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• Hydrology is an earth system science: human impacts on the 
land surface surpass the catchment scale

• We need a global hydrological models to understand and 
tackle imminent environmental problems involving climate, 
agriculture and biodiversity where the hydrological cycle is 
central. 

• We need the data to feed these models.

• We need to educate young hydrologists in global hydrology 
and its role in the earth system.



This talk:

1. What happened to global hydrology since 1986?

2. Taking stock.

3. Recent trends

4. What are the imminent challenges?

5. The future and beyond?
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1. Development of global hydrology

Field of development:

• Atmospheric science

• Hydrology and water resources

• Vegetation and Carbon



1. Development of global hydrology

Atmospheric science
First primitive land surface model: 
Bucket model of Manabe (1969)

• Soil a single bucket with soil 
moisture W (in cm)

• Creating runoff when W > 15 cm
• E = Epot if W > 12.5 cm
• E = Epot*(W/12.5) if W <= 12.5 cm



1. Development of global hydrology

• Deardorf (1978): first complete LS-scheme: vegetation layer, soil heat flux, 
effective two-layer soil hydrology, and canopy interception.

• 1980s: First generation: OSU-LSM: BATS, SiB -> focus on sophisticated SVAT

• 1990s: Second generation: TESSEL,  BATS2, MOSES, NOAH-LSM, VIC  -> 
more sophisticated hydrology (Richard’s Eq., Subgrid hydro)

• From year 2000 on: development into Land Earth System Models (LESM): 
CLM, JULES, Noah-MP, ORCHIDEE , LM3, (dynamic vegetation, routing)

SiB3

Atmospheric science: LSMs



1. Development of global hydrology

MIPs: Multi-model Inter-comparison Projects
• Examples: PILPS [Henderson-Sellers et al., 1995] and the Global Soil 

Wetness projects I and II [Entin et al., 1999; Guo and Dirmeyer, 2006].

• Goals:

– Model improvement

– Global assessment of the hydrological cycle (fluxes)

– Feedback studies

• Critique on MIPs:
– They further model entanglement

– Participating models is haphazard

– Difficult to pinpoint where differences come from

Atmospheric science: LSMs



1. Development of global hydrology
Atmospheric science: LSMs MIPs in global 

water resources 
assessments: 
GSWP II 



1. Development of global hydrology
Atmospheric science: LSMs MIPs in coupled 

model: e.g. GLACE 
Koster et al. (2006)



1. Development of global hydrology

• Late 1980s and early 1990s: awareness of the shortage of global water 
resources (Falkenmark, 1989; Gleick, 1989, 1993)

• Late 1990: First detailed global water resources assessments comparing 
water availability with water use (Shiklomanov, 1997). mostly relied on 
statistics of water use (e.g., AQUASTAT) and observations of hydrology.

• Shortly thereafter: first Macroscale hydrological  models (MHMs): 
WaterGap (1997), WBM (1998) and MacPDM (Arnell, 1999).

• New features: modelling human water use (inspired by Integrated 
Assessment Models)

Livestock densities, Irrigated areas,

Population (Total, urban and rural),

GDP, Electricity production,

Energy and household consumption,

Access to water (Total, urban and rural),

Climate data (Temperature, radiation,

cloud cover, wind speed, etc)

Hydrology and water resources



1. Development of global hydrology
Hydrology and water resources

Calculating water demand and water supply
UNEP Env. Outlook, UNESCO - WWAP, GWSP

WSI = D/Q



After 2010: Integrated hydrology and water resources 
modelling: reservoirs, water use and return flows, routing, 
monthly to daily analyses, 5 arcminute resolution (10x10 km)

1. Development of global hydrology

WaterGAP 3 PCR-GLOBWB 2.0



Simulation of global terrestrial water by the 

integrated global hydrological model PCR-GLOBWB
1980-2010 daily time step (time in months) at 5 minutes resolution

Soil saturation 0-30 cm

Soil saturation 30-100 cm

River discharge (m3/s)

Fractional snow cover



1. Development of global hydrology

• Vegetation model: BIOME (Prentice et al., 1992): quasi-

steady state; driven by monthly average hydroclimatology.

• LPJ (Sitch et al., 2003): dynamic vegetation model:

– Plant physiology + stomatal response

– Carbon-assimilation and transpiration and growth

– Biogeochemistry including carbon

– Simple soil hydrology only

• Two new tastes:

– LPJ-Geuss: more complex vegation structure and species 

distribution

– LPJml: agriculture and more 

complete hydrology (reservoirs, routing)

Vegetation and carbon



1. Development of global hydrology

Vegetation and carbon

Biemans et al. (2011): hydrology in LPJml – impact of reservoirs on irrigation

GranD database of dams and reservoirs
Percentage contribution dams to 
irrigation



Datasets !



1. Development of global hydrology

Inter-Sectoral MIPs:  ISI-MIP

Schewe et al., PNAS (2014)
Multi-model changes in discharge by 
2100 under RCP 8.5



Genealogy of global hydrological models



2. Taking stock

All things that Eagleson called for or wished for have come true

• Global hydrology is now a mature field of research: 
multiple disciplines

• Global hydrology is central to earth system science

• Large number of global datasets are readily available

• Students are growing up with global modelling skill

Missed opportunities
• Connecting with catchment hydrology to improve runoff 

representation
• Adopting better regularization and calibration 

procedures

Looking back at Eagleson (1986):



3. Recent trends
3a. Technological advances: global flood (risk) modelling

1. Bates et al. (2010), 
Samson et al. (2015)

2. Yamazaki et al. (2011), 
Hirabayashi, et al. (2013)

3. Winsemius et al. (2013), 
Ward et al. (2014)

• Overbank redistribution
• 2D diffusive wave hydrodynamics
• Full 2D shallow water equations



De Graaf et al. (HESSD, WRR); objective: analysing global groundwater over-exploitation

Global groundwater depth

3. Recent trends
3a. Technological advances: global groundwater modelling

Groundwater 
depletion 1960-
2010



3. Recent trends
3a. Technological advances:  3D fully integrated
groundwater-surface water models
• Hydrogeosphere, Parflow, Cathy (around 2005)
• Also coupled to atmospheric models

• Parflow-CLM-WRF
• Parflow-CLM-COSMOS (TerrSysMP)

• From catchments (2005) to continents (2015) 

Laura Condon and Reed Maxwell, WRR (2015)



3. Recent trends
3b. New domains of application

Change in green + 
blue water per 
capita by 2050 
based on LPJml
(Rockstrõm et al., 
WRR (2009)

Food security



3. Recent trends
3b. New domains of application

Climate change 
and socio-
economic change 
on VWC (ET/Yield) 
per country and 
the effect on 
current food trade 
(trade links and 
future changes in 
trade volumes 
based on GTAP)

Konar et al.. HESS 
(2013)

Hydro-economics



3. Recent trends
3b. New domains of application

Effect of climate 
change on river water 
temperature (through 
dT and dQ) and the 
effect on power plant 
cooling capacity

Van Vliet et al. Nature 
Climate Change 
(2012)

Energy



3. Recent trends
3b. New domains of application

Human (blue) water 
security and (mostly 
aquatic) biodiversity 
are tightly connected.

Global hydrological 
data and the global 
hydrological model 
WBM are central to 
the analysis.
Vörösmarty et al, 
Nature (2010)

Biodiversity



3. Recent trends
3b. New domains of application

• Flood frequency
• Flood and drought 

forecasting
• Climate adaptation

http://floods.wri.org

http://forecast.ewatercycle.org/

Hydro-climate 
services

Year: 2084
Avg. rainf. 312
Max. Rainf. 411
Min Rainf. 161

http://floods.wri.org/
http://forecast.ewatercycle.org/


4. Imminent challenges
1. Long outstanding issues

• Relatively poor performance GHMs
• Accuracy rainfall products
• Runoff representations in GHMs

2. Missing data links
• Global river geometry and bathymetry
• River diversions
• Local redistribution networks
• Global hydrogeological data



4. Imminent challenges

3. Hyper-resolution modelling

Three main obstacles to hyper-resolution:
1. Breakdown of subgrid concepts
2. Lack of data: Large uncertainty in parameters 

and processes
3. Computational challenges



4. Imminent challenges
4. The human factor

Projections from three global hydrology and water resources models

Flörke et al. (2013)



4. Imminent challenges
4. The human factor: Enter Socio-hydrology

Modelling sources for drinking water in China. 
Stylized socio-hydrological models. Srinivasan, HESS (2015)

Framework for 
technological and 
policy response to
water scarcity.

Bierkens, WRR (2015)



5. The future and beyond
Physically-based continental
earth system models

CLM

Hydrogeosphere

+ Demography + Economy + land use change 
+ energy + resources + C-emissions

+ nutrients +  biodiversity

=  Integrated assessment modelling 
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Questions?
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