
3.	� Critical review of climate impact  
modelling on water resources



Key Messages of Chapter 3

   �Despite advances in climatological and hydrological modelling, significant uncertainties regarding the specific 
impacts of climate change on water resources remain. 

   �GCMs, hydrological models and scenarios of future GHG concentrations (e.g. RCPs) contribute to uncertainties  
associated with climate change impact projections for the water sector. 

   �Individual contributions by uncertainty sources may change under different hydro-climatological conditions  
with respect to both spatial (e.g. different altitudes) and temporal patterns (e.g. dry vs. wet season). 

   �In order to improve hydro-climatic data – in terms of quantity and quality – it is necessary to increase the  
coverage of hydro-meteorological monitoring networks, ensure the necessary maintenance of existing stations  
and set up efficient data quality control procedures. As a consequence, information and subsequent applicability  
for end-users could improve the robustness of hydrological model projections. 

   �There is a strong demand for improved hydro-climatic information, such as interlinked in situ and remotely  
sensed data, e.g. from satellites and socio-economic data, for instance on land and energy use, which may  
further improve future scenarios.

   �Some uncertainties will inevitably remain, thus, creating further challenges for  development as well as  
adaptation strategies. 
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Computer models are invaluable tools for the estimation of 
climate change and its associated impacts on water resources. 
However, uncertainties along the impact model chain are a 
major challenge in assessing the hydrologic effects of climate 
change. Sources of uncertainty include Global Climate Mod-
els (GCMs), GHG emission and concentration scenarios 
(e.g. Representative Concentration Pathways (RCPs)), down-
scaling methods, and hydrological models. This chapter 

introduces the modelling of climate change and its associ-
ated impacts. Furthermore, it discusses possible sources of 
(projection) uncertainty and their relevance for the assess-
ment of water resources, availability and hydrological 
extremes, both now and in the future. At the end of the 
chapter, options for improving the underlying data in order 
to increase the robustness of hydrological impact assess-
ments are presented.
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Adaptation 		  �“The process of adjustment to actual or expected climate and its effects. In human systems,  
adaptation seeks to moderate or avoid harm or exploit beneficial opportunities”.a  
Generally, adaptation measures can reduce the risk by reducing vulnerability and in certain  
cases also exposure. Vulnerability can be reduced either by decreasing sensitivity or by  
increasing capacity.b

Adaptive capacity 	� The combination of the strengths, attributes, and resources available to an individual, community, 
society, or organization that can be used to prepare for and undertake actions to reduce adverse 
impacts, moderate harm, or exploit beneficial opportunities.a,c 

Climate variability 	� “refers to variations in the mean state and other statistics (such as standard deviations, the 
occurrence of extremes, etc.) of the climate on all spatial and temporal scales beyond that  
of individual weather events. Variability may be due to natural internal processes within the  
climate system (internal variability), or to variations in natural or anthropogenic external  
forcing (external variability)”.a

Exposure 		��  “The presence of people, livelihoods, species or ecosystems, environmental functions, services, 
and resources, infrastructure, or economic, social, or cultural assets in places and settings  
that could be adversely affected.” a

Flexible		  Flexible adaptation plans allow decision-makers to select a course of action to adjust to shifting  	
	 or emerging conditions while ensuring a near-term action does not rule out potentially critical  .   	
	 future actions. Flexible plans cope with uncertainty by adapting to changing conditions (some .  .   			
	 times referred to as adaptive management).a, b, c

Hazard 		�  “The potential occurrence of a natural or human-induced physical event or trend or physical 
impact that may cause loss of life, injury, or other health impacts, as well as damage and loss  
to property, infrastructure, livelihoods, service provision, ecosystems, and environmental 
resources. In this report, the term hazard usually refers to climate-related physical events or 
trends or their physical impacts”.a

No/low-regret 	� “In the absence of accurate climate prediction models, the “no-regret” or (perhaps more aptly 
named “low-regret”) approach gives priority to actions that are prudent regardless of future  
climate conditions.” b

Robustness 		� The ability of a system to remain functioning under a large range of disturbance magnitudes.c In 
addition to being a characteristic of a system, robustness can also be a characteristic of decision 
making itself (e.g., robust decision making), meaning a plan is performing well across a large 
range of uncertainties.b

Resilience 		�  The ability of a system and its component parts to anticipate, absorb, accommodate, or recover 
from the effects of a hazardous event in a timely and efficient manner, including through ensuring 
the preservation, restoration, or improvement of its essential basic structures and functions. a, c

Risk 		�  The likelihood over a specified time period “for consequences [= impacts] where something  
of value is at stake and where the outcome is uncertain. […] Risk results from the interaction  

adaptation plans

Defi
nition of terms
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Climate models are essential tools to understanding and 
quantifying climate variability, climate change, and related 
impacts (IPCC, 2013). In climate change impact model-
ling, a chain of computer models translates global scenarios 
for GHG emissions and atmospheric concentrations into 
regional impacts, such as effects on water resources, hydro-
logical processes and extremes (e.g. floods and droughts).  
A simplified model chain is shown in Figure 2 (left).  
The chain begins with the physically-based Global Climate 
Models (GCMs), whose results are transformed into regional 
climate and weather simulations by statistical means or 
physically based regional climate models – a process also 
called “downscaling”. 

3.1	 Introduction to climate change impact modelling

Global Hydrological Models (GHMs) are mostly driven 
directly by global climate model output, after the correction 
of systematic errors (“bias-correction” against observations). 
Regional Hydrological Models (RHMs) are usually driven 
by regional climate model outputs. In most cases, this also 
includes a bias-correction of the climate data. Additional 
spatial information is needed to initialize a hydrological 
model in order to take into account specific regional features 
of the catchment area, such as soil and geological characteris
tics, land use, surface elevation, as well as land and water 
management (optional): see Figure 2 (right). 

Figure 2 (left):	 Simplified model chain from global climate to regional impact models. 

Figure 2 (right): Layers of information applied in climate impact models (Hadley Climatic Research Unit, changed).

of vulnerability, exposure, and hazard”.a

Uncertainty 		� An expression of the degree to which a value or relationship is unknown. Uncertainty “can result 
from a lack of information or from disagreement about what is known or even knowable. It may 
have many types of sources, from imprecision in the data to ambiguously defined concepts or ter-
minology, or uncertain projections of human behaviour. Uncertainty can therefore be represented 
by quantitative measures (e.g., a probability density function) or by qualitative statements (e.g., 
reflecting the judgment of a team of experts)”.a

Vulnerability 	� “The propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of 
concepts and elements including sensitivity or susceptibility to harm and lack of capacity to cope 
and adapt”.a
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Global socio-economic scenarios and GHG concentration 
pathways can be imagined as stories of possible futures de-
scribing factors that are difficult to quantify or determine, 
such as governance, social structures, institutions, and 
GHG emissions. In different forms, these have been a basis 
for the regularly published Assessment Reports of the Inter-
governmental Panel on Climate Change (IPCC), which 
provide a summary of the current scientific, technical, and 
socio-economic understanding of climate change and its as-
sociated impacts.

The present report uses the latest scenarios as defined for 
the IPCC’s Fifth Assessment Report (AR5), namely,  
Representative Concentration Pathways (RCPs). RCPs  
do not constitute socio-economic scenarios but project  
the development of radiative forcing at the end of the 21st 
century (van Vuuren et al., 2011). In consequence, higher 
amounts of GHG emissions throughout this century relate 
positively to radiative forcing values. The IPCC AR5  
relies on the following four RCPs (IPCC, 2013): 

   �RCP2.6: Radiative forcing peaks at approximately  
3 W/m2 before 2100 and then declines;

   �RCP4.5: Radiative forcing is stabilised at  
approximately 4.5 W/m² after 2100;

   �RCP6.0: Radiative forcing is stabilised at  
approximately 6 W/m² after 2100;

   �RCP8.5: Radiative forcing exceeds 8.5 W/m²  
by 2100 and continues to rise. 

Radiative forcing refers to changes in Earth’s energy budget 
(the balance of incoming and outgoing radiation) at the top 
of the atmosphere (IPCC, 2013). For instance, scenario 

RCP8.5 assumes an increase in radiative forcing, exceeding 
8.5 W/m² by the end of the century relative to pre-industri-
al levels. In many studies, including this report, the most 
extreme scenarios (namely, the low-concentration RCP2.6 
and the high-concentration RCP8.5) are analysed under the 
assumption that their investigation will cover a broad range 
of possible impacts associated with future climate change.

Climate models translate the RCPs into climate change  
signals. In this context, AR5 relies heavily on the Coupled 
Model Intercomparison Project, Phase 5 (CMIP5) (Taylor 
et al., 2013), which provides the results for an ensemble of 
GCM applications. The outcomes of five selected CMIP5 
models were used in the Inter-Sectoral Impact Model In-
tercomparison Project (ISIMIP) (Warszawski et al., 2014) 
to run hydrological models and quantify climate change 
impacts for the water sector. The results of CMIP5 and 
ISIMIP are also used for the analyses performed in the 
present report.

In addition to the RCPs, researchers have recently developed 
Shared Socioeconomic Pathways (SSPs) in order to include 
narratives of future socio-economic developments (Riahi  
et al., 2017). There are five SSP narratives, ranging from a 
future in which the world focuses on sustainable develop-
ment, to a middle road, to a future marked by inequality 
and fossil-fuel intense development. RCPs and SSPs were 
combined to form a matrix of possible future pathways 
characterized by a certain climate forcing and associated 
socio-economic development, e.g. a pathway of 2.6 W/m² 
radiative forcing until the end of the twenty-first century 
under sustainable development, a pathway of 6.0 W/m² in 
a world characterized by inequality, and so on. The SSPs 
are being considered for the sixth CMIP phase (CMIP6), 
which will be the basis of the next IPCC report (AR6) that 
is expected to be published in 2021-2022 in several parts.



The Inter-Sectoral Impact Model Intercomparison Project (ISIMIP)

Until recently, the scientific knowledge about expected climate change impacts remained to a large extent fragmentary. 
Many studies have analysed potential impacts on specific regions and sectors, and scientists have published numerous 
papers on this issue. However, the studies were mostly undertaken using different climate scenarios and impact models, 
an approach that complicates  direct comparisons and quantitative syntheses of impacts together with a consistent 
estimation of uncertainties.
 
Consequently, ISIMIP was launched in 2013 as a community-driven modelling effort to bring together impact modellers 
across sectors and scales. The goal was to create consistent and comprehensive projections of impacts of different 
levels of global warming (  https://www.isimip.org/; see Warszawski et al., 2014). ISIMIP offers a framework and 
protocol for a consistent analysis of climate change impacts across affected sectors and spatial scales. In this way, 
an international network of modellers contributes to a comprehensive and consistent picture of the world under dif-
ferent climate change scenarios. Within the first phase of ISIMIP, an intercomparison of multiple global impact models 
driven by climate projections for different emission scenarios was initiated, covering various sectors, including the 
water sector (e.g. Haddeland et al., 2014; Schewe et al., 2014; Prudhomme et al., 2014; Hattermann et al., 2017), agriculture, 
biomes, etc.

One can use both global-scale and regional-scale (or river basin-scale) models to assess climate change impacts on 
hydrological processes. Global-scale modelling studies provide global overviews on impacts and inform policy-makers. 
However, global-scale modelling outputs are often not reliable at the regional or local scale. Consequently, projections 
of climate change impacts should be accompanied by studies conducted at the regional scale. 

The objective of the intercomparison of multiple impact models is to compare projected climate change impacts and 
quantify uncertainties from different sources in a systematic way. This strategy leads to more robust results and con-
stitutes a sound basis for the development of adaptation and mitigation strategies. Furthermore, the intercomparison 
of regional-scale impacts for one sector can contribute to the integration of impacts for specific regions, when results 
for different sectors are combined.

Most of the results shown in Chapters 4 and 5 of this report were published in the context of ISIMIP and have been 
complemented by selected additional recent publications.
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Tools

https://www.isimip.org/
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The top-down flow of information from RCPs over global 
and regional climate models towards regional impacts in-
duces a cascade of uncertainty. This arises as uncertainty 
from one layer is transferred to the next and thereby picks 
up that next layer’s individual uncertainty, eventually  
resulting in a multitude of combined uncertainties at the 
bottom of the cascade (Wilby and Dessai, 2010). It is  
difficult to account for such uncertainties and thus deci-
sion-makers often have trouble interpreting the impli
cations for projections of future climate change impacts. 
Therefore, researchers use different strategies to aggregate 
the information about uncertainties (Smith et al., 2018).

3.2	 Sources of uncertainty in projections of climate change impacts

Furthermore, also GCMs and GHMs can be major sources 
of uncertainties. Both model groups add their own contribu-
tions of inherent uncertainty during their application. To 
address this circumstance researchers commonly employ 
ensembles of models instead of single ones. However, often 
it remains difficult to assess which model stage (i.e. GCMs 
or GHMs) contributes the lion’s share of total uncertainty 
in an individual case. Figure 3 provides an overview of dif-
ferent sources of uncertainty in climate impact modelling 
on water resources, namely GHG concentration pathways, 
GCM and GHM, and suggests some actions for uncertainty 
reduction.

•   Scenarios of 
emission pathways

GHG 
emissions

•   Ensembles of 
multiple climate 
models

•   Downscaling and 
biascorrection

Implement expert feedback, innovative data sources (e.g. from remote sensing), 
improved process understanding, improved model structures

Global climate 
models

•   Ensembles of
 multiple hydro-
logical models

•   Parameter 
calibration

•   Statistical error 
correction

Hydrological 
models

Uncertainty 
source

Treatment 
of uncer-

tainties

Additional 
actions for 

uncertainty 
reduction

Projections of climate change impacts are uncertain, but some uncertainties can be reduced

Some uncertainties will inevitably remain and need to be addressed in practice
through appropriate management actions

Water
indicator 
(e.g. dis-
charge)

Uncertainty 
contribution High Medium Low

Figure 3:	 Overview of major sources of uncertainty in climate change impact modelling.
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 �Shares of uncertainty sources vary according  
to region and season.

There is a relation between the shares of GCM and GHM 
as sources for uncertainty and the regional application of 
these models. These shares may regionally vary across  
different parts of the world, as Schewe et al. (2014) found 
(Figure 4). Their results indicate that GCM uncertainty is 
particularly high in tropical and northern regions, which 
are characterised by high amounts of precipitation, while in 
rather dry sub-tropical and arid regions, GHMs are respon-
sible for the lion’s share of the uncertainty of projections. 
Hattermann et al. (2018) found that GCM uncertainty is 
often even larger than the influence of the selection of a 
specific GHG concentration scenario.

In addition, uncertainty contributions may vary depending 
on the time of year. As such, uncertainty attributed to the 
hydrological model can be considerable in times when the 
hydrological processes largely determine river discharge.  
In dry periods, evapotranspiration and groundwater pro-
cesses dominate the river discharge pattern, and the differ-
ent hydrological models use different formulations to  
determine the impact of these processes (Hattermann et 
al., 2018; Hagemann et al., 2013). This is also the case  
for snow melt processes (Gelfan et al., 2017).

Figure 4:	 Ratio of GCM variance to total variance as a measure of uncertainty. In red areas, GHM uncertainty predominates,  
and in blue areas, GCM uncertainty predominates. Greenland has been masked. (Schewe et al., 2014) 
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The potential for uncertainty reduction depends on the re-
spective source of uncertainty. While potential in the field 
of GHG concentration scenarios is low, due to a lack of 
clarity concerning future developments, climate models 
have a larger share of potential in this regard – and hydro-
logical models may be even more promising. Both model 
groups would certainly benefit from an improved under-
standing of processes and, as a result, from an improved 
implementation of the models, as well as enhanced compu-
tational resources. In general, improved methods for down-
scaling and bias-correction could enhance local impact 
projections. This holds especially true for the analysis of 
extreme values (e.g. extreme precipitation and flood 
events), which are often poorly reflected by global models 
and further distorted by insufficient bias-correction 
schemes. Moreover, adequate model parameter calibration 
and the validation of modelling results could also improve 
the performance of hydrological models. However, regard-
ing calibration and validation, it is essential to have enough 
high-quality data available. 

In order to improve data quantity and quality, it is neces-
sary to increase the coverage of hydro-meteorological mon-
itoring networks, ensure the necessary maintenance of ex-
isting stations and set up efficient data quality control pro-
cedures. Improving data quality and quantity will increase 
the robustness of hydrological impact assessments. Howev-
er, observation density and data quality in meteorology, hy-
drology, land cover and use as well as socio-economic fig-
ures are often limited in many of the countries that are 
particularly vulnerable to climate change impacts. 
Furthermore, in many regions, storage of water in snow 
and ice characterises the water cycle, eventually determin-
ing the water supply. Yet monitoring networks are often 
underdeveloped at the high altitudes where snow and ice 
are of particular importance. 

The development of well-maintained databases is an im-
portant pre-condition for climate scenario and impact re-
search. This requires making use of innovative data sources 
(e.g. remote sensing or crowd-sourced data), the ongoing 
collection of new data, the sustainable maintenance of ex-
isting monitoring networks and ideally the availability or 
recovery of long-term historical data. In general, data suita-
ble for impact modelling should be quality-controlled, 
standardised, combined with spatially and temporally com-
plementary data, if available, and digitised in an accessible 
and shareable format in case the data is only available on 
paper. 

3.3	 Development and improvement of databases and methods

Maintaining such databases in the long term requires 
strong national and local ownership for data collection, 
processing, and storage. On the other hand, collaboration 
with international agencies, such as the World Meteorolog-
ical Organization (WMO), is advised in order to ensure 
compliance with international standards, the exchange of 
data and knowledge, and the development of regional ca-
pacities.

 �To enhance datasets, a combination of in situ 
and remote sensing assessments is needed. 
Available data should be integrated into data-
bases with user-friendly interfaces.

An important element in the creation of hydrological and 
meteorological datasets is the interlinking of in situ and re-
mote sensing observations, e.g. through satellites. This is 
highly important especially in developing countries, where 
ground-based observational networks often do not cover all 
regions. Combining various data gathering methods, such 
as remote sensing and in situ, can lead to significant im-
provements in observation density, and thus more suitable 
data for climate impact modelling.

In the long run, one major aim with respect to newly gath-
ered or available data should be their integration into pref-
erably freely accessible databases with user-orientated inter-
faces. Hence, processing and providing information to in-
terested users (e.g. in the agriculture, energy, water plan-
ning, aviation, and education sectors) is one of the most 
important tasks in this context. This requires strengthen-
ing of agency capacities at the national and even regional 
levels, such as training personnel and improving infrastruc-
ture, including in the IT sector. Support for more user-ori-
ented data applications could, for example, be delivered in 
the form of advice, examples for good practices, as well as 
warning and forecasting products, including seasonal fore-
casting. These user-oriented applications should support 
climate change adaptation planning and the development 
of cross-sectoral adaptation strategies.

However, even with improved data, some uncertainties 
about future developments will inevitably remain. This 
presents challenges for the development of adaptation  
strategies in water-related sectors and demands appropriate 
management actions. 
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