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Summary 

The availability of freshwater resources is critical to daily life. Although only 10% of freshwater 

resources are utilized globally, many regions are currently suffering from water scarcity. Climate change 

and socioeconomic developments are expected to increase the pressure on freshwater resources 

regionally and to further aggravate water scarcity globally. The effects of water scarcity are widespread: 

crop failures, food shortages, and famines; the economic losses that arise as a result of the disruption of 

business activities; and the degradation of terrestrial and aquatic ecosystems, among others. As a result, 

water scarcity is one of the three global risks that are of highest concern and water scarcity is expected 

to become one of the most significant environmental issues in the near future. Thus, an urgent need 

exists to develop effective adaptation strategies for coping with water scarcity. In order to make sound 

decisions, water managers need to have a well-rounded understanding of the factors that determine the 

occurrence and severity of water scarcity on both the global and regional scales and must comprehend 

the forces and mechanisms that drive water scarcity and its impacts. This requires accurate models and 

methods for assessing water scarcity and its drivers at the global and regional levels. Therefore, the main 

aim of this thesis is to improve the general understanding of water scarcity, its underlying mechanisms, 

and its impact, both historically and in the future. In doing so, this thesis has the objective to disentangle 

and determine the influence of different socioeconomic and hydro-climatic drivers on (changes in) water 

scarcity in both historical and future time periods. Moreover, this thesis aims to both evaluate the 

existing models, data-sets, and indicators and to develop new ones for identifying current and future 

water scarcity hotspots, assessing water scarcity risks, and detecting changes, and representing the 

impacts of socioeconomic and hydro-climatic influences on the hydrological cycle. In order to fulfill 

these objectives, the following five research questions are formulated:  

1) How well are global models able to reflect the variability of, and changes in, the availability 

of freshwater resources in both natural and managed regions? 

 

2) How sensitive are assessments of freshwater resources and water scarcity to the choice of 

global model, input data, and water scarcity indicator?  

 

3) What are the (relative) contributions of socioeconomic and hydro-climatic drivers to both 

historical and future changes in the availability of freshwater resources and water scarcity? 

 

4) What improvements can be made to global-scale assessments of water scarcity (risk) by 

means of the (further) development and application of new or existing water scarcity 

indicators? 

 

5) How can the knowledge obtained in this thesis contribute to the identification of effective 

adaptation strategies for coping with water scarcity in both the present and future time 

periods? 
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To facilitate the incorporation of global models and their results in the management of freshwater 

resources and adaptation to water scarcity, it is crucial to validate methods of assessing freshwater 

resources and water scarcity, and to determine their sensitivity to the choice of global model, input data, 

and water scarcity indicator. A systematic comparison of observed and modelled monthly discharges 

over the time period of 1971 to 2010, which is performed in Chapter 2, shows that the inclusion of 

human activities in a modelling scheme significantly improves the ability of global models to estimate 

monthly average discharges and both high- and low-flows correctly. However, the limited representation 

of long-term mean average discharge and hydrological variability in managed basins restricts the overall 

performance of global models, and further improvement of the manner in which human activities are 

included within the modelling framework is needed. Global models are, nevertheless, very applicable 

when representing global trends and patterns. The cross-model comparisons performed in Chapters 3-

6 indicate that the global hotspots of water scarcity, particularly those in Asia, Africa, and the Middle 

East, are generally identified well. Moreover, agreement between these models is found to be high when 

evaluating changes in water scarcity and the mechanisms that underlie these changes. However, regional 

estimates vary significantly between the different models, water scarcity indicators, and forcing data-

sets. Thus, when using global models to develop adaptation measures at the regional scale, a thorough 

calibration and validation procedure, using local observations, is crucial. 

 

Identifying the relative contribution of each driving force to historical and future changes in the 

availability of freshwater resources and water scarcity is key when conducting sound water scarcity 

assessments and in adapting to water scarcity. Chapter 3 shows that, whilst socioeconomic changes are 

generally recognized as the most important driving forces of changes in water scarcity, hydro-climatic 

variability can be held responsible for the largest share of the annual changes in water scarcity. The 

accumulated effects of socioeconomic developments begin to outweigh the effects of hydro-climatic 

variability on water scarcity only after a period of six to ten years under the current conditions. Moving 

from inter-annual to decadal time scales, Chapter 4 shows that both the availability of freshwater 

resources and water scarcity are significantly correlated with El Niño-Southern Oscillation (ENSO) for 

a significant portion of the global land area (>28.1%), with strong correlations in the Midwest and 

Northern America, the Caribbean, Latin America, Southern Africa, Southeast and Central Asia, and the 

Pacific. However, ENSO-driven climate variability alone is often insufficient to trigger the actual 

incidence of water scarcity events. The susceptibility of a region to water scarcity is determined by a 

number of multiple hydro-climatic factors, such as the mean freshwater availability and its variability 

around the mean, as well as the prevailing socioeconomic conditions. Considering future developments, 

Chapter 6 demonstrates that, globally, there will be an overall increase in water scarcity risk (i.e. the 

expected annual exposed population) from 38% under current conditions to 56.2-67.8% by 2080. Whilst 

the influence of population growth is greater than that of climate change on the global scale, there are 

significant variations at the local scale. While demand and population growth aggravate water scarcity, 

the effects of human interventions are not universal. Chapter 5 shows that almost half of the global 

population has experienced significant changes in its access to freshwater resources as a result of human 

interventions between 1971 and 2010. As a result of these interventions, human populations in many 

parts of the world face aggravated water scarcity, particularly in downstream areas. On the other hand, 
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people in other regions, mainly those located upstream, experience alleviated water scarcity. As a result, 

water scarcity tends to travel downstream, becoming more and more apparent in the downstream areas 

of river basins. 

 

This thesis contributes to improving the manner in which water scarcity is assessed by developing and 

applying both new and existing water scarcity indicators. The existing methods for assessing water 

scarcity are improved by including hydro-climatic variability, in concert with the incorporation of climate 

change and socioeconomic developments. This is discussed in Chapter 3, wherein the potential over- 

and underestimations in water scarcity exposure are evaluated; for example when using the long-term 

means instead of yearly estimates. In addition, including seasonality is vital to ensure the correct 

estimation of water scarcity. Chapter 5 shows that clear seasonality exists in several river basins, such as 

the Ganges-Brahmaputra, the Huang He, the Niger, and the Danube; this seasonality can significantly 

influence global estimates of exposure to water scarcity. Furthermore, Chapter 5 indicates that the 

combined implementation of seasonal and monthly variable environmental flow requirements results in 

water scarcity estimates that are more realistic, and significantly lower than the monthly results presented 

in previous studies. In Chapter 6, the first steps are made toward the development of a new framework 

for the assessment of water scarcity risks; this framework integrates the impacts of hydro-climatic 

variability, climate change, and socioeconomic developments on current and future water scarcity 

conditions. A comparison of this new approach to estimating water scarcity risk with assessments that 

follow the conventional method shows differences of up to 50% at the local scale. 

This thesis offers a number of insights that are specifically relevant to the development and 

implementation of water scarcity adaptation strategies. All chapters highlight the importance of a careful 

selection of models and metrics when evaluating the effectiveness of such strategies. Furthermore, by 

using both the Water Scarcity Index (WSI) and the Falkenmark Index (FI) to indicate the degree of 

water scarcity, Chapters 3 and 4 identify regions where either soft demand-side measures or hard supply-

side measures might prove more effective. The Middle East, Australia and the Pacific, and parts of 

western North America are, for example, mainly exposed to water stress, indicating that soft measures 

may be most beneficial in these locations. Hard adaptation strategies, on the other hand, may prove 

more effective in Western Europe and Africa. A specific example of soft adaptation is forecasting on 

seasonal or yearly scales and, based on these forecasts, taking the necessary preparatory risk reduction 

measures. Taking into account regional variation in sensitivity to ENSO-driven climate variability, as 

well as potential exposure to water scarcity (discussed in Chapter 4), may help in the prioritization of 

ex-ante disaster-risk reduction efforts, such as the pre-stocking of food and disaster relief goods or 

taking out insurance based on ENSO indices. Finally, Chapter 6 offers a promising approach to 

achieving greater water security under future conditions. Using the FI, regions that are expected to 

experience shortages of freshwater supplies under certain socioeconomic and hydro-climatic change 

scenarios are identified. With such knowledge, policy makers can decide whether adaptation activities 

will prove most effective in terms of alleviating water scarcity risks at the global, regional, and/or local 

scales. By focusing on risk, Chapter 6 enhances the decision-making process that determines what 

investments should be made in water scarcity adaptation, as risk-based methods are able to anticipate 
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the probability of occurrence, uncertainty, and inter-annual variability of water scarcity events, as well 

as the impact of water scarcity events in terms of exposure and vulnerability. None of these adaptation 

strategies should be implemented in isolation, however, as the consequences of upstream measures and 

activities can be far-reaching in downstream areas. Chapter 5 substantiates this notion and calls for an 

integrated approach that takes the basin-wide impact of adaptation strategies into account and strives 

for optimal allocation of the current and anticipated freshwater resources between all users within a 

catchment area. 

 

The results of this thesis identify various topics that are still underrepresented in global water scarcity 

studies, where significant improvements in the modelling and assessment of water scarcity could be 

made, and the areas that future research should focus on. Several developments will be required in order 

to improve the reliability and representativeness of models, data, and water scarcity indicators. The 

increasing level of detail used in the modelling and evaluation of freshwater resources and water scarcity 

conditions globally requires various improvements to the models and data used in water scarcity 

assessment, such as the inclusion of a comprehensive water demand modelling framework, the inclusion 

of physical and virtual water transfers, and the replacement of various hydrological sub-grid concepts 

by physical representations. Moreover, more research should be done on the representativeness and 

usefulness of global water scarcity indicators. Further inclusion of certain aspects of water quality and 

environmental water needs in water scarcity assessments is another avenue for future research. Being 

able to simulate the feedback linkages between meteorological, hydrological, and socioeconomic 

conditions will become increasingly important in evaluating water scarcity, both currently and in the 

future. More work is required in order to incorporate these feedback linkages into the modelling 

frameworks that are applied in global water scarcity assessments. To date, the (non-)monetary impacts 

of water scarcity have seldom been assessed, despite their importance in quantifying water scarcity risks, 

prioritizing adaptation and risk reduction efforts, and evaluating the efficiency of water scarcity 

adaptation measures. Focusing on the assessment of the (non-)monetary impacts of water scarcity 

should be the principal subject of future research. Although the first steps have been made toward 

representing agents’ bounded-rational behaviour in the modelling and management of freshwater 

resources, the studies performed so far have been fragmented, context-specific, and often focussed on 

a single water user. Future research should therefore attempt to systematically synthesize this scattered 

knowledge into a modelling framework that is capable of reflecting economy-wide behaviour and 

responses. The successful development and application of such a modelling framework, integrating the 

latest insights from the fields of (global) hydrology, risk assessment, and (behavioural) economics, would 

represent a major advancement in water scarcity research; moreover, it would create new avenues for 

further research into the assessment and evaluation of both present-day and future water scarcity, its 

impacts, risks, and potential adaptation strategies, as well as for practical applications at various spatial 

scales. 


