico soporte del estudio de impacto ambiental del proyecto de construccion de la plataforma sureste para almacenamiento r =
definitivo de residuos de baja y media actividad (RBMA). e U 2
Joaquin Farias et al. (2025). ENRESA. El Cabril LILW and VLLW repository 1 |

Climate aspects (Oral presentation).
Date Event 22 I




Holtanova, E., Belda, M., Randriatsara, HR. et al. Scenarios of Kbppen-
Trewartha climate types in Europe based on GCM-RCM combined projections.
Theor Appl Climatol 156, 596 (2025).
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SHORT TERM, CLIMATE Dfb

Date Event
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CLIMATE Dfb

« Extensions of RCPs 4.5 and 8.5

* Nordic regions
e Dfb remains Dfb under RCP4.5

« Under RCP8.5 coastal areas may be submerged for a while (500-900 AP), after which isostatic uplift is
emerging the land again

* Baltic regions
e Shift from Dfb to Dfa, and to Cfb under RCP8.5

» Continental regions
« Warming of ~2-3 °C (RCP 4.5) to > 4 °C (RCP 8.5) by 2100
« A shift to Dfa after 100 years AP and lasting until 1000 years AP

From multiple sources, see WP CLIMATE Synthesis Report




Holtanova, E., Belda, M., Randriatsara, HR. et al. Scenarios of Kbppen-
Trewartha climate types in Europe based on GCM-RCM combined projections.
Theor Appl Climatol 156, 596 (2025).
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LONG TERM, CLIMATE Cfb

Date Event




REPRESENTATIVE CLIMATE STATES (BELGIUM, ONDRAF/NIRAS)

» Based on results from the BIOCLIM project

* Modelling sequential BlOsphere systems under CLIMate change for radioactive waste
disposal

« EURATOM fifth European framework programme
* Launched in October 2000 for a three-year period

« Aimed at providing a scientific basis and practical methodology for assessing the possible
long term impacts on the safety of radioactive waste repositories in deep formations due to

climate and environmental change

De Craen, M., Beerten, K., Honty, M., & Gedeon, M. (2012). Geo-scientific

evidence to support the 12 isolation function (geology & long-term

evolution) as part of the Safety and Feasibility Case 1 (SFC1). (0 ed.) (SCK - =
CEN Reports; No. ER-184). SCK CEN. ey 2
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BIOCLIM

Date

LLN 2-D NH (two-dimension Northern Hemisphere) climate model developed in Louvain-la-
Neuve has been used to simulate the global climate change over the next one million years

The primary forcing of this model is the computed latitudinal and seasonal distribution of
insolation linked to orbital variations

The atmospheric concentration of CO2 plays an important role in modifying the amplitude of
the long term climatic response to solar forcing

» Natural CO2 variation is an integral component of the biosphere system. However, the model does not
include a full carbon cycle that would allow the atmospheric CO2 concentration to be internally computed

« Besides, human activities also introduce additional greenhouse gases (including CO2) into the atmosphere
from fossil fuel burning

Therefore, various alternative scenarios of the future greenhouse gas concentration have
been identified and are considered as an external forcing mechanism

Event 29 I
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BIOCLIM (WP2 DELIVERABLE 3)

* Insolation at 65°N
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https://www.andra.fr/mini-sites/bioclim/pdf/d3.pdf
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BIOCLIM: 2D NORTHERN HEMISPHERE INSOLATION-DRIVEN CLIMATE MODEL
COUPLED WITH NATURAL AND FOSSIL FUEL CO2 CONTRIBUTIONS

* Fossil fUEI 750 . . , : . . . ; . \ . : . . , : \ . . ; 750
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Date LV
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BIOCLIM: 2D NORTHERN HEMISPHERE INSOLATION-DRIVEN CLIMATE MODEL
COUPLED WITH NATURAL AND FOSSIL FUEL CO2 CONTRIBUTIONS

* Natural
* Regression

 Threshold model

* Describes time evolution of ice
volume and CO2

» Two states: interglacial and glacial

» Transition from one state to the
other when threshold values for
insolation, obliquity and ice volume
are crossed

» (CO2 is then relaxed towards
prescribed values, according to
regime (state) and forcing

Date

CO,concentration (ppmv)
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BIOCLIM

« Combined natural + fossil

CO,concentration (ppmv)

Time (kyr AP)
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BIOCLIM

Date

CO.

scenarios

Constant

Natural variations

Fossil fuel contribution

Combined
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(10° km?)

Ice volume

BIOCLIM

* Northern hemisphere ice volume
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GLOBAL FUTURE CLIMATE: GCM SIMULATIONS OF SNAPSHOTS
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Name Time Insolation CO. NH ice volume
(kyrAP) (Wm-2) (ppmv) (106km°®)

“Baseline” 0 0 345 3.2

“A” 0 0 1100 3.2

“B" 0 0 550 0

“Cc" 67 +42 550 0

“D” 67 +42 345 0

“£” 67 +42 345 3.2

“F 178 +25 280 17.4
Globe, ANN Europe, ANN Europe, DJF Europe, JJA
AT.\NN ATANN ATDJF ATJJA
ApAm ApANN Apl}JF ApJJA

“A” +2.2 +3.0 +2.7 +3.3
+0.82 9.7 6.8 -22.0

“B” +0.77 +0.94 +0.75 +1.1
+1.1 +2.3 +2.7 +6.0

“c” +0.69 +1.8 +1.1 +3.6
0.044 +6.6 +4.9 2.1

“D” 0.14 +0.69 0.22 +2.5
0.17 +8.4 +7.3 +2.8e-4

“E" 0.063 +0.82 0.024 +2.4
0.087 +4.2 +1.6 6.8

“F 0.95 0.85 0.87 0.33
0.98 +7.7 +5.3 +1.3

Date Event

ATMOSPHERIC CARBON DIOXIDE
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DOWNSCALING
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THE FOLLOWING STATEMENTS WERE FORMULATED WITH REGARD TO FUTURE
CLIMATE PREDICTIONS FOR NORTHERN BELGIUM

- Alternation of warm interglacial periods and cold glacial periods will be continued in the next
1 Ma

» The Quaternary has been characterised by an alternation of warm interglacial periods and cold glacial
periods. Also for the next 1 Ma, it is expected that this alternation of warm and cold periods will be
continued

 Itis impossible to predict exact timing and intensity of future glacial and interglacial periods

* The future climate scenarios are extremely dependent on the CO2 scenarios that are used in the
calculations

» Hence, the precise timing of glacial/interglacial periods and the volume of ice caps is considerably different
for various climate simulations, especially in the period 0-600 ka AP
« A spectrum of representative climate conditions is identified for the next 1 Ma

« The results of climate modelling and knowledge of past climate changes is used as guidance of the
extremes of climate changes to be considered

Date Event 40 I
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REPRESENTATIVE FUTURE CLIMATE CONDITIONS FOR NORTHERN BELGIUM
(STATUS 2012)

Initial condition Current climate

Global warming without marine transgression

Warm interglacial period + : . :
& P Global warming with marine transgression

Cold climate without permafrost
Cold glacial period Cold climate with permafrost
Cold climate with ice-sheet development over Belgium

Warm-cold transition

Transitions ..
Cold-warm transition

Date Event
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RELEVANT TIMEFRAMES

Date

the period 0-10 ka

Representative for the thermal phase,
including a considerable safety margin

the period 10-50 ka

Representative for a warm period without ice caps
(A3 and A4b scenarios)

the period 50-170 ka

Representative for a warm period without ice caps
(B1, B3 and B4 scenarios)

the period 170-400 ka

Representative for the period with less severe glaciation
(B1, B3 and B4 scenarios)

the period 400-1000 ka

Representative period of alternation of warm interglacial
periods and cold glacial periods

Event
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(10° km?)

Ice volume

BIOCLIM

* Northern hemisphere ice volume
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CATEGORIES OF LIKELIHOOD

Date

Such a climate condition is expected to occur within the

Expected : 1
P considered time frame,
: The occurrence of such a climate condition is somewhat
Possible . - : .
possible to occur within the considered time frame.
Such a climate condition is not expected to occur within the
Unexpected

considered time frame.

Event
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CLIMATE CONDITIONS AND EVALUATION OF THE LIKELIHOOD OF OCCURRENCE

IN NORTHERN BELGIUM FOR RELEVANT TIME FRAMES

Date

Period Period Period Period Period
0-10 ka 10-50 ka 50-170ka | 170-400ka | 400-1000 ka
Current climate Expected Expected Expected Expected Expected
Global warming
without marine Expected Expected Expected Expected Possible
transgression
Global warming
with marine Possible Possible Possible Possible Possible
transgression
Cold climate
without Unexpected Possible Possible Expected Expected
permafrost
(.:01(1 climate Unexpected | Unexpected Possible Possible Expected
with permafrost
Cold climate
with ice-sheet Unexpected | Unexpected | Unexpected | Unexpected | Unexpected
development
Event
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EVOLUTION OF NORTHERN

HEMISPHERE ICE SHEET
CONFIGURATION

Date

Evidence from the
geological record

BIOCLIM A3
scenario

Model that
predicts the 3-
dimensional
geometry of ice
sheets in response
to changes in

 surface

temperature
* precipitation
* eustatic sea level

Surface area (x1o°kmz) Ice volume (m.sle.)

Glacial index

60°N 70°N

80°N

Time relative to present (ka)

80°N

eu

Huybrechts, 2010

Svensson, 2004
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Huybrechts, 2010
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PAST GLACIAL CYCLE AS AN ANALOGUE FOR PERMAFROST EVOLUTION DURING
A NEXT GLACIAL PHASE: BEST ESTIMATE (NETHERLANDS, COVRA)

80

100

120

« MIS5: pollen data

* MIS4: periglacial
deformation phenomena
in the subsoil

« MIS3: periglacial features
+ pollen data

« MIS2: periglacial features

=
- n
1 . L .

Mean annual air temperature ("C)
-
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A
n
dO-18 NGRIP (permille PDB)

Govaerts, J,, Beerten, K., & ten Veen, J. (2016). Weichselian permafrost depth in the
Netherlands: a comprehensive uncertainty and sensitivity analysis. The Cryosphere, 10,
2907-2922. https://doi.org/10.5194/tc-10-2907-2016
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PAST GLACIAL CYCLE AS AN ANALOGUE FOR PERMAFROST EVOLUTION DURING
A NEXT GLACIAL PHASE: UPPER AND LOWER BOUNDS

 Different sources of &
uncertainty . 11 = 4 5a5¢c Se
T O -
- reliability of the = 1o s e
palaeotemperature proxy 5 ]
« transferability towards a future § 5 -
glacial climatic cycle E .
» temperature gradients across %' 0 -
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: 2
» atmosphere—soil temperature c 54
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STOCHASTIC UNCERTAINTY ANALYSIS OF NATION-WIDE PERMAFROST
PENETRATION DEPTH

* Upper boundary condition:
temperature -50¢

* Lower boundary condition:

geothermal heat flux %-100~
« Subsoil properties g
* Density 8-150—
 Porosity “g
» Specific heat E -200+

» Thermal conductivity
-250+

-3000 20 40 60 80 100 120
Time BP [ka]

Date Event
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LONG TERM, CLIMATE Csa

Date Event




LONG-TERM PROJECTIONS (ENRESA), STATUS 2001

- Combination of paleoclimatic and paleohydrological reconstructions from geological records
with orbital climate models calibrated against Quaternary marine stratigraphic series
* Alternation between prolonged “cold-wet” and “warm-arid” phases
5
INTERGLACIAL
0 N INTERESTADIAL
3 A
= i INTERESTADIAL
= ‘ N\ / \_ﬁ/\ / \v/‘“‘\ _
GLACIAL
! \V,
ﬂ T T T T T T T fl T T T T
0 10 0 30 40 50 60 70 80 90 100 10 120 130
Tiempo (en miles de ofios AP)

Delgado, A, Reyes, E., Pinedo, P., Recreo, F., Torres, T., Cortés, A. 2001. La evolucidn climatica a
largo plazo y evaluacién de la seguridad. IV Jornadas de 1+D en gestion de residuos radiactivos.

Sesidén V: Evaluacion de la seguridad de las instalaciones de gestién de residuos radiactivos.
Date Event
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LONG TERM, CLIMATE Dfb <50°N

Date Event




HYPOTHETICAL CLIMATE SEQUENCE (SURAO, C2)

A hypothetical scenario (scenario D) by combining modelling and extreme Quaternary
climatic conditions

0 — 50 ka AP: Current climatic conditions, cf. extended interglacial

Average annual temperatures 5 — 9 °C. Average annual precipitation 700 mm. Groundwater recharge: cca 4 I/s/km? = 126 mm/year.

50-150 ka AP: The period of glacial onset, from past glacial cycles (typically ca. 100,000 years)

Average annual temperatures of -2 to 5 °C with highly variable average annual precipitation of ~300-600 mm. A 20% increase in groundwater recharge compared to the
current state (151 mm/year).

150-175 ka AP: The peak of the glacial period with the presence of permafrost and zero
groundwater recharge (periglacial conditions, maximum cooling and drying of the climate). Is
usually a bit shorter but conservative approach

Average annual air temperatures ~—7 to -2 °C with average annual precipitation from 250 to 350 mm.

175-200 ka AP: Interglacial conditions (maximum warming and humidification of the climate.
Usually a bit shorter but conservative approach

Average annual air temperatures of ~8-11 °C with average annual precipitation of ~800-900 mm. A 30% increase in groundwater recharge compared to the current state
(164 mm/year).

Kralovcova et al. 2022 (Geotran project) — Section 3.4.1 Analysis of Climate Development e LIL | 2

of the Sites, p. 15
54 I
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REDUCED COMPLEXITY MODEL TO ESTIMATE GLACIATIONS (CH, NAGRA)

- Computationally « Equation for global ice volume
inexpensive modelling buv — bse®® — by (f — F)—bs log(CO8)
° ° v — v — — — O,
tool which can simulate e e B g

the future evolution of
the global ice volume
and CO2 concentration in
response to

« Equation for atmospheric CO2 concentration

d
CO3 = 1T + cav + c3 min (—U,O) +ec4 + Antheo, .

anthropogenic dt
perturbation )
- Equation for global mean surface temperature
COgq
Talento, S. and Ganopolski, A.: Reduced-complexity T =div+ds 108( 578 )

model for the impact of anthropogenic CO2 emissions
on future glacial cycles, Earth Syst. Dynam., 12, 1275-
1293, https://doi.org/10.5194/esd-12-1275-2021, 2021
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ICE VOLUME
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CO2 CONCENTRATION
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TEMPERATURE
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POSSIBLE SCENARIOS

Base

Sen_MBT

Sen_ECS

Sen_future

Sen-Cv+C002

Sen_RMSEV

Sensitivity experiments:
Timing of next Full Glacial conditions
Accepted ensemble
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CONCLUSIONS

Date

Climate change is fast — impact assessment scenarios from the beginning of the century may not
be representative anymore

Gap between typical climate change scenarios for the next 100 years from GCMs and long-term
scenarios for the next hundred thousands of years

* Long-term:
* EMICs and GCMs: meteorological variables available but very computational expensive

* Reduced-complexity and energy balance models: can be sufficient if looking at one phenomenon (e.g. ice-sheet)
» Past climatic cycles

Many different approaches
 Various degrees of conservatism
» Detailed time-series vs. representative climate states
» Climate classifications not always precise enough when detailed meteorological parameters are needed

Future work: find a common and consistent approach to formulate assessment scenarios, taking

into account uncertainties
Event 60 I
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on Radioactive Waste Management

Climate add-on of the PEP game
WP11 - CLIMATE online training session

Alexis Geisler-Roblin, NTW, Task 5 leader
Julien Dewoghélaére, NTW

: Co-funded by the European Union under Grant Agreement n® 101166718

19/05/2026 CLIMATE training
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WHAT IS THE PEP ?

PEP is an acronym for Pathways Evaluation Process

* Itis aninteractive dialogue tool in the form of a serious game, enabling a discussion on PEP
scenarios (concrete situations elaborated by the participants) related to the long-term
management of radioactive waste

Objectives of PEP

* Putting into discussion different strategies (pathways) allowing to reach a safe situation for
the long term (safe terminus)

* Identifying issues that would really matter for different categories of actors who do not have
the same vision of what should be the safe situation of radioactive waste for the long term

* Enabling a better understanding of the different participants’ views and fruitful interactions

19/05/2026 CLIMATE training
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CONTEXT OF THE PEP EMERGENCE

o SITEX-II project (2015-2017) : task dedicated to intergenerational
governance in the framework of radioactive waste

o 2015-2017 - PEP on High-Level radioactive waste development and
tests

o 2017-2019 - development of other PEP tools:
m PEP on authorization and qualification phase,
m PEP on very low-level radioactive waste

o 2023-2024 - development of two PEP tools in EURAD-1: o N
m PEP on monitoring issues (MODATS WP) —cETm B
m PEP on near-field uncertainties issues (UMAN WP) W

e The dissemination and development of this dialogue method is now
ensured by SITEX.Network

o 2024-2025 - update of the design and methodology : new version of T :-—'“—j
the PEP + Online tool

PR
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Climate change add-on: pluralistic design

e Preparatory work based on:

o Qutcomes from CLIMATE pluralistic Workshop 1 of 26-27 March 2025
(Keynotes with views on the different types of actors)

o Adaptation of existing PEP material (board and cards)
o Technical inputs from other tasks
o Climate fresk: https://climatefresk.org/world/

e Pluralistic discussions on this work with Task 5 members (25 Oct 2025, 16
December)

e Collaborative work on a shared document

ey




Driven Pathmsay: A strateqy with o safe terminus already decided, with
implementation and closure as soon as possible of the geological
dizposal.

Case of a nuclear Country
with reprocessing

DRIVEN approach

=

PEP - Pathway and SHORT- TERM MID-TERM LONG- TERM
Safe terminus T 7 T I—

Pathway: strategy retracing
the steps of a possible
evolution from the current
situation of RWM as a whole
to a final state (ST).

Safe Terminus: common
goal - a safe situation of the
waste for the Long term
(protection of environment
and health)

A PEP board game representing the driven pathway: eu.

reach the safe terminus as soon as possible
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PEP - Pathway and
Safe terminus

Pathway: strategy retracing
the steps of a possible
evolution from the current
situation of RWM as a whole
to a final state (ST).

Safe Terminus: common
goal - a safe situation of the
waste for the Long term
(protection of environment
and health)

Open Pathmay: A strategy with no safe te decided
Case of a nuclear Country OPEN ok the begtisins. et ekt & r,m’;"";‘o‘mge —
with reprocessing W a long period of time in order to omd ot research and
disoussions with concerned stakeholders to define the

optinal safe terminus.

SHORT - TERM MID-TERM LONG-TERM

o

aa. }

LIIIII17
N4

aa. }
m 1117777777

———— i

The open pathway: no safe terminus decided eur
at the beginning - more time to perform
research and discussions with stakeholders




How to to introduce the impacts of climate change in the pathway ?
CLIMATE CHANGE IMPACTS SHEETS

Rising air and water temperatures
and ice melting

Rising air and ocean temperatures are
driving widespread ice melt — including
glaciers and ice caps — disrupting the water
cycle and contributing to accelerating sea
level rise.

* Keywords: temperature rise, perturbed
water cycle, ice caps melting, glaciers
melting, sea level rise, sea temperature rise

Examples of impacts on RWM
Rising air and water temperatures
and ice melting

Low-lying storage areas of a nuclear

reprocessing and waste storage site

located near the coast are submerged

due to sea level rising.

Storm surges cause flooding near the

site.

Saltwater intrusion in DGR could

corrode steel waste containers and

degrade concrete barriers. A
Coastal reprocessing plant at risk from ; :

North Atlantic storms.

Decommissioned plant with dry cask <
storage near eroding cliffs. y
Floodings compromise retrievability of

DG




How to to introduce the impacts of climate change in the pathway ?

CLIMATE CHANGE IMPACTS SHEETS

Impacts on humanity

Climate change is increasingly affecting human
societies through the growing scarcity of water
resources, declines in agricultural productivity

and crop yields, heightened risks to human
health, food insecurity and famine, the
intensification of climate-induced migration,
and the exacerbation of social tensions and
armed conflicts.

o Keywords: Scarcity of water resources,
crop yields loss, starvations, human health,
climatic migrations, armed conflicts

_Exambles of impacts on RWM
Impacts on humanity

Inhabitability of some places with RWM
facilities / repositories, due to CC
(extreme heat, floodings, coast erosion,
desertification, etc.)

Change in the use of the land due to
new climate stresses (agriculture, new
resources, etc.)

Geopolitical changes linked with CC:
migrations, borders change, conflicts
Conflict in use of key stressed resources
(water) for essential activities: cooling of
RadWaste VS agriculture, etc

Impact of CC on surrounding
infrastructures (not directly linked with
RWM) but essential for transportation or
else

Erosion and
hydrological changes

Climate change is driving significant
geomorphological and hydrological alterations,
including accelerated soil and coastal erosion,
shifts in groundwater flow patterns, changes in

groundwater chemistry, and, in some regions,
increased susceptibility to induced seismic
activity.

e Keywords: geomorphological and
geohydrological impacts - soil erosion, shore
erosion, induced seismic activity,
groundwater flows changes, groundwater
chemical changes

Examples of impacts on RWM
Erosion and
hydrological changes

Loss of efficiency of the multi-layer cover in
surface facilities as a consequence of
erosion, leading to water infiltration

Water entrance in DGR as a consequence
of groundwater flow changes

Damages to the repository due to CC-
induced seismic activity

Repository disruption as a consequence of
shore erosion

Decommissioned plant with dry cask
storage near eroding cliffs.

Very long term impacts
on planetary climates

Over very long timescales, climate change can
perturb natural glaciation cycles and drive
profound alterations of planetary landscapes,
reshaping ecosystems and the distribution of
sea, ice and landforms across the Earth. These
impacts are specifically difficult to predict.

o Keywords: glaciation cycles perturbation,
landscape changes, issues to predict

Examples of impacts on RWM
Very long-term impacts
on planetary climates

Repository disruption as a consequence of
landscape development (valley creation
after changes in river flow)

Repository flooding as a consequence of
severe sea level rise or long-term
groundwater level increase

Glaciation in areas where glaciation wasn’t
expected

Delayed glaciation

Seismic activity/instability/crack formation
of DGR, after landscape developments

n
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Events cards

ey

EVENT

WASTE INVENTORY
CHANGES

EVENT

SHIFTING
PERSPECTIVES

EVENT

INSTITUTIONAL
BREAKDOWN

Jpport of the safoty systems or

TIME PRESSURE
DELAYS

rovect Gelay

DELIBERATE

ATTACKS

OPERATIONAL
MALFUNCTION

POLITICAL

INSTABILITY

088 OF
CONTROL RISK

e
EVENT

SCIENTIFIC OR

TECHNOLOGICAL
INNOVATION /
DISRUPTION

EVENT

CONTESTATION

OBLIGATION OF
REVERSIBILITY

PO

EVENT

EMERGENCY
RESPONSE
CHALLENGE

F=V o

EVEN

UNINTENTIONAL
INTRUSION

CORRUPTION OF THE
REVIEW PROCESS

EVENT

INTERNATIONAL
DISRUPTION




Evaluate cards

EVAl EVALUATE VALUATE

MANAGING RISKS TRATEGIC TIMING RESILIENCE AND ROBUSTNESS OF
PROACTIVELY bbbl ABANDONMENT RISK FACILITY SYSTEM

EVALUATE
VALUATE
INTEGRATING PLURAL

INSTITUTIONAL RTI
CAPABILITY & KNOWLEDGE EXPERTISE

STABILITY

EVALUATE EVALUATE 2 EVALUATE
FAIRNESS ACROSS MANAGING UNCERTAINTY CLIMATE AND CULTURAL & SPIRITUAL

GENERATIONS ETHICALLY ENVIRONMENTAL DIMENSIONS
COMPATIBILITY

eu

10




Example of a PEP scenario 9

[ ] ]
EVENT ‘
EVALUATE
and ice melting BREACH / \
PROACTIVELY
Rising air and ocean temperatures are Regulatory review deems the How are physical, environmental,
driving widespread ice melt — including project unsafe. digital and geopolitical risks \When?
: : X identified, mitigated, prevented
glac’em and ice caps ey dlSl’Uptlﬂg ":" water + and continuously reassessed by +
cycle and contributing to accelerating sea Bomples the pathway throughout the 25 years after
i ncertainty remains on e
level nse. h-)ygroge;/ogti);a/ modeling. process Closure
=» Earthquake risk exceeds thresholds Examples
despite mitigation. -» sabotage
- E)ftema/ review fails to validate safety =» contamination
* Keywords: temperature rise, perturbed s ey A Sopamoniy \_ %
water cycle, ice caps me[(in& glacjefs with updated regulatory standards or = supply chain risk o
: ‘ . international benchmarks. = Al / autonomous system vulnerabilities
melting, sea level rise, sea temperature rise
Governance challenges e
4
Short story:
+ A surface disposal close to shore is getting submerged by saline - »
water due to a sea level rise faster than expected. What could be e U 2
done in order to manage the situation and reduce risks ? - .

11
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Organisation of the discussion ﬁ a

Small groups of 5-6 participants with a facilitator

Participants elaborate the scenarios. To start the discussion, one participant suggest
a scenario to be discussed with the other participants.

The participants will speak one after the other, and will not interrupt the
participant who is speaking (equality of time)

They will prepare their views on post-it notes (3 minutes to write ideas before to
share orally)

First turn of discussion: each participant will give its views on the issues raised by
the scenario (Is it credible ? Will the ﬁathway be robust to solve the issue ? On what
conditions ? Etc...?) with a focus on the question (evaluate card) chosen for the
scenario

Second turn of discussion: each participant have an opportunity to give
complementary views according to what he/she heard during the first turn.




=l (2)

2 rounds of evaluation and a synthesis round

- 2 pathways evaluated successively in 2 rounds of 60 minutes.

- At the end of each round, each participant have an opportunity to give its
views on the issues raised during a final roundtable of evaluation of the
discussed pathway.

<
4

B0 R
1B

)y =0 11 <

ETTES Rl : B

B5.0 B0

- After discussing the two pathways,
a last round of 30 minutes Is organised : a synthesis round




4 main questions to be answered during the round of @52 ; @

evaluation

Light

*s,
Naro- |
AP
e

el

& (=) A. Climate processes: Which climate processes concerned you the most in terms of
Qe impacts on RWM?

B. Safety issues: Which aspects of RWM seem most vulnerable to climate change
regarding safety issues?

C. Mitigation of CC impact on RWM: How can we improve the mitigation
of CC impact on RWM?

D. PEP experience: What struck you the most ?




. |

PEP update after the first test (on-going work)

The PEP was tested during the second CLIMATE Workshop (28-29 January 2026). After
discussions, some update are planned:

Convert the climate change impacts sheets into event cards to simplify the game

Review the existing cards to ensure they are relevant (remove them if they are not) and
simdplify the text, which is sometimes too dense: limit to a maximum of two examples per
card.

Simplify boards (pathways): create two boards one for HL waste facilities and one for
other facilities.

To highlight differences in timeframes, create two “Time Horizon” cards : Short Term (ST)
and Long Term (LT), providing a non-exhaustive list of short-term and long-term effects
and Include ST and LT examples on the event cards.

Reverse the order of elements in scenario construction: start by defining the time horizon
before selecting the event.




Useful links:

- Sitex network website: https://www.sitex.network/activities/experimental-
forms-of-pluralistic-engagement/pathway-evaluation-process-pep/

- Canva tool demo online of the PEP tool on Climate change:
https://www.canva.com/design/DAH]c7yUpOk/raWQulb2XYSph6cCYxNwdA/

K
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HEAVY RAINFALL AND EROSION INCLUDING EXTREMES

1. Layered design of surface disposal facility
Erosion processes caused by rain

Physic of a raindrop

Rainfall erosivity (R factor)

Rainfall erosivity for future climate

Universal Lois Soil Equation (USLE)

N o v & W N

Exercise : Sensitivity analysis using RUSLE equation — Given these sensitivities of the system,
how would you design a cover?

8. Extreme rainfall events prediction & experimental approach to quantify its erosion impact

eurc 2

CLIMATE-Training session 20/05/2026 2 I



m ' e 7: Top soil
T > 6: Sandy silt
; 5: Sand + Drainage

4: Upper geomembrane

3: Sand + Drainage

2: Lower geomembrane

1: Sandy silt

P ———

e T

7 : Top soil Natural cover
6 : Sandy silt Barrier to prevent human and animal
intrusion
5: Sand + Drainage Drainage layer above the geomembrane .’
4: Upper geomembrane Waterproof barrier
3: Sand + Drainage Drainage layer in case of geomembraglfjks
2: Lower geomembrane Control layer for gecomembrane leaks -

1: Sandy silt Subgrade layer

—— S e e —



7 : Top soil
>

6 : Sandy silt
5: Sand + Drainage
4: Upper geomembrane

3: Sand + Drainage

2: Lower geomembrane

1: Sandy silt

P ———

R R

: Top soil Natural cover
6 : Sandy silt Barrier to prevent human and animal
intrusion
5: Sand + Drainage Drainage layer above the geomembrane .’
4: Upper geomembrane Waterproof barrier L -
3: Sand + Drainage Drainage layer in case of gecomembrane leaks
2: Lower geomembrane Control layer for gecomembrane leaks

1: Sandy silt Subgrade layer

—— S e e —
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l Rainfall erosion processes at slope scale (°F

Rainfall

KE
Runoff Rainfall

Splasheffect

°® Water shear stress /

Infiltration Sheet flow

or concentrated flow

eu

L

CLIMATE-Training session 20/05/2026



Rainfall erosion processes at slope scale ﬁ

MINES
FarisTech

o Thresholds

Rainfall
KE > Threshold (soil cohesion)
Splash effect Sheet erosion
Splash effect Runoff Rainfall i
. Water shear stress
%Id(sonresmtan e)
Infiltration Sheet flow

> Empirical threshold (slope & drahw
or concentrated flow

Flow concentration (in rills) " '

CLIMATE-Training session 20/05/2026
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! Rainfall erosion processes at slope scale (¥
@ Ids

Rainfall erosivity .
R factor  Rainfall \legetation  Ihe erosion rate depends on :

C factor

Rainfall characteristics (intensity, drops...) =
KE > Threshold (soil cohesion)

rainfall erodability (R)

Runoff Rainfall
ater shear stress Soil characteristics (permeability, cohesion...)

=>» soil erodability (K)

Slope (runoff) =» Length and slope factor (LS)

Infiltration . . .
Sheet flow Vegetation type and density =» protective
> Empirical threshold (slope & drai ver (C)
Soil erodability or concentrated flow cove
K factor

USLE : MER =[Rx Kx LS x C

CLIMATE-Training session 20/05/2026 I7
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SRS,

Physics of a rain drop

Shape, Terminal Velocity and Kinetic Energy

CLIMATE-Training session 20/05/2026 8
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l Physics of drops : shape and Terminal Velocity °F

A drop speed limit : terminal velocity

®

@

D <2mm

@(—) ®

D>2mm

e Theorical terminal velocit
— 0.5 :
o V:=a (D) with o, = 152.03 \

where by is the resistance factor due to air friction (kg/mé)ur% Pa c;A

F=mg

D<5mm D > 5mm

wikipedia — Drop splitting With A = 1t (D/2)? and p, (kg/m?) air density and c,~0.47  (Mhaske 201
CLIMATE-Training session 20/05/2026



MINES
FarisTech

I Terminal Velocity of a drop in (still) air : measures and empirical models _°F

“Empirical TV law ” (Laws 1941 ...) : VI(D)=V_., (1-exp(-a, D))

a, changes with H, and D drop diameter (in cm) for H=20:V, __ =9.5m/s eta,=6cm
10 | T

| V;= o (D) 95 avec o= 152.03 ? |

Lab experiments in still air

) 8

S~

é Laws [1941]

>

=

(@] (s Sunn, Kinzer [1949] — .

% Laser disdrometer

> Blanchard|1967]

“©

= 7 !

= 4 Beard [1976]

-

| -

& Epema. Riezebos [1983]
2 Jayawardena. Rezaur {2000] H . D S ol

Laws [1941] Impact disdrometer
0 $ t ey
@) 0.1 0.2 0.3 0.4 0.5 0.6 - .

Diameter (cm)

CLIMATE-Training session 20/05/2026 A review (Maria A. Serio, Francesco G. Carollo, Vito Ferro 2019)



— Terminal Velocity of a drop in (still) air : measures and empirical models Z

MINES
FarisTech

“Empirical TV law ” (Laws 1941 ...) : VI(D)=V,_._, (1-exp(-a, D))

a, changes with H, and D drop diameter (in cm) for H=20:V, __ =9.5m/s eta,=6cm

ﬂ —
/;mﬁrical terminal velocity | «=—— 9.5m/s
P— Lab experiments in still air

max

R — I VT= o (D) 05 3vec o = 152.03 ? I
- Arica +nrm- _,,-""'_E

] Theorica Lc....ﬁﬂ-a-l----ve-lgocit‘y' S
?'- /ﬁ/;
P KE of one drop...

_,-o—'-'"_'_'_'_'_'_'_'_

Terminal velocity (m/s)

KE(D) =5 10°¢ D397  KE(1.25) =12.1 pJ
(in Dunkerley 2021) KE(1.25) =12.8 )

/ ) 3 B ]
. / Impact disdrometer
|/
[u] T T T T T T T T T T T T T T T T
o 0.05 01 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05 0.585 0.8 e L_lL 1

Diameter (cm) —

Rainfall drop arrival rate at the ground: A potentially informative parameter in tne experimental study of infiltration, soil erosion, and related land surface processes — Dunkerley CATENA - 2021

- -




Drop Size Distribution (empirical laws) Z

MINES

Tech
Rainfall Intensity (« | » in our notation)
Exponential Gamma Lognormal
Exponential law : N(D) = N, exp(-AD) N, = 232 X 10° R°® N, = 8.80 X 10° R-0% N, = 194R0%
7 = 0.61 P =027 7?2 = 0.83
. — o _ A = 332R a = 127" D, = 0.630R*™
Gamma law: N(D)=N,D*exp(-AD) o & o P
A = 4.05R-°1 o2 =0.191-1.1 ¥ 10 In R
Lognormal law : N(D) = N; /(2r ¢ D)°° exp(-1/2 (In(D/D,)/c) P =072 P =072
soo o
B o L L I L S CTRTCEEE TOCEITERRREERRRRS BERERRRTERE !
SHONE - e e e R R R
- the models converge ¢ & F
for D>1.5mm (I=25mm/h)
H'E O for D>2mm (1=150mm/h) o E e B
(S
M'E o
)
= '
3.
g™
>
< (T oo [ PSSO SEUURUIUNNY o - FPRUU IPUOPRURONL ISR UIUROPRUOUl AVUUNS- NOUROUPRIPRRORIN) (RPROUpe:s. oy Sy, St Ut S
= =—-— ;
. |
= = s = =5 =3 5 = .

Mirersm i s e s



Kinetic energy — theorical and empirical models Z

MINES

Laws et Parsons 1943

P =KE

= (1/12) (10%) (3600/t) (1/A) £ N(D,) D? v,

time

where:

Pn - is the time-specific kinetic energy in J/m?/h

A —sampling area of the LPM (0.005 m?)

t — rainfall duration (60 s)

N(D,) number of drops in the class of diameter Di
D.—drop class diameter (mm)

v,,; — fall velocity of drops (m/s) of the diameter Di (mm)

Hudson 1965
Wischmeier & Smith 1978

“ Zanchi & Torri 1980

Kinnel 1981

KE = 29.86 (| - 4.29)
KE =1(11.87 + 8.73 logy(l) )
KE=28.3(1)

I<76mm/h
I>=76mm/h

KE=1(9.81+ 11.25 log(l))

FarisTech

Zimbabwe

North America -
Washington - USA

USLE

Italy central

Brown & Foster 1987

KE = 29.0 (1) (1- 0.72 exp(-0.050 1) )

Southern USA
R-factor RUSLE

Ooutinho & Tomas 1995

Kinetic energy of rainfall (J/m?/h)

Measurement and Computation of Kinetic Energy of Simulated Rainfall in Comparison with Natural Rainfall Jan PETRU* and Jana KALIBOVA (Soil & Water Res. 13 2018)

4000 ~

Cerro et al . 1998
Steiner & Smith 2000

Jayawardena & Rezaur 2000

Van Djik 2002
T ’/ Foster 2004

i Petru & Kalibova 2018

14 Fornis 2005

— Eqg. (3)
3500 | —--— Eq.(10)

T Ea.(9)
3000 _ _ _  Eq. (2)

_____ Eq. (4) ‘ .-
2200 —— Eq.(11) T =

XWOL
2000 | &3‘, -
1500 7 .:-‘}:-:5’"
S
T
1000 | ’;5;’__?’;-4
500 |
0
5 15 25 35 45 55 65 75

Intensity of rainfall (mm/h)

RKE=35.9 (1] (1- U.559 exp(-0.034 1]
KE = 38.4 (I) (1- 0.528 exp(-0.029 1) )
KE = 11 (1)225

KE = 36.8 (1) (1- 0.691 exp(-0.038 1) )
KE = 28.3 (I) (1- 052 exp(-0.042 1))
KE = 29.0 (I) (1- 0.72 exp(-0.082 1) )
KE = 50.633 (1) %656

KE, .=-1195.7 + 483.181 In(l)

tlme

KE = 1288.17 m A-1.34 | A(1+1.34 b)

M and b depend on the type of storm :
is convective or stratiform

if it

South Portugal
Spain Barcelone

Northen Mississippi
Hong Kong

World

RUSLE 2

In Lab

Empiric relationship between KE and inten‘s_i-t;/—(LI)




e
Rainfall erosivity : « R factor » %Z
‘Tech

o R factor in USLE & RUSLE models

. - ()
1 n mj . L/ ~18 years
R = — E E (EIBO)k (MJ mm /ha /h)
n 4
j=1k=1
2 | i
e nnumber of years of recording it i | il | Hh h B ] AT A ‘\ i I‘
W | | | | (TN 1L -l | | LAl gtdl it sr bl dba 1 H | (A p) i |
e mjnumber of rainfall during year j

For each rainfall event :

— R
E I30 = (2r=1 KEyv) I3
/ \ « Kinetic energy » of a sample « r » (Brown & Foster 1987):

(Mi/ha) ~ (mm/h) KE.=0.29(1—0.72 exp(—0.051.))

® |y, :the maxintensity over 30min samples (mm h-1),
e v :«volume » (mm) during the measure

A rainfall event =» rain intensity > 1.27mm for 6h

e KE, : kinetic energy per mm of rain during the sampling (MJ hat mm-)
e i rainfall intensity (mm/h) ]

e rasample eu |

CLIMATE-Training session 20/05/2026 l




e
Rainfall erosivity : « R factor » %Z
‘Tech

o R factor in USLE & RUSLE models

. - ()
1 n mj . L/ ~18 years
R = — E E (EISO)k (MJ mm /ha /h)
n 4
j=1k=1
2 | i
e nnumber of years of recording it i | il | Hh h B ] AT A ‘\ i I‘
W | | | | (TN 1L -l | | LAl gtdl it sr bl dba 1 H | (A p) i |
e mj number of rainfall during year j

For each rainfall event :

{Is0 ) (ZFo1 KEvi) s

A rainfall event = rain intensity > 1.27mm for 6h

Kinetic energy of a sampIBrown & Foster 1987):

(Mi/ha) ~ (mm/h) KE.=029(1—0.72exp(—0.051.))

® |y, :the maxintensity on 30min samples (mm h1),
e v :«volume » (mm) during the measure

e ¢, :kinetic energy per mm of rain during the sampling (MJ hat mm)
e i rainfall intensity (mm/h) ]

e rasample eu |

CLIMATE-Training session 20/05/2026 I5




Calibration factors

MINES
Tech

l Sample duration (frequency) and calibration factor ;(/f

Effective fractal dimension and corrections to the mean of

annual maxima — Dwyer et al. JoH - 1994
climate variable

fixed V%

KE, and I, values rely on the frequency of the sampling (ie. maximum wr
their duration).

Ell3) = (@1 KE,v.)l3 | | !

KE.=0.29 (1 —0.72 exp(—0.051,)

1.8 —_ 0.0122x
I y=0.7312e 1.5597 (2) - \ime
16 calibration factor R2 = 0.9877 9 S t
1.4 -,,-"" -g
1.2 ...--""---‘ —
o.baoe 0.8205 - SR L
0.8 .__.e---O""
0.8716
0.6 0.7984
0.4
0.2
0 C
0 10 20 30 40 50 60 _ ‘ %‘ _
dt (min) ' S e
REDES ~1700 stations -

Monthly Rainfall Erosivity: Conversion Factors for Different Time Resolutions and Regional Assessments — Panagos et al. Water- 2016
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RIST : Rainfall Intensity Summarization Tool (USDA) %
o) daphical@terface

Wildly used (by ESDAC for ex)

_ ™
By default, RUSLE breaks storms after 6 hours with less than 0.05 in {1.27 mm) of precipitation.
RIST allows these values to be modified as needed.

Break storms after 5,00 |  hours withlessthan | 00 | mm | of precipitation

0
0
(]

eu

— https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-
research/research/rist/rist-rainfall-intensity-summarization-tool/
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https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/research/rist/rist-rainfall-intensity-summarization-tool/
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®  New Stations in REDES (2015)
®  Stations lacking Monthly R-values

Mean Annual Precipitation

REDES Stations
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European rainfall erosivity by ESDAC (2010)
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European rainfall erosivity by ESDAC (2010)
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Rainfall erosivity vs climate type ﬁ

NAINICC

a, b, c,d: hot, warm, cold, very cold

BSh,k : steppe, hot, cold
AN
&
é\Q
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T .
< - .- ¢ = 2000 - ( — ‘3’
BUNIUE S —— -] @Q’ b\\
Global KG Climate map S NN § X
; 3 S
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Global Rainfall Erosion map
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N Wi =53 zzhd EHEz2EEsS| 258z :222EE5E
; Tropica! Arid Temperote Coid Polor
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A = tropical, B= Arid, , D=cold, E=polar
Panagos, Panos, Pasquale Borrelli, Katrin Meusburger, et al. 2017. « Global Rainfall Erosivity Assessment Based on High-Temporal J

~ Resolution Rainfall Records ». Scientific Reports 7 (1): 4175. https://doi.org/10.1038/s41598-017-04282-8.
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Climate simulation for short term evolution £
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o iLOVECLIM - LSCE 2020 climatic evolution scenario for Bioclim5000 greenhouse gas hypothesys

Greenhouse gas scenarios

& Today | — Today ————————— Today
i | Dr -
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l l Subtr | Humid (C
. |/ Bibelims000 . - L fmas u++35'+ca umid (Cr)
7 < i
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Monthly Precipitation computed Rainfall intensity and temperature
by iLOVECLIM (LSCE-2020) scenarios are converted into a
succession of climatic types (Koppen-

Trewartha)
I1
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=
Rainfall erosivity evolution from 2010 to 2050 (ESDAC) /f,%//

o RAINFALL EROSIVITY (RUSLE R factor evolution)

“TODAY” (2010)

R-factor
(MJ mm) /
<340
340 -
[ 410-
400
[ Jeto-
[ 1730-
B o

P

(ha hyr)

410
490
610
730
900
1,300

B - 1300
=

>

R factor map in 2015 (Panagos & al., 2015)

Pari=sTech

« TOMORROW » (2050)

R-factor B e
(MJ mm) (ha h yr) '
. <o

[ 340-410
[ 410-

R factor map in 2050 (Panagos & al., 2017)
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J M ea i = — Soil loss rates
t/ha per year

Blo-os
: =f'?2 ' mea
Mean erosion rate : Czs

std
[s-10
I 10-20
B 20-50
I -so
Non-erosive lands

MER= Rx Kx LSx C (t/ha/y)

* R : Rainfall erosivity (MJ mm /ha /h), ‘ > §/ 1
K Soil erodability (t h / (MJ mm)), g X
 SL:topography contribution (drainage) (-), " |
e C:vegetation Cover (%)

https://esdac.jrc.ec.europa.eu/themes/soil-erodibility-europe

< W= s > wpiest Wl ot
5207, Algiers =

| s Kilometres
(Background Image: ESRI World Terrain Base

CLIMATE-Training session 20/05/2026



https://esdac.jrc.ec.europa.eu/themes/soil-erodibility-europe
https://esdac.jrc.ec.europa.eu/themes/soil-erodibility-europe
https://esdac.jrc.ec.europa.eu/themes/soil-erodibility-europe
https://esdac.jrc.ec.europa.eu/themes/soil-erodibility-europe
https://esdac.jrc.ec.europa.eu/themes/soil-erodibility-europe

MINES
Tech

I Soil erodability : K factor formula _CF

o Wischmeier equation 100
(K1 + K2 + K3) R
= x 0,1317 S OO \ 2%,
100 & /L0000 2%
o VARV . <x @ o ;A
N Y AVAVAR L wlVAVAN % Q,
JRF B AVAVAVAVAVAVAN No _ 2 %
_ , ~ S VAVAVAVAVAVAV AT .S IR 7N S
K1=21 x10"*x M"*x (12 — OM) [0; 91] ~40 RN  VAVAVAVAVAN el o
& (? 404 caviniee TAVATA \co \
K2 = 3,25 X (s — 2) with s in [1-4] [-3.25; 7.5] S vaw imon argi argleu |
_ . Correction factor - (- Limon argleux ms\m\vwv_v_v_v_'v
K3 = 25X (p—3) with p in [1-6] [-5; 7.5] X "“AAVAVAVAV#VA
VARVARY VARV AR \';;\7 equmbre) ,
4 y g '"1 P VAVAVAVA VVVVVV | S
. 5 very fine sand
OM Organic Mater (%) Order of magnitude 50pum a 0.1mm
K1 increase

K1 < PC pourcentage of :
e vfs (very fine sand) : 50um a 0.1mm

e clay:<2um 003t ha b/ r 1
* silt: 2um a 50pm mean(K,Europa) t ha h / (ha MJ mm)

\ . eu -
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Soil erosivity - indexes (K2 and K3 factors) ﬁ

MINES
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Classes of soil structure derived the European Soil Database.

Structure class (s)

European Soil Database

very fine granular: 1-2 mm) G (good)

1(

2 (fine granular: 2-5 mm)

3 (medium or coarse granular: 5-10 mm) {pﬂﬂr)
4 (blocky, platy or massive: =10 mm)

N (normal)

(humic or peaty top soil)

permeability Hydraulic conductivity
(mm/h)

Fast, very fast

Moderately fast
moderate
Moderately slow

Slow

o U A W N =

Very slow

Sand >61.0
Sandy silt, silty sand 20.3--61.0
Silt, fine silt 5.1--20.3
Sandy loam, clay loam 2.0--5.1
Fine clay loam, sandy clay 1.0--2.0
Silty clay, clay <1.0

CLIMATE-Training session 20/05/2026
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nrina- . an Ay
Cur11iC Laiitd GUOVCE] C
Group CLC class Detailed class Description Z_'}/pé’
Permanent crops 221 Vineyards Areas planted with vines 0.15-0.45
222 Fruit trees & berry plantations Parcels planted with fruit trees or shrubs: single/mixed 0.1-0.3
fruit species, fruit trees associated with permanently
grassed surfaces.
223 Olive groves Areas planted with olive trees 0.1-0.3
Pastures 231 Pastures Dense, predominantly graminoid grass cover, of floral 0.05-0.15
composition, not under a rotation system. Mainly used for
grazing.
Heterogeneous agricultural areas 241 Annual crops associated with permanent crops Non-permanent crops (arable land or pasture) associated 0.07-0.35
with permanent crops on the same land parcel
(non-associated annual crops represent less than 25%)
242 Complex cultivation patterns Juxtaposition of small parcels of diverse annual crops, 0.07-0.2
pasture and/or permanent crops (arable land, pasture and
orchards each occupy less than 75% of the total surface
area of the land unit)
243 Land principally used for agriculture, with significant areas Areas principally used for agriculture, interspersed with 0.05-0.2
of natural vegetation significant natural areas (agricultural land occupies
between 25 and 75% of the total surface of the land unit)
244 Agro-forestry areas Annual crops or grazing land under the wooded cover of 0.03-0.13
£, -1 r;‘ 3 o
Forests 311 Broad-leaved forest Vegetation formation composed principally of trees, 0.0001-0.003
includine shrub and bush understories, where broadleaved
Crorpor = min(C typfj +/max(C, p J)-min(C p ] (100- PC,,,..)
species predominate
313 Mixed forest Vegetation formation composed principally of trees, 0.0001-0.003
including shrub and bush understories, where broadleaved
1A COoTnierous SP?C] 5 CO-UOTTINGLE,
Scrub and/or herbaceous vegetation associations 321 Matural grasslands Low productivity grassland. Often situated in areas of 0.01-0.08
oy oo
322 Moors and heathland Vegetation with low and closed cover, dominated by 0.01-0.1
bushes, shrubs and herbaceous plants (heath, briars,
broom, gorse, laburnum)
323 Sclerophyllous vegetation Bushy sclerophyllous vegetation. Includes maquis {dense 0.01-0.1
vegetation composed of numerous shrubs) and garrige
(oak, arbutus, lavender, thyme, cistus)
324 Transitional woodland-shrub Bushy or herbaceous vegetation with scattered trees. Can 0.003-0.05
represent either woodland degradation or forest
Regeneration/colonisation.
Open spaces with little or no vegetation 331 Beaches, dunes, sands Beaches, dunes and expanses of sand or pebbles in coastal 0
or continental areas
332 Bare rocks Scree, cliffs, rocks and outcrops W]
333 Sparsely vegetated areas Includes steppes, tundra and badlands. Scattered 0.1-0.45
high-altitude vegetation
334 Burnt areas Areas affected by recent fires, still mainly black 0.1-0.55
CLIMATE-Training session 20/05/2026 335 Glaciers and perpetual snow Land covered by glaciers or permanent snowfields ]

05-8€ (5102) 8 ANjod asn pupy /*pia sofound o

Vegetation cover : standard C factor values for RUSLE model (¥
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The simpliest LS formula ¥

SR
LS = (1/22.13)" (65,415sin* 0 + 4,565sin 6 + 0,065)

LS=L.S

L= (1/2213)"

S =65,41sin’60 + 4,56 sin0 + 0,065

With

m = 0.65 for 9.74° <0< 16.04°

m = 0.6 for 5.1°<0<9.74°

m=0.5 for 29°<0<5.1°

m=0.4 for 1.7°<0<2.9°

m=0.3 for 0.6°<0<1.7°

m=0.2 for 0<0.6°
Wischmeier, Walter H. 1978. « Predicting rainfall erosion losses ». USDA agricultural research services handbook 53? U -
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Exercise : spreadsheet principle on LS factor example ;(/f

H7 w | i fx~  =(65,41*PUISSANCE(E7;2)+4,56%E7+0,065)
' A B C D E F G H |
1 Slope in degree (°C) sin h L L] LS
2 |testlvalues 0,0000 0,0000 0,00 0,07 0,00
3 ltest2 values Cells to fill with your values 0,000 0,000 0,00 0,07 0,00
4 |test3 values 0,0000 0,0000 0,00 0,07 0,00
5 your selected value 0,0000 0,0000 0,00 0.07 0,00
& Default [typical) values Length of the slope (m) |slope Slope in degree (°C) sin h L 3 LS
7 |exampte 1 30,40 1:3 18,00 0,3090 9,3941 1,17 7.72 9,05
& lexample2 40,00 13,58 0,2349 9,3941 1,34 4,74 6,38
& example3 50,00 10,83 0,1879 9,3941 1,50 3,23 4,86

=]

£ > am Soil erodability (K) Rainfall erosivity (R) Vegetation cover (C)

Préit % Accessibilité : consuffez nos recommandations

LS factor

CLIMATE-Training session 20/05/2026

mean rate erosion (RUSLE)
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H7 ~

Exercise : spreadsheet principle on LS factor example ;(/f

Formula are already
programmed but can be

changed

ﬁvl =(65,41*PUISSANCE (E7;2)+4,56*E7+@,0865) I

B

C

Slope in degree (°C)

D

]
2 |testlvalues 0,00
3 |test2 values Cells to fill with your values 0,00
4 [test 3 values 0,00
5 your selected value

& Default [typical) values Length of the slope (m) |slope Slope in degree (°C)

7 [example 1 30,40 1:3 18,00

g |example 2 40,00 13,58

5 |example 3 50,00 10,83

1N

< >

Soil erodability (K)

Préit % Accessibilité : consuffez nos recommandations

LS factor

K factor

CLIMATE-Training session 20/05/2026

Rainfall erosivity (R)

R factor

Vegetation cover (C)

C factor

mean rate erosion (RUSLE) F

Product of the 4 factors

MINES
Tech

Final

LS factor
Reported in the
last sheet
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H7 vl Jx v =(65,41*PUISSANCE(E7;2)+4,56*E7+0,065)
A B C D E F G H |
1 Topography (LS factor) Length of the slope (m) |slope Slope in degree (°C) sin h L s LS
2 testlvalues 0,0000 0,0000 0,00 0,07 0,00
3 |test2values 0,0000 0,0000 0,00 0,07 0,00
4 |test3values 0,0000 0,0000 0,00 0,07 0,00
5 |your selected value 0,0000 0,0000 0,00 0,07 0,00
6 Default (typical) values Length of the slope (m) |slope Slope in degree (°C) sin h L = LS
7 |examplel 30,40 13 18,00 0,3090 9,3941 1,17 7,72 9,05
8 example2 40,00 13,58 0,2349 9,3941 1,34 4,74 6,38
9 |example3 50,00 10,83 0,1879 9.3941 1,50 323 4,86
an
¢ > = topography (LS) = Soil erodability (K) Rainfall erosivity (R) Vegetation cover (C) mean rate erosion (RUSLE) 4 ;4 CEEEE—

Prét T% ibilité : consultez nos i

EXERCISE

Find the climate that will face your facility in near future
and optimise it :
play with K and LS (and C to a lesser extend)

MER 5 R]K LS|C oy o

L -
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J =7

H7 vl Jx v =(65,41*PUISSANCE(E7;2)+4,56*E7+0,065)
A B C D E F G H |
1 Topography (LS factor) Length of the slope (m) |slope Slope in degree [7C) sin h L S LS
2 testlvalues 0,0000 0,0000 0,00 0,07 0,00
3 |test2values 0,0000 0,0000 0,00 0,07 0,00
4 |test3values 0,0000 0,0000 0,00 0,07 0,00
5 |your selected value 0,0000 0,0000 0,00 0,07 0,00
6 Default (typical) values Length of the slope (m) |slope Slope in degree (°C) sin h L = LS
7 |example 1 30,40 13 18,00 0,3090 9,3941 1,17 7,72 9,05
3 |example? 40,00 13,58 0,2349 9,3941 1,34 4,74 6,38
9 |example3 50,00 10,83 0,1879 9,3941 1,50 323 4,86
an
<« > == topography (LS)  Soil erodability (K) Rainfall erosivity (R) Vegetation cover (C) mean rate erosion (RUSLE) 4 ;4 CEEEE—

Prét T% ibilité : consultez nos i

EXERCISE

COMPATIBILITY : filename = RUSLE_exercice_ods.ods
The file is in .ods (openDocument Spreadsheet) format, should be compatible
But decimal are represented by « , » = change to « . » if necessary

CTRL+H and substitute « , » by « . »

eu

L -
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The file is in .0d
But decimal are

CTRL+H and substitute « , » by « . »

Opticns Excel

Générales
Formules
Données
Verification
Enregistrement
Langue

Accessibilité

Options avancées

Personnaliser le ruban
Barre d'outils Accés rapide

Compléments

Centre de gestion de la confidentialité

CLIMATE-Training session 20/05/2026

FarisTech

H7 vl Jx v =(65,41*PUISSANCE(E7;2)+4,56*E7+0,065)

A B C D E F G H |
1 Topography (LS factor) |lenglhullheslope[m] |slupe |Slopeindegree[“ﬂ] | sin h | L s LS |
2 [test1values | | 0,0000 0,0000 | 0.00 0,07 0,00 |
3 ltest2 values 0,0000 0,0000 0,00 0,07 0,00

? >
Y
Options avancées pour travailler avec Excel
Options d'édition r

B8 Déplacer |a sélection aprés validation

Sens: | Bas - ]
O Décimale fixe

Place 2 -
B3 Activer la poignée de recopie et le glisser-déplacer des cellules il
B3 Alerte avant remplacement
] Modification directe
B8 Etendre les formules et formats de plage de données
BB Activer |a saisie automatique de pourcentage
B8 saisie semi-automatigue des valeurs de cellule
B4 utiliser autormnatiquement le remplissage instantané
| Zoom avec la roulette IntelliMouse

B8 Avertir I'utilisateur lorsgu'une opération potentiellement longue est lancée

Lorsque cette guantité de cellules (nombre en milliers) est affectée: | 33534 '

B3 Utiliser les séparateurs systéme

Séparateur de décimale

Séparateur des milliers
Déplacement du curseur:

O Logique

2 Visuel

[] Ne pas créer un lien hypertexte automatique de la capture

Couper, copier et coller v

] | Annuler |
A 29
YA,
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15 min exercise...

And questions...

CLIMATE-Training session 20/05/2026



Discussion based on a typical example ﬁ
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o What does RUSLE estimation tell us ?

Order of magnitude on a « standard » example:

With K~0.04 and LS~8 (p=1.3t/m3)

Scenario/local characteristics : R in 500 to 6300 (x12.6)

With C=0.01 (dense grassland) = MRE= 1.2cm/century to 15.cm/century
With C=0.08 (sparse grassland) = MRE= 9.6cm/century to 1.2m/century
With C=0.55 (little VG) =» MRE = 66.cm/century to 8.3m/century

With C=1 (bare soil) = MRE = 1.2m/century to 15.m/century

CLIMATE-Training session 20/05/2026



Exercise « solution » : standard example ﬁ
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o What does RUSLE estimation tell us ?

Order of magnitude on a « standard » example:

With K~0.04 and LS~8 (p=1.3t/m3)

Scenario/local characteristics : R in 500 to 6300 (x12.6)

With C=0.01 (dense grassland) = MRE= 1.2cm/century to 15.cm/century

With C=0.08 (sparse grassland) = MRE= 9.6cm/century to 1.2m/century

With C=0.55 (little VG) =» MRE = 66.cm/century to 8.3m/century € 1m soil thickness, 3 centuries
With C=1 (bare soil) = MRE = 1.2m/century to 15.m/century

=>» K and LS can be optimized (with gravel 20% =2 K/20) and by
lowering the slope but consequences remain limited

RUSLE estimation tell us that = zone of uncertainty (because of vegetation cover) = increase accuracy...

=>» Scenario and associate R (and C) must be investigated (to be more accurate)
=>» Scenarios with P (and T) evolution must be proposed for the site
=>» R must be calculated with these local values
=» C must be estimated (how? Drough probability?...) cu

CLIMATE-Training session 20/05/2026 I5
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l RUSLE model limitations _C°F
What does RUSLE estimation tell us not?

Mean rate

RUSLE | - c o o e e e e e e e e e e e e e e e =

erosionl____ — — —

Rill depth =3 x MER ?

=>» Soil cohesion V _\f
+—>

Real depth
=> Slope & P

1) Rills and gullies dynamic

reached Inter-rill
=» Drainage area...
2) Extreme events (rainfall, drought...)
The cover must resist rare events : millennial =» need of a new approach, or new models...

or decamillennial rainfall...

eu.
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Rainfall events data analysis (°F

MINES

Continuous light rain 1 to 3 mm per hour

Moderate rain 4 to 7 mm per hour

Heavy rain 8 mm per hour and more

Rainfall events at SAFRAN (Météo-France) n° 2315 point.

FarisTech

Qualitative assessment of precipitation in lowland areas of
mainland France (based on data from Météo-France)

« Extreme » event

Heavy rain ' .
7 y () 7mm/h < once-in-a-decade event ?
\/
.. 1vyear _ (18 years)
< Moderate rain What about millenial event ?
c .
E ER]
2s - Continuous-light-rain |
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I Frequency of extreme rainfalls : calculation of the return period ﬁ

MINES
) ParisTech
< Measures for a long period of time D* = Rainfall variability
E Reference quantiles for rainfall events ranging from 6 minutes to 24 hours (return periods of
e ey A | ——— i M. i 2 to 100 years) and extrapolation for return periods of 100 to 10,000 years
il bl kb .

Frequency analysis (of the maximum over d)

v Period of return (yrs)

and fitting to a (GEV) distribution E 200 g
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*The return time must be less than four times the duration of the measurements (IRSN/ASNR, Nov. 2013)
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I « Futurization » of extreme rainfalls ﬁ

MINES
FarisTech

Hist — 1976-2005
Rainfall values and the 5% and 95% confidence intervals estimated using the

w Gumbel method applied to the average of future rainfall projections from six
= J L RCMs for the RCP4.5 and RCP8.5 scenarios for the period 2071-2100
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J PHD Gabriel Portzer — 2023-2026 Cifre (MINES-WSP)
EXPERIMENTAL DEVICE T
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Gabriel Portzer PHD (MINES-WSP)
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EXPERIMENTAL DEVICE

Rainfall
Presurized Rainfall simulator (100mm/h)

2 to 7 presurized nozzles (QPHA-10W) 5.2/5.6 bars
Uniformity : 95% < CUC <98%
Kinetic Energy : DSD, VT (|

Soil

0.335m3 & ~16¢cm soil depth on gravel
(Almost) Same composition (same K)
Same conditions (p=1.6)

Slope
18° (Max CSM site slope)

CLIMATE-Training session 20/05/2026 41



Gabriel Portzer PHD (MINES-WSP)

AN EXEMPLE OF SOIL EROSION IN THE LAB

Initial dry soil (10%) After 1 hour of 1I00mm rainfall
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Climate change effects on low-level waste storage facilities

Assessing how changing climatic conditions may influence
the performance of engineered barriers, with a focus on
multilayer soil covers during operational period.

Case study: numerical modelling of a multilayer cover in Spain.

Introduction

eu.
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El Cabril is the
intermediate, low,
and very low-level
waste storage facility
managed by Enresa
and located in
Cordoba, Spain.
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El Cabril site

Multibarrier system
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Future Final

Pilot cover: main characteristics
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Pilot cover : main characteristics

Platform Zone

Test 11

Slope Zone

Test [

\//

22m

O 2 different multilayer cover designs in the same test

Test 1
I Test 11
oand RRAMARMIMRNNNNY 0 T
h r il
i
0.4m| ¢
!
0.4m|
0.4m|
0.5
Osm| fo----=oZZZZZZZZZ2Z3) 0 [ memreeeoeaaeaa e
0.4
0.4m
0.15
0.15
0.15m
0.45
P | ] | vesemsan |,
- -
[ soi
Sand f 3 l I
0.45m|
3 Gravel
A paie = S|
e s sz | [ owy Qs FEETEE S




Pilot cover: goals

Its objectives are to:
* Reduce erosion
 Protect against biointrusion
* Minimise vertical water flow to limit infiltration
« Promote lateral water flow to facilitate drainage of infiltrating water

All of this is designed for an expected operational lifetime of at least 300
years.

eu.




Pilot cover: conceptual model
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Mechanisms and processes to be reproduced:

« Water retention available for evapotranspiration |
. . S _ Need of well-
 Capillary barrier to limit infiltration |:> defined materials’

) . : hydrauli ti
» High-permeability drainage layers ydraufic properties

 Evaporation/condensation processes

. .. Multiph
 Flow varying between saturated and unsaturated conditions = ﬂo‘: al:d f‘se‘:t
« Water flow in both liquid and vapour phases, and energy flow transport

eu
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The numerical model must include three physically coupled processes:

Heat
transport

Water-air
multiphase
flow

Water vapor
transport

Pg S8, S
Evaporation/Condensation

Numerical model: description

eu 2
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Numerical model: description

Geometry, materials and boundary conditions (bc)

Atmospheric bc - surface

Tierra V.
M sucslo
M cantos | awmmees sssmsmamns gusassssss pamssssman assssssmsmssssEs I
7 Grava
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0 Arcilla . ”
Bl Arenainf.| et "
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Mixed bc - outflux

@ Precipitation
. Evapotranspiration

: -}‘ Runoff

Water mass balance € U“ - 2

at the surface 10 r




- |

2 years of simulation

Tiempo =0d

Degree of saturation

Suction (Mpa)

Temperature (°C)
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Numerical model: results




Fraccién volumétrica

Numerical model: results

Hydraulic behaviour of the superficial layer

. . o
Volumetric water content Suction (MPa) Temperature (°C)
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Potential scenarios
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Potential scenarios due to climate change:

« Reduction of the average annual rainfall.

* More droughts: temperature’s increase
leads to higher evapotranspiration + lower
precipitation -> drier soil -> cracking, loss
of vegetation and structural degradation
of the superficial layer.

* Greater seasonal concentration of rain
(drier springs, drier and longer summers
and more variable autumns alternating dry
years with heavy rains).

* Longer dry periods followed by stormy
precipitation events.




Potential scenarios

Potential scenarios due to climate change:

* Reduction of the average annual rainfall.

Annual Precipitation (mm) 50%

H 2009

45% w2010
m2011
2012
w2013
w2014

1400

1270,8

1200 40%

35%
1000

30% W 2015
800 m 2016
628,8 25% m 2017
' 5846 : m 2018
500 508,1 510,9 20%
4478 4328
4157 15%
400
265,2 266,2 10%
200
5% I
0 0 I I |

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

% drained rain

R

Runoff Vegetal soil Soil Granular layers Sand Clay Sand base

Cover surface » Cover base
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Potential scenarios
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Potential scenarios due to climate change: 2010
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Potential scenarios

Potential scenarios due to climate change (3sc climate group):

* Dry period followed by stormy events.

Annual Precipitation (mm)

50%
1400 = 2009
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45% m 2010
1200 m2011
40% 2012
1000 359 m 2013
m2014
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T m 2016
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Potential scenarios
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Potential scenarios due to climate change: . |
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Potential scenarios

Potential scenarios due to climate change:

Fraccién volumétrica

Dry period followed by stormy events

Sensor 3 245 - Tierra vegetal
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Potential scenarios due to climate change:

« Reduction of the average annual rainfall. |:> Lower average annual rain:

. > Lower runoff
* More droughts: temperature’s increase > Higher infiltration deeper

Iead§ t.o h.lgher eva.potra.nsplratlon. + lower into the cover
precipitation -> drier soil -> cracking, loss

Potential scenarios

Potential loss of
vegetation ->
increase of
erosion

of vegetation and structural degradation I:> + Droughts (increase in temp)
of the superficial layer. ]

« Greater seasonal concentration of rain
(drier springs, drier and longer summers
and more variable autumns alternating dry
years with heavy rains).

Longer dry periods and more
:> concentrated rain:
» Higher runoff
« Longer dry periods followed by stormy > Lower infiltration
precipitation events.
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First conclusions on how climate change could affect the
performance of the Spanish multilayer cover:

« Reduction of the average annual rainfall and/or longer dryer
periods combined with more concentrated rain periods don’t
lead to a significant increase of infiltration.

« The potential loss of vegetation due to drought risks the
integrity of the cover (erosion increase), which would be worst if

combined with more intense rains.

|-|_—> Study of the effect of losing the vegetation in the water mass
balance.

Study the effect of losing the integrity of the first layer. e Ur

20




on Radioactive Waste Management

CLIMATE CHANGE EFFECTS ON
ENGINEERED BARRIERS FOR LOW-LEVEL
WASTE STORAGE FACILITIES

AMPHOS

an RSK company

Sl Co-funded by the European Union under Grant Agreement n° 101166718

May 20, 2026 Online Training Sessions — Impact of Climate Change on Radioactive Waste Management



on Radioactive Waste Management
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Introduction
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Climate change effects on geological waste storage facilities

« Assessing how changing climatic conditions may influence groundwater
flow and repository safety during post closure period.

* Near-surface repository case, focus on how climate change affects
surface drivers, such as precipitation, evapotranspiration and infiltration.

« Geological repository case, focus on long-term climate-related
processes, such as shoreline displacement and permafrost.

« (Case study: numerical modelling for Safety Assessment on SFR
repository, Sweden (SKB).

eu.




SFR:
Repository for low- and intermediate-level radioactive waste

- Located in Forsmark, Sweden
- Existing facility: SFR1 (60 m depth)
- Planned extension: SFR3 (120 m depth)

. Forsmark

£

0 100 200 300 400km
—t—

Source: TR-25-07

Source: TR-14-09

SFR Site




SFR:

Repository for low- and intermediate-level radioactive waste
Located in Forsmark, Sweden

Existing facility: SFR1 (60 m depth)

Planned extension: SFR3 (120 m depth)

SFR Site




Safety Assessment
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Post-closure Safety Assessment
- Show that the repository remains radiologically safe after closure
- It does not predict one exact future
- It evaluates safety over long timeframes
- 100 kyr for SFR
- 1 Myr for the spent fuel repository

eu.
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Groundwater flow is one of the key inputs

Safety Assessment

How much groundwater can flow through the repository, and how does that
evolve over time?

SR-PSU
Main report

Main references

- . Geosphere Biosphere
FEP report Inltr:?al :rt;ate Wastrz p::tcess Barrlfer r.;r;:trcess process synthesis
P P P report report
. Model Radionuclide
Teport summary eport report report transpor
report N report /|

Additional references

Source: TR-14-01




Safety Assessment
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Chain of models

IM. . D0 '.)_ =

DarcyTools — Water divide
hydrogeological l‘" %y — Hydrogeological domain, SFR
model at k 4 —— Regional domain, SFR
" . —— Regional domain, Forsmark SDM

regional scale

| B

Flevation,

COMSOL m RHB70

near-field
hydrogeological
model

Local Northing (m)
10000

5000

Ecolego model
for radionuclide
transport

36000
Source: R-13-25 3 3 2
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Safety Assessment

Chain of models

DarcyTools
hydrogeological
model at
regional scale

comMmsoOL
near-field

hydrogeological

model

Ecolego model
for radionuclide
transport

Source: TR-13-08 ' .




Safety Assessment
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Groundwater flow model

Two separate repository-scale models: SFR 1
and SFR 3

Repository and bedrock properties

Initial and boundary conditions from
regional scale model

Calculates flow rates through vaults, waste
domains, and control volumes

A

Existing SFR
facility

ZFMNNEO0869
ZFMNEO870

LEGEND
I Rock domain RFRO1
[T} Rock domain RFR02
I Rock domain RFRO3
Rock domain RFRO4
[l octormation zone, high confidence
. Deformation zone, medium confidence

Dimensions SFR 1 model:
X :370 m [6255, 6625]
Y : 485 m [9850, 10335]
Z:205m [-25, -230]

Dimensions SFR 3 model:
X :400 m [6490, 6890]
Y : 500 m [9690, 10190]
Z:205m [-25, -230]

Source: R-13-25

Near Field Simulations

Source: TR-13-08

r
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Climate related cases

Stationary cases

Global warming climate case

Relative shore-line positions

Near Field Simulations

2000 AD
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Near Field Simulations
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Climate related cases Caset_1b2
- Stationary cases

- Global warming climate case
- Relative shore-line positions

- Periglacial climate case Shallow permafrost
- Different permafrost depths
- Presence and locations of taliks

Source: TR-13-08

eu
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Near Field Simulations

Climate related cases

- Relative shore-line positions

Discharge ‘ Recharge
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Near Field Simulations

J c 3000 AD

Climate related cases

00 11000 11

- Relative shore-line positions

Discharge Recharge
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Climate related cases

Relative shore-line positions

Discharge

1BMA
1BLA
2BTF
1BTF
SILO

Recharge

u ]
111

i =

\
LTI

HDH_W

s

A\ x

Source: TR-13-08

Near Field Simulations

o

0 00
Local easting (m
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Near Field Simulations

3000 AD

Climate related cases

- Relative shore-line positions

Local northing (m)

Esg
[~ K=}
&
=
5 2
2g
g_

Local northing {m)

7000

Local easting (m) Local easting (m) Local easting (m

8000

(a) Total flow per vault (m3/year) (b) Total flow per waste (m3/year)
1,E+03 1,E+03
1,E+02 1,E+02
- 1,E401 - 1,E401
2 o
o
1,E+00 ) 1,E+00
= =
£ 1,601 £ 1,E-01
1,F-02 1,602
1,£-03 1,E-03
1BMA 1BLA 1BTF 2BTF SILO 1BMA 1BLA 1BTF 2BTF SILO
m Shoreline position 1| 0,046 0,133 0,028 0,047 0,005 m Shoreline position 1| 0,008 0,123 0,009 0,009 0,005
mShoreline position 2| 30,385 65,220 7,801 19,891 0,741 m Shoreline position 2| 1,275 61,359 1,716 2,424 0,682
mShoreline position 3| 66,547 146,805 17,947 43,482 1,471 u Shoreline position 3| 3,429 138,996 3,498 4,568 1,357

Source: TR-13-08 eu 2
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Near Field Simulations

3000 AD

l a) 2000 AD

Climate related cases

- Relative shore-line positions
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Climate related cases

Shallow permafrost (depth -59 m)

2 taliks

Near Field Simulations

Shallow permafrost

Source: R-13-25

Base case Permafrost
i ; -5 ‘ = —_— - ' — _. & lice front
?‘_;%’. . . t%’. s '
e | g— B 8 - logo(K)
§ ; (m/s)
g : -3
A . i ‘ i
‘ . ‘ - - - ‘ Y e - e
y > x = 6387 m
i ice front o
- - o x - -7
M=y e §a
: 8 . "
.9
10
A r
N v - 1

y = 10050 m 12 e U
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Near Field Simulations

Shallow permafrost

Climate related cases
- Shallow permafrost (depth -59 m)
- 2 taliks

(a) Shallow Permafrost - Total flow per vault (b) Shallow Permafrost - Total flow per waste
1,E+03 1,E+03
1,E+02 1,E+02
= T
©
5 1,E+01 o 1,E+01
> Z
o~ o
£ £
1,E+00 1,E+00 I
1,E-01 1,E-01 .
1BMA 1BLA 1BTF 2BTF Silo 1BMA 1BLA 1BTF 2BTF Silo
m Base Case 66,547 146,805 17,947 43,482 1,471 H Base Case 3,429 138,996 3,498 4,568 1,357
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Near Field Simulations
l Shallow permafrost
Climate related cases

- Shallow permafrost (depth -59 m)
- Presence of taliks

|0g1o(Q/ch)

A 1,969

: Ratio of the Darcy velocity magnitude
between the Shallow permafrost case
and the Base case for the shoreline

position 3 in a xy plane atz = 82.5 m.

r 1

eu.
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Conclusions

- |

- For a coastal geological repository, long-term climate change is best
understood as a change in hydrogeological boundary conditions.

- As the shoreline retreats, the repository evolves from a submerged discharge
setting to shoreline-controlled and then land-dominated recharge conditions,
which changes both the direction and the intensity of groundwater flow.

- The largest conceptual shift occurs when the shoreline passes over the
repository. The flow field inverts from predominantly upward discharge
to a more local recharge-driven system.

- A shallow permafrost front above the repository reduces overall flow and
makes the flow pattern more horizontal. In the SFR studies, average flow
reductions were about 78% for SFR1 and about 40% for SFR3 relative to the
corresponding base case.

eu.
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Conclusions

Groundwater flow is a central input to post-closure safety assessment.

Groundwater modelling is a necessary step because its outputs feed the
radionuclide transport assessment (and other processes).

- Multiscale hydrogeological modelling is essential.

For long-term safety, the key issue is not one exact future, but a set of
climate-driven hydrogeological states.

eu.
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SCOPE OF THIS PRESENTATION

* How can output from climate models (numerical or conceptual) be used to build relevant
climate scenarios to of

Climate-
related
processes

Climate Climate

Impact

assessment

models scenarios




SCOPE

Many scenarios and future climate states from session 1 (Tuesday)

Now: how do these modify ‘the landscape’, in the broadest sense
« Topography
» Hydrography
* Vegetation
» Vadose zone (usually upper few meters)

Non-exhaustive

Link to safety functions, mostly isolation
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GLOBAL WARMING

» All evidence points to a long interglacial ahead (up to 50,000 years)
* Insolation and natural CO2
* Anthropogenic forcing

* Local: climate transitions (by 2100)
*  Koppen-Geiger Dfb - Dfa or Cfb
* Koppen-Geiger Cfb > Csb/Csa
+  Koppen-Geiger Csa - BSh/BSk

» See yesterday’s presentation by Johan
* In a state of equilibrium, doubling of CO, concentration leads to ca. 2-4 °C global warming by 10 ka AP (10,000 years after present)
* This is not even the worst case

* Global: sea-level rise
* Marine/estuarine erosion
* Geochemical changes
* Groundwater flow dynamics

Date Event 4




COMMITTED SEA-LEVEL RISE
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Van Breedam, J., Goelzer, H., & Huybrechts, P. (2020). Semi-equilibrated global sea-level e LlL
change projections for the next 10 000 years. Earth System Dynamics, 11, 953-976.
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High scenario: = 400 years AP
Middle scenario: + 600 years AP
Low scenario: = 6000 years AP
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Feasibility Case 1 (SFC1). (0 ed.) (SCK CEN Reports; No. ER-
184). SCK CEN. 11
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ESTUARINE/MARINE EROSION: NATURAL ANALOGUE FROM THE EOCENE

Houthuys, R, 2011. A sedimentary model of the Brussels Sands, Eocene, Belgium.
Geologica Belgica 14, 55-74.
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FLOW DYNAMICS
o

Land surface

Water table

Nete basin
(ridges)
Mol-Dessel
nuclear
zone

N

Miocene aquifer

Freshwater

Boom Clay
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< >
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Nete basin
(valleys)

Barlow, PM., 2003. Groundwater in
Freshwater-Saltwater Environments

of the Atlantic Coast. Circular 1262.

U.S. Department of the Interior, U.S. e U
Geological Survey. Modified.
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PORE WATER: REVERSE PROCESS OF FRESHENING
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A WARM FUTURE BY 10 KA AP: HOW WOULD IT LOOK LIKE ONSHORE?

« Earlier we said: doubling of CO, concentration, up to 4°C warmer : put in geological perspective

Pacific 80 .y, 0. Smoothed temperature (°C) Sea level (m) Smoothed sea level (m) CO, (ppm)
Site
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Miller, K. G., Browning, J. V., Schmelz, W. J., Kopp, R. E., Mountain, G. S., & Wright, J. D. (2020). Cenozoic sea-level and cryospheric evolution from deep-sea geochemical 16
and continental margin records. Science Advances, 6, eaaz1346.
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A Miocene B Pliocene

RETURN TO MIOCENE AND PLIOCENE
CLIMATES AND LANDSCAPES?

* Artistic palaeo- L Sl TR AT e
° Last Interglacial Last Glacial
reconstructions of PRI . SRR 30 B, TR 7T
ecosystem states in ' ' '
Central Europe over
the last 23 million
years

[+

Szymon Czyzewski, Skjold Alsted Sgndergaard, Abel Péter Molnar, Matthew Roy Kerr,
Jeppe Aagaard Kristensen, Joe Atkinson, Jonas Trepel, Maciej Sykut, Pawet Radzikowski,
Signe Sangill Termansen, Karol Watach, Elena A. Pearce, Sean E.H. Pang, Barttomiej
Zajac, Juraj Bergman, Emil Sloth Thomassen, Ninad Mungi, Camilla Flgjgaard, Rasmus
Ejrnaes, Robert Buitenwerf, Jens-Christian Svenning, Revisiting Europe's temperate
forests: Palaeoecological evidence for an herbivory-driven woodland-grassland mosaic
biome, Biological Conservation, Volume 316, 2026, 111749, ISSN 0006-3207,
https://doi.org/10.1016/j.biocon.2026.111749
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PROJECTIONS INCLUDE APPEARANCE OF B-CLIMATE CONDITIONS OVER THE
NEXT MILLENIA IN CURRENT Cfb AND Csa CLIMATES

* How does this impact soil properties, land use and vegetation?
« Evapotranspiration, infiltration, discharge to aquifer

Precipitation

https://blogs.egu.eu/network/water-
_ ; : underground/2015/07/19/when-it-snows-it-pours-
............... A e SR AT R APy s S SR into-aquifers-recharge-seasonality-around-the-

world/ i )
eu 1 2
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PODZOLS IN SANDY TERRAINS UNDER Cfb CLIMATE

K. Beerten, K. Deforce, D. Mallants,

Landscape evolution and changes in soil hydraulic properties at the decadal, centennial and millennial scale: A case study from the Campine area, northern Belgium, CATENA, Volumge 95, -

2012, Pages 73-84, ISSN 0341-8162, https://doi.org/10.1016/j.catena.2012.03.005 e U
L
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PODZOLS ARE TYPICAL SOILS FOR SANDY TERRAINS IN Cfb CLIMATES

* Mature podzols develop in
several millenia

* Under vegetation
* Precipitation surplus P > ET

Date

approx. depth (cm)
3

drift sand deposition

5/A stabilisation surfaces
buried o
A-horizon
| X
87 2/X
HCH /
j Podzol formation
.-g- %
)
o
@
o OSL dating 1/Bh
@ palynology / historical archives
A C-14 dating
100 1000 10000
time (years BP)
Event

cover sand
deposition
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EVOLUTION OF SATURATED HYDRAULIC CONDUCTIVITY OF A PODZOL IN A Cfb
CLIMATE
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RECHARGE TO AQUIFER
. . chloride inventory (mg/m?)
* This will change 0o 1000 2000 3000 4000 5000 6000
» Not only because of changing P and ' O‘C%%) drift sands
ET @, (units 2-3-4-5) 212 mavyear
» Also because of changing vegetation o N
and hydraulic properties o ) O3
* Podzolisation is hardly observed in Csa E
climates E
g 0.2 - . @
= entire sequence . pud.zc;l 502 mm/year
g (units 1-5) L\ (unit )
g 0.3 - 238 mml/year ' .;O
0.4 - Q -"._
0.5 1.0 15 20"

apparent age (yrs)
Cu

Beerten, K., & Mallants, D. (2011). Geomorphology and hydrology of a sediment-soil
sequence in Dessel: studying natural analogues for engineered earth covers. (0 ed.)
(SCK-CEN Reports; No. ER-180). SCK CEN.




AEOLIAN DEFLATION IN SANDY TERRAIN UNDER Cfb CLIMATE

« Human-induced aeolian
erosion due to deforestation
and intensive land-use during L
the last couple of centuries -

> » » WOO

[sm

i
> »>®

~200a

* Now these landscapes are

stable 1

* Will they become unstable = ‘ _ .

again in a B-climate? T Az A 2
) : , =X sl 212 o i
» Less vegetation s v—" : . g‘-ﬁﬁ*“&"s‘

* Will modify vadose zone Vs S . ' gﬂﬁx
characteristics and thus E :
recharge to aquifer § ¢

2N A"
% | .ﬁl.. : /S zzz pIIZ ST
birch pine heather geomorpho- frost crack Late Glacial Podzol premature soil ¥
logical units soil (Usselo?) (‘micropodzol’) 2

BEERTEN, K., VANDERSMISSEN, N., DEFORCE, K. and VANDENBERGHE, N. (2014), Late Quaternary (15 ka
to present) development of a sandy landscape in the Mol area, Campine region, north-east Belgium. J. D2
Quaternary Sci., 29: 433-444. https://doi.org/10.1002/jgs.2713




COLD CLIMATE WITH PERMAFROST LEM Permgfrost Map
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WHY IS THIS IMPORTANT?
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TODAY'S PERMAFROST IN NORTHERN AMERICA: DIFFERENT TYPES
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PERMAFROST THAT DEVELOPED OVER THE LAST 8000 YEARS AFTER ICE-SHEET
COLLAPSE
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SUCH CONDITIONS CAN ALSO (RE-)APPEAR IN CURRENT TEMPERATE CLIMATES

Alaska, today Northern Belgium, last glacial

Lachenbruch, 1962

GEOL. SOC. AM., SPECIAL PAPER 70 LACHENBRUCH, PL. 1

EFFE
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WHICH TYPE OF PERMAFROST FITS WITH THESE SURFACE FEATURES?
SPITSBERGEN IS A POTENTIAL ANALOGUE

Table 2

Metrics of the analogue networks ( present-day and fossil): number of polygons (N), mean area (MEAN), median area (MEDIAN), relative standard deviation (RSD), minimum area (MIN),
maximum area ( MAX), total number of counted intersections (N;), percentage of 4-ray intersections (4RAY), and percentage of orthogonal intersections (ORTHO) (n/d = not determined;
n/a = not applicable). For comparison, a summary of the Campine data is also included.

Site Polygon type N MEAN MEDIAN RSD MIN MAX N; ARAY (% 4-ray ORTHO (% orthogonal
(m?) (m?) (%) (m*)  (m?) inter-sections)  intersections)

Devon Island Oriented orthogonal 93 397 386 38 119 836 112 55 97

Axel Heiberg Island Random orthogonal 78 153 130 62 20 580 117 13 32

Barrow Irregular mixed 135 310 274 57 93 1049 112 12 65

Prudhoe Bay Random orthogonal 9 204 198 24 121 291 50 28 74

Sugluk Inlet, Hudson Bay, D4 Random orthogonal 17 80 59 63 30 191 33 21 79

Sugluk Inlet, Hudson Bay, D1 Random orthogonal 22 150 131 53 33 329 23 30 78

Sugluk Inlet, Hudson Bay, G5 Random orthogonal 17 173 124 83 8 504 26 11 69

Garry and Richards Island upland Random ortho/hexagonal 21 743 723 63 214 1764 27 26 63

Garry and Richards Island lowland Random ortho/hexagonal 53 373 307 52 166 1093 83 15 66

Svalbard Adventdalen AD4 Hexagonal on dry terrace and 159 507 83 b5 75 1786 n/a 9 n/a

orthogonal down the slope
West Flanders Mixed 145 104 58 112 4 760 178 18 46
France n/d n/d 179 n/d n/d 63 380 n/a n/a n/a
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FROM PRESENT-DAY AND PAST ANALOGUES TO FUTURE PERMAFROST
DEVELOPMENT (THE NETHERLANDS)

o
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Govaerts, J., Beerten, K., & ten Veen, J. (2016). Weichselian permafrost depth in the Time (ka BP)
Netherlands: a comprehensive uncertainty and sensitivity analysis. The Cryosphere, 10, cu

2907-2922. https://doi.org/10.5194/tc-10-2907-2016
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PAST GLACIAL CYCLE AS AN ANALOGUE FOR PERMAFROST EVOLUTION DURING
A NEXT GLACIAL PHASE: UPPER AND LOWER BOUNDS

 Different sources of &
uncertainty . 11 = 4 5a5¢c Se
T O -
- reliability of the = 1o s e
palaeotemperature proxy 5 ]
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glacial climatic cycle E .
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STOCHASTIC UNCERTAINTY ANALYSIS OF NATION-WIDE PERMAFROST
PENETRATION DEPTH

* Upper boundary condition:
temperature -50¢

* Lower boundary condition:

geothermal heat flux %-100~
« Subsoil properties g
* Density 8-150—
 Porosity “g
» Specific heat E -200+

» Thermal conductivity
-250+

-3000 20 40 60 80 100 120
Time BP [ka]
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Elevation above ground level (km)

NORTHERN LATITUDES
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Figure 4-1. Evolution of permafrost and unfrozen water content in the permafrost at
Olkiluoto calculated for the Weichselian-R scenario considering vegetation and snow

cover.
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Figure 4-2. Evolution of permafrost and unfrozen water content in the permafrost at
Olkiluoto calculated for the Weichselian-R scenario considering no vegetation and no
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IN THIS AREA, NON-GLACIAL (FLUVIAL) EROSION CAN NOT GO DEEPER THAN -30 M
BELOW CURRENT SEA LEVEL - THIS IS THE SEA FLOOR OF THE ENGLISH CHANNEL

° SafEty function: isolation _ current topography Campine
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§ Response to past glacial sea-level lowstand
(5]
z 40 -
[}]
w 4
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Beerten, K., De Craen, M., & Leterme, B. (2014). Long-term evolution of the surface

environment of the Campine area, northeastern Belgium: first assessment. Jgurnal of thje

Geological Society, 400, 33-51. https://doi.org/10.1144/SP400.23 2
-
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HOW DO RIVERS ERODE IN WARM-COLD-WARM CYCLES?
(NOT FOR THE NEXT 50,000 YEARS?)
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THIS LANDSCAPE INSTABILITY AT COLD-WARM AND WARM-COLD

TRANSITIONS IS SEEN EVERYWHERE IN LOWLAND EUROPE
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LARGE-SCALE NON-GLACIAL DENUDATION: HOW FAST?
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DEVELOPMENT OF RIVER PROFILES UNDER CLIMATE AND SEA-LEVEL CHANGE
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GLACIAL EROSION IN CRYSTALLINE ROCK

» Coastal rock outcrops and low elevation rock surfaces at Wave Rock have relatively high
fracture densities and carry glacial microforms indicating erosion by combined abrasion and

Date

block removal; glacial erosion depth estimates for the last glaciation between 35.4 ka BP and
10.8 ka are 84-215 cm

Summit rock surfaces at Wave Rock have low fracture densities and carry only abrasion
microforms; glacial erosion depth estimates for the last glaciation are 23-46 cm and are

interpreted to represent abrasion only
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GLACIAL EROSION IN SEDIMENTARY BASINS: TUNNEL VALLEYS
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Migrating channels fed by seasonal surface meltwater can erode
tunnel valleys within 100s to 1000s of years during deglaciation.
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GLACIOTECTONIC DEFORMATION
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Figure 11 - Depth of the top of Rupelian clay in the Netherlands (meters below sea level), and distribution of glacial bz
(dark grey: continuous and up to 150 m deep; light grey: discontinuous small basins less than 50 m deep) and tunnel v;
(red lines). The 200 m depth contour line is accentuated by the hatched dark blue line. Isohyps map from Rijks Geologi
Dienst (1996), distribution of tunnel valleys and glacial basins from Zagwijn (1975).
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WHY SO LITTLE GLACIAL EROSION IN NORDIC CRYSTALLINE BEDROCK, IN CONTRAST TO
DEEP EROSIONAL FEATURES OBSERVED IN THE RATHER SOFT SEDIMENTARY
ENVIRONMENT OF THE SOUTHERN NORTH SEA BASIN?

» Erosion-resistant crystalline material (gneiss, granite) <-> sedimentary formations (sand,
clay)

« Cold-based ice-sheets inhibit glacial erosion: pre-existing permafrost in front of the
advancing ice

« Warm-based sliding conditions are probably very brief

eu 1 2
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QUESTION

 Give an estimate (order of magnitude) of the expected erosion rate for a hypothetical
location at an altitude of 30 m in a current Cfb climate at 50°N.

« Xor0
meters 20 meters | meters 100 meters
Aeolian deflation Within the next 1,000 yrs
Marine/estuarine erosion Within the next 10,000 yrs X
Fluvial erosion Within the next 100,000 yrs X

Glacial tunnelvalleys Within the next 1,000,000 yrs X

Date Event
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