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Water-Food-Energy-Ecosystem Nexus Under Climate Change
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• Bavaria traditionally not associated with water stress (<10% withdrawals of available resources)

Introduction
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https://www.wri.org/applications/aqueduct/country-rankings/

https://www.wri.org/applications/aqueduct/country-rankings/
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https://www.wri.org/applications/aqueduct/country-rankings/


• Climate change alters runoff, recharge, and low-flow conditions 

(Poschlod et al., 2020)

• Recent droughts exposed Central European vulnerability (BfG, 

2019)

• Socioeconomic change reshapes sectoral water demand (Wada et 

al., 2016)

• Future scarcity emerges from supply–demand imbalance (Schlosser 

et al., 2014; Veldkamp et al., 2015)

• → Need for integrated catchment-scale water-security assessment

Introduction
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Availability Demand



Upper Main Catchment
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Upper Main Catchment
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Source: https://www.lfu.bayern.de/wasser/klimawandel_wasserhaushalt/auswirkung_

auf_wasserhaushalt/abflussregime/index.htm

− Pluvial-nival regime

o higher discharge in winter and early spring

o Low flow in summer

− Precipitation (1992-2022):

o averaged precipitation 807.5 mm

o east-west difference



Upper Main Catchment
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agrr: 51.3 %

frse: 37.3 %

frsd: 2.6 %

past: 6.2 %

urml: 0.9 %

• Landuse distribution (Corine 2018):
Land use (SWAT Coding)

Sealed areas

Farmland

Forest and semi-natural areas

Water bodies



Water use and supply
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Water use in Upper Franconia from 

public and non-public water supply 

for different users in %

Source: LfS (2015)
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Research Questions
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How will water availability change under different climate 
scenarios? 

How will water demand evolve under different social-economic 
pathways? 

Will unmet water demand emerge in the future? And if so, when 
and where, and in which sectors? 



Integrated Modeling Framework
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Spatial coupling of SWAT+ and WEAP model.

• Hydrological processes are 

simulated with SWAT+.

• Sectoral water demands and 

allocation are modeled using WEAP.

• This integration allows us to assess 

water availability, water demand, and 

water security consistently, at a 

monthly time step



SWAT+ Model Setup

Climate-driven hydrological response for the Upper Main Catchment

INPUTS

25 m DEM

▤ Soil map

Land use / crops

Daily climate forcing

SWAT+ Hydrological Model

13 subbasins   •   9031 HRUs

SCS-CN runoff  |  Penman–Monteith ET

Calibration: SPOTPY + DREAM

Future: 3 SSPs × 5 GCMs

Runoff ET Recharge Snow

OUTPUTS TO WEAP

Monthly streamflow

Recharge to aquifers

▰ Reservoir inflow



WEAP Model Setup

Demand-driven allocation using SWAT+ outputs as supply inputs

SUPPLY FROM SWAT+

Monthly river discharge

Net groundwater recharge

▰ Reservoir inflow

WEAP Allocation Model

One-way SWAT+ → WEAP 

coupling

15 groundwater nodes

27 district-level demand sites

Domestic priority 1; agriculture & industry 

priority 2

GW limit scenarios 10–100% recharge

DEMAND + INDICATORS

Domestic demand

Agricultural demand

Industrial demand

Unmet demand + WEI+



Scenarios & Methods
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Inter Sectoral Impact Model Intercomparison Project 

(ISIMIP)
- Bias-adjusted
- daily-resolution
- spatial resolution: 0.5° x 0.5°

- Climate models

- Shared Social-economic Pathway (SSP) scenarios:

• SSP1-RCP2.6 : representing a sustainability 

pathway aligned with the Paris Agreement

• SSP3-RCP7.0:   reflecting regional rivalry 

and limited cooperation

• SSP5-RCP 8.5: a fossil-fueled, high-

emission scenario

Outputs:

• Water availability: discharge, recharge

• Water security: unmet water demand 

• Near Future: 2041-2060

• Far Future: 2081-2100

Inputs: Projections in climate & sectoral 

demand

• Domestic: Wang et al. (2022)

• Agriculture: Heilemann et al. (2025)

• Industry: Wada et al. (2016)

• Different groundwater abstraction limits 

are applied: 10%, 20%, 40%, 60%, 100%



SWAT+ Model Performance
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SWAT+ Model Performance
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Robust models to represent the water cycle (AET, recharge, Q) of the catchments!



R1 How will water availability change under different climate 

scenarios? 

Availability Demand



Near future (2031–2055):

• Annual mean streamflow 

remains relatively stable across 

scenarios

• Groundwater percolation shows 

small changes and overlapping 

ranges

Far future (2071–2095):

• Clear decline in streamflow 

under high-emission scenario 

(SSP585)

• Strong reduction in groundwater 

recharge
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Climate Change Impacts on Water Availability 
Annual mean flow projection at the outlet

Annual recharge projection in the basin
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Climate Change Impacts on Water Availability 



Climate Change Impacts on Water Availability 
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Low flow projection until end of the century

SSP126

SSP370

SSP585

• SSP370 & SSP585: Increasing persistence 

of low flows

• 50% lower streamflow for JJAS under 

SSP585 (far-future)

Seasonal flow projection in the far future



Climate Change Impacts on Water Availability 
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• SSP370 & SSP585: Increasing persistence 

of low flows

• 50% lower streamflow for JJAS under 

SSP585 (far-future)

Seasonal flow projection in the far future

Precipitation projection in the far future under SSP 585

AET projection in the far future under SSP 585



R2 How will water demand evolve under different social-

economic pathways? 

Availability Demand



Future water demand
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• SSP126 (Sustainability): 

lowest total demand

• SSP585 (Fossil-fuel 

development): demand 

remains relatively stable

• SSP370 (Regional rivalry): 

decrease till 2070 and shoot up 

until the end of the century

• Socio-economic assumptions 

are as important as climate for 

future demand



Future water demand – Seasonal variation
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R3 Will unmet water demand emerge in the future? And if 

so, when and where, and in which sectors? 

Availability Demand



Future water security
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• Stringent Limits Increase Vulnerability

• Relaxing Limits Mitigates Most Stress

• The "Regional Rivalry" Threat 

(SSP370)

• Demand Outpaces Supply



Future water security
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•Deceptive Regional Totals

•Critical Local Depletion

•Severe Summer Impacts

•Ecological Risk



• Low stress in near future

• SSP3-7.0 rises after 2070

• Late-summer peak, 

especially August

• Scarcity risk is seasonal, 

not annual

Water Exploitation Index Plus (WEI+)
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Stable in near-term, but sharp far-
future declines under high emissions 
(SSP585).

Increased persistence of severe 
summer droughts.

Heavily driven by socio-economic 
choices over climate changes.

Massive, unprecedented demand 
spikes in agriculture under regional 
rivalry (SSP370).

Severe late-summer deficits emerge 
in the far future.

Exacerbated by extreme agricultural 
needs and critical downstream 
depletion at industrial nodes.

Management implications:increase 
buffer capacity

Conclusion
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• Explicitly integrating ecological flow constraints

• Better groundwater representation: SWAT+ gwflow

• Water allocation with priorities and optimization within SWAT+: Look forward to SWAT+ 62.1

Next steps
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Thanks for your attention!
Jingshui.huang@tum.de

mailto:Jingshui.huang@tum.de
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