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Disclaimer
The information contained in this Guideline report is for general information purposes only. The
information is provided by DHI and while we endeavour to keep the information up to date and correct,
we make no representations or warranties of any kind, express or implied, about the completeness,
accuracy, reliability, suitability or availability with respect to the Guideline report or the information,
products, services, or related graphics contained in the Guideline report for any purpose. Any reliance
you place on such information is therefore strictly at your own risk. In no event will we be liable for any
loss or damage including without limitation, indirect or consequential loss or damage, or any loss or
damage whatsoever arising from loss of data or profits arising out of, or in connection with, the use of
the Guideline report. Through the Guideline report you are able to link to other websites which are not
under the control of DHI. We have no control over the nature, content and availability of those sites.
The inclusion of any links does not necessarily imply a recommendation or endorse the views
expressed within them.
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Prologue
Who Should Read This Guide?
This practical guide is primarily written for water resources engineers, hydrologists,
managers, and planners. Although not written explicitly for policy makers, advisors within
government, water resources commissions and basin organisations may also find it
useful to get an overview of strategies, methodologies and tools available for
incorporating climate change impacts into water resources management.

Aim
The aim is to provide practical guidance on how to incorporate climate change when
dealing with existing challenges in water resources management. Starting from a water
resources management perspective, it provides an introduction to the key issues,
practical guidance on how to consider climate change, and links to further information at
each step.
The impact of climate change on water resources management is a complex issue and
the volume of knowledge in this field continues to grow rapidly. Initially, much of the
literature focussed on developing climate projections. Subsequently, these projections
have been applied to numerous studies using many different methodologies to assess
the impact of climate change on many sectors including water resources. Most recently,
recognising the potential impact on water resources, efforts have focussed on developing
appropriate adaptation measures and incorporating climate change into long-term
planning cycles.
This document is not meant as a complete guide to the field of climate change in water
resource management. Nor is it a substitute for expertise and experience dealing with
climate change. It should, however, provide the reader with an overview of the
methodologies, tools and strategies available for impact assessment and adaptation to
climate change, and what is involved in implementing them.

Motivation
Nearly all the methodologies available for assessing the potential impacts of climate
change on water resources are based on using climate model data and water resources
modelling. Similarly, if such an assessment indicates that the water resource, water
infrastructure or ecosystem of interest is vulnerable to climate change then evaluations of
alternative measures to adapt to climate change often rely on model simulations of these
alternatives. DHI is well-known in the field of hydroinformatics for both the development
and application of water resources modelling tools and decision support systems. This
guide supports the effective application of these water resources tools in the context of
climate change.

Scope
The scope of this document should be broad enough to be relevant for a wide range of
water resources issues across many of the related sectors, whilst still providing enough
relevant practical guidance.
The types of projects that these guidelines are relevant to include, but are not limited to,
the following:


Flood management
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Integrated water resources management



Ecosystem conservation and restoration



Infrastructure design and management.

The framework, methodologies and tools for analysis contained in this document can be
applied to these and many other types of projects.
Illustrative examples are provided throughout and more detailed case studies given at the
end. This guide is, however, designed to be broad enough to apply to most locations
throughout the world. It provides guidance on how to approach specific projects and use
global, regional, and local information.
As water resources management ranges from highly localised issues like flood protection
to catchment, national and even transnational water allocation, the framework provided in
this guide should be applicable to projects of all scales. Guidelines are tailored to provide
options depending on the economic, human, and technical resources available.

Structure
The document is structured around the workflow for undertaking a climate change study:

1. Defining the problem
Define the nature of problem you are trying to address, the objectives and priorities of the
study, relevant stakeholders and the approach to be taken.

2. Identifying options and assessment criteria
Identify a short list of options (e.g. infrastructure or management plans), which could be
implemented to address the challenges outlined in step 1 and to decide on the criteria for
assessing each option to select a preferred option or combination of options.

3. Formulating the water resources modelling approach
Decide how the impacts of climate change will be modelled to allow the necessary
indicators to be calculated, which can be used to prioritise options.

4. Developing projections
Develop projections of future climate, which can be used in water resource models to
assess the impacts of the change and the performance of different infrastructure or
management options.

5. Deciding on a preferred option or strategy, in light of the uncertainties
Make decisions about whether any of the options meet your objectives and decide on a
preferred option or set of options, or decide to continue investigating other options (step
2) or even to reframe the question (step 1). Decide whether it is possible and necessary
to reduce uncertainties (step 3 and step 4).
A chapter is dedicated to each of these steps (Chapters 1-5). There is no need to read
this guide from cover to cover to get the information you want. You can just jump into the
section you are most interested in. If your goal is to carry out an impact study to
determine the effect of climate change on a specific water resource issue, then read
Chapters 1, 3 and 4. Within each chapter a quick overview of the key messages and
important information can be found in the “60-second Summary” boxes.
The following figure shows the structure of the document.
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Different types of text boxes are included throughout the document:
60-SECOND SUMMARY…
Provides a brief summary of the content of the section.

WORKING WITH…
Presents practical guidelines to working with the methods presented.

UNCERTAINTY…
Information on uncertainty and its impacts in relation to the different parts of the workflow.
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Climate Change FAQs
60-SECOND SUMMARY...


Climate describes long term range of expected weather. Climate is what we expect and
weather is what happens. No single weather event in isolation can inform us about climate.



Climate change refers to accelerated warming from a changed composition of the
atmosphere and the ensuing changes in distributions of heat, moisture and momentum
around the globe.



Climate change projections include higher temperatures, heavier rainfall events, changes of
patterns of rainfall across the globe, and sea level rise, though there is much uncertainty
about the magnitude of the changes.

WHAT IS CLIMATE?
Despite the attention climate change receives, there is still no universally accepted
definition of climate. One widely used definition is the average weather over a 30-year
period. Alternative definitions include: the statistical properties of observed weather at a
location at a given time of year or; the ensemble of all possible weather states given the
conditions external to the climate system (Stone and Knutti, 2010). A good introduction
can be found in Fung et al. (2010).

WHAT IS THE DIFFERENCE BETWEEN WEATHER AND CLIMATE?
This can be summarised by the phrase, “Climate is what you expect, weather is what you
get” (Stone and Knutti, 2010). Weather describes individual events and climate is a more
general description of the character of all the different weather events that occur at any
given place.

WHAT IS MEANT BY CLIMATE CHANGE?
The climate system is dynamic and always changing. However, Climate Change is a term
that is now used to refer to the accelerated changes within the climate system resulting
from anthropogenic alterations of atmospheric composition. The shift in the global energy
balance caused by increasing concentrations of greenhouse gases leads to altered
patterns of climate across the globe. Changes do not necessarily occur linearly over time,
nor do they occur uniformly across the globe.

WHAT ARE CURRENT GLOBAL PROJECTIONS?
Projections are based on models of varying complexity, which simulate physical earth
system processes in the atmosphere, ocean and cryosphere. The models are run under
various assumptions about the future atmospheric composition of gases. From the 5th
Assessment Report (AR5) from the International Panel on Climate Change (IPCC, 2013)
projections include:
Air surface temperatures rising by between 0.3 and 4.8°C by the end of the 21st century
relative to the period 1986-2005. Global surface temperature change for the end of the
21st century is likely to exceed 1.5°C relative to 1850 to 1900. It is virtually certain that
there will be more frequent hot and fewer cold temperature extremes over most land
areas as global temperatures increase.
Snow cover, permafrost areas and glaciers are expected to contract. Reductions in Arctic
sea ice are expected, with September ice areas decreasing by between 43% and 94%.
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Rainfall patterns will change with likely increases in high latitudes and decreases in
subtropical land regions. The contrast between wet and dry areas and wet and dry
seasons will increase. More frequent heavy rainfall events are expected.
In general, sea levels will rise with likely changes relative to the period 1986-2005
between 0.26m and 0.98m by 2100. Heating of the ocean will continue and ocean
acidification from higher CO2 concentrations is expected to occur.
For impacts on floods and droughts see sections 2.2 and 2.3.

CAN A SINGLE RAINFALL EVENT TELL US ANYTHING ABOUT CLIMATE
CHANGE?
A single weather event describes only weather and not climate. Even if an event is
particularly extreme, a single event cannot be evidence of climate change. Increased
occurrence of events or sustained changes over a period of time may reflect a shift in
climate but by definition no single event can tell you about climate.

CAN GLOBAL WARMING BE TRUE EVEN IF WE HAD A COLD WINTER?
Global warming refers to the overall increase in the net incoming radiation to the planet
as a whole (as a result of the changed composition of the atmosphere). This incoming
energy is redistributed around the planet by the atmosphere and oceans, which drive the
climate system and create varied patterns of heat and moisture across the globe. A cold
winter in one part of the world is not contradictory with average global warming.

WHY ARE WE PLANNING FOR CLIMATE CHANGE? SHOULDN’T WE FOCUS
OUR EFFORTS ON TRYING TO STOP IT?
Previous anthropogenic interventions mean that we are already tied to a changed climate
system and there is no way of avoiding accelerated changes in temperature, rainfall and
sea levels. Thus, in addition to trying to limit the change by reducing emissions we should
be considering how to manage climate risks where appropriate.

IF CLIMATE CHANGE ISN’T GOING TO HAPPEN FOR A LONG TIME, WHY
PLAN FOR IT NOW?
Climate change is not just a thing of the future. Whilst short-term changes may be less
extreme than the projected 2100 changes, change is already occurring and risks over the
next 50 years (which may be the design lifetime of infrastructure) may be significantly
different from today’s risks. This is why flexible adaptation to climate change risks is so
important, and is one of the main reasons for writing these guidelines.

WHAT CLIMATE CHANGE SIGNALS CAN BE SEEN?
There is strong evidence of climate warming in recent decades from observations of
increases in global mean air and ocean temperatures, melting of snow and ice, and rising
sea levels. The latest report from the International Panel on Climate Change (IPCC,
2013) states that Greenland and Antarctic ice sheets have been losing mass as have
most glaciers in the world, and Arctic sea ice and spring snow cover also continue to
decrease. They also conclude that, sea level rise since the mid 19th Century has been
higher than the rate for the previous two millennia and has risen on average by 0.19m
since 1901.
Although no globally consistent change in precipitation is observable, there is substantial
evidence of zonal changes, such as the increase of average precipitation in the Northern
Hemisphere mid latitudes over land that has occurred since the 1950s (IPCC, 2013).
Increases in the frequency of heavy precipitation events have been observed in Europe
and North America, and increases in the frequency and severity of droughts have been
observed over much of the Northern Hemisphere. Attribution studies (e.g. Zhang et al.,
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2007) suggest that these changes exceed what can be explained by the natural variability
of the climate system.

BUT IF GOVERNMENTS ACT AND EMISSIONS ARE REDUCED, ALL THIS
PLANNING WILL BE FOR NOTHING?
It is highly unlikely that there will be a drastic cut in global emissions to pre-industrialised
levels. However, even if greenhouse gas concentrations were to be stopped altogether,
most aspects of climate change will persist for many centuries. This commitment is
created by past, present and future emissions of CO2. “Anthropogenic warming and sea
level rise would continue for centuries due to the time scales associated with climate
processes and feedbacks” (IPCC, 2007a).

WHAT ARE THE MAJOR NEW DEVELOPMENTS WITH THE LATEST IPCC
REPORT 2013?
There has been a focus on ocean processes with improved understanding of sea level
changes, biogeochemical processes are now included in some models, around 13 new
global climate models have been introduced, and the latest generation of models provide
better description of extreme events.
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1

Defining the Problem

1.1

Introduction to Defining the Problem
WHY IS IT IMPORTANT TO DEFINE THE PROBLEM CLEARLY?
Because of the potential complexity of climate change studies, it is important to define the
problem clearly at the outset so that resources can be used efficiently. The level of effort
needed to investigate climate impacts will vary depending on the objectives of the project.
An initial assessment of climate impacts is helpful at this stage to estimate the
significance of climate change to the system of interest. In addition, it is important to
define the objectives of the project or study and the principles that will guide decision
making.

WHICH STEPS ARE RECOMMENDED IN THE PROBLEM DEFINITION
PHASE?
The steps outlined below are recommended in the problem definition phase of the project
or study. Each section of this chapter describes the following steps in detail:
1.

Determine whether the problem is one of climate impact assessment, climate
adaptation, or general water resources planning and management. Most climaterelated projects or studies will fall into one of these three categories. Grouping a
project within a category will help identify the extent to which climate change should
be investigated and whether some components of the project cycle can be reduced
in scope or eliminated.

2.

Define the objectives of the study or project and the principles that will guide
decision-making. This step will be useful when formulating decision-making criteria,
which will in turn guide the development of the assessment approach. Attitudes
towards risk should be defined in this step. It is also important at this stage to define
the time horizon for the analysis.

3.

Gather information about potential climate change impacts on the system of interest.
In this step, existing information about potential climate change impacts is gathered.

4.

Identify climate variables associated with climate change impacts. In this step, the
variables associated with potential impacts are identified. This information will be
important in formulating the assessment approach.

5.

Identify other drivers besides those related to climate change that may affect the
system of interest. It may be that other drivers such as population growth and
economic development goals are as important (or more important) to the system of
interest than climate change. These drivers should be identified and compared to
climate change in terms of potential impacts.

6.

Develop a preliminary assessment of potential climate change impacts. In this step,
an initial assessment is performed of the extent to which the variables identified
during step 4 may change.

7.

Perform an assessment of the extent to which the system of interest may be
vulnerable to climate change. In this step, the impacts of the changes identified in
step 6 are assessed.

It may be necessary to re-visit these steps later in the project cycle as new information
emerges from more detailed analyses.
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The UK Climate Impacts Programme (UKCIP) Technical Report (Willows, 2003) provides
additional information about defining the problem in a climate change study or project.
This report and other useful materials can be accessed at http://www.ukcip.org.uk.

1.2

Types of Climate Problem
60-SECOND SUMMARY...


Climate change studies or projects can be grouped into three categories: climate change
adaptation assessments, climate change impact assessments, and general water
resources planning and management.



Climate change adaptation assessments are those in which the primary driver is to
formulate strategies that address risks associated with climate change. These projects will
generally require a detailed assessment of climate change impacts.



The purpose of climate change impact assessments is to evaluate risks posed by climate
on existing projects. These projects do not initially require the development of methods for
assessing and comparing options.



General water resources management is not motivated directly by climate change but may
be impacted by it. The level of effort dedicated to projecting climate change impacts will
depend on the perceived importance of climate change in relation to other drivers.

WHY IS IT IMPORTANT TO DEFINE THE PROBLEM TYPE?
One of the most important decisions to be made at the outset of a climate change study
or project is the level of effort associated with estimating climate change impacts.
Defining the type of problem can help with identifying an appropriate level of detail. In
addition, some studies will not require all of the steps described in these guidelines.
Defining the problem type at the beginning can help with deciding which steps to leave
out.

HOW ARE THE DIFFERENT TYPES OF CLIMATE CHANGE PROBLEMS
DEFINED?
Climate change adaptation assessments
Climate change adaptation assessments are projects in which the primary driver is
climate change. Climate change adaptation assessments are motivated by the perceived
need to address unaccounted-for risks associated with present or future levels of climate
variability or climate extremes. An example of a climate adaptation assessment is a
project to improve flood defences in response to risks posed by climate change. Climate
adaptation assessments are usually associated with sectors such as flood control where
climate variability and extremes have required management in the past, but the additional
risks posed by climate change may not have been accounted for.
Climate change impact assessments
Climate change impact assessments refer to projects in which the impacts of climate
change are assessed on already existing or designed infrastructure or water resources
plans. An example is an assessment of whether existing or planned flood defence
infrastructure or plans will be sufficient under expected climate change impacts. This is a
common form of project.
General water resources planning and management
These are situations in which the project is not motivated directly by climate change but
where climate change may be an important factor affecting a project’s outcome.
Examples include the development of a new water-supply system for an urban area or
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the construction of a hydropower facility. In these situations, it is important to develop a
preliminary estimate of the extent to which climate change may impact project outcomes,
as this affects the extent to which resources should be committed to further investigation
of climate impacts (sections 1.7& 1.8). Although climate change will have an impact on
almost any water resources planning or management issue, the impact may not be
significant relative to other drivers in water resources management.

HOW CAN THIS INFORMATION BE USED TO SIMPLIFY THE ANALYSIS?
Climate change adaptation assessments are likely to require the most resources and
most of the steps in this guideline are likely to be required. For climate change impact
assessments, the sections of the project cycle related to identifying and assessing
options and decision making under uncertainty can be left out. For general water
resources planning and management, a detailed analysis of climate change impacts may
not be necessary, depending on the relative importance of other drivers.

1.3

Identifying Objectives and Priorities
60-SECOND SUMMARY...


Risk and uncertainty have different meanings. The risk associated with an event is defined
as the product of the probability and the consequence of the event. Uncertainty describes a
state of limited knowledge in which it is impossible to describe either an existing state or
future outcome precisely.



A risk-neutral decision maker seeks to maximise the utility of a decision. A risk-neutral
approach may be appropriate when the probabilities and consequences of different
outcomes are well known.



A risk-averse decision maker prefers a more certain outcome with a lower expected utility
to a less certain outcome with a higher expected utility. A risk averse approach may be
appropriate when considerable uncertainty exists about probabilities and consequences of
events.

Some considerations are important when identifying objectives and priorities in a climate
change context. These include determining attitudes towards risk and uncertainty and
defining a time horizon.

WHAT IS THE DIFFERENCE BETWEEN RISK AND UNCERTAINTY?
To address the issue of determining attitudes towards risk and uncertainty, it is important
to provide precise definitions of the terms. This discussion uses definitions provided by
the UK Climate Impacts Programme (Willows, 2003). The risk associated with an event is
defined as the product of the probability and the consequence of the event. The term
uncertainty describes a state of limited knowledge in which it is impossible to describe
either an existing state or future outcome precisely. Using the example of flooding, the
risk of a certain level of flood occurring is defined by the probability that the flood will
occur and the expected magnitude of damages caused by the flood. Because the
probability of occurrence and expected damages of a certain flood level can never be
known exactly, there is uncertainty associated with any estimate of flood risk. The
uncertainty associated with a risk estimate usually decreases as more is known about the
probability and expected consequences of the event.

WHY IS IT IMPORTANT TO DETERMINE ATTITUDES TOWARDS RISK AND
UNCERTAINTY?
Some consideration of attitudes towards risk and uncertainty will help guide assessment
and decision-making processes. In the simplest formulation, attitudes towards risk can be
characterised as either risk-neutral or risk-averse. A risk-neutral decision-maker will seek
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to maximise the expected utility of a decision, where expected utility can be defined
quantitatively as the sum of the products of the probabilities of each outcome associated
with a particular decision, times the utilities of the outcomes. A risk-neutral approach may
be appropriate when the probabilities and consequences of different outcomes are well
known. If considerable uncertainty exists about probabilities and consequences, then a
risk-averse approach may be more appropriate. Risk aversion can take on different forms
in a climate change context. Because of the uncertainty associated with climate change,
a risk-averse decision-maker may want to base decision-making on a worst-case climate
change scenario so that undesirable consequences of climate change can be avoided as
far as possible. On the other hand, uncertainty also means that it is possible to overinvest if climate change impacts turn out to be less significant than expected; a reluctance
to over-invest is therefore also a legitimate risk-averse position. A third approach to risk,
called the no-regret approach, may also be useful in the climate change context. In this
approach, the decision-maker is averse to taking actions that may result in regrets or
missed opportunities later on. Guidelines for decision-making given different risk
approaches are provided in the section on decision-making under uncertainty (Chapter
5).

WHY IS IT IMPORTANT TO DEFINE A TIME HORIZON?
As will be explained in the chapter on developing projections (Chapter 4), all projections
of climate change are based on scenarios of future emissions that are inherently
uncertain. However, future emissions may not have significant impacts on climate at
shorter time scales, so consideration of different emission scenarios may be
unnecessary. In addition, climate impacts on variability and extremes (i.e., changes in
flood and drought frequencies) are harder to detect than changes in averages and may
be impossible to separate from the natural variability of the climate system at shorter time
scales. Projects with a time horizon of less than 20 years may not justify the use of
detailed climate projections.

1.4

Impact on Water Resources
60-SECOND SUMMARY...


Climate change will impact water resources through changes to precipitation, temperature,
and potential evapotranspiration.



Some impacts with the highest degree of certainty include sea level rise, increased
temperatures, increased snow and glacier melting rates, and that seasonal runoff patterns
will shift in areas with winter snow.

Climate change may have significant impacts on water resources. These include impacts
on precipitation, snow and ice, sea level, evapotranspiration, soil moisture, runoff and
river discharge, and water quality. The potential impacts presented here summarise
th
information from the IPCC 5 Assessment Report (IPCC, 2013).

PATTERNS OF LARGE-SCALE VARIABILITY
A number of features of the large-scale climate system have direct influence on the
hydrological cycle. The most significant mode of interannual variability in the global
climate system is the El Nino Southern Oscillation (ENSO), which is associated with an
east-west shift in tropical Pacific precipitation. Due to increase in moisture availability, it is
likely that the ENSO cycle will intensify. Monsoon precipitation events are also expected
to become more intense and cover larger areas with earlier onset and later ending. It is
also likely that there is a poleward shift in storm tracks and westerlies (Kirtman et al.,
2013).
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SNOW AND ICE
Climate warming is projected to increase rates at which snow cover and glaciers melt.
Although snowfall is projected to increase in some regions, it appears unlikely that
precipitation increases will compensate for increases in melting. In areas with seasonal
snow cover, the snow accumulation season is projected to begin later and the melting
season is projected to start earlier. Satellite observations of snow cover in the Northern
Hemisphere over 1966-2005 show decreases in every month except November and
December. Considerable mass loss has occurred on the majority of glaciers and ice caps
worldwide, with increasing rates in the past two decades. Climate change is also causing
permafrost warming and thawing in high latitude regions and in high elevation regions.

SEA LEVEL
Although not all of the drivers of sea-level rise are well understood, it is expected that a
combination of thermal expansion and ice-caps and glacial melting will cause rates of sea
level rise in the 21st century to exceed rates observed since 1961. Globally, averaged
sea level has risen over the 20th Century by an average of 1.7mm/year between 19002010 and at a likely rate of 3.2mm/year for 1993-2010 (Rhein et al., 2013). It is likely that
it will rise by 0.42-0.98m relative to 1986-2005 by 2100 (Church et al., 2013). Impacts on
water resources include increased risk of coastal flooding and salinity intrusion.

Figure 1.1

Annual mean precipitation change in 2081-2100 relative to 1986-2005 for the
scenarios RCP2.6, RCP4.5, RCP6.0 and RCP8.5. Results shown are based on
CMIP5 multi-model ensemble mean. The number of CMIP5 models used to calculate
the multi-model mean is indicated in the upper right corner of each panel. Hatching
indicates regions where the multi- model mean signal is less than 1 standard
deviation of internal variability. Stippling indicates regions where the multi-model
mean signal is greater than 2 standard deviations of internal variability and where
90% of models agree on the sign of change. Source: IPCC (2013)
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MEAN PRECIPITATION
It is likely that mid latitude Northern Hemisphere precipitation has increased since 1901.
There is low confidence in trends elsewhere. Climate model projections suggest that
mean precipitation will increase in high latitudes and mid-latitudes with decreases
possible in sub-tropical regions (Figure 1.1) with wet regions becoming wetter and dry
regions becoming drier but with large spatial variation.

EXTREME PRECIPITATION
Widespread increases in heavy precipitation events have been observed in the recent
historical record, even in areas where mean precipitation has decreased. However,
rainfall statistics are affected by interannual to decadal-scale variations and only a few
regions have sufficiently long records to analyse trends reliably. Statistically significant
increases in the frequency of heavy precipitation have been observed in Europe and
North America. Globally it is likely that the number of heavy rainfall events has increased
in more areas than it has decreased. Evidence from climate models suggests that heavy
precipitation events will become more frequent and intense in future.

DROUGHT
In the Fourth Assessment report it was stated that droughts had become more common
but now IPCC reports say that this was probably overstated. There are complications in
assessing drought as it can be defined and assessed in different ways. There has been
an increase in dryness in the Mediterranean and West Africa and a decrease in North
America and NW Australia since 1950.

EVAPOTRANSPIRATION
Evapotranspiration is expected to increase with increases in air temperature. Precipitation
patterns also affect the amount of water available for evaporation. Because the variability
of the atmospheric moisture storage is negligible, global mean increases in evaporation
are required to balance increases in precipitation in response to anthropogenic forcing
(IPCC, 2007a). However, increases in humidity and increases in CO2 concentrations in
the atmosphere reduce evapotranspiration as high humidity reduces the amount of water
that can evaporate, and high CO2 concentrations cause the stomata in leaves to partially
close to maintain the required CO2 levels inside the stomata. Additionally, if rising CO2
concentrations lead to increased plant growth, transpiration may increase as a result of
increased leaf area. Land use also affects the amount of evapotranspiration.

SOIL MOISTURE
Changes in soil moisture are a function of changes in the volume and timing of
precipitation and evapotranspiration, drainage, infiltration and overland flow. Global-scale
simulations of soil moisture are relatively uncertain. Projections of changes in soil
moisture are generally consistent with projected precipitation changes, although in the
tropics the increased evapotranspiration counteracts the increased rainfall and there is
little change in soil moisture. In high latitudes, the increases in precipitation generally
outweigh the increases in evapotranspiration but this leads to mixed changes in soil
moisture (Collins et al., 2013). Soil moisture decreases may occur in high latitudes,
despite precipitation increases, because of declining snow cover. Little information is
available about long-term trends for historical soil moisture. It is likely that there will be
drying in Mediterranean region, northeast and southwest South America, southern Africa,
and southwestern USA, increasing the risk of Agricultural drought. This is due to the
widening of the Hadley circulation. Elsewhere there is not consistent signal from the
models.

RUNOFF AND RIVER DISCHARGE
There are large non-climatic human influences on river discharge from water
management and land use changes, which make detection of trends and future
projections difficult to achieve. The extent to which climate change may alter river flows
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depends on changes in the volume and timing of precipitation and on whether
precipitation falls as snow or rain. Changes in evapotranspiration may also have impacts
on river flows. There is considerable uncertainty about how climate change might affect
annual runoff, although climate models suggest that changes may be similar to projected
precipitation changes. There is more certainty that climate change will impact the
seasonality of river flows in regions where winter precipitation currently falls as snow.
Warmer temperatures are projected to lead to decreased spring flows because of
reduced or earlier snowmelt, with increased winter flows. These projections are
supported by trends in the recent historical record and changes in extremes (Madsen et
al., 2014).

GROUNDWATER
Climate change affects groundwater recharge rates and depths of groundwater tables,
though relatively little research has been done on this. As many groundwater reservoirs
discharge into and are recharged from surface water, climate change impacts on surface
water flows are expected to impact groundwater. Increased precipitation variability,
particularly changes in mean precipitation and seasonal changes, may affect recharge
rates. Variability may also affect recharge if high-intensity events exceed soil moisture
frequencies more often.

WATER QUALITY
Climate change is projected to reduce raw water quality and pose risks to drinking water
quality even with conventional treatment systems through temperature, nutrient and
sediment changes and pollution loading from heavy rainfall events. Rising temperatures
are likely to lower water quality in lakes through increased thermal stability and altered
mixing patterns. More intense rainfall may also lead to an increase in turbidity in lakes
and reservoirs due to soil erosion. In semi-arid and arid areas, climate change is likely to
increase salinisation of shallow groundwater due to increased evapotranspiration. Due to
expected reduced run-off, surface water quality is also expected to decline as
concentrations of contaminants increase.

1.5

Impact on Sectors
60-SECOND SUMMARY...


Climate change impacts on water resources may affect ecosystems, agriculture, human
health, water supply, human settlements and infrastructure.



Many of the potentially severe impacts are related to projected changes in climate
variability and increases in flood and drought frequencies.



Significant impacts are possible in arid and semi-arid regions, which may become drier in
the future.

Climate change impacts on water resources may affect ecosystems; agriculture, land
use, and forestry; human health; water supply and sanitation; settlements and
infrastructure; and other sectors of the economy including insurance, tourism, industry,
and transportation. The following survey includes information on sectoral impacts
presented in the Fifth IPCC Assessment Report (IPCC, 2014).

FRESHWATER ECOSYSTEMS
A large fraction of terrestrial and freshwater species faces increased extinction risk from
climate change and combined with other factors such as habitat modification, pollution
and invasive species (IPCC, 2014). Generally, surface water quality is dependent on
nutrient inputs, particularly N and P. Climate change will likely affect water quality through
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changes in nutrient input both directly and indirectly: indirectly through e.g. changes in the
type of cultivated crops, cultivation practises and use of fertilizer; and directly through the
predicted changes in precipitation that directly affects the runoff regime.
Furthermore, changes in temperature will work as a stress factor for some ecosystems
and may affect the nutrient dynamics through complex ecosystem processes. These two
factors, changes in nutrient loadings and temperature, may accelerate the degradation
processes of natural habitats.
Increased temperature may change the autotroph and heterotroph balance in the water
bodies and especially in lakes and reservoirs. This may lead to changed balance
between CO2 consumption and CO2 production and give negative feedback, increasing
climate changes. It may also accelerate the production of other greenhouse gasses such
as methane.
Other important areas that will be impacted are the transition zones between land and
surface waters – areas like wetlands and riparian zones. These areas are important with
respect to nutrient turnover and will be affected by both temperature increases and
hydrological changes.
Other water quality issues that may be affected by climate change include type and
amount of dissolved and adsorbed pesticides and their breakdown products as a result of
changes in types of cultivated crops together with a general increase in temperature
favouring new types of pests.

FORESTS, SAVANNAHS, AND GRASSLANDS
If climate change increases drought frequencies, wildfires may increase in size and
frequency. Increasing drought frequencies may also induce stress in trees, leaving them
more susceptible to fires, pests, and disease. There is evidence that grassland and
savannah productivity is highly sensitive to precipitation variability, and that rainfall
variability may have greater impacts on productivity than rainfall amount.

AGRICULTURE AND LIVESTOCK
Water plays a crucial role in food production. More than 80% of agriculture is rain-fed,
dependent on precipitation to meet evapotranspiration demand and maintain soil
moisture. In areas where precipitation is already limited by climate, agricultural production
is vulnerable to climate change (Figure 1.2). Although irrigated land represents only 18%
of total agricultural land, the contribution of irrigated land to total agricultural production is
much greater, and irrigated agriculture could also be vulnerable to climate change if
surface water and groundwater supplies are diminished.
There is some evidence that increasing CO2 concentrations may reduce crop water use
through increased leaf-level water use efficiency. However, these efficiency gains may be
offset by increased evaporative demand under higher temperatures. There is also
uncertainty about how the combined impacts of elevated CO2 concentration and
increasing temperatures might affect crop yields.
Based on many studies, negative impacts of climate change on crop yields are more
common than positive impacts. Wheat and maize yields have already been affected by
climate change in many regions (IPCC, 2014). If the frequency of extreme rainfall events
increases, crop yields could be reduced because of excessive soil moisture, inundation,
and soil erosion.
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Figure 1.2

Crop suitability indices for rain-fed agriculture (left) and projected changes in runoff
(right). The crop suitability index (SI) is based on Fischer et al. (2002). Projected
changes in runoff are estimates of changes between 1980-1999 and 2090-2099.
Projections represent the mean of an ensemble of climate models associated with
the Fourth IPCC Assessment Report (IPCC, 2007a). Source: IPCC (2007a)

In regions with irrigated agriculture, climate change may have impacts due to changes in
the spatial and temporal distribution of streamflow. In catchments where snowmelt is a
significant contributor to the water balance, early snowmelt may cause earlier spring
flooding with a reduced peak and lead to a summer irrigation water shortage.
Many of the world’s rangelands are located in semi-arid areas that are vulnerable to
water deficits. Increased climate variability and drought frequencies may lead to livestock
losses. There is some evidence that mild warming may increase grassland productivity in
high latitude regions.

HUMAN HEALTH
Increases in flood and drought frequencies and reductions in mean precipitation have the
potential to impact human health. If flood frequencies increase, human health may be
impacted by sewage contamination during flood events. If drought frequencies increase,
water quality in rivers may suffer because of reduced dilution of pollutant concentration,
with potential health impacts. In areas with limited access to improved water supplies,
such as in sub-Saharan Africa, long-term declines in water availability may make it more
difficult to extend improved water supplies. There has been an increased heat-related
mortality and decreased cold-related mortality in some areas. Changes in temperature
and rainfall have also affected the distribution of water-borne illnesses and disease
vectors (IPCC, 2014).

WATER SUPPLY AND SANITATION
Climate change could have substantial impacts on water services. These impacts could
include: reductions in water availability in glacier-fed basins; surface water quality impacts
from temperature rises; salinisation of coastal aquifers from sea-level rise; changes in
seasonal water availability from shifts in precipitation patterns and increased variability;
complications to reservoir operations arising from increases in intra- and inter-annual
variability; salinisation of groundwater as a result of increased evapotranspiration; and
more frequent floods and droughts.

SETTLEMENTS AND INFRASTRUCTURE
Changes in water availability, water quality, precipitation characteristics, and the
likelihood and magnitude of flood events may have significant impacts on human
settlements and infrastructure. The locations most at risk of water supply problems
include small islands, arid and semi-arid developing countries, regions supplied by rivers
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fed by glacial melt and/or seasonal snowmelt, and countries with a high proportion of
coastal wetlands and coastal cities. Increased flood frequencies may have impacts on
transportation infrastructure including localised street flooding; flooding of subway
systems; and flood and landslide-related damages to bridges, roads, and railways.
Climate change could also have impacts on hydropower production and cooling water
availability for thermal power plants. Changes in migration patterns as a result of extreme
events may also impact settlements and infrastructure (IPCC, 2014).

1.6

Climate Change and Other Drivers
60-SECOND SUMMARY...


Climate change is just one of a range of drivers, including population growth and migration,
and economic development.



Climate change has an impact on most drivers, often accelerating their impacts.



The relative ‘importance’ of climate change compared to other drivers, and the impacts of
climate change on other drivers, depends on the local situation.

CAN WE CONSIDER WATER RESOURCES MANAGEMENT AND CLIMATE
CHANGE IN ISOLATION?
Many of the impacts of climate change will be through water resources (IPCC, 2007a).
However, the challenges faced in water resources management and the options for
adapting to climate change must be considered within a broader context across a range
of sectors. For example, climate mitigation policy, land use management, food and
energy supply, and water resources are all linked and have impacts on each other (World
Economic Forum, 2011).

WHAT ARE THE MAIN DRIVERS IN WATER RESOURCES MANAGEMENT,
AND IS CLIMATE CHANGE ONE OF THEM?
Drivers that affect water resources can be broadly categorised as shown in Table 1.1,
although these drivers are closely linked. In addition to being a driver in its own right,
climate change is also expected to impact other drivers as shown in Table 1.1.

WHICH DRIVERS ARE THE MOST RELEVANT FOR ME?
Drivers are generally closely related and cannot be considered in isolation. The relative
importance of drivers depends very much on local context, although the international
context should also be considered. Generally, the main drivers for water use are
population and economic development, as well as changes in diet, with climate change
often exacerbating problems. There is also a trend towards prioritisation of domestic and
industrial supply over agricultural supply, whilst trying to accommodate environmental
demands in some places.
The dominant non-climate-change-related drivers of future irrigation water use are: the
extent of irrigated area, crop type, cropping intensity, and irrigation water-use efficiency
(IPCC, 2008).

HOW DOES CLIMATE CHANGE COMPARE TO OTHER DRIVERS?
Overall, it is important to consider climate change together with other drivers, as well as
the impact on other drivers, depending on how detailed the analysis needs to be. Model
studies show that in some areas land-use change will have relatively low impact
compared to climate change (e.g. Rhine basin, south-east Michigan, Pennsylvania and
central Ethiopia), whereas in other areas land-use change and climate change are
expected to have similar impacts to water availability (e.g. south-east Australia, southern
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India) (IPCC, 2007b). A global study compared the relative impacts of climate change
and population and economic development on the ratio between water demand and
availability (Vörösmarty et al., 2000, Figure 1.3). It showed that globally, population and
economic growth are likely to have a more widespread impact than climate change only,
but that impacts in some places will be very different when climate change is taken into
account. This figure is used for illustrative purposes and should not replace more local
and recent assessments.

Table 1.1

Drivers affecting water resources. Primarily adapted from WWAP (2009)
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Figure 1.3

Relative change in demand per discharge compared to contemporary conditions.
Blue areas show a reduction of more than 20%, red shows an increase of more than
20%. Source: Vörösmarty et al. (2000)

UNCERTAINTY IN FUTURE SOCIETY
Uncertainties in the nature of future society such as demographics, politics, socioeconomic and
technical developments will not only affect the future trajectories in emissions of greenhouse
gases which drive climate change but also the ways in which climate change will be managed
and how it will impact society. Furthermore, these uncertainties in societal change will have
direct impacts on water resources, irrespective of the impacts of climate change.

1.7

Preliminary Estimate of Change in Climate
60-SECOND SUMMARY...


Preliminary estimates of changes in climate variables are available from the IPCC and
national meteorological institutes and research organisations.



Changes in precipitation and temperature are most widely available, but other variables
could be considered.



It is important to consider the characteristics of the projected climate variables, as this
affects how the changes can be interpreted.
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WHICH CLIMATE VARIABLES COULD BE CONSIDERED IN A PRELIMINARY
ASSESSMENT?
Climate variables that could be included in a preliminary assessment of change can be
grouped into the following categories: primary, synoptic, compound, and proxy climate
variables. Primary variables are direct outputs from climate models like precipitation and
temperature. Synoptic variables are also direct outputs from climate models but are
associated with larger spatial scales. Compound variables are functions of combinations
of primary variables. Proxy variables are dependent on combinations of primary
variables, compound variables, and other factors that are not directly linked to the climate
system. A list of variables by type is presented in Table 1.2. Synoptic-scale climate
variables are simulated more reliably by climate models, but are more difficult to relate to
water resources impacts. Proxy variables may require the use of impact models such as
rainfall-runoff and soil water balance models in order to characterise climate change
impacts.

WHICH CHARACTERISTICS OF CLIMATE VARIABLES SHOULD BE
CONSIDERED IN A PRELIMINARY ASSESSMENT?
It is important to be clear about the statistical characteristics of variables under
consideration and the different ways in which variables may change. Characteristics to
consider in a preliminary assessment include magnitude and direction; the statistical
basis of change; averaging or sampling period; and joint probabilities of events and
variables. A list of important characteristics to consider is presented in Table 1.3.

WHY IS IT IMPORTANT TO THINK ABOUT CHARACTERISTICS OF
VARIABLES IN A PRELIMINARY ASSESSMENT?
Different characteristics of climate variables can convey different information about the
nature of climate change. The impact of a change in magnitude of precipitation can have
a different meaning depending on the statistical basis of the change. For example,
although average precipitation may not be projected to change, variability may be
projected to increase or decrease. Changes may also have different meanings depending
on the averaging or sampling period associated with the change. To continue the
example of precipitation, although precipitation may not be projected to change on an
annual basis, there may be significant changes in the seasonal timing of precipitation that
affect how water will be managed. It is also important to consider joint events, such as the
joint impact from river flooding, sea level rise and storm surge in a coastal area.

Table 1.2

Climate variables to consider in a preliminary assessment of change (adapted from
Willows, 2003)
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Table 1.3

Characteristics of climate variables (adapted from Willows, 2003)

HOW CAN I CONDUCT A QUICK ANALYSIS?
Options for quick analyses include published change factors from global and regional
climate models (sections 4.3 and 4.4), published changes from regional and local climate
change impact studies, and national climate change impact and adaptation plans. The
IPCC Fifth Assessment Report includes an atlas of global and regional climate
projections (IPCC, 2013).

1.8

Vulnerability Assessment
Vulnerability to climate change exists almost everywhere, but the level of vulnerability
varies significantly depending on the extent of expected impacts and the capacity to
adapt to change.

WHAT IS A VULNERABILITY ASSESSMENT?
A vulnerability assessment is a preliminary assessment of the extent to which the system
of interest is vulnerable to changes to climate variables (Table 1.2). Because of the
uncertainties associated with preliminary assessments of climate change, it will not be
possible to develop a conclusive assessment of vulnerability at this stage. However, this
exercise is useful for identifying priorities for further investigation.

WHAT IS THE DIFFERENCE BETWEEN SENSITIVITY AND VULNERABILITY?
The term sensitivity refers to the extent to which a system would be affected by climate
change. Vulnerability refers to the extent to which a system would be unable to cope with
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adverse impacts from climate change. Therefore, vulnerability is a function of both
sensitivity and adaptive capacity.

WHAT METHOD IS RECOMMENDED FOR VULNERABILITY ASSESSMENT?
The UK Climate Impacts Program (Willows, 2003) outlines a checklist approach for
vulnerability assessment. This approach is presented below. While the checklist
approach is fairly simple, it provides a useful structure for ensuring that all potential
impacts have been considered for developing preliminary estimates of vulnerability.

HOW CAN VULNERABILITY TO CHANGES IN CLIMATE VARIABLES BE
ASSESSED?
After a checklist of change estimates has been assembled, vulnerability to changes in
climate variables should be assessed qualitatively. At this stage, the assessment should
be based on expert judgment and the experiences of stakeholders. For each projected
change in a climate variable, experts and stakeholders should provide qualitative
assessments of the vulnerability of the system of interest to the change. They should also
provide an assessment of their level of confidence in the link between the change in each
climate variable and the impact on the system. This should not be a judgment about the
level of certainty associated with climate change projections but rather about the link
between climate change and system impacts. Other drivers that may affect the system of
interest should also be identified in order to develop priorities for more detailed analyses.
Relevant drivers for water resources systems are listed in Table 1.1.

WORKING WITH VULNERABILITY ASSESSMENT
The checklist method for vulnerability assessment:


Obtain information on projected changes in climate variable from the IPCC, global and
regional climate models, and other published reports by meteorological institutes and
research organisations.



Identify the characteristics of the variables and predicted changes, including the magnitude
of change, the statistical basis of change, the averaging or sampling period, and any
information about joint probabilities (Table 1.3).



Estimate the sensitivity of the project or system of interest to the projected changes. This is
a qualitative assessment, done through consultation with experts and stakeholders.



Estimate the level of vulnerability of the project or system of interest. In other words, if the
project or system is thought to be sensitive to projected climate changes, is there adaptive
capacity to cope with these impacts? This should also be a qualitative assessment.



Estimate the level of confidence in the link between each projected change and the
vulnerability of the project or system. This is not a judgment about the level of confidence in
projected climate changes but rather about the link between climate change and system
impacts.
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2

Identifying Options and Assessment Criteria

2.1

Introduction to Identifying Options and Assessment Criteria
60-SECOND SUMMARY...


Most adaptation options are already an integral part of current good practice in water
resources management.



Adaptation should be flexible and robust to deal with multiple uncertainty sources.

This chapter is primarily relevant for climate change adaptation assessments where the
identification and comparison of options to adapt to climate change is required (section
1.2). It provides an introduction to flood mitigation options (section 2.2) and water scarcity
adaptation options (section 2.3). Section 2.4 describes how to undertake an initial
screening of the long-list of options to identify which options require more detailed
assessment. Section 2.5 discusses the development of criteria (indicators) for decisionmaking.

WHAT IS ADAPTATION?
Adaptation in the context of climate change is the act of changing current practices to
reduce the potential negative impacts from climate change, and should also consider
impacts of other drivers (section 1.6). Adaptation options or measures are specific steps
taken to reduce the impacts of climate change (examples are given below). Adaptation
should inherently be robust to deal with multiple uncertainties.

WHAT IS ADAPTIVE WATER MANAGEMENT?
Water resources management is a complex issue, with climate change being just one of
many factors (section 1.6). Adaptive water management addresses uncertainty and
complexity by increasing the capacity to learn while managing. This is achieved through
an iterative process of improving assessment techniques, management policies and
adaptation options in response to monitoring outcomes, see section 5.6.

WHY IS ADAPTATION NECESSARY?
Challenges posed by climate change can be categorised into management challenges
and infrastructure design challenges. Both water resources management and design
have only recently started to take climate change into account. Climate change is likely to
exacerbate existing threats such as flooding and water scarcity, and is likely to add
pressures on all sectors, including the environment (sections 1.4 & 1.5). Water
infrastructure has been designed for ’current’ climatic conditions and thus may be
inadequately designed for future conditions. Selecting appropriate adaptation measures
is critical to reduce vulnerability.
Many adaptation options are considered part of good water resources management and
should respond to a number of drivers, not just climate change (section 1.6).

WHAT ADAPTATION OPTIONS ARE AVAILABLE?
There are numerous adaptation options available, ranging from local to national to
regional in scale, from sector-specific to cross-sectoral, including demand and supply
management, ‘softer’ management options, and ’harder’ infrastructure options. Examples
of adaptation options are discussed in sections 2.2 and 2.3. However, a list of potential
adaptation options would be almost endless. Therefore, it is recommended that the
reader refers to available literature relevant to their field of interest. For more information,
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see the analysis by sector prepared for background paper to UNFCCC (2007). See also
the TNA Guidebook series (UNEP-Risø, 2011) on technologies for climate change
adaptation within different sectors, and FAO (2008) for vulnerability and adaptability in
agriculture.

2.2

Options for Flood Risk
60-SECOND SUMMARY...


Flooding is expected to increase in intensity and frequency in many regions.



Flood mitigation options themselves are similar to those without the impacts of climate
change, but the selection and design of options need to increase resilience under
uncertainty.



An effective adaptation strategy may include both structural and non-structural measures.

HOW IS FLOOD RISK CHANGING?
Flood risk is increasing with increases in flood damage as a result of increasing
development and population. This can be exacerbated by changes in land use, e.g.
change upstream in a river system (e.g. deforestation) and downstream (urbanisation)
with less infiltration and more runoff. In many cases, it appears that climate change will
increase this risk. Climate model simulations indicate climate change will lead to
increases in intensity and variability of rainfall as a result of increases in either the
frequency of heavy precipitation or the total precipitation during heavy precipitation
events. The complex relationship between rainfall and the processes generating runoff,
their timing and the effects of land use change, makes it difficult to make general
statements about the impact of these changes on future changes in runoff and flooding.
The vulnerability to changes in flooding needs to be evaluated for each case.
The most sustainable way to reduce this increased risk is to move people and assets out
of the flood plain, construct flood protection structures for flood-prone areas or give the
river room for flooding. Existing protection structures and systems are designed against a
flood with a certain statistical return period and may fail more frequently under climate
change.
Flood management is a well-established discipline and there are many potential flood
protection measures. Traditionally these are split into structural and non-structural
measures (Table 2.1); however, current flood protection practice often relies on
integrating different types of measures. Simply raising embankment levels may move the
flood problem further down the river and increase the risk of disastrous flooding. And
even if the embankments levels are raised, there is always a chance that this level will be
exceeded so the “residual” risk must be managed somehow.

WHAT ARE THE MAIN FLOOD MITIGATION OPTIONS?
The list of potential flood protection measures and therefore flood adaptation measures is
enormous; however, broadly speaking these can be categorised into:





Increasing natural retention and storage capacity or making room for water
Strengthening existing or construction of new protection structures
Building resilience
Forecasting, early warning, and preparedness.
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1. INCREASING NATURAL RETENTION AND STORAGE CAPACITY OR
MAKING ROOM FOR WATER
Flood impacts at downstream locations can be reduced by increasing retention and
storage capacity upstream by creating water retention areas. In rural areas, this can be
temporary storage in low-lying farmland, riparian wetlands, ditches and ponds or by river
restoration. In urban areas, this can be recreational areas, sport fields, etc. where it is
less costly and damaging to accept flood waters. Polders and flood control reservoirs are
widely used and are often contained by dikes and/or dams. This can also be achieved by
flood diversion channels that move water to other channels or storage areas.
Types of measures that make room for the river by increasing the discharge capacity of
the floodplain include deepening of river meadows, displacement of the embankments
further away from the river, or removing natural or man-made obstacles.
The protection and/or restoration of ’natural infrastructure’ (e.g. wetlands, dunes) can
have significant positive impacts on flood mitigation, and may be considered as part of a
suite of options (Smith and Barchiesi, 2009).

2. STRENGTHENING EXISTING PROTECTION OR CONSTRUCTION OF NEW
PROTECTION STRUCTURES
Existing protection structures such as dikes or embankments will continue to play an
important role in flood protection, particularly in high risk, high value areas. In light of
expected climate change the acceptable design criteria for such areas should be revisited
to determine whether strengthening or raising of embankments is needed. The capacity
of weirs and sluices might be increased to increase storage capacity. New protection
structures should include climate change at the design stage. In all cases, the simplest
approach is to develop a climate factor for design. Thus, for embankments designed for a
particular design flood, (e.g. the 100-year event), it may be estimated from climate
projections that this design event will increase by 20% under climate change in 2050.
Consequently, future designs will be rated for a 20 percent higher discharge or planned
so that they can be upgraded if needed. See section 4.8 for more information on how to
develop projections of extremes for design purposes.
An alternative more cost-effective approach may be to include more flexibility in the
design to allow staged upgrading of structures or combining these with measures that
provide more room for the river.

3. BUILDING RESILIENCE
Recognising that homes, industry, transport and other infrastructure can never be fully
protected, there are measures that can be put in place that can minimise the damage and
speed up the repair time, i.e. flood resilience. At a local level, this can range from putting
flood guards (flood proofing) on the main doors, to moving valuables upstairs during a
flood. The number of such flood proofing options is enormous. Flood preparedness, for
example, simply involves being aware of how to best be forewarned, how to act during a
flood, developing community programs, etc. Flood preparedness and resilience can be
encouraged by developing community programs or providing financial incentives. Proper
planning can identify flood-prone areas and introducing regulations to discourage or
minimise development in such flood prone areas.

4. FORECASTING AND EARLY WARNING SYSTEMS
Flood forecasting and early warning has a number of advantages with respect to flood
protection. Forecasts are used for initiating emergency contingency plans, operating of
structures and flood protection reservoirs, or the evacuation of affected areas.
Forecasting also permits more effective operation of water resource systems such as
water supply reservoirs, cooling water supply, hydropower schemes, water transfers and
diversions. Even when flood protection infrastructure is in place, flood forecasting can be
used to manage the residual risk during the most extreme events.
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Flood forecasting and warning represents a low-regret measure, as the costs are low
when compared to the benefits, and the costs are often low when compared to structural
measures such as the construction of reservoirs or embankments. In addition, the
environmental impact of implementing flood forecasting and warning systems is
considerably less than many other flood control measures.
DHI has a number of tools and services available for modelling these four broad
adaptation measures (see DHI Tools, Appendix B).

Table 2.1

2.3

Examples of structural and non-structural flood adaptation measures

Options for Water Scarcity
60-SECOND SUMMARY...


Water scarcity is expected to become more severe, particularly in already arid and semiarid regions.



Water scarcity mitigation options themselves are similar to those without the impacts of
climate change, but the selection and design of options need to increase resilience under
uncertainty.



An effective adaptation strategy may include a mix of supply-side and demand-side
measures, both structural and non-structural.

HOW IS CLIMATE CHANGE LIKELY TO AFFECT WATER SCARCITY?
Total run-off is projected to increase at high latitudes and in some wet tropical areas, and
decrease in some dry regions (IPCC, 2013). Groundwater recharge is expected to
decrease significantly in some already water-stressed arid and semi-arid areas. It is not
just the total quantity of available supply that is likely to reduce in some areas, but also
the timing is likely to be altered. Water scarcity is not just a supply issue, but also a
question of increasing demand. Water scarcity already affects several sectors
(agriculture, domestic, industry, and environment), and climate change is likely to
exacerbate existing problems.

WHAT ARE ADAPTATION OPTIONS FOR PLANNING FOR WATER
SCARCITY?
There is a large range of supply and demand side adaptation options for water scarcity
(see Table 2.2, as well as FAO, 2008; UNFCCC, 2007; and UNEP-Risø, 2011), most of
which are part of good practice water management. A mixture of options is usually
required to boost resilience. Options can be sector-specific, but as measures taken for a
particular sector are likely to benefit other sectors, benefits and costs should be shared
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between sectors. Part of the solution for addressing water scarcity is the development of
efficient allocation systems, with users being allocated various priorities.
DHI has a number of tools and services available for modelling these adaptation
measures (see DHI Tools, Appendix B).
The next sub-sections provide more detail on the likely impacts and adaptation options
for water scarcity for different sectors. Modelling approaches and tools for assessing
different options are discussed in Chapter 3. Further information on sector impacts and
adaptation are described in section 1.5.

IMPACTS AND OPTIONS: WATER AND AGRICULTURE
Agriculture is extremely vulnerable to climate change, which is expected to impact rainfed, irrigation and livestock agriculture. However, not all impacts will be negative, with
regional differences (section 1.5).
Adaptation options can be categorised as:


Shifts in management practices (e.g. earlier planting dates)



Changes in enterprises employed at a particular site (e.g. adoption of more drought
tolerant crops)



Adoption of new technology involving direct capital investment and/or practice
improvements developed by research (addressing plant/animal species or varieties,
genetic improvements, water retaining or application efficiency enhancing practices,
improved tillage, better methods of fertilisation, pest management practices, etc.)
(McCarl, 2008).

See also FAO (2008), IFPRI (2009), and UNEP-Risø (2011).

IMPACTS AND OPTIONS: WATER AND ENERGY
Water and energy are linked: water supply and treatment requires energy, and energy
production requires water. The energy sector accounts for about 40% of water
withdrawals in the USA and Europe, and in developing and emerging economies, energy
demand is expected to increase by a staggering 84% between 2007 and 2035 (DHI,
2010). The expected impacts on the hydrological cycle (section 1.4) also pose a
significant risk to energy production, predominantly through less reliable water supply.
Furthermore, climate policy can have significant impacts on water resources. For
example, climate mitigation policies such as increasing the proportion of biomass-fuelled
electricity and hydropower are likely to increase water demand and alter river flows.
More variable water supply may make hydropower more vulnerable to climate change.
Decreased snow cover and retreating glaciers will reduce the natural regulation in some
basins and lead to the demand for expensive extension of artificial storage to maintain
production. Run-of-the-river schemes may be particularly vulnerable to increased
variability.
Adaptation options include:


Increase water and energy efficiency



Shift to less water-dependent renewable sources of energy (e.g. wind, solar PV)



Use cooling systems that require less water (e.g. hybrid and dry cooling)



Use alternative water sources for cooling (e.g. treated municipal and industrial waste
water).
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IMPACTS AND OPTIONS: WATER & URBAN AREAS
Climate change is expected to impact negatively on reliable water supply in many areas
(section 1.4) (Hunt and Watkiss, 2011).
Adaptation options include: demand management, water-use efficiency, rainwater
harvesting, water storage and conservation techniques; water re-use; desalination
(Lankao, 2008).

IMPACTS AND OPTIONS: WATER & THE ENVIRONMENT
The environment typically receives a lower priority than other sectors. Of all ecosystems,
freshwater ecosystems will have the highest proportion of species threatened with
extinction due to climate change (Millennium Ecosystem Assessment, 2005). Climate
change and other drivers are expected to decrease water resources availability for the
environment.
There are some adaptation options available to address this decreasing trend. On the
one hand, these partly involve the recognition that all sectors compete for scarce water
resources and that measures taken to mitigate water scarcity in other sectors can lead to
increased water availability for the environment. On the other hand, there are some
policy options available such as formally allocating a proportion of flows to the
environment (i.e. reducing possible withdrawals). This has been implemented
successfully in some locations, including the state of Victoria in Australia, which included
environmental water entitlements as part of the Water Act as early as 1989.

Table 2.2

2.4

Supply and demand side adaptation options (IPCC, 2008).

Screening Options
60-SECOND SUMMARY...


In order to narrow down a long list of options, a screening process is necessary.



There is a range of methods – all include a list of criteria against which options are
assessed.

Having derived a long list of options as discussed in previous sections, it is important to
undertake an initial screening of options from this long list in order to narrow down to
fewer options, which can be assessed in more detail. All options should come under one
or more of the four categories in Table 2.3. Options falling under more than one category
are likely to be preferable. Guidelines for initial screening of options are shown below.
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As climate change is usually only one of many drivers impacting water resources, most
options should already be considered in the context of existing climate variability. For
example, water conservation, demand management and efficiency measures reduce
stress on all sectors, including the environment, and reduce vulnerability to predicted
changes, and are likely to be consistent with existing initiatives by municipalities, irrigation
districts and government. Thus, while the options themselves may not be particularly
new, the importance of implementing them is likely to increase under climate change.
Many countries are working on integrating climate change policy within regular planning
cycles by establishing appropriate law and policy (UNFCCC, 2008).

WHAT METHODS ARE THERE FOR CHOOSING WHICH ADAPTATION
OPTIONS TO ASSESS IN MORE DETAIL?
Here we consider an initial screening of adaptation options, rather than a detailed
comparison of options, which is discussed in Chapter 5. There is a range of methods for
undertaking an initial screening of options, though none are definitive. Essentially, they
involve a list of criteria (questions) against which to undertake assessment of options
(see the Working with Screening Options box below).
Relatively low cost, demand side win/win options (e.g. those which should be
implemented as part of good water resources management practice) are likely to be
prioritised. Major infrastructure projects are likely to be more complex, and carry more
risk. They are likely to be expensive, can increase vulnerability (by promoting
maladaptive behaviours), have the potential for significant environmental impacts, and
can represent a form of subsidy. Therefore, in terms of the near future (and perhaps even
the long-term), their benefits need to be carefully weighed up against their costs.
For more detailed analysis of options see section 2.5 and Chapter 5.
Table 2.3

Adaptation option categories (LUC, 2006)
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WORKING WITH SCREENING OPTIONS
This method can be used to relatively quickly screen available options and select suitable ones
for further assessment, without having to use quantitative evaluation techniques (e.g. benefit–
cost analysis, multi-criteria evaluation). The basic method is to prepare a list of criteria against
which to make a quick assessment of whether or not it is worth considering the options further.
Below is a list of criteria that may be adapted for any given project or planning cycle, dependent
on specific needs and objectives.


Win/win; No/low regrets; Flexible; Resilient (see Table 2.3)



Positive environmental impacts (current or potential)



Politically acceptable



Cost effective



Feasible



Equitable (promote participation and equal access to opportunities and benefits among
men and women, as well as being pro-poor).



Effective



Sustainable



Synergies with national/international or sectoral plans



Potential for up-scaling/replication



Immediate impact / response to urgent needs.

To this list should be added a selection of the criteria developed as described in section 2.5.
However, not all criteria need necessarily be used. A short-list of criteria can be used for the
initial screening.
It is recommended that a table be created as shown below and a qualitative description is made
of how each option addresses each criteria. Options should always be compared to the ’do
nothing’ option. The number and range of individuals involved in creating this table depends on
the size of project or scale of the planning process. The inputs are likely to be based on the
expertise and experience of the individuals involved rather than more complex studies. Based on
how well each option meets each criteria, options should be ranked and a short-list developed.

Table 2.4

Example screening template
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2.5

Developing Criteria for Decision-making
60-SECOND SUMMARY...


Criteria that can be used to assess options can include monetary benefits, costs, equity,
public acceptability, and ease of implementation.



Tools for comparison of options include cost-benefit analysis, cost-effectiveness analysis,
and multi-criteria analysis. Cost-effectiveness analysis may be appropriate for climate
adaptation problems, while cost-benefit analysis and multi-criteria analysis may be more
appropriate for general water resources planning problems.



Decision-making rules should be formulated to account for risk preferences.

This section deals with developing criteria to compare options. This is a more detailed
approach than the initial screening of options described in section 2.4, but is considered
here as it builds on the initial screening and may affect the formulation of the water
resources modelling approach (Chapter 3), and will be utilised when making decisions
under uncertainty (Chapter 5).

WHICH CRITERIA NEED TO BE DEFINED?
Development of decision-making criteria should include criteria against which options will
be appraised and rules for decision making. It may also be useful to define “climate
thresholds” that define unacceptable levels of risk, such as a maximum flood level.

WHAT ARE CRITERIA THAT CAN BE USED TO ASSESS OPTIONS?
Criteria that can be used to assess options can include monetary benefits, costs, equity,
public acceptability and ease of implementation. If it is believed that all benefits and costs
associated with an option can be quantified in monetary terms, then cost-benefit analysis
techniques may be appropriate for overall assessment and comparison of different
options. If other criteria besides monetary costs and benefits will be used, then multicriteria analysis may be appropriate. Multi-criteria analysis refers to a set of techniques
that have been developed for comparing criteria that are measured using different units. If
a project or study is being driven by regulatory or policy constraints, then a costeffectiveness analysis may be appropriate.
The criteria used to assess options and the method used for overall appraisal and
comparison may depend on the problem type. If the project or study is driven by a climate
adaptation problem, then regulatory or policy constraints may be present and a costeffectiveness analysis approach should be used. If the project or study can be classified
as a general water resources planning problem, then it is likely that decisions will be
made on the basis of whether benefits outweigh costs and cost-benefit analysis or multicriteria analysis may be more appropriate.

WHAT ARE SOME EXAMPLES OF RULES FOR DECISION MAKING?
Rules chosen for decision-making should be related to risk preferences. If a risk-neutral
approach is preferred (section 1.3), then it may be appropriate to base decision making
on benefit maximisation or cost minimisation, with benefits and costs measured using
either cost-benefit analysis or multi-criteria analysis. If the decision-maker is risk averse
(section 1.3), then other approaches such as the minimax or maximin rules may be
useful. These rules are described in Chapter 5.

WHAT ARE “CLIMATE THRESHOLDS”?
It may be useful to define “climate thresholds” that represent tolerable limits to climate
risk. Thresholds link events to climate states. A threshold event can be either a
biophysical event, such as a flood or a drought, or a behavioural event. A behavioural
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event is a change of legal, regulatory, economic or cultural behaviour that is triggered by
climate states. An example of a behavioural event is a critical minimum crop yield that is
needed for production of a particular crop to be economically viable; if yields fall below
this level, a behavioural change is triggered because farmers will have to shift to another
crop or land will go out of production. Many systems are characterised by adaptive
capacity that delays the onset of behavioural thresholds (e.g., efficient irrigation practices
or substituting other inputs for water). Estimates of behavioural thresholds should
consider how thresholds might change as a result of adaptation actions.
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3

Formulating the Water Resources Modelling Approach

3.1

Introduction to Formulating the Water Resources Modelling
Approach
60-SECOND SUMMARY...


Assessment of alternatives will often require the development of simulation models that can
be used to compare how alternatives will perform under future conditions. Model
development may require additional considerations in a climate change context.

HOW MIGHT MODELLING APPROACHES BE DIFFERENT IN A CLIMATE
CHANGE CONTEXT?
Design and evaluation of new infrastructure and/ or management alternatives will often
require the use of modelling to predict future performance and compare alternatives.
Likewise, assessment of potential climate change impacts may also require modelling.
Depending on the type of problem, models used can include representations of rainfallrunoff relationships, flood frequencies, river hydraulics, reservoir operations, crop water
use, groundwater flow, or integrated models of surface water and groundwater. When
developing these models for use with climate change projections, model development
may need to be approached differently. The following considerations apply generally to
most models:


Models should be driven by data that are simulated reasonably by climate models.
In some cases, it is common to use historical time series of runoff directly for
infrastructure design and water resources management projects. Although climate
models produce estimates of runoff, these projections are not calibrated to observed
runoff and are produced at coarse scales that are not appropriate for detailed
studies. For projections of runoff in such cases it is necessary to establish rainfallrunoff models driven by projected rainfall.



Data sets of historical data should be developed because of downscaling and
statistical correction requirements (see Chapter 4). Precipitation projections and
other outputs from climate models require downscaling and statistical correction.
These procedures require historical data at spatial scales appropriate for input to
impact models.



Modelling approaches should be set up to accommodate multiple scenarios or
ensembles of input data. Uncertainty assessment approaches may require multiple
model runs using different assumptions (Chapter 5). Modelling approaches should
be set up to multiple runs with different assumptions in an efficient manner.



Model- and input assumptions should be evaluated to ensure validity of calibration in
a future scenario. Model calibration and scenario analysis are only valid if
assumptions do not change. Under climate change this might not be the case, and
changes in e.g. ecosystem structures might have significant impact, and hence
assumptions should be evaluated and projected into the future.

Other drivers should be projected into the future and incorporated into the modelling.
Assumptions about economic growth, population growth, and other drivers may have
impacts on water resources that are equal to or greater than climate change impacts.
These should be projected into the future in a way that is consistent with assumptions
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associated with emissions scenarios. However, local projections of drivers may deviate
significantly from these global assumptions.
DHI has a number of tools and services available for climate change impact modelling
and adaptation analysis (see DHI Tools, Appendix B).

UNCERTAINTY IN IMPACT MODELLING
The choice of model and the way in which the model is structured and parameterised is an
additional source of uncertainty in the study of climate change. The relative contribution of
impact model uncertainty compared to the uncertainty in climate projections (including
uncertainty in climate forcing scenario, GCM, RCM and statistical downscaling; see section 5.3)
depends on several factors, including (i) the climate variable and associated characteristics
governing the impact being considered (e.g. impact mainly driven by average conditions or by
extreme conditions), (ii) availability and quality of data to properly constrain calibration of the
impact model, and (iii) credibility of impact model for extrapolation to a changing climate. As an
example, in a study in Norway, Lawrence and Haddeland (2011) analysed the relative impact of
different uncertainty sources on the projection of extreme river flow. They found that for
catchments where rainfall is the dominant contribution to extreme flows, hydrological parameter
uncertainty is relatively more important compared to other uncertainty sources. In catchments
where spring snowmelt dominates the generation of extreme flows, and hence is controlled by
temperature, uncertainties in climate scenario and statistical downscaling are dominating.

3.2

Flood Protection

In many cases, flood protection systems and vulnerable regions will have to be assessed
for changes to flood risks resulting from climate change. It may also be necessary to
design new flood control structures or other measures to reduce flood risk. The following
considerations apply in developing models for the design and assessment of flood risks.
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Flood frequency analysis should be based on rainfall-runoff models and not on
historical river flow data
Climate change may have impacts on average precipitation, the frequency and intensity
of extreme precipitation events, and both seasonal and annual variability of precipitation
patterns. All of this suggests that the statistical distributions of extreme rainfall and flow
events may be different from those estimated from historical data. For this reason, flood
frequency analysis should be based on rainfall-runoff models driven by projections of
future precipitation, and not on historical river flow data.

Flood frequency analysis in coastal areas should consider sea-level rise impacts
In coastal areas, river flood levels can be affected by sea level rise. Climate change
projections of mean sea level rise should be coupled with rainfall-runoff model projections
of peak river flows to assess flood risks. If storm surge impacts also affect sea water
levels, then potential climate change impacts on storm surges should be included in the
modelling approach.

Climate change may give rise to morphological changes in rivers
In coastal areas, sea level rise will give rise to river bed aggradation that will migrate
upstream. This process is similar to the backwater sedimentation that takes place where
a river flows into a reservoir. The bed aggradation will affect the water level in the river.
The rate of bed aggradation and hence increase of water level will depend on the rate of
sea level rise and sediment transport rate and will be very significant in for instance the
mega-deltas of the world. This climate change impact should be investigated using
morphological models.

3.3

Reservoir Design and Operation

The design of new reservoirs and the operation of existing reservoirs may be impacted by
climate change. Assessment of climate impacts on designs and operating rules may
require the development of modelling tools including: rainfall-runoff models to simulate
changes to reservoir inflows; reservoir operations models to evaluate the performance of
operating rules; soil erosion and reservoir sedimentation models; and water quality
models. The following considerations apply to the use of models to evaluate reservoir
design and operation in a climate change context.

Models should be developed using time steps that are appropriate for capturing
projected impacts on variability
Considerable evidence exists that climate change will have impacts on seasonal and
inter-annual patterns of climatic variability. Assessment approaches based on annual
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time steps or average monthly values may not capture important impacts resulting from
changes to variability. For example, a projected increase in annual rainfall amounts could
conceal decreases during summer months that could result in shortages when irrigation
demands are high. A model based on average monthly values may still be sufficient for
long-term drought analyses. Inflow predictions should be based on rainfall-runoff models
and not on historical river flow data. As with flood frequency analysis (see section 3.2), it
should not be assumed that past inflow patterns are representative of inflow patterns
under a climate change regime.

Snowmelt and glacial melting processes should be included
Rates of snow and glacial melting are expected to increase substantially due to
increasing temperatures. In basins where snow and glacial melting are important
contributors to the water balance, climate change impacts on accumulation and melting
rates should be represented explicitly.

Sediment load may change
Changing precipitation intensity as well as increased snow-free areas may increase
catchment sediment yield and accelerate reservoir sedimentation. The effect of climate
change on catchment sediment yield and reservoir sedimentation therefore has to be
quantified through application of appropriate soil erosion and sedimentation models.

Environmental management will be challenged
From an ecological and environmental point of view a number of issues could change
with a changing climate. These issues cover:


Changes in nutrient loadings



Changes in nutrient retentions



Thermal stratification



Changing of habitats (specifically for reservoirs, potential increases in water level
extremes (high and low water levels) could lead to a significant reduction in bottom
vegetation and hence changing habitats)



Potential development of toxic algae species (e.g. cyano-bacteria)



Introduction of new or increased survival of pathogens (in case of drinking water or
recreational waters)

The above challenges are addressed in more detail in section 3.6.
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3.4

Irrigation Water Use

In a climate change context, it may be necessary to revise projections of irrigation water
use and crop yields, which are needed for irrigation system planning, reservoir design
and operations studies, and river basin planning. The following considerations apply to
simulations of crop water use.

River basin planning and reservoir operations models should calculate crop water
use dynamically, based on a soil moisture balance
Climate change is expected to increase evaporation rates, depleting soil moisture and
increasing crop water requirements. Changes to precipitation patterns could change rates
at which soil moisture is depleted. Crop water requirements should not be fixed or based
on historical values but rather computed dynamically from a soil moisture balance model
forced by climate projections.

Temperature and CO2 impacts should be included in crop yield models
There is evidence that changes in temperatures and CO2 concentrations associated with
climate change and greenhouse gas emissions will have impacts on crop yields.
Changes to these parameters may have impacts on crop water requirements, as the
amount of water needed to maximise crop yields may change. Research in this area is
continually developing, so relative impacts of these parameters should be carefully
investigated.

Changes to cropping patterns should be considered
Under a different climate regime, it may no longer be profitable to grow some crops. It
may be useful to develop an economic model that can be used to predict how cropping
patterns might change in response to climate change.

Increases in salinity in coastal areas should be considered
Coastal areas may be at risk of salinisation due to increases in sea water level and storm
surge magnitude.

© DHI July 2016 – Water Resources Climate Change Guidelines

37

Changes in storms and increased wash out of nutrient should be considered
Increase in extremes like storms will result in increased surface run-off, and hence
increased erosion and transport of pollutants from land to water bodies, as well as
increase the bank erosion. This has to be addressed in the load estimation associated
with climate scenarios. Furthermore, increased wash-out of nutrients will potentially affect
crop yields and use of fertilizer.

3.5

Groundwater

In general, climate change is projected to reduce groundwater resources significantly in
most dry subtropical regions, and to increase at high latitudes (IPCC, 2013). The
following considerations apply when developing groundwater models in a climate change
context.

Groundwater recharge estimates should be based on climate change projections
Groundwater recharge will be impacted by projected changes in rainfall,
evapotranspiration and runoff patterns. It may be particularly important to use projected
changes to estimates of recharge rates for unconfined aquifers in arid and semi-arid
regions, which are likely to have shifting annual balances between precipitation and
evapotranspiration and a general drying trend under most climate change projections. In
regions where seasonal snow melt is predicted to change from spring towards winter,
recharges rates may also increase if more infiltration is taking place during periods with
lower evapotranspiration potential. Changes to climate variability, especially in
precipitation, could also have substantial effects on recharge and groundwater levels.

Coastal aquifer studies should consider impacts of sea level rise
Projected increases in mean sea levels could have impacts on salt-water intrusion in
coastal aquifers, exacerbated by slower recharge rates.

Salinisation of shallow aquifers in arid and semi-arid regions should be
considered
Shallow aquifers in arid and semi-arid regions may be at risk of salinisation due to
increased evapotranspiration.
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Surface water - groundwater interaction should be included
Changes in precipitation and runoff patterns will impact the surface water - groundwater
balance and may cause zones of recharge and discharge to shift. Particularly in regions
where surface ecosystems are dependent on groundwater, a detailed representation of
surface water-groundwater interaction may be required.

3.6

Environmental Management
Climate change is expected to have a negative impact on freshwater ecosystems due to
changing streamflow and water quality (IPCC, 2013). The following considerations apply
when developing models to address ecological, environmental and water quality
management.

Climate impacts on lake ecosystems should be investigated using an
ecosystem/biogeochemical modelling approach
Increasing temperatures associated with other effect of climate change could reduce
oxygen concentrations in lakes, potentially leading to anoxic conditions in deep, stratified
lakes. In deep as well as shallow lakes the climate change can turn the ecosystem into a
more heterotroph ecosystem and thereby increase net production of greenhouse gasses.
The increased temperature can also stimulate nuisance algae blooms especially of
cyanobacteria (blue-green algae). These impacts should be modelled using a combined
hydrodynamic and biogeochemical model approach.

Climate impacts on river habitats should be investigated using temperature
modelling
Aquatic species rely on a set of parameters defining their preferred habitats. In this
perspective, temperature is an important parameter for almost all living organisms, and
changes in temperature might change living conditions for a number of aquatic species
directly or indirectly through the potential changes in food web. These impacts should be
investigated using a temperature modelling approach using boundary conditions from
climate projections, and combining with knowledge on key species and their preferred
habitats.

Increased difference between high flow and low flow in rivers and wetland areas
should be addressed
Some species rely on flows within a certain range. In some regions we will experience an
increase in extremes (high flows and low flows and even droughts). Change of periods
with flooding and drying out will have significant impact on wetland areas. Special
attention has to be paid to highly protected areas such as Nature 2000, Ramsar areas,
etc. This might influence biodiversity in general and threaten species in particular.

Changing morphology will influence habitats of some species
Erosion and changes in river morphology can be important to some habitats like e.g.
spawning grounds for salmonide species. Salmon and many trout species as well as a
number of other species rely on specific bottom substrates as good spawning conditions
for the eggs to successfully develop into viable fry. Changes in morphology can change
these areas and potentially influence the recruitment of new adults. In models calibrated
to mimic present in-river habitat conditions, morphological changes in terms of erosion
and alteration of composition of bottom substrates may not be explicitly simulated, and
thus predictions of the influence of climate change need to be evaluated.
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Changes in diffuse loadings of nitrogen and phosphorous directly due to changes
in precipitation should be addressed with dynamic hydrological models
There is most likely not a linear correlation between the changes in the predicted
meteorological forcing and predicted changes in diffuse loads. With the predicted
changes in precipitation the relative importance of the individual runoff components (i.e.
surface runoff, storm water overflow on sewage systems, runoff through drains,
groundwater runoff, etc.) will change and enhance the resulting loads of nitrogen and
phosphorous. This can be evaluated through dynamic hydrological models.

Changes in diffuse loadings of nitrogen and phosphorous indirectly due to
changes in types of crops, cultivation practises and fertilizer application should be
addressed using process-based model
Changes in crop type may result in radical changes in the inter-correlated water and
nutrient balances in the soil through complex biological processes. Adding changes to
cultivation practises and fertilizer application will add to the complexity. Given that
changes in the composition of crop types can be predicted as a result of climate change
the impact on nitrogen and phosphorous leaching can be evaluated through processbased deterministic models.

Besides changes in nutrient loads lakes faces changes due to temperature
changes
The different functional lake ecosystem groups will most likely be challenged by
temperature changes. The interaction between phytoplankton, zooplankton and fish is a
fine balance that temperature might interrupt. And the response will most likely be
different between deep lakes and shallow lakes, and between geographical regions.
Hydrodynamic modelling including heat balance processes and ecological modelling can
help address some of these impacts due to climate change. However, some assumptions
might change with respect to the ecosystem, and hence existing (calibrated/validated)
ecosystem models will not be applicable in a future climate scenario.

Thermal stratification
An important issue when evaluating water quality in a reservoir or deep lake is the
potential forming of a thermocline. We do not expect large changes in the seasonality in a
future climate, however, changes in river inputs, increasing temperatures and potential
changes in wind speed and direction might impact a reservoir/lake in different ways and
allow for the thermoclines to form or degrade with climate changes. When thermocline
forms, potential anoxic conditions might develop with potential large impact on the water
quality. Furthermore, an increased period of stratification will increase the period of
surface nitrogen exhaustion, and hence the likelihood for the occurrence of cyanobacteria. Thus, it is important that models are sufficiently validated in terms of their ability
to reflect the effects of changes in inflow, wind and temperature on the thermal
stratification. This could lead to a more heterotrophic system with negative feedback on
the climate changes themselves.

Nutrient retention in lakes
Climate change can influence the nutrient retention in lakes and reservoirs. It is, however,
not a simple task to evaluate and simulate such change because it highly depends on
how the ecological balance and the biological processes is impacted and are acting
together. The change in retention of phosphorous and nitrogen, respectively, may be very
different. In stratified lakes and reservoirs climate change may increase the risk of oxygen
depletion in deeper water masses. If the oxygen concentration becomes critical low, it
may result in release of phosphorus from sediment and reduced retention of phosphorus.
It will, however, highly depend on the chemistry of sediment and water. The oxygen
balance also influences the nitrate cycle in the water body. The biological processes
ammonification, nitrification and denitrification will be stimulated by increased
temperature. Anaerobic condition will inhibit the nitrification processes but stimulate the
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denitrification. The resulting effect on nitrogen retention from climate change can in a lake
or reservoir be positive as well as negative depending on the balance between these
processes.

Potential hazards due to changing health risks
Temperature is a very important parameter for a number of organisms. From a drinking
water perspective, pathogens, parasites and vira might be able to survive for longer
periods of time or new ones might be introduced when temperature increases. If the
water is also used for irrigation, the introduction of potential pathogens could influence
both the health of the farmers as well as the product quality. Also, the risk of harmful
algae blooms (HABs) will most likely increase with temperature. Furthermore, changes in
nutrients and suspended solids inputs will impact both survival and forming of these
organisms.

Investigations of wetland ecosystem impacts should also include climate impacts
on catchment inflows and regional groundwater flows
Wetland ecosystems are sensitive to water balance changes, particularly in regions
where precipitation does not greatly exceed evapotranspiration. It is important to capture
all changes to the water balance that might result from climate change. This includes
inflows from upland catchment areas as well as regional groundwater flows. Climate
change impacts on catchment and regional groundwater flows should be estimated using
rainfall-runoff and groundwater models driven by climate projections. This is particularly
important for seasonal wetlands, which may be impacted by shifts in precipitation and
evapotranspiration patterns.

Increased surface runoff and erosion along rivers will affect phosphorous
transport
Phosphorous is strongly linked to soil particles, and hence changes in surface runoff and
erosion in the riparian zone will greatly affect phosphorous loads downstream these
areas. Other considerations discussed in sections 3.2 to 3.5 may also be relevant for
environmental management studies.
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4

Developing Projections

4.1

Introduction to Developing Projections
All climate change studies will require some future projection of climate variables. Here,
we focus on changes in variables most relevant for water resources: temperature, rainfall,
evapotranspiration and sea level.
These projections may be used directly, such as to investigate precipitation for city
drainage systems, or in impact models to characterise changes in other variables, such
as changes in irrigation demand for agriculture, water supply or flood risk.
Projections may be taken from global climate models (GCMs) or regional climate models
(RCMs), which are driven by the global models. These results must then be processed
and downscaled to represent climate at the site of interest, before being used in an
impact model. The development of climate projections is illustrated in Figure 4.1. Studies
with smaller scopes may use published changes in climatic variables or sensitivity
analyses to investigate future climate scenarios.
In some cases, developing projections of extremes may be necessary to investigate
whether infrastructure will still provide an adequate level of protection in future or for the
design of new infrastructure. Joint probability analysis may be necessary to investigate
the risk of multiple climate hazards occurring simultaneously.
This chapter provides background information and practical guidance on how to develop
projections of climate variables and sea level rise. Other projections may be necessary in
order to investigate future scenarios, such as population or land-use change, but these
are not discussed here.

Figure 4.1

The flow of information in developing climate projections
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4.2

Climate Forcing Scenarios
60-SECOND SUMMARY...


Results are available for a range of climate forcing scenarios. They are not probabilistic but
represent a range of possible futures.



Representative Concentration Pathways are being used for the latest climate modelling
effort. There are four RCP pathways which cover a wider range of futures than those from
the previous SRES scenarios.



It is generally recommended to include several scenarios in the analysis. Depending on the
climate variable, region and projection horizon differences between scenarios may be less
important compared to natural variability and variability of climate model projections.

Climate forcing refers to anything that forces a change in the climate system. Here it
refers to emission scenarios or representative concentration pathways providing
projections of atmospheric concentrations of greenhouse gasses. These scenarios are
used as the driving input to global climate models as greenhouse gas concentrations
influence the balance between incoming and outgoing radiation. Thus, each set of climate
projections is valid under a specific assumption of future atmospheric greenhouse gas
concentrations.

WHAT ARE THE VARIOUS SCENARIOS?
There are two main sets of climate forcing scenarios developed by IPCC: SRES
scenarios and the latest RCP scenarios.
There are 40 SRES scenarios grouped into four families (A1, B1, A2, B2) based on
narratives of demographic, social, economic, technological, and environmental
development. There are six widely used illustrative scenarios: A1B, A1F1, A1T, A2, B1,
B2 (
Table 4.1). The projected increases in global surface temperature for the six SRES
scenarios are shown in Figure 4.2. More information on SRES scenarios can be found in
IPCC (2000).
Representative Concentration Pathways RCPs are the latest scenarios developed. There
are four RCP pathways shown in
Table 4.1 based on a range of radiative forcing scenarios rather than emissions. They
provide a wider range of futures than the previous scenarios (Van Vuuren et al., 2011).
More information can be found in Moss et al. (2010). The projected increases in global
surface temperature for the four RCP scenarios are shown in Figure 4.2.

HOW DO THE RCP SCENARIOS COMPARE TO THE SRES SCENARIOS?
The CO2 emission rates for the RCP scenarios are compared to the emission rates for
the SRES scenarios B1, A1B and A2 in Figure 4.3. The RCP4.5 scenario has similar
emission rates as the SRES B1 scenario, and RCP6.0 and RCP8.5 are comparable to,
respectively, SRES A1B and A2.

WHY ARE SOME SCENARIOS MORE WIDELY REPORTED THAN OTHERS?
ARE THEY THE MORE LIKELY SCENARIOS?
Studies which have focussed on comparing climate model projections have limited the
number of scenarios used to reduce the number of model runs necessary. However, no
scenario was developed as the “most likely” option, but rather the scenarios are designed
to show the range of possible trajectories.
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Figure 4.2

Projected increases in global average surface temperature. Top: Different SRES
scenarios with temperature change relative to the period 1980-1999. The bars on the
right show the likely range of temperature increase in 2100. Bottom: Different RCP
scenarios with temperature change relative to 1986–2005. The bars on the right
show the mean and associated uncertainties averaged over 2081−2100. Source:
IPCC (2007a, 2013)

Figure 4.3

Comparison of CO2 emissions for SRES and RCP scenarios (adapted from van
Vuuren et al., 2011)
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IF SRES EMISSION SCENARIOS WERE DEVELOPED IN 2000, HOW ARE
CURRENT EMISSIONS TRACKING RELATIVE TO THOSE PROJECTIONS?
We are tracking towards the higher end of the range of SRES illustrative scenarios
(Figure 4.4). However, short-term variations in emissions do not determine the long-term
pathways and recent emissions cannot be used to select between long-term projections.

Figure 4.4

Comparisons of actual emissions (black and white dots) and SRES scenario
emissions (Manning et al., 2010)

UNCERTAINTY IN CLIMATE FORCING SCENARIOS
The climate forcing scenarios rely on many factors which cannot be predicted easily, such as
population growth, energy use and energy sources and, as such, they have a large degree of
uncertainty associated with them. However, this uncertainty is partly addressed by the wide
range of futures that the scenarios collectively represent.
The relative importance of climate forcing scenario uncertainty compared to other uncertainty
sources in climate projections depends on the variable being studied, the time horizon of the
projection, and the region of the world. In general, scenario uncertainty becomes relatively more
important for increasing projection horizon, and differences in scenarios have relatively larger
impacts on temperature than on precipitation.

WORKING WITH CLIMATE FORCING SCENARIOS
In practice, datasets available will be based on one of the scenarios in
Table 4.1. Newer runs will likely use one of the RCP scenarios, and older runs will use the SRES
scenarios. It is recommended to use the latest available datasets for your climate variable and
model of choice.
If focus is on changes in air temperature, differences between scenarios are small up to around
2050, depending on the region. In this case it may be sufficient to include only one scenario in
the analysis. For longer projection horizons it is generally recommended to include more
scenarios, e.g. a median, low and high scenario, which cover the range of scenarios.
If focus is on changes in precipitation, differences between scenarios are, in general, smaller
than differences between different climate models. In this case it may be sufficient to consider
only one scenario up to 2100, depending on the region.
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Table 4.1

4.3

Some of the main climate forcing scenarios and their assumptions (IPCC, 2000;
Moss et al., 2010)

Global Climate Model Projections
60-SECOND SUMMARY...


Global climate model projections are made available in the Coupled Model Intercomparison
Projects (CMIP). Over 40 models for the CMIP5 project are reported in IPCC 5th
Assessment Report.



Global climate models may have significant biases that vary between the different models,
between different climate variables and between different regions. There is no “best” model
and the average of several models (ensemble average) generally outperforms any of the
individual models.



To address the variability in GCM projections an ensemble of model results should be used
for impact assessment. It is recommended to use at least three GCMs, corresponding to a
low, median and high projection of change in the climate variables being considered.



Global climate model projection data are not, in general, of sufficient resolution and
reliability to be used directly for impact assessments. For larger scale (continental) impact
studies or for a first screening at regional or local scale global climate model data can be
applied. Downscaling is required to obtain more reliable climate projections at the local
scale.
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WHAT IS A GLOBAL CLIMATE MODEL?
There are three main types of global climate models, which are used for projections of
future climate: Atmosphere–Ocean General Circulation Models (AOGCMs), Earth System
models (ESMs) and Earth System Models of Intermediate Complexity (EMICs).
AOGCMs are coupled models, which simulate numerically the processes of heat,
moisture and momentum exchange across the ocean, atmosphere, sea ice and land
surface, based on physical principles. They simulate climate response to different climate
forcing scenarios of atmospheric composition of greenhouse gases (section 4.2). These
were the standard global climate models applied in the last phase of the IPCC.
ESMs are the current state-of-the-art models, which are expanded from AOGCMs to
include bio-geochemical processes known to be important for climate such as the carbon
cycle, the sulphur cycles and ozone.
EMICs include some of the Earth System processes but in a low resolution or idealised
manner. They are designed to use less computing power to be able to explore very long
time scales or very large ensembles. As computing power increases, their complexity and
resolution advance.

WHICH PROCESSES DO GLOBAL CLIMATE MODELS SIMULATE?
As global climate models run on a grid at a coarse scale, they cannot model small and
meso-scale processes, only larger scale processes. Physical parameterisations are used
to model sub-grid scale processes such as cloud processes, convection, boundary layer
processes (turbulence), radiation fluxes and surface processes (surface-atmosphere
interactions). Future scenarios used to force climate models do not include changes in
solar forcing or volcanic eruptions. In the long term these effects are expected to be small
compared to greenhouse gas emissions.

HOW MANY GLOBAL CLIMATE MODEL PROJECTIONS ARE AVAILABLE?
GCM projections have been collected and made available in the Coupled Model
Intercomparison Projects (CMIP). The latest project CMIP5 has results from more than 40
models for the different RCP climate forcing scenarios. The previous CMIP3 project has
results from about 25 GCMs based on the SRES emissions scenarios. For more
information on GCM data access and availability see Appendix C.

HOW DO GLOBAL CLIMATE MODELS PERFORM AND HOW DIFFERENT
ARE THE GLOBAL CLIMATE MODEL PROJECTIONS?
It is generally accepted that global climate models provide credible estimates of climate
change at continental and larger scales. The confidence in the model projections,
however, varies for different climate variables. The confidence is generally higher for
temperature than for precipitation, and this remains the case despite some improvements
in the simulation of large scale patterns of precipitation reported in the fifth IPCC report
(Randall et al., 2007; Flato et al., 2013). The models have significant errors at smaller
scales but also large errors are present in the simulation of large scale features. One
important source of error is the parameterisation of sub-grid scale processes. Due to
these model deficiencies, global climate model projections may have significant biases
and cannot, in general, be directly applied for impact modelling. Annual mean
precipitation from CMIP5 global climate model simulations are compared to observations
in Figure 4.5.
The latest IPCC report states that the simulation of clouds in climate models remains
challenging and that there is very high confidence that uncertainties in cloud processes
explain much of the spread in modelled climate sensitivity (Flato et al., 2013). Since the
previous results reported in IPCC (2007a), there has been some improvement in the
storm tracks in the North Atlantic and considerable progress in the simulation of extreme
events. However, cyclone intensity is still underestimated and the majority of models
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underestimate the sensitivity of extreme precipitation to temperature variability, which
implies that models may underestimate the projected increase in extreme precipitation in
the future (Flato et al., 2013).
Since the global climate models have different numerical cores, model resolutions, and
physical parameterisations, they produce different projections although some models
share the same sub-modules. Model biases vary between the different models for
different variables and in different regions. Information about the evaluation of models at
a global scale is shown in IPCC 5th assessment report (Flato et al., 2013). Several
studies have been performed that evaluate the performance of global climate models.
These studies show that there is no “best” model and that the average of several models
outperforms any of the individual models (e.g. Gleckler et al., 2008). It is therefore
recommended to use an ensemble of global climate model projections for impact studies,
which also allows for the evaluation of uncertainty. To properly address the variability in
global climate model projections at least three global climate models should be selected,
corresponding to a low, median and high projection of change in the climate variables
being considered.

Figure 4.5

–1

Annual-mean precipitation rate (mm day ) for the period 1980–2005. (a) Multimodel-mean constructed with one realisation of all available GCMs used in the
CMIP5 historical experiment. (b) Difference between multi-model mean and
precipitation analyses from the Global Precipitation Climatology Project (Adler et al.,
2003). (c) Multimodel-mean absolute error with respect to observations. (d) Multimodel-mean error relative to the multi-model-mean precipitation itself. Source: IPCC
(2013)
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WILL THE GLOBAL CLIMATE MODELS CHANGE IN THE NEAR FUTURE?
Global climate models are constantly being improved, with new process descriptions,
increased horizontal and vertical resolutions, and improved parameterisations of the
physical processes. One of the limitations of global climate modelling is the massive
computational resources required. With the constantly increasing processing power
GCMs can be run with higher resolution and more processes can be explicitly modelled
rather than parameterised. One of the biggest additions in the latest modelling effort
(CMIP5) is the focus on providing many runs of many models with different
parameterisations to allow model uncertainty to be better characterised.

WORKING WITH GLOBAL CLIMATE MODEL DATA
HOW DO I GET HOLD OF GLOBAL CLIMATE MODEL PROJECTIONS?
GCM projections are available from the Coupled Model Intercomparison Projects CMIP3 and
CMIP5 (see Appendix C). Processed GCM data are available from DHI WaterData portal (see
DHI Tools, Appendix B).
USE OF GLOBAL CLIMATE MODEL DATA
Global climate model projection data are not, in general, of sufficient resolution and reliability to
be used directly for impact assessments. Typically, downscaling is necessary to obtain more
reliable climate projections at the local scale, by using dynamic downscaling (see section 4.4)
and statistical downscaling (see section 4.7). For larger scale (continental) impact studies or for
a first screening at regional or local scale global climate model data can be applied. In this case,
changes in the mean of the climate variables are estimated from the global climate model
simulations by comparing simulations over a baseline period, e.g. 1986-2005 (usually referred to
as control period), with simulations in a future period (e.g. 2081-2100). For temperature absolute
changes are usually applied, whereas for precipitation and potential evapotranspiration relative
changes are applied.
Processed changes in mean temperature, precipitation and potential evapotranspiration from the
CMIP3 models for SRES scenarios A2, A1B and B1 have been made available in the MIKE
Powered by DHI Climate Change tool (see DHI Tools, Appendix B). The tool can be used for fast
assessment and screening studies by modifying baseline boundary data of the impact model
with projected changes.

UNCERTAINTY IN GLOBAL CLIMATE MODELS
Uncertainties arise from various sources such as:


Deficiencies in simulation of large scale patterns and teleconnections, including tropical
precipitation and the El Niño-Southern oscillation



Small-scale processes that cannot be represented explicitly (e.g. clouds, convection) but
are included in an approximate form as physical parameterisations



Limitations in understanding or missing observations of some physical processes (known
unknowns)



Any unknown physical and biophysical processes and interactions which may be important
for climate change

GCM projections also inherit the uncertainties from climate forcing scenarios. The relative
contributions to the total uncertainty from climate scenario and GCMs depend primarily on
projection horizon and climate variable. In Figure 4.6 is shown an example of the relative
contributions of climate forcing scenario and GCM model uncertainty compared to the internal
variability of the climate system for temperature and precipitation. For temperature, scenario
uncertainty becomes more important and GCM model uncertainty less important for increasing
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projection horizon. For precipitation, scenario uncertainty has only a small contribution to the total
uncertainty, also for large projection horizons. Internal variability has a large contribution to the
total uncertainty for the first decades and is more important for precipitation than for temperature.
This shows that any climate change signals cannot be detected on a shorter time scale due to
natural climate variability.

Figure 4.6

4.4

Relative contribution to the total uncertainty of climate forcing scenario uncertainty
(green), GCM model uncertainty (blue), and internal variability (orange) for
temperature (left) and precipitation (right) for Europe (from
http://climate.ncas.ac.uk/research/uncertainty/ based on Hawkins and Sutton, 2009;
2010). Results from other regions are available on the website

Regional Climate Model Projections
60-SECOND SUMMARY...


RCMs are regional climate models covering a certain geographical area and are driven by
GCM simulations based on climate forcing scenarios. RCMs have higher resolution than
GCMs, allowing a better representation of topography and land surface heterogeneities and
hence more realistic simulations of associated processes



RCM projections are available for different regions of the world. Existing data archives
contain ensembles of RCM simulations, including different combinations of RCM and GCM
models, and climate forcing scenarios. The ongoing CORDEX project will in coming years
provide global coverage of RCM projections.



RCM projections have different sources of error. They inherit the biases from the GCM
projections, and additional uncertainty is added in the RCM model itself, especially related
to the physical parameterisations used for describing sub-grid scale processes.



To address the variability in RCM projections an ensemble of model results should be used
for the impact assessment. It is recommended to use at least three RCMs, corresponding
to a low, median and high projection of change in the climate variables being considered.

WHAT IS A REGIONAL CLIMATE MODEL?
A Regional Climate Model (RCM) is a model that covers a certain geographical area. As
opposed to global climate models, regional models typically only describe the
atmosphere and uses prescribed states of the ocean, sea ice and land, although some
coupled RCMs that have interactive ocean, sea ice and other processes have also been
developed. RCMs are based on a set of equations that models the motion of the
atmosphere and a set of physical parameterisations that describes sub-grid scale
processes, such as cloud processes, convection, boundary layer processes, and land
surface-atmosphere interactions.
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RCMs are used to dynamically downscale GCM simulations for producing higher
resolution climate projections at a regional scale. GCM results for a given climate forcing
scenario are used as boundary conditions for the RCM simulation. State-of-the-art RCM
uses a horizontal resolution of about 10-50 km. This allows a better representation of
topography and land surface heterogeneities and hence more realistic simulations of
associated processes than GCMs. In this regard, RCMs are better able to simulate
extreme events, such as extreme precipitation caused by orographic uplift.

HOW MANY RCM PROJECTIONS ARE AVAILABLE?
RCM projections from different regions have been made available as part of regional
climate modelling studies. An overview of available RCM projections is shown in
Appendix C.

DO REGIONAL MODELS IMPROVE RESULTS COMPARED TO USING
GLOBAL CLIMATE MODELS DIRECTLY?
RCMs will, in general, provide more reliable climate projections at the regional scale than
GCMs. IPCC (2013, p.815) state that, “there is high confidence that downscaling adds
value both in regions with highly variable topography and for various small-scale
phenomena”.
However, significant errors may still be present. For instance, the RCM inherits the biases
and other deficiencies of the driving GCM. Another important source of error is the
physical parameterisations. For example, convective rainfall is not well simulated due to
the parameterisation of microphysics and moist convection processes. To avoid physical
parameterisations, higher spatial resolution is required in the RCM whereby convection
can be explicitly simulated.
RCM results may have significant biases, and thus cannot, in general, be used directly in
impact studies. Bias correction and statistical downscaling is required prior to using RCM
projections in hydrological modelling (see section 4.7). Model biases vary between the
different models for different climate variables and in different parts of the modelling
domain. In addition, different global models used to force the same RCM will provide
different results. Several studies have advocated the use of an ensemble of model
projections for impact assessment rather than relying on a single RCM projection.

HOW DO RCMS PERFORM AND HOW DIFFERENT ARE RCM
PROJECTIONS?
As part of the ENSEMBLES project, the performance of the participating RCMs was
evaluated using different metrics (see summary and combination of the different metrics
in Christensen et al., 2010). They analysed the performance of the RCMs for simulating
current climate conditions using six different performance measures:
F1: Large-scale circulation patterns
F2: Seasonal mean temperature and precipitation
F3: Distributions of daily and monthly temperature and precipitation
F4: Extreme daily precipitation and daily minimum and maximum temperature
F5: Long term trends in temperature
F6: Annual cycle of temperature and precipitation
The results are shown in Figure 4.7. As can be seen, no model performs best with
respect to all measures, thus emphasising the need for use of an ensemble of RCM
projections for the impact assessment. The differences between the models are largest
for the simulation of seasonal patterns and extremes (F2 and F4).
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Figure 4.7

Performance measures for RCM models in the ENSEMBLES project (data taken
from Christensen et al., 2010). Larger performance measures correspond to better
performance. The performance measures have been normalised so that the sum of a
measure for the 15 models equals 1

WORKING WITH REGIONAL CLIMATE MODEL DATA
WHERE CAN I FIND RCM CLIMATE MODEL DATA?
An overview of current data archives and available RCM projections is shown in Appendix C.
Processed RCM data in terms of projected changes in climate statistics (e.g. changes in average
values and temporal variability of precipitation and temperature and changes in extreme
precipitation statistics) are available from DHI WaterData portal (see DHI Tools, Appendix B).
USE OF RCM DATA
RCM projections have higher resolution and are, in general, more reliable than GCM projections.
However, RCMs also have biases, and therefore RCM projections are usually not applied
directly in the impact assessment. Bias correction and statistical downscaling is required prior to
the use of RCM data in impact modelling (see section 4.7).
If RCM data are available, these data are generally to be preferred to GCM data for the impact
assessment. In the case where no RCM data are available for the region in question, one has
either to base the impact assessment using only the available GCM projections (section 4.3)
combined with statistical downscaling (section 4.7), or consider the possibility for performing
dedicated RCM simulations for the region. Also in the case where results from only one RCM (for
given GCM and climate forcing scenario) is available the use of GCM data or dedicated RCM
simulations should be considered.
WHICH RCM MODEL SHOULD I CHOOSE?
It is generally recommended to use an ensemble of regional climate model projections, including
different RCM/GCM combinations. In this regard, existing information about RCM performance
can be used for choosing appropriate RCM members to include in the analysis. For instance, for
the ENSEMBLES data, the results of Christensen et al. (2010) as shown in Figure 4.7 can be
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used for assessing RCM performance. In addition, GCM performance and variability must be
properly accounted for, and balanced against the variability caused by the RCM. This balance
will be case specific, depending on the climate variable and region being considered. In general,
it is expected that the variability in mean temperature will be mainly influenced by the driving
GCMs, whereas the variability in extreme precipitation will be mainly determined by the RCMs.
To avoid common biases and underestimation of the variability, the recommendations for
choosing GCMs should be followed (see section 4.3).
As a minimum, it is recommended to choose a subset of three RCM/GCM combinations,
corresponding to a low, median and high projection of change in the climate variables being
considered.

UNCERTAINTY IN REGIONAL CLIMATE MODELS
Uncertainty in RCM projections are caused by uncertainty in the driving GCMs (section 4.3) and
climate forcing scenarios (section 4.2). In addition, RCM inter-model uncertainty due to
differences in the numerical cores and physical parameterisations used to describe sub-grid
scale processes add to the total uncertainty.
As part of the PRUDENCE project, an uncertainty analysis was performed, quantifying the
contributions to the total uncertainty from RCMs, GCMs, climate forcing scenarios, and internal
model variability (different RCM runs with the same RCM/GCM/scenario combination) (Déqué et
al., 2007). Results for the whole European model domain are shown in Figure 4.8. The results
show that different sources are dominant depending on the climate variable and season
considered. For instance, for temperature GCM variability is more important than RCM
variability, whereas for precipitation RCM variability has a larger contribution. Especially for
summer precipitation where convective precipitation is dominating the RCM variability has the
largest contribution.

Figure 4.8

Percentage of the total variance explained by RCM, scenario, GCM and internal
RCM variability (data taken from Déqué et al., 2007). Results are shown for mean
temperature and precipitation in winter (DJF) and summer (JJA). The different
contributions do not sum up to 100% since the covariance terms have not been
included in the variance decomposition

© DHI July 2016 – Water Resources Climate Change Guidelines

53

4.5

Sea Level Projections
60-SECOND SUMMARY...


A number of projections of sea level rise exist. These are based on physically-based
models and empirical methods that relate sea level rise to changes in temperature or other
climate variables.



Besides changes in global sea level, changes in regional and local sea level due to
changes in ocean density and circulation, and non-climate changes such as isostatic
adjustments and subsidence, should be taken into account. For assessment of flooding and
inundation, changes in the frequency and magnitude of storm surges should be addressed.



Projections reported in the IPCC 5th Assessment Report estimate a global sea level rise of
28-98 cm by 2100.



Choice of projections will be case specific, depending on the vulnerability and associated
risk of sea level rise for the region being considered. It is recommended to apply a range of
sea level rise for the impact assessment, representing a lower, upper, and e.g. a median
change. For studies with large potential impacts, it is recommended to use a high-end
scenario.

WHY ARE SEA LEVELS RISING AND WHAT ARE THE IMPACTS ON WATER
RESOURCES?
One important impact of global warming is sea level rise. This is mainly caused by
thermal expansion of seawater and melting of land-based ice, including glaciers and the
Greenland and Antarctica ice sheets. Sea level changes are not uniform. Regional
changes are caused by differences in the rates of oceanic thermal expansion, changes in
wind and atmospheric pressure, and changes in ocean circulation (meteo-oceanographic
factors) as well as changes in the gravity field of the Earth due to melting of ice. In
addition, important non-climate processes may add to the relative change of the sea
water level, such as glacial isostatic adjustments, tectonics, and subsidence (e.g. by
overexploitation of groundwater). In addition to changes in the mean sea level, changes
in storm characteristics may influence the frequency and magnitude of storm surges.
Sea level rise may have significant impacts on water resources. These include increased
risk of flooding/inundation caused by direct flooding from the sea (storm surges) and
fluvial flooding due to backwater effects, saltwater intrusion of both surface waters and
groundwater, and impeded drainage and increase in groundwater table.

SEA LEVEL PROJECTIONS
The projected global mean sea level rise from IPCC’s 5h Assessment Report (Church et
al., 2013) is given in Table 4.2. Considering the four RCP scenarios, sea level rise in the
range of 0.28-0.98 m has been projected by 2100, relative to 1986-2005. The regional
variation in sea level from the global mean due to meteo-oceanographic factors is shown
in Figure 4.9. Since the publication of the 4th Assessment Report, there has been an
increase in confidence in projected sea level rise. Models have improved and
observations of accelerations of the ice sheet discharges in Greenland and Antarctica
since the early 1990s can now be explained by state-of-the-art ice sheet models. This
has led to higher estimates than previously reported.
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Table 4.2

Projected global mean sea level rise for the different RCP scenarios and the SRES
A1B scenario reported in the IPCC 5th Assessment Report given as the 5% to 95%
range in [m] for 2100 relative to 1986-2005 (IPCC, 2013)

A1B

RCP2.6

RCP4.5

RCP6.0

RCP8.5

Lower(5%)

0.42

0.28

0.36

0.38

0.52

Upper (95%)

0.80

0.61

0.71

0.73

0.98

Figure 4.9

Relative deviation of the projected mean sea level change in 2081–2100 relative to
1986– 2005 from the global mean. The results are based on an ensemble mean
projection for the RCP4.5 scenario. The deviations are representative also for the
other RCP scenarios. Source: IPCC (2013)

Figure 4.10

Estimates of twenty-first century sea level rise from semi-empirical models as
compared to the IPCC AR4. The bars show the lower (5%) and upper (95%)
percentiles. For exact definitions of the time periods and climate forcing scenarios
considered, see the original references (IPCC, 2007a; Rahmstorf, 2007; Horton et
al., 2008; Grinsted et al., 2009; Vermeer and Rahmstorf, 2009; Jevrejeva et al.,2010)
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WHY ARE SEA LEVEL CHANGE PROJECTIONS DIFFERENT FOR
DIFFERENT AREAS?
Ocean currents are altered by the expansion of warming water, the addition of melting ice
and changing winds. These changed currents lead to regionally different sea level
changes (see Figure 4.9). Regional changes in the gravity field also have an impact.
These are caused by redistribution of mass from Greenland and Antarctica. When an ice
sheet melts, the volume of water in the ocean increases but the gravitational pull on the
ocean close to the ice sheet decreases. The net effect is that sea-level rise occurs faster
in areas further away from the ice sheet. Regional variations of sea level rise caused by
changes in the gravity field have not yet been studied in detail, but the effect could be
significant (Nicholls et al., 2011).

HOW IS SEA LEVEL CHANGE MODELLED?
There are both physical and semi empirical models used to project sea level rise. Semiempirical models relate changes in global sea level with changes in global temperature or
other climate variables. These models project, in general, larger sea level rise than the
process-based models (see Figure 4.10). In IPCC AR5 (Church et al., 2013) it is stated
that ‘despite the successful calibration and evaluation of semi-empirical models against
the observed 20th century sea level record, there is no consensus in the scientific
community about their reliability, and consequently low confidence in projections based
on them’.

SEA LEVEL EXTREMES
It is very likely that mean sea level rise will continue to contribute to a significant increase
in sea level extremes. There is less certainty about the future contribution from storms as
a result of their changed intensity, frequency, duration, and path.

WORKING WITH SEA LEVEL RISE
WHERE CAN I FIND SEA LEVEL PROJECTION DATA?
Projections of changes in global sea level can be found in IPCC 5th Assessment Report and in
other studies, see overview in Table 4.2 and Figure 4.10. The projections are typically given as a
range with a lower (5%) and upper (95%) percentile. With respect to regional changes in mean
sea level due to changes in ocean density and circulation, projections are uncertain and fewer
projections exist. Projections are available in IPCC 5th Assessment Report.
The global projections are usually given as sea level rise by 2100 relative to the sea level in
1986-2005. For estimation of the temporal evolution, a quadratic function can be used (Nicholls
et al., 2011). If non-climate factors such as isostatic changes and subsidence are important,
these should be estimated and included in the projection of the sea water level. For assessment
of flooding, projections of extreme sea water level should be taken into account. For some
regions, modelling studies have been conducted for analysing changes in storm surge statistics.
CHOICE OF PROJECTIONS
The projections of sea level rise have large uncertainties. The choice of projections will be case
specific, depending on the vulnerability and associated risk of sea level rise for the region being
considered. For instance, in UK a scenario of up to 2m sea level rise by 2100 has been
developed (denoted the H++ scenario). The probability of this scenario is unknown but was
found to be relevant due to large potential impacts of such sea level rise (Nicholls, 2011).
In general, it is recommended to apply a range of sea level rise for the impact assessment,
representing a lower, upper, and median change. For studies with large potential impacts, it is
recommended to use a high-end scenario such as the UK H++ scenario.
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UNCERTAINTY IN SEA LEVEL RISE
There has been a large reduction in the uncertainties related to the projection of sea level rise in
recent years, and it is virtually certain that sea level will continue to rise during the 21st Century.
However, there are uncertainties in the magnitude and rate of ice sheet contributions and in
regional changes in storm frequency. The potential collapse of ice shelves could also lead to a
higher than expected sea level rise of up to tenths of a meter. The local and regional variation of
sea level rise is another major source of uncertainty. This may contribute up to about 25% of the
total sea level rise (Church et al., 2011), and the uncertainty in the changes of oceanic density
may be up to several tens of centimeters relative to the global mean value (Nicholls et al., 2011).
The uncertainty in local non-climate changes that will affect the change in sea level rise may also
be substantial (e.g. isostatic changes and subsidence).
If extreme sea water level is of concern, the change in storminess and storm surge
characteristics are important. In this regard, there are large uncertainties in current projections of
changes in the intensity and frequency of tropical cyclones and extratropical storms. The
increase of mean sea level will also affect tides and storm surge propagation in shallow waters.

4.6

Key Variables for Water Resources
WHICH VARIABLES ARE AVAILABLE FROM CLIMATE MODELS?
Key climate variables for water resources application include air temperature,
precipitation, evapotranspiration, wind, and sea level. Air temperature (2m), precipitation
and wind (10 m wind speed and directions) are basic variables from global climate
models (GCM) and regional climate models (RCM). Different quantities for total
precipitation, including snowfall, convective and non-convective rainfall may be specific
output variables.
Evapotranspiration is often not available directly as an output variable because it
depends on land cover. Potential evaporation can be calculated from the basic variables
using different equations, such as the Penman-Monteith equation.
Alternatively, simple empirical equations can be used for calculation of potential
evapotranspiration from air temperature alone. In a study in the UK, Kay and Davies
(2008) showed that using a simple empirical model based on temperature gave a better
fit to observed data than Penman-Monteith, probably due to the fact that some of the
variables needed for Penman-Monteith are poorly estimated by the climate models.
Sea level data are output from GCMs but normally not from RCMs, since RCMs usually
only consider the atmosphere and use prescribed states of the ocean, sea ice and land
(see section 4.4). For projection of sea level also other models are available based on
palaeo-climate analogues and semi-empirical methods (see section 4.5).

RESOLUTION AND PROJECTION HORIZON
The available raw GCM and RCM model data usually have output of basic variables on a
daily time step, and in some data archives also sub-daily data are stored (e.g. 3-hourly
and 6-hourly data). Hourly or sub-hourly data are normally not readily available but may
be obtained directly from the modelling groups.
Typically, GCM and RCM projections are available up to 2100, some only up to 2050,
and few models have projections available beyond 2100. Newer GCM and RCM
simulations are transient with output available from 1950 to 2100. Some simulations have
output only for specific time slices, typically for 30 year periods, e.g. 1961-1990 (often
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referred to as baseline or control period) and 2071-2100. For interpolation between time
slices the temporal evolution from a transient simulation with another climate model may
be used, e.g. a transient GCM simulation can be used to interpolate time slice simulations
of an RCM.

HOW ARE CLIMATE PROJECTIONS VALIDATED?
Climate projections are predictions of the future and thus cannot be explicitly validated.
Models can only be validated to an extent by comparing performance over a historic
period with observed data. However, this validation assumes that the models which are
able to reproduce characteristics of historic climate (which has certain ranges of
temperature and rainfall and certain climate patterns) are also better able to characterise
future climate. Validation of specific outputs against local data can be undertaken after
downscaling. However, it is important to note that this this will be a validation of both the
performance of the climate model and downscaling method. Validation and comparison of
GCMs and RCMs are further discussed in sections 4.3 and 4.4.

GENERAL INFORMATION ON CLIMATE CHANGE
For initial screening or fast qualitative assessments of the impact of climate change,
information about climate change for the considered key hydrological variables and
region in question may be available in international or national assessment reports or
from more detailed local studies. A general overview of climate change in different parts
of the world can be found in the Atlas of Global and Regional Climate Projections
provided with the IPCC 5th Assessment Report (IPCC, 2013).

4.7

Statistical Downscaling
60-SECOND SUMMARY...


Statistical downscaling of climate model output is used to provide climate model
projections to local scales and to remove biases associated with climate model
simulations of weather variables.



Perfect prognosis methods develop relationships between observed large-scale climate
variables and observed local climate and are most often used to downscale GCM
output.



Model output statistics methods develop relationships between simulated climate
variables and observed local climate and are most often used to downscale RCM
output.



Stochastic weather generators represent a versatile class of statistical downscaling
methods that include changes in different statistical characteristics to downscale climate
model output and allow generation of time series of projected variables of unlimited
length.



Choice of statistical downscaling method is crucial if focus is on extremes and less
important in the case where the impacts are determined mostly by average conditions
on larger scales.

WHAT IS STATISTICAL DOWNSCALING?
Statistical downscaling methods establish links between large-scale climate phenomena
and observed local-scale climate. Statistical downscaling is necessary because global
and regional climate model projections are produced at scales that may not be
appropriate for studying local impacts. In addition, statistical downscaling is used to
correct biases in global and regional climate model projections. In some applications,
temporal downscaling also has to be considered (e.g. downscaling of climate projections
from daily to hourly or sub-hourly resolution).
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A large number of statistical downscaling procedures have been proposed for climate
change impact studies. These can be classified in the categories: perfect prognosis (PP),
model output statistics (MOS), and stochastic weather generators (WG) (Maraun et al.,
2010). PP methods establish links between observed large-scale climate and observed
local-scale climate and use these relationships to downscale large-scale climate model
projections. MOS methods establish links between simulated climate and local-scale
climate to downscale climate model projections. PP methods are usually used to postprocess global climate model output, while MOS methods are normally used to postprocess regional climate model output. However, it is possible to use either approach on
both regional and global climate model projections. WG methods take or infer the
statistical properties of a variable such as precipitation from climate model output and use
these statistics to stochastically generate a time series of that variable.

PERFECT PROGNOSIS (PP) METHODS
PP methods establish links between observed large-scale climate and observed localscale climate. The implicit assumption of PP methods is that global climate model
projections of the future are physically plausible and that relationships between observed
phenomena in the past will continue to be valid in the future. The predictor variables used
in PP methods should be variables that are simulated reliably by global climate models;
otherwise, the perfect prognosis assumption is not reasonable. Predictor variables are
usually elements of the large-scale circulation, such as geopotential heights or measures
of humidity.
Types of statistical models used in PP include linear regression models, non-linear
methods, weather-typing schemes, and analogue methods. Linear regression models
establish a linear relationship between large-scale predictors and a local-scale
predictand. Non-linear regression methods can be used to model non-linear and nonadditive relationships between predictors and predictands. Weather typing schemes are a
special case of statistical models in which continuous climate model predictor variables
are classified into discrete weather types. Weather typing schemes can be used to
develop relationships between large-scale weather types and local weather. Analogue
methods develop relationships between large-scale weather patterns and historical localscale observations. Then, when large-scale weather phenomena are simulated in the
future, it is assumed that the resulting local scale weather is identical to the historical
weather sequence most closely related to the simulated large-scale weather. A limitation
of analogue methods is that only local weather sequences that have already occurred in
the past can be projected to the future.
For more information on downscaling see the ENSEMBLES Downscaling Portal
(https://www.meteo.unican.es/downscaling/ensembles). The web portal facilitates
statistical downscaling using perfect prognosis methods. It provides access to calibration
data sets, tools for developing statistical models, and global climate model projections for
downscaling. The products are not available for commercial use.

MODEL OUTPUT STATISTICS (MOS)
In MOS, simulated weather variables are linked to observed local variables. In contrast to
PP, the predictor variables used in MOS are generally the same as the predictands. For
example, simulated precipitation would be used to predict local scale precipitation.
MOS methods typically establish relationships between statistical characteristics (e.g.,
mean and variance) or the full probability distribution of the simulated and observed
variables. These relationships can then be used to generate projections of downscaled
time series for impact modelling. An implicit assumption of MOS methods is that climate
model biases remain constant in a changing climate. This assumption is questionable,
and recent research shows that biases may not be time invariant in a warming climate
(Christensen, et al., 2008; Sunyer et al., 2014).
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MOS methods include change factor and bias correction methods. In the change factor
methods, changes in climate statistics of a climate model simulation between a control
period (representing current climate conditions) and a future period are estimated, and
these changes are then imposed on the local scale variable to generate the downscaled
projection. In the simplest form, the change in the mean of the variable from current to
future climate simulated by the climate model is used to provide downscaled projections.
This method is often referred to as the ‘delta-change’ approach. Change factors may also
be estimated for other statistics or the entire probability distribution for downscaling.
In the bias correction methods, changes in climate statistics of the local observed variable
and the climate model simulation in the control period are estimated, and these changes
are then imposed on the simulated climate variable for the future period to generate the
downscaled projection. Similarly to change factor methods, changes can be estimated for
different statistical characteristics or the entire probability distribution to generate
downscaled projections.
When using change factor or bias correction methods, the changes in statistical
characteristics are typically estimated for different seasons or months so that differences
in seasonal projections are taken into account. It is important to note that in the change
factor methods, the temporal structure of the observed climate variable is preserved in
the downscaled projection, whereas the structure from the future simulated climate
variable is preserved in the bias correction methods. More information on MOS methods
can be found in Sunyer et al. (2015b).

WEATHER GENERATORS (WG)
Different stochastic weather generators have been applied for statistical downscaling of
climate model projections. Some WGs use climate characteristics derived directly from
RCMs, resembling MOS methods, while other WGs use large-scale predictors as in PP
methods.
For statistical downscaling of precipitation from RCMs, the most widely applied WGs are
Markov chain and Poisson cluster process models. Changes in the statistical
characteristics of weather are estimated from the RCM simulations, and these changes
are then superimposed on statistical characteristics estimated from observed record and
used in weather generator models to generate downscaled precipitation in the future
climate. Compared to the change factor-based MOS methods, WGs utilise changes in
different statistics representing both the temporal structure (wet-dry sequences) and the
distribution of precipitation intensity. Another advantage of WGs is that they can be used
for generation of synthetic time series of arbitrary length. This is important when
considering changes in extreme events where long time series can be generated by a
WG to obtain robust projections of the extreme value distribution. For impact studies
where climate variables other than precipitation are important (e.g. temperature and wind
speed) simultaneous generation of these variables may be important in order to preserve
a physically consistent dependence between the variables. For generation of time series
of multiple weather variables, models have been developed that combine WGs for
precipitation with statistical models of other climate variables conditioned on precipitation
(e.g. Kilsby et al., 2007).

WHICH DOWNSCALING METHOD SHOULD BE USED?
For the impact analysis, it is important to identify the climate variables and associated
characteristics (e.g. mean value, variability or extremes) which are most sensitive for the
problem at hand and therefore should be accurately downscaled. In this regard one
should be aware of the limitations and advantages of the different statistical downscaling
methods. In general, choice of statistical downscaling method is less important in the
case where the impacts are determined mostly by average conditions on larger scales.
On the other hand, when the properties of extremes are important for the impact
assessment, the choice of statistical downscaling method is crucial.
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Statistical downscaling with PP methods based on GCMs has less skill for downscaling
extremes, and is therefore not, in general, recommended if focus is on the extreme tail of
the distribution. With respect to MOS methods, the widely applied delta change method
implicitly assumes that the change in the extreme tail is the same as the change in the
mean. Thus, this method is not recommended for analysing changes in extremes. MOS
methods that include also changes in the variance or changes in the full distribution are
generally expected to provide a better representation of the change in extremes. The
performance of WGs is highly dependent on the underlying statistical models and
parameterisations but have the potential for better describing changes in different
characteristics as well as relations between different variables. Different statistical
downscaling methods for downscaling extreme precipitation are analysed and compared
in Sunyer et al. (2015ab).

WORKING WITH PERFECT PROGNOSIS (PP)
1.

Identify the spatial domain of the predictor data set. The spatial domain should be large
enough to include the large-scale variables that impact local weather while excluding
regions with few local impacts.

2.

Identify an appropriate large-scale data set. The large-scale data set can consist of
observed or reanalysis data.

3.

Identify predictor variables. Predictor variables can be continuous elements of the largescale data set or discrete weather classes. The selected predictor variables should be
simulated with reasonable accuracy by GCMs and be sensitive to climate change signals.

4.

Identify the spatial domain of the predictand data set. The spatial domain can be a single
point, multiple points, or a grid.

5.

Estimate a statistical model that relates predictor and predictand data sets.

6.

Apply the statistical model to a GCM projection of predictor values in order to estimate
projected values of predictands.

WORKING WITH MODEL OUTPUT STATISTICS (MOS)
1.

Identify the GCM or RCM simulation for which the MOS model will be developed. MOS is
usually used with RCM output but can also be used with GCM output. The MOS model will
only be valid for the GCM/RCM simulation that is used to estimate the model.

2.

Identify the predictands (observed values) to be downscaled. Normally, predictand values
will be observed time series but can also be properties of observed distributions.

3.

Identify the spatial domain of the predictand data set. The spatial domain can be a single
point, multiple points, or a grid.

4.

Select a downscaling method, i.e. the change factor or bias correction method.

5.

Apply the downscaling method to RCM/GCM and observed data sets in order to estimate a
statistical model.

6.

Apply the statistical model to estimate projected values of predictands.
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UNCERTAINTY IN STATISTICAL DOWNSCALING
The main uncertainties in statistical downscaling are (i) model structure uncertainty related to the
choice of downscaling method describing the relation between local-scale observed climate and
larger scale simulated climate, and (ii) the uncertainty related to the parameterisation of the
statistical model. A common assumption in the development of statistical downscaling models is
that climate model biases remain constant in a changing climate. This assumption is difficult to
verify and adds uncertainty to the parameter estimation of the downscaling model.
Compared to the uncertainty in climate model projections, the uncertainty related to the choice of
statistical downscaling method is less important when considering averages of climate variables.
On the other hand, for projection of extreme precipitation the uncertainty related to the choice of
statistical downscaling method is of similar magnitude or even larger than the uncertainty in the
climate model projections (Sunyer et al., 2015b).

4.8

Developing Projections of Extremes
60-SECOND SUMMARY...


Estimation of changes in extremes is particularly challenging due to large uncertainties in
the projection of extreme events in climate models, non-stationarity of extreme value
statistics, and use of small samples for estimation of rare events.



More advanced statistical downscaling procedures should be used to downscale RCM
projections that consider changes in statistical properties relevant for generating extremes
and not only changes in average characteristics.



Recent climate research has produced high-resolution RCMs which model daily and hourly
precipitation extremes with acceptable confidence



If higher temporal resolution is required than the resolution of the climate model projection
at hand, temporal downscaling or disaggregation should be applied.



In some countries guidelines have been published that provide recommended change
factors in extreme value statistics to be used to adjust design rainfalls and design floods for
assessing impacts of existing and design of new infrastructure.

In many cases, the impacts of climate change will be experienced more profoundly in
terms of the frequency, intensity or duration of extreme events (Flato et al., 2013).

HOW WELL ARE EXTREMES SIMULATED IN CLIMATE MODELS?
Extremes are by definition unusual events, and it is hard to accurately describe them
statistically even from observed historic records. In addition, it might be complicated to
evaluate climate model performance with respect to extreme events due to few reliable
observation records of extreme events. Sunyer et al. (2013) showed that regional climate
model performance of extreme precipitation depends on the properties of the
observational data set.
Nevertheless, we can state with medium confidence that recent developments in climate
modelling increased the model performance with respect to precipitation extremes to
medium (Flato et al., 2013). Comparing the late 20th century to the late 21st century, it is
projected that the global average of return periods of 20-year return values of annual
maximum daily precipitation is reduced from 20 years to 14 years for 1°C local warming
(Collins et al., 2013). Extreme precipitation is expected to intensify, especially in North
America, Europe and the tropical region (see Figure 4.11).
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Figure 4.11

Left: CMIP5 multi-model ensemble median percent change in 20-year return values
of annual maximum daily precipitation per 1°C of local warming in 2081–2100 relative
to the 1986–2005 reference period. Right: Average CMIP5 multi-model ensemble
median of the return periods (years) in 2081–2100 of 1986–2005 20-year return
values of annual maximum daily precipitation corresponding to 1°C of local warming.
Source: IPCC (2013)

No major improvements have been achieved for the representation of droughts. Climate
model performance with respect to droughts is still assessed to be medium (Flato et al,
2013). It is expected that extreme meteorological droughts (longest period of consecutive
days with precipitation less than 1 mm) increase substantially in the Mediterranean,
Central America, Brazil, South Africa and Australia.
For local impact assessments, some processes such as convection that is the governing
process of short-duration rainfall extremes may have major relevance. GCMs are
operating on a spatial scale that cannot reliably simulate rainfall extremes on such scales.
However, RCM performance with respect to simulating local extremes has improved
significantly in the years between the 4th and 5th IPCC Assessment Report (IPCC,
2013). New physical process descriptions have been developed, spatial and temporal
resolution increased, and new model components introduced (Flato et al., 2013).
Especially, improvements with respect to small-scale processes such as convective
precipitation and spatial resolution has led to more realistic description of precipitation
extremes (Flato et al., 2013). Research efforts such as the CORDEX project has
developed RCMs on a continental scale with resolutions down to 12 km. RCMs with
higher resolutions are available for smaller regional extents. Kendon et al. (2012) showed
that a very high-resolution RCM describes local precipitation extremes more realistically
than a lower resolution RCM, and Seneviratne at al. (2012) found that a higher resolution
model enables better simulation of extremes. Even though most RCM data are available
in daily time steps, recent research has analysed RCM output at hourly scale, which
provide expected changes for extremes of sub-daily precipitation with acceptable
confidence (Chan et al., 2014; Sunyer et al., 2016).

WHAT METHODS CAN WE USE TO ESTIMATE CHANGES IN EXTREMES?
In general, climate model data cannot be used directly for impact assessment, and bias
correction and statistical downscaling is needed (see section 4.7). This is particularly
important when considering extremes. For downscaling extreme precipitation, statistical
correction methods using mean and variance correction or quantile adjustments, or
stochastic rainfall generators are preferable if time series data is needed for the
assessment. Especially, use of rainfall generators allows simulation of ensembles of long
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time series, which can be used for a reliable assessment of the extreme value statistics
(although at the cost of potential introduction of model bias via the rainfall generator). For
projection of droughts, standard change factor methods (see section 4.7) cannot be used
since they project the same dry-wet spell properties as in the observed record. Rainfall
generators explicitly include changes in dry-wet spell properties and are therefore better
suited for drought analysis. Alternatively, rather than downscaling rainfall time series, one
can estimate changes in the extreme value statistics directly by comparing the extreme
value distributions fitted to climate model data in a control period and future period,
respectively. Such an approach is recommended for event-based simulation models used
in design flood studies (Sunyer et al., 2015a).
Standard extreme value analysis methods have the underlying assumption of stationarity,
which is inappropriate in a changing climate. The standard approach to non-stationary
extreme value analysis is to analyse time slices, assuming stationary conditions within
each period, and then compare the differences in extreme value statistics. Usually, 20 or
30-year periods are used for analysing time slices. For a more detailed estimation of the
temporal evolution in the extreme value statistics, a moving window approach can be
used. Recent research in non-stationary extreme value analysis attempts to describe
non-stationarity using standard extreme value distributions (such as the generalised
extreme value distribution) with time varying parameters (e.g. Hanel et al., 2009).

WHAT ABOUT JOINT EXTREME EVENTS FOR EXAMPLE HIGH SEA LEVELS
AND HEAVY RAINFALL? HOW DO WE ESTIMATE THESE EXTREMES?
In some cases a combination of two (or more) relatively large events can have a
significant impact and needs to be investigated. For example high sea levels, high rainfall
or a combination of the two may lead to elevated levels in a river and overtopping of a
flood defence. In these cases it is important to consider the probability of the events (of
different variables) occurring at the same time. If the two variables are independent, the
combination of their probabilities is straightforward, given as the product of their
probabilities. However, in many cases the variables are not independent and in these
cases the estimation of the joint probability is more complex. One method used in the UK
is the calculation of joint probability by defining a dependence factor which describes how
dependent variables are (DEFRA, 2005). In recent years, copula methods have found
widespread use within hydrology for estimation of joint probabilities.

WORKING WITH PROJECTIONS OF EXTREMES
CREATING YOUR OWN PROJECTION
Statistically downscaled RCM projections should be used as input to hydrological/hydraulic
simulation models for projection of hydrological extremes and assessment of the impact of
changes in extreme value statistics. For input to continuous simulation models, statistical
downscaling methods based on correction of historical climate time series using either mean and
variance correction or quantile mapping are recommended (see e.g. Sunyer et al. (2015b) for
more information on methods). Stochastic weather generators may also be used, but they should
be carefully calibrated using changes in RCM statistics to provide a proper description of the
extreme value characteristics. However, a particular advantage of using a stochastic weather
generator is its ability to generate long climate time series to better represent the simulation of
extreme events.
For input to event-based simulation models used in design flood studies, changes in design
rainfall can be estimated by statistical extreme value analysis of the downscaled rainfall time
series using the methods recommended above. Alternatively, one can perform a statistical
extreme value analysis directly on the RCM rainfall data. In this case, extreme value analysis is
performed on a control period and a future period, representing the required projection horizon.
The difference between the two analyses then represents the change in the extreme value
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statistic to be added to the current design event that is then used as input for the event-based
simulation model.
Sunyer et al. (2015a) found that expected changes in daily and hourly extreme precipitation
estimated with a stochastic weather generator and with statistical extreme values analysis of the
RCM rainfall are comparable. This finding provides confidence in the determined magnitude of
expected change in extreme precipitation and underlines that both methods can be
recommended for impact studies.
Typically, RCM data with daily resolution are available for the statistical downscaling. If sub-daily
precipitation projections are needed, temporal downscaling or disaggregation can be included in
the statistical downscaling process. In this case, stochastic weather generators may be used.
RCM output with hourly time resolution may be available and can be requested from climate
modelling research institutes.
USING EXISTING GUIDELINES
In some countries guidelines exist on how to incorporate changes in hydrological extremes in the
assessment of climate change on existing infrastructure and for design of new infrastructure.
Typically, these guidelines provide a recommended change (expressed in terms of a climate
change adjustment factor) in the design quantity (e.g. design rainfall or design flood) compared
to current design basis as a function of design life time and design return period. Some
examples of guidelines are shown in Table 4.3.

Table 4.3

Summary of some existing European guidelines on climate change adjustment
factors on design floods and design rainfall (adapted from Madsen et al., 2014).

UNCERTAINTY IN PROJECTIONS OF EXTREMES
Projections of extremes from climate models inherit the underlying uncertainties in the climate
forcing scenario, GCM and RCM. Especially, in relation to projection of extremes, climate models
may have large uncertainties related to the different parameterisation schemes used to describe
sub-grid processes.
The extreme value statistics have large sampling uncertainties, especially when extrapolating to
return periods much larger than the available record used for the estimation. The sampling
uncertainty will become even larger when using climate model projections in the estimation due
to non-stationarity of the extreme value statistics.
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5

Decision Making Under Uncertainty

5.1

Introduction to Decision Making under Uncertainty
60-SECOND SUMMARY...


Water resources planners and managers may benefit from using an approach to decision
making under uncertainty, particularly given climate change uncertainty.



Scenario analysis is the approach that is most commonly used with climate change
uncertainty, but is somewhat arbitrary and lacks clearly defined rules for decision making.



Although classical decision analysis using probabilistic estimates of future conditions offers
a rational framework for decision making, probabilistic projections of climate change have
probably not matured to a point where these predictions are trusted by decision makers and
stakeholders.



An emerging method, robust decision making, uses a rational approach to identify
conditions under which alternatives are likely to fail; this information can then be used to
identify and design alternatives that are less vulnerable to failure.

This chapter presents approaches to decision making under uncertainty that are useful in
the climate change context. It does not provide guidance on how to compare different
adaptation options using methods such as cost-benefit analysis or multi-criteria analysis.

WHY USE AN APPROACH FOR DECISION MAKING UNDER UNCERTAINTY?
Water resources planners and managers have always had the need to make design and
management plans without an exact knowledge of future conditions, and uncertainty
regarding future conditions is likely to increase because of climate change. Although the
current level of uncertainty in climate projections might be considered unsatisfactory by
decision-makers, other processes such as economic development may be equally
important and more unpredictable. Despite the uncertainty associated with projecting the
future, impacts of climate change and other drivers of water resources development may
be significant and reasonable methods exist for using uncertain information in decision
making.

WHAT ARE SOME APPROACHES THAT CAN BE USED?
Three approaches to climate-related decision making under uncertainty are described:
scenario analysis, classical decision analysis, and robust decision-making. Although
these approaches are thought to represent the state of the art for decision making under
climate change uncertainty, other approaches exist and may be useful (for a recent
review, see Dessai and van de Sluijs, 2007).
In scenario analysis, a few key uncertain factors are identified and the impact of
uncertainty is then characterised by estimating the performance of alternatives under
different levels of the uncertain factors. Scenario analysis offers the advantage of
conceptual simplicity and can be an effective way to engage with a variety of potential
futures. However, the process of selecting scenarios is somewhat arbitrary and there is
no established way to use scenarios to make decisions.
Classical decision analysis uses probabilistic information to select among alternatives
based on maximum expected utility or other criteria. Classical decision analysis provides
a rational framework for decision making. However, despite ongoing research efforts,
probabilistic climate change projections are not yet mature, and characterizing
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uncertainties in terms of probabilities may be distrusted by decision-makers and
stakeholders.
To counter some of the limitations of scenario analysis and classical decision analysis,
other approaches have been developed. An emerging method that is presented here is
robust decision making. Robust decision making uses a rational approach to develop
scenarios that characterise future conditions under which proposed alternatives are most
likely to fail. These scenarios are then used to select an alternative that is least
vulnerable to failure or refine alternatives to reduce vulnerability. Robust decision making
offers the advantage of a rational approach to scenario development and a decision
framework that does not rely on probabilistic estimates.

5.2

The Uncertainty Cascade
60-SECOND SUMMARY...


The resulting uncertainty on impact assessment and adaptation measures includes a
number of uncertainty sources related to the future scenarios, climate projections and
impact modelling.



The different uncertainty sources have different nature (e.g. non-reducible natural variability
or reducible by gaining more knowledge) and level (e.g. can be described statistically, as
scenarios or only qualitatively).



The relative importance of the different uncertainty sources on the impact assessment and
adaptation measures is problem specific.



The resulting uncertainty may be large but is important to address and communicate in the
decision making process, and large uncertainties should not be used as an argument to
postpone decisions.

The uncertainty in climate change projections and responses comes from many sources
and is accumulated in each stage of the study (see Figure 5.1). The assessment and
communication of uncertainty can ensure better risk assessments, decision making and
risk communication.

UNCERTAINTY CHARACTERISATION
Uncertainty can be categorised according to three dimensions: nature, level and source
(Refsgaard et al., 2013). The nature of uncertainty is categorised into epistemic
uncertainty (due to imperfect knowledge), aleatory uncertainty (due to inherent
variability), and ambiguity (due to different ways of understanding and interpretation).
Aleatory uncertainty can be reduced by gaining more knowledge, whereas aleatory
uncertainty is by nature stochastic and irreducible. The uncertainty related to ambiguity
can be reduced by knowledge sharing between stakeholders to obtain a common
perception of the problem.
The level of uncertainty is related to how uncertainty can be described, such as statistical
uncertainty (can be described using statistical theory), scenario uncertainty (cannot be
described statistically but possible outcomes can be quantified using scenarios),
qualitative uncertainty (possible outcomes cannot be quantified), recognised ignorance
(lack of knowledge is recognised but cannot be further quantified), and total ignorance
(lack of awareness). The uncertainty can be divided into different generic sources, such
as uncertainty in data, model uncertainty, and context and framing uncertainty.
For climate change impact and adaptation analysis different uncertainty sources are
prevalent as illustrated by the uncertainty cascade in Figure 5.1. The different sources
have different nature and level of uncertainty, which are important to acknowledge for
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consistent uncertainty assessment and robust decision making. For instance, climate
forcing scenarios cannot be treated statistically since they depend on future decisions
and are therefore characterised by a range of possible outcomes according to the SRES
and RCP scenarios. Uncertainty in GCMs and RCMs is usually treated statistically using
an ensemble modelling approach. However, this approach assumes that the available
ensemble provides a sufficient representation of the uncertainty and ignores uncertainties
due to lack of knowledge of processes and their interaction in the climate system that we
are aware of (recognised ignorance) or are not aware of (total ignorance). Thus, as a
consequence, the statistical uncertainty obtained from the ensemble modelling approach
may underestimate the total uncertainty.

Figure 5.1

The uncertainty cascade with uncertainty accumulating at each stage in the climate
change impact and adaptation study

UNDERSTANDING AND COMMUNICATING THE VARIOUS SOURCES OF
UNCERTAINTY
For a given study, some of the uncertainty sources may be more important than others. It
is important to understand the relative importance of the various sources of uncertainty,
which may be achieved by doing some form of sensitivity analysis. Resources can then
be focussed on understanding the impacts of the dominant sources of uncertainty. For
example, this may mean using different emissions scenarios, different GCM and RCM
projections and using more than one impact model parameterisation.
Although the relative importance of the different uncertainty sources is problem specific,
some general observations and examples have been reported and are summarised in the
uncertainty boxes in the previous sections:


Uncertainty in climate forcing scenarios (section 4.2)



Uncertainty in GCM projections and the relative contributions of climate forcing
scenario and GCM model uncertainty compared to the internal variability of the
climate system (section 4.3)
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Uncertainty in RCM projections and the relative contributions from RCMs, GCMs,
and climate forcing scenarios (section 4.4)



Uncertainty in statistical downscaling, and the relative contributions from RCMs and
statistical downscaling methods (section 4.7)



Uncertainty in impact modelling (section 3.1)

The accumulation of the different uncertainty sources in the uncertainty cascade may
result in very large uncertainties in impact assessment and adaptation measures. The
resulting uncertainty is important to address in the decision making process, and large
uncertainties should not be used as an argument for postponing decisions until more
knowledge becomes available. Often sufficient knowledge is available for the decision
making.
As a way of addressing the various uncertainties in the process and ensuring that this
uncertainty is in some way communicated, we recommend that as a minimum, more than
one set of results is reported and that the dominating uncertainty sources are reported
where possible. Dessai and van der Sluijs (2007) argue that the communication of only
statistical uncertainty can mean that more policy relevant uncertainty is ignored, because
in principle it cannot be quantified.

5.3

Scenario Analysis
60-SECOND SUMMARY...


Scenarios are projections of future conditions developed to inform decision-making under
uncertainty.



In a scenario analysis, different infrastructure and management alternatives are compared
across a range of conditions that might be expected in the future. Each set of future
conditions is represented by a scenario.



Scenario analysis offers the advantage of conceptual simplicity. However, there is no way
to ensure that the selected scenarios represent all future conditions that are relevant to the
alternatives under consideration.

WHAT IS A SCENARIO?
A scenario is a projection of future conditions developed to inform decision-making under
uncertainty. In scenario analysis, a number of scenarios that are believed to be
representative of a range of potential future conditions are developed. These scenarios
are then used to estimate the performance of different alternatives across the range of
possible outcomes represented by the scenarios. These estimates can be used to
compare and perhaps refine alternatives. The climate forcing scenarios developed as
part of the IPCC process (see section 4.2) are probably the best-known example of
scenario development in the climate change context; however, scenarios can be
developed to represent any type of uncertainty.

WHAT IS THE DIFFERENCE BETWEEN A SCENARIO AND AN
ALTERNATIVE?
It is important to be clear about the difference between scenario and alternative. As
presented here, scenario refers to a projection of future conditions that could affect the
performance of a project or management plan. Alternative refers to a potential project or
plan that is under consideration in a decision-making process. ‘Alternatives’ are often
called ‘scenarios’ or ‘options’ in normal water resources management, but this is not what
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is being discussed here. Here we are providing a method for dealing with uncertainty, not
how to compare alternative interventions or options.

HOW ARE SCENARIOS DEVELOPED?
Scenario development begins by selecting 2 or 3 key uncertain factors that are thought to
impact the performance of infrastructure or management alternatives under
consideration. These factors are then combined at different levels into a number of
scenarios, which are used to compare alternatives.
Nearly all methodologies for assessing the impact of climate change or evaluating climate
adaptation options for water resources use climate model projections and water
resources models in a scenario-based approach. In the climate change context, a
scenario is usually a single path from climate forcing, GCM and RCM projections,
downscaling to local projections, and impact modelling. There are a number of
uncertainties at each stage (section 5.2).

WHAT ARE STRENGTHS AND WEAKNESSES OF SCENARIO ANALYSIS?
Scenario analysis requires subjective judgments about which uncertainties should be
investigated. As a result, scenarios are vulnerable to bias and criticism. A transparent
development process can limit bias in scenario production and focus debate on
underlying uncertainties.
The critical pitfall of scenario analysis is that there is no way to ensure that the selected
scenarios represent all future conditions that are relevant to the alternatives under
consideration. In addition, there is no established systematic way to use scenarios to rank
and select alternatives. However, depending on the risk preferences of decision makers,
decision rules such as the maximin and minimax rules may be useful
Despite these drawbacks, scenario analysis can help decision makers understand and
respond to uncertainty. In particular, scenario analysis may help decision makers
consider potential futures that they might otherwise reject as unpleasant or unlikely.

WHAT ARE DECISION-MAKING RULES THAT COULD BE USED WITH
SCENARIO ANALYSIS?
If decision makers are risk-averse (section 1.3), the minimax and maximin decision rules
could be useful in a scenario analysis context. If decision makers are risk-averse with
respect to climate impacts, then the minimax rule may be appropriate. In this case the
alternative that minimises costs (or maximises benefits) under the maximum climate
change scenario is selected. If decision makers are risk-averse with respect to overadaptation to climate change, then the maximin rule may be appropriate. In this case the
alternative that minimises the maximum cost (or maximises the minimum benefit) under
all scenarios is selected.
The US Climate Change Science Program report “Global-change scenarios: their
development and use” (Parson et al., 2007) provides information on the use of scenario
analysis for decision making under uncertainty. More information is available at
http://www.climatescience.gov.

WORKING WITH SCENARIO ANALYSIS
1.

Identify infrastructure or management alternatives that will be compared.

2.

Develop performance metrics that can be used to measure success of failure of
alternatives. These should be mapped to a common scale using techniques from costbenefit analysis, multi-criteria analysis, or some other method for combining different
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performance measures.
3.

Identify two or three key uncertain factors that will affect the performance of alternatives
under consideration. Examples of factors that could be investigated include projections of
future climate or projections of the effectiveness of management measures.

4.

For each uncertain factor, identify two or three different levels that will be compared.

5.

Develop scenarios by combining factors and levels so that each possible factor-level
combination is represented by a scenario.

6.

Estimate the performance of each alternative under each scenario.

7.

Use results to select alternative or refine alternatives and repeat.

CASE STUDY: SCENARIO ANALYSIS
DHI and project partners conducted an assessment of climate change impacts on flood
risks in the Vidaa River catchment, a transboundary basin that straddles southern
Denmark and northern Germany. Lower portions of the catchment are impacted by
flooding, particularly when peak river flows coincide with elevated sea levels. The
analysis estimated the extent to which peak flood levels might change as a result of
climate change impacts on peak river flows, sea level rise, and storm surge levels.
Scenario analysis was used to characterise uncertainty related to climate impacts on sea
level rise and storm surge levels, while a quasi-probabilistic approach was used to
characterise uncertain climate impacts on peak river flows.


Two scenarios were developed to characterise uncertainty about changes to mean
sea levels. Both climate impacts and changes resulting from isostatic changes were
included in the scenarios. To characterise climate impacts on storm surge levels, a
single GCM/RCM scenario was used as input to a hydrodynamic model of the
coastal ocean.



To estimate impacts of uncertainty on catchment runoff, a suite of 15 GCM/RCM
projections from the ENSEMBLES project data archive were used to represent a
range of potential future climates. Likelihoods of each projection were estimated
based on the extent to which each GCM/RCM combination could reproduce features
of the historical climate. A likelihood-weighted average was then used to drive a
hydrological model of the catchment.

The case study is described in more detail in section 6.1.

5.4

Classical Decision Analysis
60-SECOND SUMMARY...


In classical decision analysis, probabilities are assigned to projections of future
conditions and the alternative with the highest expected utility is selected.



Classical decision analysis offers a rational framework for decision making under
uncertainty. However, it may not be possible to assign probabilities to all of the
uncertainties influencing water resources planning outcomes in a climate change
context.

© DHI July 2016 – Water Resources Climate Change Guidelines

71

WHAT IS CLASSICAL DECISION ANALYSIS?
In classical decision analysis, probabilistic estimates of future conditions are used to
estimate likelihoods of future conditions. Performance metrics are developed to measure
the utility of infrastructure or management alternatives. The alternative with the highest
expected utility is selected.
Classical decision analysis is often used in a risk assessment context. In this case, the
performance metrics used in the decision-making are risk measures, which are computed
from probabilistic estimates of driving factors.

WHAT RULES CAN BE USED FOR DECISION MAKING?
A number of criteria are available for selecting a preferred alternative based on
probabilistic information. One of the most commonly used, and probably the most
appropriate in the climate change context, is Bayes’ decision rule. Under Bayes’ decision
rule, the expected outcome of each alternative is calculated. The alternative with the
maximum expected outcome (or the highest probability of success if a binary
success/failure metric is used) is then selected.

IS IT POSSIBLE TO ASSIGN PROBABILITIES TO CLIMATE PROJECTIONS?
Probabilistic climate projections can be obtained using an ensemble of GCM and RCM
projections as well as ensemble representations of other parts of the modelling chain
(see section 5.2). Providing probability distributions of climate change impacts has the
advantage that uncertainties can be framed in a statistical way and can also be used in
risk-based approaches.
However, the proper interpretation of the probabilistic climate information is highly
disputed. Hall (2007) argues that this approach misrepresents uncertainty and may lead
to poor decisions. The results have shown to be highly dependent on the assumptions
made (such as the combination of GCMs or RCMs used). Furthermore, they are
incomplete in the sense that current climate models do not represent all climate
feedbacks, or it is simply not feasible to map the full range of uncertainty in the model
chain (see section 5.2).

WHAT ARE THE ADVANTAGES AND DISADVANTAGES OF CLASSICAL
DECISION ANALYSIS?
Classical decision analysis offers the advantage of a rational framework for decisionmaking under uncertainty. However, despite progress in developing probabilistic climate
projections, it may not be possible to assign probabilities to all of the uncertain factors
influencing water resources planning outcomes in the climate change context. If
probabilities are uncertain and unvalidated, probabilistic estimates may be distrusted by
decision-makers and generate controversy among stakeholders who hold different
expectations about the future.

WORKING WITH CLASSICAL DECISION ANALYSIS
1.

Identify infrastructure or management alternatives that will be compared.

2.

Develop performance metrics that can be used to measure success of failure of
alternatives. These should be mapped to a common scale using techniques from costbenefit analysis, multi-criteria analysis, or some other method for combining different
performance measures.

3.

Identify key uncertain factors that will affect the performance of alternatives under
consideration.

4.

Identify range of values associated with each uncertain factor. Assign probabilities to
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each value. Discrete probabilities can be used together with discrete values, or a
continuous probability distribution can be used.

5.5

5.

Compute joint probability of each factor-value combination.

6.

Evaluate performance of each alternative under each factor-value combination.

7.

Estimate probability that each alternative will be successful by summing probabilities of
each factor-value combination that meets criteria outlined in the performance metric.

8.

Use probabilities of success and failure to select alternative according to selected
decision criterion.

Robust Decision Making
60-SECOND SUMMARY...


Robust decision making is an emerging approach that seeks to identify alternatives that will
perform reasonably over a wide range of future conditions.



The method uses computer simulation to explore the uncertainty space and identify “policyrelevant” future scenarios under which proposed alternatives are vulnerable to failure.
These scenarios are then used to select an alternative or help design new alternatives that
are less vulnerable.

WHAT IS ROBUST DECISION MAKING?
Robust decision making is an emerging approach to decision making that may be useful
in a climate change context. The approach was developed to address two perceived
weaknesses of the scenario analysis approach: 1) there is no clearly defined
methodology for deciding what to include in scenarios, and 2) there is no clear way to
assess the likelihoods of different scenarios. Robust decision making proceeds from the
observation that decision-makers often manage uncertainty by developing alternatives
that will perform reasonably over a wide range of future conditions.

WHAT ARE ”POLICY-RELEVANT” SCENARIOS?
The problem of deciding what to include in scenarios is addressed by using computer
simulation to explore a larger combination of uncertain factor levels and combinations
than is feasible under scenario analysis. The resulting ensemble is then used to identify
ranges of factor values that lead to poor performance of alternatives. This information is
used to develop a number of so-called ”policy-relevant” scenarios that can then be used
to identify vulnerabilities and modify alternatives.

HOW ARE ALTERNATIVES SELECTED?
The problem of assigning probabilities to scenarios is addressed indirectly. Instead of
assigning probabilities to scenarios, likelihood thresholds are identified that would trigger
a change from one alternative to another. For example, if a single policy-relevant
scenario has been identified and two alternatives are under consideration, stakeholders
could agree that the first alternative is best if the likelihood of the scenario is greater than
50%, while the second alternative is preferred if the likelihood of the scenario is believed
to be less than 50%.
This information can then be used in consultation with stakeholders to identify a preferred
alternative. If stakeholders can agree on a range of likelihoods for the policy-relevant
scenario(s), then the alternative that covers this range can be selected. To continue the
example above, if one group of stakeholders thinks the likelihood of the scenario is 75%,
another thinks it is 60%, and a third thinks it is 90%, then all groups think that the
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likelihood of the scenario is greater than 50% and the first alternative should be selected.
However, if one group thinks the likelihood of the scenario is less than 50%, then the
stakeholders do not agree on which alternative is proposed. In this case, the scenario
could be used to design a new, robust alternative that is preferred regardless of the
likelihood of the scenario.

WHAT ARE ADVANTAGES OF ROBUST DECISION MAKING?
Robust decision making offers advantages over both scenario analysis and classical
decision analysis. In contrast to scenario analysis, it offers a rational method for
developing scenarios that reduce the likelihood of being surprised by vulnerability to
unforeseen uncertainties. In contrast to classical decision analysis, it does not rely on
probabilistic estimates, providing common ground among stakeholders with differing
expectations of the future and acknowledging the large uncertainty underlying many
future projections.
The robust decision making approach, however, requires simulation of a large uncertainty
ensemble, which may be a non-trivial exercise. In addition, results may be complicated to
explain to decision makers and stakeholders, in comparison to the more familiar scenario
analysis and probabilistic approaches. The approach also requires making explicit and
potentially subjective judgments about what constitutes unacceptable performance, which
may influence results.
For more information on robust decision making see
http://www.rand.org/ise/projects/improvingdecisions/water_planning.html. Since 2005, the
RAND Corporation in California, USA has undertaken a research effort to develop
methods to support decision making under uncertainty in the water resources planning
context, including the robust decision making approach described here.

WORKING WITH ROBUST DECISION MAKING
1.

Identify infrastructure or management alternatives that will be compared.

2.

Develop performance metric that can be used to measure success or failure of alternatives.

3.

Identify uncertain factors that will affect the performance of alternatives under
consideration.

4.

Identify range of values over which each uncertain factor might be expected to vary. No
probabilities are assigned to different values at this point.

5.

Sample different combinations of all possible uncertain factors to generate an ensemble of
possible outcomes for each alternative.

6.

Identify ensemble members in which alternatives fail to meet criteria outlined in
performance metric.

7.

Use search algorithm to identify clusters of factor-value combinations that cause
alternatives to fail to meet performance criteria.

8.

Use clusters identified in step 7 to develop scenarios representing factor-value
combinations that fail to meet performance criteria.

9.

Identify best alternatives as a function of scenario probabilities.

10. Discuss likelihoods of scenarios identified in step 8 with stakeholders. Use the range of
likelihoods identified by stakeholders and the functional relationships identified in step 9 to
identify a best alternative. If no alternative is best, use information to refine alternatives or
identify adaptive strategies that can perform well over a wider range of potential futures.
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CASE STUDY: ROBUST DECISION-MAKING
The RAND Corporation tested a robust decision making approach on a real-world case
study in California, USA (Groves et al., 2008). The study team worked with an urban
water agency to investigate whether the approach could help the agency’s decision
making process. Robust decision making was used to compare four policy alternatives:
the agency’s baseline master plan, and three alternatives combining the master plan with
initiatives to use recycled water for landscaping and/or replenishment of groundwater
aquifers.
A total of six uncertain parameters were varied to generate an ensemble of scenarios:
future climate, the extent to which recycling goals are met, the extent to which
replenishment goals are met, the extent to which water conservation increases, changes
in percolation to groundwater due to urbanisation, and changes in imports from outside
the area.
From the scenario ensemble, “policy-relevant” scenarios were developed using
parameter combinations that caused the baseline alternative to fail in a significant
number of the ensemble simulations. In one of these parameter combinations (Figure
5.2), the agency fails to meet its recycling goals, the future climate is drier, and
groundwater percolation is predicted to decrease. It was estimated that the baseline
alternative should be rejected if the likelihood of this scenario occurring is less than 25%.
Participants in a workshop indicated that this approach was more useful for making
choices among plans than scenario analysis or classical decision-making.

Figure 5.2

5.6

Parameter ranges associated with failure of baseline alternative

Adaptive Management
WHAT IS ADAPTIVE MANAGEMENT?
Adaptive management strategies are designed to evolve over time in response to new
information. In the case of climate change, where considerable uncertainty exists and
progress in climate science has the potential to reduce uncertainty, adaptive
management strategies should be included among alternatives that are compared in a
decision-making process.
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An adaptive management strategy can be defined as a set of sequential decisions in
which an initial action is taken, new information is obtained and a new action is taken in
response to this information. In environmental management, approaches to adaptive
management emphasise learning. In this context, near-term actions can be designed as
experiments that aim to produce information useful for designing subsequent steps.
Adaptive strategies have been recognised as useful for building consensus among
parties with different expectations about the future, as plans can evolve appropriately as
more is learned about future conditions. However, some decisions taken in the present
may close future paths. In addition, the selection of an adaptive management strategy
must acknowledge that implementation relies on the actions of future decision-makers,
who may behave in irrational ways.

HOW CAN ADAPTIVE STRATEGIES BE DESIGNED?
The design of adaptive management strategies can be problematic in practice. Ideally, a
simulation used to guide the design of adaptive strategies should be able to predict how
infrastructure or management actions perform, what future decision-makers learn over
time, what actions decision-makers will take in the future, and how agencies may
implement those actions. It is difficult to achieve all of these objectives in a real-world
simulation exercise.
The RAND Corporation (Lempert and Groves, 2010) demonstrated how robust decision
making could be used in the design of adaptive management strategies. In this
demonstration, a computer simulation approach was used to identify adaptive
management actions that could be delayed without reducing vulnerability. If future
conditions turn out to be worse than expected, these actions could then be implemented.
The analysis suggested that such a strategy would be considerably easier to implement
than a strategy in which all actions to reduce vulnerability were implemented at once.
Another example of the design of an adaptive management strategy in the climate
change context is the Thames Estuary 2100 plan (UK Environment Agency, 2009).

CASE STUDY: ADAPTIVE MANAGEMENT

The Thames Estuary 2100 plan (UK Environment Agency, 2009) is an example of the
use of adaptive management to plan for climate change impacts. The plan was
developed in order to provide a framework for improving flood defences in the Thames
River estuary, which is subject to flood risks from a combination of river flooding, urban
flooding, tidal storm surges, and rising sea levels.
The plan identified a number of measures to reduce flood risk and scheduled the
implementation of measures over three phases: 2010-2034, 2035-2070, and 2070
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onwards. The plan is flexible because measures can be brought forward in time and/or
adjusted as new information becomes available. In addition, structures are to be
designed so that they can be adapted to changing circumstances.
Ten indicators were identified as “triggers” that could bring about changes in the
implementation of the plan. These indicators include mean sea level, the peak surge tide
level, peak river flows, conditions of flood defences, the frequency with which the Thames
barrier and other barriers must be closed, the extent to which people and property are at
risk, erosion/deposition rates, tidal ecosystem health, land use planning, and public risk
perception.

5.7

Real Options
60-SECOND SUMMARY...


Real options is an approach that combines classical decision analysis with financial theory
used widely in other industries and starting to be applied in water management.



It is based on evaluating the value of various flexible options based on assumed
probabilities of future occurrences and the assumed ability to adapt the plan in response to
them.



It is more realistic as it formally acknowledges adaptation of the plan over time. However, it
still requires that probabilities of future scenarios are known.



One case study has adapted it to be used in combination with robust decision making to
allow for ‘Deep Uncertainty’ of future climate to be taken into account.

WHAT IS REAL OPTIONS?
The Real Options method may be a useful approach for evaluating and comparing
adaptive management strategies given uncertain future conditions. The approach
facilitates the evaluation of adaptive and flexible strategies using a classical decision
analysis framework. Although widely used in business and industry, the approach has
only recently been applied to water resources planning problems.
Real Options arose in financial theory as an extension of option pricing, which is used to
manage risk in financial markets. In a financial market, an option contract gives the
purchaser of the option the right to buy or sell a financial asset at a later date at an
agreed-upon price. The Real Options method was developed to manage risk in decisionmaking about “real” assets that are not traded in markets, such as investments in plant
and equipment, or research and design initiatives. The central idea is that a decision to
commit some funds to a project or initiative now, without making an irrevocable
commitment to proceed to completion, is equivalent to purchasing an “option”. Given
uncertainty about future conditions (including climate conditions), it may make sense to
make preliminary investments in some projects (in other words, to purchase the “option”
to continue from an advanced starting point) and then make a final decision at a later
date when more information is available.
The Real Options method simulates a sequence of decisions about whether to purchase
“options” or make final decisions about project completion. The decision-making process
is simulated as a process that takes place over time, with information gained between
one time step and the next used to inform decision-making in the second time step. In
this way, Real Options facilitates the evaluation of adaptive and flexible strategies.
Some examples of “options” that could be simulated using the Real Options approach
include:
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Delay a project until more information is available



Carry out feasibility studies or other preparatory work without committing to final
completion



Build projects that have expansion capability



Carry out technical research, market research, pilot projects, or other small
investments



”Mothball” infrastructure or equipment



Accelerate or decelerate construction

WHAT ARE THE ADVANTAGES AND DISADVANTAGES OF REAL OPTIONS?
The Real Options approach makes it possible to simulate the ability to alter plans as
more knowledge is gained. It allows the cost of building in flexibility to a plan to be valued
so that the flexibility of a plan can be valued in comparison to more static alternatives.
The approach relies on probabilistic estimates of the likelihoods of future events that may
be controversial or difficult to support (a weakness shared with classical decision
analysis). In addition, the evaluation of adaptive or flexible strategies requires estimates
of how probability distributions will change over time, as more information is gained (in
other words, in response to learning). It may be difficult to justify how a probabilistic
forecast of climate change may change given a few years of observed data, for example.

FURTHER READING
Applications of the Real Options method appear to be limited to academic studies and
exploratory case studies at present. The Water Services Association of Australia (2008)
published an overview of how the approach could be applied using a hypothetical case
study example. Recent water resources planning applications in the academic literature
include Jeuland and Whittington (2014), Steinschneider and Brown (2012), and
Michailidis and Mattas (2007).
WORKING WITH REAL OPTIONS
Although a number of techniques are used to apply Real Options in business and industry, the
approach described below appears to have the most relevance for water resources planning.
The approach is taken from a hypothetical case study application published by the Water
Services Association of Australia (2008). The approach consists of the following steps:
1.

Identify management or infrastructure alternatives that can be built now, delayed until a
future date, or for which initial actions can be taken now without committing to project
completion. For example, in the case of a dam, three alternatives could be to start
construction now, delay construction, or begin site preparation work for the dam with the
decision to complete the project until a later date (the last alternative is equivalent to
purchasing an “option” to be able to complete the project more quickly in the future).

2.

Identify future uncertainties that may affect the performance of alternatives. To continue the
dam example, the quantity and variability of inflows to the reservoir are both uncertain. In
addition, the political viability of the dam project may also be uncertain (in other words, it
may not be politically feasible to proceed with dam construction, either now or in the future).

3.

Estimate the probabilities of different uncertain outcomes, along with an estimate of how
these probabilities may evolve over time. The second part is meant to represent the
process of learning, and is based on the assumption that if we observe certain outcomes in
the future, this may change the probability that we will then observe other outcomes as we
continue to move forward in time. For example, if the average inflow to the reservoir
decreases in the first year of the analysis period, it may be more likely that that we will
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observe decreased flows in subsequent years.
4.

Calculate the expected values of different alternatives, including both static and flexible
alternatives. In the Real Options literature, it appears that this is most often done by
simulating the performance of alternatives into the future, and then calculating a probabilityweighted net present value. This final step can be used to compare alternatives using a
common metric and gives insight into whether flexible alternatives may add value.

5.

Real Options analysis can also proceed by estimating the likelihood that different actions
will have taken place at different times in the future. Again using the dam example, we
could estimate the likelihood that final dam construction should begin now or at three points
in the future (for example, in 2020, 2030, or 2040). The sum of probabilities for these four
options would then give us an estimate of the likelihood that the dam will eventually be built.
If this outcome appears likely, then it may be useful to begin preparatory activities, even if
no convincing case can be made to build the dam now. This second approach is
particularly useful when comparing options requiring large upfront investments (such as a
dam) to options that are easier to implement but that have uncertain outcomes (such as
water recycling and conservation measures).

Figure 5.3

Example of a simplified example of a real options analysis
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6

Case Studies

6.1

Climate Change Impact Assessment of Dike Safety and Flood
Risk in The Vidaa River System, Denmark

Vidaa River Catchment (Photo: Kurt Gabs © Tønder Municipality)

60-SECOND SUMMARY...


Extreme water levels in the downstream part of the catchment are caused by a combination
of prolonged periods with high sea water levels where the sluice is closed, and heavy
precipitation and hence large runoff from the catchment. Flood risk was analysed for
current and future climate conditions (2050 and 2100 time horizons).



Future projections of meteorological forcing (rainfall, temperature and potential
evapotranspiration) were statistically downscaled using the weighted mean of fifteen
RCM/GCM projections for the A1B emission scenario from the ENSEMBLES data archive.
Sea levels were projected using a high and a low estimate of mean sea level change, local
estimates of isostatic change, and a regional hydrodynamic model of the local ocean
conditions forced by a single RCM for storm surge projections.



To estimate the changes in flood risk an integrated hydrological and hydraulic model was
set up and calibrated and forced with recent climate observations and climate projections
for 2050 and 2100. Extreme value analysis of water levels was performed at critical
locations in the river system for estimation of the risk of dike overtopping.



The risk of dike overtopping was found to increase substantially for all future scenarios
tested. For the worst case scenario in 2100, annual exceedance probabilities increase from
less than 0.1% to 5% or more in the downstream part of river system.

1. DEFINING THE PROBLEM
The Vidaa River catchment is a cross-border catchment located in the southern part of
Jutland, Denmark and northern Germany. The river discharges to the Wadden Sea
through a tidal sluice. Extreme water levels in the downstream part of the river system
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occur during storm surges where the sluice is closed over a prolonged period and at the
same time increased runoff from the catchment take place due to heavy precipitation.
The low-lying, downstream part of the catchment is protected by river dikes. The current
flood protection level corresponds to a return period of about 1000 years along most parts
of the main river. The area is also protected by coastal dikes. However, coastal flood risk
was not considered in the study.
Climate change is likely to increase the mean sea level, storm surges, and extreme
rainfall and therefore extreme catchment runoff, thus increasing the risk of flooding in the
downstream part of the catchment. The main purpose of the study was to assess the risk
of overtopping of the existing river dikes under current conditions, using the most recent
climate observations, and the expected changes in this risk in 2050 and 2100 under
future climate conditions.

2. IDENTIFYING OPTIONS
The main motivation of this study was to determine whether there is a need to upgrade
the current level of flood protection provided by the existing dikes. Based on the risk
analysis for future climate conditions different potential adaptation options were
investigated. These include increase of storage capacities in flood polders and increase
of flood protection in selected river sections by building new dikes.

3. FORMULATING THE MODELLING APPROACH
In order to estimate flood risks in the Vidaa River system an integrated hydrological and
hydraulic model (MIKE 11) was set up and calibrated. This model formed the basis for
simulation of water levels in the river system using meteorological forcing and sea water
level data for current (using observed records) and future (using projected records)
climate conditions. Extreme value analysis of water levels was applied to estimate the
risk of dike overtopping at different critical locations.
To assess the impacts of future climate change on the flood risk both changes in the
meteorological forcing (precipitation, temperature and potential evapotranspiration) and
changes in sea water level have to be considered. Since extreme water levels in the
downstream part of the catchment are caused by a combination of extreme sea water
level and extreme precipitation, the correlation between these is crucial for the flood risk
analysis. For evaluation of the flood risk under current conditions the correlation is
explicitly given by the observed records of sea water level and precipitation used to force
the hydrological and hydraulic model. It was decided to preserve the current correlation
structure for assessing future flood risk. This was done by using a statistical downscaling
method that perturbs the observed records with projected changes in sea water level and
precipitation statistics.
The flood risk is more sensitive to changes in sea water level than changes in the
meteorological forcing. Thus, it was decided to address climate projection uncertainties
by using: (1) A low and high scenario for changes in sea water level, and (2) An
ensemble of climate projections for estimation of the expected “median” changes in
meteorological forcing.

4. DEVELOPING PROJECTIONS
Fifteen RCM/GCM projections from the ENSEMBLES data archive were used for
downscaling precipitation, temperature and potential evapotranspiration. For statistical
downscaling of temperature a mean correction methodology (delta change approach)
was applied (see section 4.7). For estimation of changes in potential evapotranspiration a
temperature-based method was used (Kay and Davies, 2008). For statistical downscaling
of precipitation a method that uses both changes in the mean and changes in the
variance was applied (section 4.8). Since the impact assessment focuses on changes in
extreme precipitation, the change in the variability of precipitation is important to include
in the downscaling.
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For calculation of the change factors, catchment averages of daily precipitation and
temperature from the RCM/GCM models were used. The changes were based on 30year periods of climate model data, respectively, 1980-2009 representing the present
climate, 2035-2064 representing the future climate in 2050, and 2070-2099 representing
the future climate in 2100. To take seasonal variations into account, monthly change
factors were calculated. Weighted average change factors were applied where weights
for the 15 different RCM/GCM models were determined based on the skills of the models
for simulation of present climate, considering the monthly variability of mean precipitation,
variance of daily precipitation, and mean temperature. The weighted average change
factors for 2050 and 2100 are shown in Figure 6.1.

Figure 6.1

Relative change in mean and variance of daily precipitation and mean potential
evapotranspiration, and absolute change in temperature (degree Celsius) for future
(2050 and 2100) climate

Changes in the sea water level at the Vidaa sluice are a combination of changes in the
mean sea water level, isostatic changes and changes in storm surge levels. Due to the
large uncertainties in the projected sea level rise, two scenarios were applied in the
analysis corresponding to, respectively, an increase of 0.3 and 1.0 meter in 2100. For
estimation of the mean sea level rise in 2050, the temporal development reported in
Grinsted et al. (2009) was used. Due to isostatic changes there is a continuous relative
increase in the mean sea level in the area. The current annual increase of 0.11 cm per
year was assumed to continue up to 2100.
For estimation of changes in storm surges, model simulations based on a hydrodynamic
model covering the North Sea, Baltic Sea and inner Danish waters was used. The model
was forced by wind and atmospheric pressure fields from one of the RCM models from
the ENSEMBLES data archive. From the hydrodynamic model simulations time series of
sea water levels at the Vidaa sluice were extracted. From this time series extreme water
level statistics were calculated for 2010 (based on simulation results for the period 19802009), 2050 (2035-2064) and 2100 (2070-2099). Future extreme value statistics for 2050
and 2100 were then estimated by superimposing the changes in extreme value statistics
to the current statistics and adding the projected mean sea level rise and isostatic
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changes, see Figure 6.2. Besides changes in storm surge levels, also changes in the
duration of high sea water levels were calculated. The four different climate change
scenarios applied in the risk analysis are summarised in Table 6.1.
Table 6.1

Summary of applied climate change scenarios

Figure 6.2

Estimated extreme sea water level statistics at the Vidaa sluice for current (2010)
and future (2050 and 2100) climate. Sc1 and Sc2 correspond to, respectively, the low
and high scenario of mean sea level rise

5. DECISION-MAKING
The integrated hydrological and hydraulic model was used for simulations using the
observed records of meteorological data and sea water level at the Vidaa sluice, and the
projected records representing 2050 and 2100 climate. From the simulations, water levels
at selected critical locations in the river system were extracted and used for the extreme
value and risk analysis. In Figure 6.3 the flood risks for current and future climate at the
selected locations are shown.
The flood risk analysis shows that currently there is a relatively low risk of dike
overtopping with annual exceedance probabilities of 0.1% or less in most parts of the
river system. For the worst case scenario in 2100, pronounced changes are seen with
flood risks of 5% or more in the downstream part of the river system.
The results of the study were used for evaluating different adaptation options for reducing
future flood risks.
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Figure 6.3

6.2

Estimated flood risk at selected locations in the Vidaa River system for current (2010)
and future (2100 with high mean sea level scenario) climate. For each location the
annual exceedance probabilities for overtopping the left and the right bank are shown

Comparison of Hydropower and Environmental Flow
Alternatives in Lao Cai Province, Northern Vietnam
60-SECOND SUMMARY...


Two hydropower development alternatives were compared using climate projections for
2030 and 2050.



The impact of emissions uncertainty on climate model projections was assessed using
scenario analysis.



Results suggested that hydropower production would increase under climate change for all
alternatives and scenarios because of increased rainfall. Results also suggested that
increases resulting from climate change could partially compensate for impact of
introducing environmental flow requirements.

1. DEFINING THE PROBLEM
The Lao Cai province is a mountainous region located in northern Vietnam (Figure 6.4).
The region has considerable potential for hydropower development. The population is
poor and only 91 out of 164 community centres are connected to the national power grid.
The Lao Cai region is also vulnerable to flooding and there are indications that climate
change could increase the frequency and/or intensity of extreme rainfall events and
resulting flood risks.
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Figure 6.4

Map of northern Vietnam with Lao Cai province visible in northwest

2. IDENTIFYING OPTIONS AND ASSESSMENT CRITERIA
The development of small and medium size hydropower plants was identified as a way to
spur economic development in the region. Furthermore, hydropower development may
reduce the risk of extreme climate events, such as floods and droughts, through the
construction of water storage facilities. Potential negative impacts of hydropower
development included disruption of natural river flows, resettlement of rural populations,
and pollution and land degradation during construction. In addition to improved electricity
supply, benefits also included jobs during the construction phase and the development of
access roads that could then be used by local communities.

3. FORMULATING THE MODELLING APPROACH
Two alternatives were developed for detailed analysis. In the first, a set of small- and
medium-scale hydropower projects were evaluated together. In the second, the projects
were evaluated together with environmental flow requirements added as constraints on
operations. The alternatives were evaluated using a water allocation and hydropower
model developed using MIKE BASIN. Inflows to the MIKE BASIN model were developed
from discharge station records. A rainfall-runoff model was also set up using the NAM
model in order to estimate climate change impacts on inflows.

4. DEVELOPING PROJECTIONS
To estimate the impact of climate change on the performance of the two alternatives,
projections of rainfall and temperature were developed. These projections were then
used to drive a rainfall-runoff model, which was in turn used to estimate inflows to
hydropower projects under different climate regimes.
Climate change projections were obtained from the MAGIC/SCENGEN internet portal.
The MAGIC/SCENGEN portal offers simplified access to climate model output.
Approximately 40 GCM simulations were obtained from the portal and an average
projection of precipitation and temperature was developed. Average monthly changes in
precipitation and temperature were then calculated for 2030 and 2050 relative to a
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historical baseline.
Because the MAGIC/SCENGEN results were available on a 5 degree grid, it was
necessary to downscale results to a spatial scale reasonable for input to the rainfall-runoff
model. A delta change factor approach was used for downscaling. The study area was
split into 4 quadrants and estimates of average monthly changes in precipitation were
estimated for each quadrant using linear interpolation. Changes in temperature were
taken directly from the MAGIC/SCENGEN grid cell enclosing the study area. Downscaled
precipitation and temperature data sets were then developed by adjusting observed
precipitation and temperature time series values using average monthly delta change
factors.
Potential evapotranspiration was estimated using the Penman-Monteith equation. In this
calculation, projected temperature values were used together with historical
measurements of wind, humidity, and radiation to project potential evapotranspiration.

5. DECISION-MAKING
A scenario analysis approach was used to estimate the impact of uncertain climate
projections on the performance of the alternatives under consideration. The uncertainty
analysis approach considered uncertainty in emissions scenarios only. Four scenarios
were developed, including a baseline scenario driven by the historical climate and three
climate change scenarios based on different emissions scenarios. The three emissions
scenarios used in the scenario analysis were the B1, B2, and A1FI SRES scenarios.
The scenarios were used to estimate percent changes in hydropower generation that
might be expected in the future relative to the observed baseline. The results suggest that
hydropower production will increase under both alternatives because of climate changeinduced increases in rainfall (Table 6.2). The results also suggest that the relative
increase will be higher for the alternative that includes environmental flow requirements.
Changes in greenhouse gas emissions resulting from hydropower production were also
estimated.
Although not investigated using a scenario approach, the study also investigated the
economic impact of introducing environmental flow requirements. It was found that the
introduction of environmental flow constraints could cause about 25% of the plants under
consideration to be uneconomical. In addition, storage projects associated with the
hydropower development scheme were determined to be too small to impact flood risks.
It was also found that resettlement impacts would be minimal because of the small areas
inundated by the small- and medium-scale hydropower developments.
The project provided the following information to decision makers:


Hydropower development can help mitigate GHG emissions by reducing use of fossil
fuels.



Hydropower development can benefit local communities, if properly implemented,
through job generation and easier access to electricity and transport.



Although thought to be environmentally friendly, small and medium scale
hydropower plants may have negative impacts on flows and the environment in large
stretches of streams.



Fulfilling environmental flow criteria may not be economically feasible for many small
hydropower plants.



The lack of storage associated with small and medium scale hydropower means that
these projects do not help with adaptation to flood and drought risks.
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Table 6.2

6.3

Percent increase in energy generation relative to baseline

Vulnerability Assessment in the Okavango Delta, Botswana
60-SECOND SUMMARY...


Vulnerability of the Okavango Delta ecosystem was assessed using a number of scenarios
representing different pressures that might arise in the future, including climate change.



Results suggested that upstream irrigation development and climate change may have
significant impact on the water resources of the Delta, particularly with regard to the extent
of permanent and seasonal floods.

1. DEFINING THE PROBLEM
The Okavango Delta is the largest inland delta in the world and supports a pristine
ecological system comprising densely vegetated swamps, riparian fringe vegetation,
woodlands, grassland, savannah, and barren land areas. The basis for the Delta’s
ecological diversity and abundance of wildlife is the dynamic presence of water
2
distributed over a 4,000-15,000 km area. The Delta is largely unaffected by development
and its preservation is of key importance for ecosystem conservation, sustainability of
livelihoods in the region, and the tourism sector in Botswana.
There is concern that deforestation and water resources development in the catchment
that supplies water to the Delta, which is located in Angola and Namibia, could impact the
water resources of the Delta. Within the Delta itself, increasing water abstraction and
other developments could also have impacts, as could regional climate changes. In order
to protect the unique ecological resources of the Delta, the potential impacts of these
processes were investigated.

2. IDENTIFYING OPTIONS AND ASSESSMENT CRITERIA
Model simulations were used to estimate the impacts of development pressures and
climate change on the Delta system. Five alternative scenarios were developed in order
to cover a representative range of conditions that might arise in the future. The five
scenarios included upstream development of dams and irrigation; deforestation in the
upper catchment; increased water use within the Delta; clearing of major blocked
channels; and regional climate changes. Combinations of the above scenarios were also
developed. All scenarios were based on projected conditions in 2025.

3. FORMULATING THE MODELLING APPROACH
The Okavango Delta is a complex hydraulic and hydrological system. The Delta is
characterised by two major features: a narrow panhandle to the northwest and a broad
alluvial fan to the southeast (Figure 6.5). Flows from the upper catchment areas are
routed through the panhandle to the alluvial fan, where these waters spill over large
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floodplain areas and split into separate channel systems. The channels and smaller flow
paths link up to form a complex flow system of floodplains, back swamps, and lagoons
that include numerous flow splits and confluences. Permanent flooded areas cover
2
approximately 4000 km , while seasonally flooded areas may cover three times the
permanently flooded area in years of high flows. The combination of limited topographydriven groundwater flow, low recharge rates, and physical flow barriers strongly limit
regional groundwater flow beyond the Delta.
The key processes controlling the extent of the delta are the balance between water
entering the delta upstream flowing in the channels and floodplains and losses via
infiltration and evapotranspiration. These processes were represented using the MIKE
SHE/MIKE 11 numerical modelling system. The subsurface was divided into an
unsaturated zone represented using 1-D vertical columns and a saturated zone
represented using a 3-D groundwater flow model. Surface waters were represented using
a dynamically coupled 1-D/2-D river/floodplain approach in which floodplain processes
were represented with a 2-D model and the river network was represented in 1-D using
MIKE 11. The extent of flooding simulated by the model was calibrated against dynamic
flood maps derived from NOAA AVHRR satellite imagery. To estimate impacts of
upstream developments and climate change on inflows to the Delta, the Pitman rainfallrunoff model was used to represent the hydrology of the upstream catchment.

Figure 6.5

Okavango Delta and upstream basin

4. DEVELOPING PROJECTIONS
To estimate climate change impacts on the Okavango Delta, a climate change scenario
was developed. Projections of rainfall and temperature were used to drive the Pitman
rainfall-runoff model to predict changes to Delta inflows. The projections were also used
as direct input to the MIKE SHE/MIKE 11 model of the Delta to predict changes to
evapotranspiration and water flows.
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Climate change projections were obtained from the HadCM3 GCM. A downscaling and
bias correction step was performed. Average monthly delta change factors were
calculated for precipitation and temperature based on comparison of GCM projections
with a simulation of the historical climate. Projected data sets were developed by
adjusting historical time series data using the monthly delta change factors.

5. DECISION-MAKING
The five scenarios and two combined scenarios were used to assess the vulnerability of
the Okavango Delta. Because of the key role of seasonal and permanent flooding to the
Delta ecosystem, vulnerability was assessed in terms of the extent to which the flooded
area might change. Of the five scenarios, it was concluded that irrigation development in
the upper catchment and climate change have the greatest potential for negative impacts
to the extent of flooding. A combined scenario including both irrigation and climate
change suggested that the cumulative impact of these two pressures would be more
severe than the impact of either individually (Table 6.3).
The analysis provided useful input to decision-makers and stakeholders involved in the
development of a management plan for the Okavango Delta. It also highlighted the
importance of engaging with water resources managers in the upper parts of the
catchment to moderate the impact of irrigation development on the Delta ecosystem.
Table 6.3

6.4

Comparison of flooded areas in wet and dry years

Climate Change Impact Assessment on Groundwater Recharge
and Ecosystems in Berlin, Germany
60-SECOND SUMMARY...


Changes in groundwater recharge and groundwater depth caused by climate change were
analysed by developing a groundwater recharge model and transferring these results to an
existing groundwater model.



Results suggest that the average groundwater recharge in Berlin can likely decrease from
143 [mm/a] to 111 [mm/a] for the future period 2051-2060 as a result of an average
temperature increase of 2 K.



As a result, the groundwater depth will increase in many parts of the study area. For
example, this is shown for the northern part of Berlin and to some minor extent for parts of
the federal state of Brandenburg.
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1. DEFINING THE PROBLEM
Water resources in Berlin and Brandenburg are considered to be particularly susceptible
to climate change because of the low annual precipitation, the large area covered by
surface water bodies, dominance of sandy soils with low water capacity, and the heavy
demands of the Berlin metropolis. Significant decreases of the groundwater levels are
already occurring in the region, threatening the local water supply. Furthermore, local
ecosystems like the marshes and small rivers like Tegler Fließ and Fredersdorfer
Mühlenfließ are strongly influenced by the level of the groundwater, particularly in the dry
season. The sustainability of the groundwater resource and these ecosystems will
depend both on the balance between the future water demands and available water
resource, which in turn will depend on groundwater recharge.
It is expected that climate change in Berlin will eventually result in change of annual
precipitation rates as well as changes in rainfall distribution during the year. There is likely
to be less annual precipitation, more extreme rainfall events and a shift in the monthly
distribution causing drier summers and wetter winters. The increase of extreme rainfall
events will result in a smaller rate of effective groundwater recharge, a larger share of
direct runoff, especially in a densely populated city like Berlin. It is therefore likely that
groundwater recharge will decrease even more than the change in average climatic water
balance indicates.
An assessment of the impact of climate change on groundwater recharge and
groundwater dependent ecosystems has been carried out as part of a larger project
“Innovation network for climate adaptation in Brandenburg Berlin (INKA BB)”. The overall
aims are to ensure the sustainability of land and water use in the region under changing
climatic conditions and to promote climate-adapted health management. In particular to
identify the opportunities and risks involved in future climate change, and explore courses
of action.

2. IDENTIFYING OPTIONS AND ASSESSMENT CRITERIA
In terms of water management this primarily involves the development of adaptation
options at both local and regional levels. In addition to focusing on enhancing water
availability, concepts to regulate water demand will be proposed, as well as institutional
and technological control mechanisms for climate-adjusted water use. The assessment of
impacts on the groundwater system will form the basis for development of methods and
technical solutions for water storage and artificial groundwater recharge in the urban area
of Berlin as adaptation measures.

3. FORMULATING THE MODELLING APPROACH
To evaluate the potential impact of climate change on groundwater recharge in Berlin and
the closely related risks for groundwater depth sensitive areas, first an area-differentiated
and dynamic groundwater recharge model using the DHI-WASY Software SIWA on
ArcView (Monninkhoff, 2001) has been setup. With a representative set of climate data
groundwater recharge for the period 2051-2060 was simulated. In a second step the
groundwater recharge was transferred to an existing 3D finite element FEFLOW® model
for the water works Tegel (Luo, 2010), located in the northern part of Berlin. With this
model changes in groundwater depth were simulated and analysed.
The precipitation distribution in Berlin has been measured over several decades by 97
climatological stations and shows a heterogeneous precipitation distribution with two local
minima and two local maxima. To reflect the precipitation distribution in Berlin the city
area was divided into 19 precipitation zones. Each zone was assumed to reflect a
homogeneous precipitation distribution. For each zone three climatological stations were
used in interpolating representative rainfall rates using an Inverse Distance Weighting
method. These interpolated precipitation rates were then corrected and multiplied with a
derived zone-factor to fit with the observed long-term distribution (Figure 6.6). The SIWA
on ArcView model consists of more than 25,500 polygons and was verified using an
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existing long-term groundwater recharge model, which has been used for many years by
the Berlin Senate Department for Urban Development (SenSTADT, 2009), for the period
1961-1990. The resulting average groundwater recharge distribution calculated with
SIWA on ArcView for this period is shown in Figure 6.7. Potential evapotranspiration was
assumed to be homogeneous at the entire area of Berlin. The average long-term
groundwater recharge for the total study area amounts ca. 142 mm/a.

Figure 6.6

Distribution of precipitation in Berlin including available climatological stations
(SenSTADT, 2009) and location of the analysed study area

Figure 6.7

Simulated long-term groundwater recharge for Berlin and the study area
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4. DEVELOPING PROJECTIONS
Two climate scenarios are considered here. The first is the A1B Scenario, in which the
global temperate in 2060 will increase about 2 K compared to the end of the trend in
temperature of the reference period 1951-2006. The Potsdam Institute for Climate Impact
Research (PIK) developed the statistical regional model STAR2 with which climate data
for this scenario as well as a scenario without temperature increase were generated. This
so-called 0 K Scenario follows the climate trend of the period 1961-1990 and is used as
reference scenario to quantify the influence of temperature increase on different aspects
of the water cycle.
From the STAR2 statistical regional climate model 100 realisations of climatic
development for both scenarios (2 K and 0 K) were available. To reduce the
computational effort, a subset of 36 realisations for each scenario was selected that was
representative of the full range of realisations. Based on the yearly groundwater recharge
(2051-2060) 3 groups with 12 realisations for each scenario were extracted representing
dry, wet and average conditions. The average of the simulated long-term, yearly and
monthly groundwater recharge values (2051-2060) were calculated for each group and
recharge entity (hydrotopes representing homogeneous land use, soil type and
groundwater depth). Figure 6.8 shows the groundwater recharge values for both
scenarios assuming they can be represented by a Gaussian distribution. This figure also
shows the clear shift in the mean between the two scenarios.
Analysis of the period 2051 – 2060 resulted in an average groundwater recharge of ca.
143 mm/a for the reference scenario 0 K (which is comparable with the present long-term
average) while the 2 K scenario (only in the last 10 years the 2 K temperature increase is
fully developed) showed an average of about. 111mm/a. It can therefore be concluded
that a 2 K temperature increase results in a reduction of groundwater recharge up to
more than 30 mm/a. Further analyses showed that the contribution of the recharge within
winter months (Jan –March) to the total yearly recharge will continuously increase while
the contribution of the recharge within the summer months will decrease.
To increase the representativeness of the results, more realisations could be taken into
account. To increase the number of considered realisations and decrease simulation
costs at the same time, a modified workflow was tested in which statistically modified
climate data were prepared for a single groundwater recharge simulation rather than
evaluating the results statistically of several simulations. The differences between both
workflows are illustrated in Figure 6.9. The mean of the climate data (2051-2060) are
equal in both workflows, but the simulated groundwater recharge is with much less in
case of averaged climate data (B; 73 [mm/a]) than with averaged groundwater recharge
data based on several climate realisations (A; 114 [mm/a]). The main reason for the
reduced groundwater recharge values in case of summarizing daily climate data was that
the climate averaging process reduces the number of dry days drastically, causing a
dramatic increase in estimated evapotranspiration.
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Figure 6.8

Illustrative Gaussian distribution of groundwater recharge values of period 2051-2060
for 36 realisations from 0°K- and 2°K scenarios

Figure 6.9

Comparison of workflows; upper workflow with high simulation costs (for each
realisation one model simulation); lower workflow with reduced simulation costs
(climate data were averaged and consequently only one model simulation was
performed)

5. DECISION-MAKING
The calculated groundwater recharge rates were transferred to an existing 3D FEFLOW®
groundwater model to predict changes in groundwater depths as a result of the
temperature increase. First results have shown that a decrease in groundwater depth can
be expected in range of 0.2 to 0.5 m for large parts of the study area (Figure 6.10). An
assessment of possible risks for groundwater level depending ecosystems (like marshes)
will be carried out in collaboration with other project partners (especially Freie Universität
Berlin and SenGUV - Senate Department for Health, Environment and Consumer
Protection). Furthermore, monthly trends in groundwater depths will be analysed in order
to identify potential ways to retain the surplus of water in the winter months in order to
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cover a potential deficit in the summer months. The results presented in this case study
are intended to illustrate the workflow which has been followed in the course of the
project. As these results are still preliminary and are based on an assumed climatic
projection (2 K scenario), they do not necessarily describe the possible influence of
climate change for the city of Berlin precisely.

Figure 6.10

6.5

Change in groundwater depths; comparison of 2 K and 0 K scenario, mean values for
the period 2051-2060

Climate Adaptation in the Nile Basin
60-SECOND SUMMARY...


In the face of a changing climate and increasing water demands, water scarcity and
flooding are pressing questions for water resources managers in the Nile Basin. Managing
and developing the water resources within the basin must not only address many different
water uses but also the trade-off between developments upstream and water use
downstream between different countries.



We developed a hydrological and water resources model for the Nile Basin Initiative (NBI)
to examine how future river flows are expected to change across the entire basin



Five future scenarios were run using a regional climate model and 5 different driving global
climate models. Results were statistically downscaled using the delta change approach.
Demand projections were also developed.



The model predicted that some areas of the Nile River Basin will see increased flows in the
near future. Other parts of the basin may see an increase in water scarcity.
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1. DEFINING THE PROBLEM
The Nile River Basin is one of the most critical and perhaps most important shared water
basins in Africa accounting for around 10% of the surface of Africa (Figure 6.11. The
countries surrounding the Nile have many different water use requirements including
hydropower and crop irrigation. In the face of a changing climate and increasing water
demands, water scarcity and flooding are pressing questions for water resources
managers. If management strategies put in place today are to remain viable in coming
years, both historic and future conditions must be taken into account. The region is facing
rising levels of water scarcity, high population growth, watershed degradation and loss of
environmental services. Any future changes in the water quantity and quality will have
important impacts on the local and basin-wide economies and environment.
Managing and developing the water resources within the basin must not only address
many different water uses but also the trade-off between developments upstream and
water use downstream between different countries. Working with United Nations
Environment Programme, we developed a hydrological and water resources model for
the Nile Basin Initiative (NBI) to examine how future river flows are expected to change
across the entire basin for two time horizons in order to:


Increase knowledge of the effects of future climate change and population growth on
the Nile’s water resources



Implement a shared and accepted water resources management tool for the region



Enable decision-makers to evaluate and implement climate adaptation measures



This was motivated by the clear perception that such tools to assess climate
adaptation at the regional scale are missing. This is particularly critical for
transboundary rivers, such as the Nile where the water resources are shared
between countries and where adaptation measures, depending on the type of
interventions considered may have important implications downstream.

The original concept of this work was concerned with the identification of “hot spots”. The
implication being that there are local areas with significant water resources, climate or
other issues. While this is certainly the case in terms of for example population or local
threat to water quality or ecosystem health, it became clear at the outset of the project
that in terms of climate and water resources then the so-called “hot spots” identified were
Egypt, the Blue Nile, Sudan and Lake Victoria which are clearly much larger regions. As a
result, we have chosen to refer to these large scale “hot spots” as focus areas.
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Figure 6.11

Nile Basin Countries and the Nile River

2. IDENTIFYING OPTIONS
The main motivation of this study was to determine potential changes in the Nile basin,
not to specifically inform any single intervention. Therefore, no water management
options were defined as part of the study, but indicators were developed to be able to
compare the water resources situation in different parts of the basin and for different
projected time horizons.

3. FORMULATING THE WATER RESOURCES MODELLING APPROACH
The overall approach has been to develop and apply a regional scale framework for
assessing climate change effects. This framework consists of combining regional scale
climate modelling with hydrological modelling tools both to assess the impacts of climate
change on the hydrology resources and to provide the capability to evaluate adaptation
measures at the regional scale. For the purposes of this study we examined the impacts
of climate change and water demand scenarios at the regional scale and investigated
particular aspects of the focus areas:


The Equatorial Lakes basin



The Ethiopian Highlands (Blue Nile and Atbara basins)



The Egypt and Sudan water demand region

In order to estimate the change in availbility and demands across the whole Nile Basin,
sub catchmets were defined. There is little known data on the hydrology of the Nile Basin
nor on the dramatic variety of climatic conditions. Utilising data provided by the Nile Basin
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Initiative (NBI), among others, we developed a hydrological model of the entire 3 million
2
km Nile Basin that included:







rainfall-runoff processes
lakes
reservoirs
dams
wetlands
irrigation water demands

Next, we used the regional climate projections to assess the impacts of climate change
on flows across the entire Nile River Basin using the MIKE HYDRO software. This model
simulates the river network that links catchment inflows from different sub-basins to the
river and links the different tributaries to the main river, routing along the river reaches.
NAM rainfall-runoff models were included in a MIKE BASIN model set-up as a preprocessing step. MIKE BASIN was used to develop and calibrate the major sub-basin
models.

4. DEVELOPING PROJECTIONS
In this study the A1B emission scenario was used. A1B is a "business-as-usual" scenario
which contains no mitigation and is a widely used reference. Only one emission scenario
was used for three main reasons: 1) The major differences between the emission
scenarios are mainly seen after 2050, while the differences between scenarios are
relatively small until 2050 which was the original scope of this study, 2) RCM simulations
are very time consuming, and it was only possible to run one emission scenario within the
current project framework, 3) as noted above. the variation between climate models are
often larger than the variations between scenarios and we are using a “perturbed physics
ensemble” to represent these climate model variations.
In this project the UK Met Office regional climate model HadRM3P (Jones et al., 2004)
was run several times using different Global Climate model (GCM) members to provide
driving lateral boundary conditions. This enabled the creation of an ensemble of regional
(high resolution) RCM projections. The approach used here was to select 5 ensemble
members based on their ability to reproduce important features of the present-day climate
over Africa while capturing the range of outcomes from the GCM ensemble. This
selection process was carried out systematically based on McSweeney et al. (2012). We
developed regional climate projections for the entire Nile Basin, focusing on two periods:
2020-2049 and 2070-2099.
The difficulty in accurately modelling the complexity of the climate means that both GCMs
and RCMs are subject to systematic biases and errors. The delta change method was
used to model the change in selected variables by comparing climate model simulations
for a control or reference period (typically a 30-year period, e.g. 1961-1990) to
simulations of a future (scenario) climate for a similar period. In this study we performed
the change factor calculations for both the period 2020-2049 and 2070-2099. Changes in
monthly precipitation for the period 2020-2049 are shown in Figure 6.12.
Using previous work by Food and Agriculture Organization and population projections, we
estimated future water demands for the region over the same period.

5. DECISION-MAKING UNDER UNCERTAINTY
As this study was not to test out specific adaptation plans but to assess the impacts of
climate change on the basin, there was no decision making phase. Nevertheless, the
uncertainty in future projections had to be dealt with in order to summarise and
communicate results for further work. One novel approach developed to do this was the
creation of ’consensus plots’. Consensus plots for each month show where 4 of 5 models
agree on the direction of change. Where they agree on the direction of change, the
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median of their results is shown. Our model predicted that some areas of the Nile River
Basin will see increased flows in the near future. Other parts of the basin may see an
increase in water scarcity.
White Nile: Near future climate changes point to a decrease in rainfall over the Lakes for
April-November. Rainfall in the northern part of the While Nile is expected to increase in
August, September, November and December. However, overall in the White Nile basin,
all 5 climate models point to reductions in flows.
Blue Nile: Changes in demand are expected to reduce flows compared to current levels
but the impacts from demand changes are not as large as those from the range of
possible future climate impacts.
Main Nile: Flow in the river is projected to increase in the wet season by 4 of the five
models (2020-2049). However, one model points to a decrease in flows so management
options must be robust to a range of possible futures. The high demands in this area are
expected to increase further.
Because of our comprehensive study and hydrological model, the NBI:




has gained a better idea of water availability in the region in the future
will be able to formulate water policy for climate change adaptation
will be able to develop and implement national and local climate adaptation plans
and measures.

Figure 6.12

Changes in precipitation which are estimated as the median of monthly changes for
2020-2049
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6.6

Climate Change Impacts on Quito Water Supply, Ecuador

60-SECOND SUMMARY...


Climate change will affect the water resources supply for Quito, Ecuador through a
combination of ecosystem change, rainfall changes and glacial retreat.



Projections of future climate from a single regional climate model were used to inform a GIS
based analysis of changes in the catchment.



Uncertainties were dealt with by focusing on flexible management plans.



Climate change is not as important as the population increases projected as a driver of
water resource security in the area.

1. DEFINING THE PROBLEM
This case study concerns climate change impact on mountain hydrology and glacier
retreat and the implications for the water supply to the City of Quito, Ecuador. Quito has a
population of 1.6 million and is located almost on the equator at an elevation of 2800
m.a.s.l. in the Guayllabamba River Basin.
The water resources in the valley basin are scarce and the water allocation is dominated
by extractions for irrigation. Water is captured at high elevations from sparsely populated
areas and almost natural mountain catchments and transported by gravity pipelines to the
City. At present the intake catchments are dominated by ecosystems known as páramo
(high elevation wetlands), and to a smaller degree by the glaciers residing on the highest
peaks.
The glaciers cover a small part of the intake catchments and their retreat and hydrology
are very well monitored. There is a growing concern that increased temperatures due to
global warming may become a threat to the páramo which, from a water harvesting point
of view, constitute an almost ideal combination of vegetation and soils with very large
water retaining capacity, good erosion protection and low evaporative losses. Páramos
are a fragile ecosystem as both afforestation and grazing have been found to reduce its
water retaining capacity significantly. Likewise, the glacier retreat which is well
documented in the area, is also likely to have a negative effect on the yields of the
catchments.

© DHI July 2016 – Water Resources Climate Change Guidelines

99

The water supply of Quito is vulnerable to climate change impacts considering:


that the water supply of Quito is already being challenged by a high demand as
compared to the present capacity,



that the water demand is predicted to rise by 50% by the mid of this century,



that certain supply pipelines are being threatened by seismic activity, and



predictions of warmer climate and less rainfall in the most important intake
catchments.

2. IDENTIFYING OPTIONS
As this study required a first assessment of climate change to identify some potential
options rather than being a study to test the efficacy of different possible interventions,
there was no identifying options stage. Identifying options instead replaces the decision
making step having developed climate change impact results.

3. FORMULATING THE WATER RESOURCES MODELLING/ASSESSMENT
APPROACH
The assessment of impacts of climate change has been based on the findings of previous
reports made available to the project as well as on analyses carried out under this study
using vegetation maps and other GIS based information. The impacts on the water
resource availability have been analysed focusing on three important aspects:
1.

Changes in runoff due to changes in the páramo ecosystem,

2.

Changes in runoff due to retreat of the glaciers in the area, and

3.

General impacts on the runoff due to the predicted long term trends in precipitation
and temperature.

Within the framework of this project, it has only been possible to make use of hydrological
modelling to a very limited degree. One of the constraints encountered during the
analyses was the very sparse coverage of rainfall information on the mountain areas. GIS
analyses in combination with hydrological models and field observations were applied to
project the impacts on ecosystems and water availability.

4. DEVELOPING CLIMATE PROJECTIONS
Climate projections were based on monthly change factors from a dynamically
downscaled model which was available for the region. The choice of which climate model
to use was limited to the models recommended (and already run) by the national
meteorological institutions. The latest available climate change predictions using the
Japanese Climate model TL595 have been used to assess the impacts on the future
water resources availability in EPMAPS’ intake catchments. The TL595 is, per the
Ecuadorian meteorologists, deemed to be the most reliable model to predict the changes
in the Andean climate. The applied modelling study is centred on Volcán Antisana and
covers the whole collection area for Quito water supply.
For the areas close to Antisana, which provides the majority of the water to Quito, the
projection is around 1 deg. C. higher temperature during the near future (2015-2035) as
compared to the latest 20 year period. The temperature rise is evenly distributed over the
year. Spatially the whole area exhibits trends in the same direction (increased
temperature) with a variation over the model area between 0.8 and 1.2 deg. C. The
projected changes in precipitation vary a lot more both seasonally and spatially. In
average precipitation will decrease by 3-4% in the mountain areas around Antisana.
However, these are averages of a seasonally scattered variation with precipitation
increasing in the months January, April, May, July, and November while it decreases the
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rest of the months. Also spatially, the variation is large with precipitation increase in the
Guayllabamba Valley (up to 6%) and decrease on the mountain ranges (down to -6%). All
in all, a quite scattered picture.
The contributions from three impacts have been determined individually and
superposition shows an estimated average potential loss in water availability of 12% for
all of EPMAPS’ supply systems (best climate estimate) of which 1% originate from glacier
retreat, 5% from degraded páramo and 6% from changes in rainfall and evaporation
(Figure 6.13). More pessimistic climate estimates resulted in reductions in the present
availability of 34 %.

Figure 6.13

Two future runoff estimates compared to present day situation

5. DECISION-MAKING UNDER UNCERTAINTY
This study aimed to provide a first assessment of climate change impacts and identify a
number of possible options to address them. Therefore the decision making stage was
more about deciding which potential future options are worth considering rather than
making any decisions about interventions.
Large uncertainty, particularly in the projected rainfall changes makes adaptive
management necessary, and highlights the importance of building resilience into all
project stages i.e. both in the initial planning stage, in the feasibility phase, in the final
design and while maintaining and adapting the existing system. The uncertainty in the
future projections was taken into account by using a range of possible changes in
addition to the change reported by the model.
To address the uncertainty in the climate change assessments and as a guide towards
adaptive management the identified adaptation measures were evaluated and
preliminarily ranked in a screening matrix considering their win-win characteristics,
creation of resilience, flexibility given to future system changes, costs and political
acceptability.
A number of adaptation measures have been identified, and preliminarily ranked using a
multi criteria scoring matrix focusing among others on the above mentioned criteria.
Ranking options through such multi criteria analyses will always be subjective and
scoring and ranking may be changed by altering the criteria included and the weights
given to them. Although the structural adaptation measures to a large extent are taken
from EPMAPS’ existing master plans, and therefore are expected to be in line with the
company’s strategy, both the list of options and their ranking should be seen as a
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preliminary suggestion to be further detailed and prioritised by EPMAPS. The following
adaptation measures are suggested:
First priority measures:


Improve knowledge on rainfall runoff processes in the intake catchments and expand
rainfall measurements.



Replicate field studies of paired páramo catchments in the Antisana area.



Restrict use of páramo in the intake catchments to extensive grazing or natural
reserve and reduce natural afforestation.



Non-regret more actions with more flexible initiation:



More detailed climate change assessment for the area.



Ríos Orientales expansion, which will increase the water availability. An earlier
initiation of some of the components may be needed to compensate for reduced
inflows due to climate change.



Other measures given lower priority by EPMAPS:



Study of increased water availability in the Guayllababmba Valley and its potential
for the domestic supply of Quito;



Futher reductions in the per capita gross supply by reducing losses in the distribution
system (further than the existing targets)



Cutting the net demand by pricing or restriction in water use.



Introduction or reuse of water, which will reduce consumption of raw water.



Although the projected climate change impacts are smaller than those from the
increased population pressure, the further aggravate an already stressed situation
and partly counter balances the positive effects of planned developments of new
sources. Under the best estimate of the future climate the future demands can,
however, be met by advancing certain developments in time, provided that
degradation of páramo can be avoided by introducing watershed protection.

In spite of its simplicity and low level of details the screening matrix helps keeping the
need for flexibility and resilience building in focus and improves the understanding of
adaptive planning and management under uncertainty (Figure 6.14).
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Figure 6.14

Example of some entries in the screening matrix used to prioritise actions
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Glossary

Anomalies

Changes in climate variables from reference values. Thus, for example, climate model
projections might be presented as the change in temperature relative to a baseline
climatology.

AR4

4th Assessment Report of the Intergovernmental Panel on Climate Change.

AR5

5th Assessment Report of the Intergovernmental Panel on Climate Change.

Climatologies

Climatologies are average weather variables over a long period (typically 20 or 30
years).

CMIP3

Coupled Model Intercomparison Project 3. Global climate modelling effort which was
the basis for the 4th Assessment Report of IPCC.

CMIP5

Coupled Model Intercomparison Project 5. Global climate modelling effort which was
the basis for the 5th Assessment Report of IPCC.

CORDEX

Co-Ordinated Regional climate Downscaling Experiment. CORDEX is a framework
aimed at coordinating international efforts in regional climate modelling across the
globe.

Downscaling

Downscaling is a process that uses coarse scale spatial and/or temporal information
to provide higher resolution spatial and/or temporal data. When establishing climate
change projections, dynamic downscaling (using a GCM to force a higher resolution
RCM) and statistical downscaling (using statistical relationships between coarse scale
and local scale variables) are widely applied.

Emission scenarios

Scenarios of emissions of greenhouse gases.

Ensemble runs

A collection of model simulations for the same period and same area based on
different model formulations, model parameterisations, model forcing etc.

ENSEMBLES

Coordinated European research project for establishing an ensemble of regional
climate model simulations for Europe.

Feedback
mechanisms

Mechanisms in the climate system where a change leads to an effect, which in turn
amplifies (positive feedback) or diminishes (negative feedback) the original change.
An example of a positive feedback mechanism is: Increased temperatures melt ice,
the reduction in ice cover means the surface is less reflective (lower albedo) implying
that less heat will be reflected and warming will be accelerated, which in turn will lead
to more ice melting etc.

GCM

Global Climate Model. GCMs include Atmosphere-Ocean General Circulation Models
(AOGCMs) and Earth System Models (ESMs). GCMs are used to make global
projections of future climate based on scenarios of climate forcing.

IPCC

Intergovernmental Panel on Climate Change.

NARCCAP

North American Regional Climate Change Assessment Program. Research program
for establishing regional climate model projections for North America.

PCMDI

Program for Climate Model Diagnosis and Intercomparison. Hosting information about
model imtercomparison projects CMIP3 and CMIP5.
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PRUDENCE

European research effort for establishing regional climate model projections for
Europe. The predecessor to ENSEMBLES.

RCM

Regional Climate Model. RCMs cover a certain geographical area and are driven by
GCM simulations based on climate forcing scenarios. RCMs have higher resolution
than GCMs.

RCP scenarios

Representative Concentration Pathways. RCPs are the latest scenarios developed.
There are 4 RCP pathways based on a range of radiative forcing scenarios rather
than emissions.

SRES scenarios

Special Report on Emissions Scenarios. Future emission scenarios developed by
IPCC based on narratives of demographic, social, economic, technological, and
environmental development.
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DHI Tools
Climate Change Tool
The MIKE Powered by DHI Climate Change Tool makes it possible to generate climate
change scenarios with existing model setups. The tool modifies automatically the climate
time series of an existing model setup according to a chosen climate change scenario.
Projected climate time series are calculated using the delta change approach, i.e.
precipitation time series are multiplied by precipitation change factors, temperature
change factors are added to the temperature time series, and potential
evapotranspiration time series are multiplied by evapotranspiration change factors. In
addition, projections of sea level rise are added to sea level model boundaries. Different
scenarios (e.g. different climate forcings, climate models and projection horizons) can be
defined within the same setup, allowing an easy evaluation and comparison of different
climate change scenarios.
The tool includes climate projections from a large number of global climate simulations,
including different climate forcing scenarios and different global climate models. The tool
also supports use of climate model simulations from other global climate models as well
as from regional climate models.

DHI WaterData
Processed RCM data to be used for statistical downscaling and generation of local
climate projections are available from DHI WaterData portal. The WaterData portal
includes climate change factors of a number of climate statistics for different regions of
the World. Data are available from a large number of RCMs for different climate forcing
scenarios and for different projection horizons up to 2100.
The following statistics can be obtained from the WaterData portal for a given area of
interest:




Change in mean and variance of daily precipitation, temperature, and potential
evapotranspiration.
Change in hourly and daily extreme precipitation for different return periods (1-100
years).
Change in extreme drought duration for different return periods (5-100 years).

For more information: http://waterdata.dhigroup.com/

MIKE PLANNING
MIKE PLANNING is a software product that supports a structured and transparent
analysis and comparison of model-based scenario simulations as well as a more
objective and transparent decision-making process. Mathematical models are used to
quantify the impact of different development scenarios. The underlying concept of MIKE
PLANNING is that scenarios are evaluated and compared using a set of agreed
performance indicators and decision criteria.
MIKE PLANNING includes a number of features



Multi-criteria analyses for objective scenario comparison using performance
indicators, decision criteria, ranking and stakeholder preferences
Cost-benefit analyses
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Single- and multi-objective optimisation
Ensembles to assess uncertainty and support more robust decisions
Assessing long-term impacts of climate change using climate data from global and
regional climate models

For more information: http://www.mikepoweredbydhi.com/

Water resources modelling tools
The MIKE Powered by DHI product suite for water resources modelling comprises:








MIKE HYDRO River - for river applications
MIKE FLOOD - for surface water flooding
MIKE SHE - for integrated catchment hydrology
MIKE HYDRO Basin - for water resources planning
MIKE 21C - for river sediments and morphology applications
FEFLOW - for flow and related transport processes in the subsurface and in porous
media
ECO Lab - for water quality and ecological modelling

For more information: http://www.mikepoweredbydhi.com/

© DHI July 2016 – Water Resources Climate Change Guidelines

117

APPENDI X C
Climate Model Data

© DHI July 2016 – Water Resources Climate Change Guidelines

118

C

Climate Model Data

C.1

Global Climate Model projections
GCM climate projections from various modelling groups have been collected and made
available in the Coupled Model Intercomparison Projects (CMIP). There are two main
rounds of modelling which have datasets available: CMIP3 (data used for the IPCC
Fourth Assessment Report) and CMIP5 (latest data used in the IPCC Fifth Assessment
Report). All global climate model data are available for non-commercial use, and a subset
of data is available for unrestricted use (about 75% of the global climate models from
CMIP5).
CMIP5 has around 40-60 models (depending on how you classify a distinct model) from
28 modelling groups around the world. The CMIP5 data archive is populated with results
that are based on the RCP climate forcing scenarios. Description of the CMIP5 data set
and information on data access and availability can be found at http://cmippcmdi.llnl.gov/cmip5/availability.html
CMIP3 was based on SRES emissions scenarios with around 25 GCMs from 18
modelling groups). Information on how to access the CMIP3 data set can be found at
http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php
The IPCC Data Distribution Centre (http://www.ipcc-data.org/) provides summary data in
terms of monthly mean of a subset of climate variables for different time slices.

C.2

Regional Climate Model projections
RCM projections from different regions have been made available as part of regional
climate modelling studies. Some of the larger coordinated RCM experiments include:


The PRUDENCE project for Europe (http://prudence.dmi.dk/)



The ENSEMBLES project for Europe and Africa (http://ensemblesrt3.dmi.dk/)



The NARCCAP project for North America (http://www.narccap.ucar.edu/)



The CORDEX project (ongoing) covering all continents, see Figure C.1.
(http://www.cordex.org/)

In these projects a number of regional climate model simulations have been carried out,
combining different RCMs with different GCMs for different climate forcing scenarios. The
PRUDENCE, ENSEMBLES and NARCCAP projects are based on the SRES scenarios,
whereas CORDEX is based on the RCP scenarios.
For most data archives data are freely available with unrestricted use. Data may also be
available directly from the research institutions developing the climate models.
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Figure C.1

Map of regions for which RCM simulations will be performed as part of the CORDEX
project (Giorgi et al., 2009). The map also shows the regions for which regional
climate projects have been performed (although not all with RCM projections
available)
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ABOUT DHI
DHI are the first people you should call when you have a tough challenge to
solve in a water environment – be it a river, a reservoir, an ocean, a coastline,
within a city or a factory.
Our knowledge of water environments is second-to-none. It represents
50 years of dedicated research and real-life experience from more than
140 countries. We strive to make this knowledge globally accessible to clients
and partners by channelling it through our local teams and unique software.
Our world is water. So whether you need to save water, share it fairly, improve
its quality, quantify its impact or manage its flow, we can help. Our knowledge,
combined with our team's expertise and the power of our technology, holds
the key to unlocking the right solution.
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