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BACKGROUND

Climate policy supports the gradual phase- Coal transition is also a hydrological
out of coal mining to reduce greenhouse transition

gas emissions and saline mine-water

discharges

An overlooked consequence:
* Long-term mine dewatering has become an integral part of river flow
regimes in mining regions
* Mine discharges currently sustain streamflow during dry periods
e Potential environmental implications:
* Lower dilution capacity for pollutants
* Increased stress on aquatic ecosystems during drought periods
* These processes overlap with ongoing climate change

Key challenge:
How will climate change interact with progressive mine closures to shape
future river flow regimes?




RESEARCH OBIJECTIVES

Key Questions:

How will river systems respond to the gradual withdrawal of
mine-water discharges?

Will future climate conditions amplify or mitigate these
changes?

Can hybrid SWAT—machine learning modelling provide more
robust projections of future hydrological conditions?
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Focus area: :,\
Europe, Poland \
Upper Vistula Basin > = -~
Przemsza—Vistula river system .
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Upper Silesian Coal Basin (USCB)




INNOVATIVE APPROACH

First integrated assessment combining:

large-scale mine closure scenarios
climate change projections
distributed hydrological modelling
machine-learning ensemble weighting

Most probable
scenario
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RCP 4.5




STUDY AREA

Upper Silesian Coal Basin (Poland)

An environmental transition study:
e 17 coal mines planned for closure by 2049
* Long-term mine drainage integrated into river flow regimes
e Strong hydraulic connection between mining areas and river
systems
e Co-occurrence of two major drivers of change:
e climate change
e coal-sector phase-out
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INTEGRATED METHODOLOGICAL FRAMEWORK

Hybrid climate—hydrology—machine learning workflow

Workflow components: 2.3

. T - discharge and year of
1. Mine closure module 3 [ mine closure J
* Closure dates s

N
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* Mine drainage discharges 2,
. . . Climate Projections: 5-km Gridded
e Spatial propagation of impacts downstream Daily Precipitation & Temperature

Dataset _— [
CPLCP-GDPT5

future river discharge for ]
nine models

2. Climate-hydrological module
e CHASE-PL dataset

 SWAT model simulations

9 EURO-CORDEX climate configurations o

e RCP4.5 and RCP8.5 scenarios
I Flow monitoring data - gauge l

the combined impact of mine
closures and climate change on
stream hydrology

CHASE-PL
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Weighted-ensemble
streamflow
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3. Machine learning module

* Conditional Weighted Regression (CWR)
* Dynamic ensemble weighting

e Daily streamflow projections to 2050




FROM CLIMATE ENSEMBLES TO RIVER FLOW PROJECTIONS

Challenge

Future river flows depend strongly on the selected climate model.

e Different EURO-CORDEX simulations produce different
precipitation signals

* Consequently, SWAT generates different streamflow responses

 The spread among projections can be substantial . o :
P & Pro) CHASE-PL Climate Projection dataset over Poland - bias

adjustment of EURO-CORDEX simulations

Our approach | | | o
. . . . Abdelkader Mezghani B4, Andreas Dobler, Jan Erik Haugen, Rasmus E. Benestad, Kajsa M. Parding, Mikotaj Piniewski, Ignacy Kardel,
Instead of relying on a single climate projection: and Zbigniew W. Kundzewicz

* 9 bias-corrected EURO-CORDEX
e Daily streamflow SWAT simulations
e RCP4.5 and RCP8.5 pathways

Result
A large ensemble of physically-based streamflow projections that
captures climate uncertainty before machine-learning weighting.



MACHINE LEARNING ENSEMBLE WEIGHTING

From multiple SWAT projections to a single probabilistic

scenario Most probable
scenario

The problem ‘

Different climate-driven SWAT simulations capture different RCP 4.5

aspects of the hydrological regime.

The relative skill of individual ensemble members changes with:

* season, RCP 8.5

e flow conditions,
e and hydroclimatic context.

Key challenge
How can we identify the most reliable simulation for a given hydrological situation?

Why is this important?
Most hydrological studies use equal-weight climate ensembles.
Here, ensemble scenarios are weighted according to their context-specific predictive skill.



MACHINE LEARNING ENSEMBLE WEIGHTING

Our solution

A Conditional Weighted Regression framework that dynamically > —

assigns weights to ensemble members according to their S
expected performance under specific hydroclimatic conditions. —™ — ——
SWAT + 9 GCM/RCM - ML weighting - WES ;——»//

//'v//v/'/
Key innovation: o

Instead of averaging climate models equally, the ML learns which
model performs best under specific hydroclimatic conditions.

Most probable
scenario

RCP 4.5

RCP 85



CLIMATE CHANGE SIGNAL

How do river flows change under future climate
conditions?

Main findings
e Future flow regimes differ substantially from the
historical period.

* The range between percentiles in individual
months was greater in the historical period.

* |In climate change scenarios results close to the
median values were more frequent

* Seasonal flow patterns are expected to shift,
with:
* higher flows during spring,
* lower flows during autumn and early winter.
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HISTORICAL HYDROLOGICAL REGIMES

Two contrasting river systems

Przemsza River

e groundwater-dependent system
* relatively stable flows

* |imited seasonal variability

e strong mining influence

Upper Vistula River

e precipitation and snowmelt dominated
* higher seasonal variability

e stronger climate sensitivity

Key implication:
The Przemsza system is substantially more vulnerable to
anthropogenic flow reduction.
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EXASPERATING OR MITIGATING?

What happens when mine drainage is progressively removed?

Vistula River P V1 V2
« stronger climate response 1% 100 300
* benefits from increased
e 75 75
precipitation In 200-
mountainous headwaters 5p . 50
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Przemsza River 25 $ ‘ 25 J&
e weaker precipitation
0 i | | 0 | | 0 |
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e stronger low-flow
sensitivity
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EXASPERATING OR MITIGATING?

Median Absolute Deviation (MAD)
Measures the spread of flows around the median.

. H|gher MAD % greater Var|ab|l|ty Median Absolute Deviation Cliff’s delta Risk Ratio
* Lower MAD - more stable flow conditions . : .
16 2.0
Cliff's Delta (5) N
Measures the direction and magnitude of distribution " o I »
shifts relative to the historical period. 6 01
* &§>0 - flows tend to be higher than historical . 0.0 1. .
e 06<0 - flows tend to be lower than historical 0 0.1 0.0 R
P V1 V2 V3 P V1 V2 V3 P V1 V2 V3

6 =0 - little overall change

- WES RCP4.5 - WES RCP4.5 WM - WES RCP8.5 - WES RCP8.5 WM |:| historical flow
Risk Ratio (RR)
Measures changes in the probability of low-flow events.

Event definition: Flow < historical q10
e RR=1-nochange Fundamentally reshaped the frequency of

e« RR>1-increased low-flow risk hydrologically critical conditions
* RR<1 - reduced low-flow risk



MINE CLOSURES PRIMARILY AFFECT LOW-FLOW CONDITIONS

Median Absolute Deviation Clhiff’s delta Risk Ratio
Key findings:
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Przemsza River: 0.5

* 10 reductionsup to 4.5 m¥s ., 0.4
e approximately 35% decrease 12 0.3 1.5
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Vistula River: # 1.0
* reductions up to 1.4 m¥s j 01 -
* approximately 15% decrease .r—l ‘ \ 0.0 1. '
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* Positive 6 values indicate a general upward shift in flow distributions for the Vistula River.
* The Przemsza River shows little overall shift in annual flows (6 = 0).
* RRvalues reveal a fundamentally different response:
* low-flow risk remains low in the Vistula system,
e low-flow risk increases markedly in the Przemsza River.
* Low-flow metrics reveal substantially increased vulnerability in the Przemsza River system for mine closure.



SEASONAL ASYMMETRY
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CONCLUSIONS

Climate change and mine closure interact.

e Climate change modifies the overall flow regime and
seasonal patterns.

* Mine closure has a relatively small effect on annual flows.

e The most significant impacts occur during low-flow
periods.

* The Przemsza River is substantially more vulnerable than
the Vistula River.

Main finding
Future climate conditions are unlikely to fully compensate for
the loss of mine-water discharges.
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SCIENTIFIC AND PRACTICAL IMPLICATIONS

Scientific contribution Most probable
* Integration of SWAT and machine learning = S
RCP 4.5

* Dynamic climate ensemble weighting
* Improved interpretation of climate uncertainty

Practical relevance

* water resources management
e drought-risk assessment

» ecological flow protection

* mine transition planning

Broader relevance

Applicable to mining regions worldwide undergoing
energy transition.




CONCLUSIONS

Energy Transition: No energy source is
environmentally impact-free.

Environmental dilemma:

A complex trade-off between air quality, water
quality and hydrology

Key message

A sustainable energy transition requires
evaluating not only emissions, but also long-
term impacts on water resources and
ecosystem resilience.

Reuters
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Current and future chloride concentrations
in a large river - will a disaster happen
again?
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