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= How to read this guide

Who should read this guide?

guide This practical guide is primarily written for water resources engineers, hydrologists, managers, and

How to read this

planners. Although not written explicitly for policy makers, advisors within government, water
resources commissions and basin organizations may also find it useful to get an oversight of strategies,
methodologies and tools available for incorporating climate change impacts into water resources
management.

Aims

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 or adaptation to climate change, and what is involved in implementing
them.

Scope

Why did we write this guide?

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.

Which water resources issues are addressed?

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.

Where?

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.

At what scale?

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

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 or go to the main work flow diagram and navigate from there. The document is structured

around the progression shown in Figure 1 and the corresponding seven chapters at the top of the page.

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-> 4. Within each chapter a quick overview of the key messages and important information can be found
in the “60-second Summary” boxes. Links within the text allow you to jump to other relevant parts of the document or to

external websites.

fﬁ 2. Identifying

options and

assessment
criteria

1. Defining the

problem

3. Formulating the
water resources

modelling approach

5. Decision making
under uncertainty

4. Developing

projections
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= How to read this guide

Highlights

How to read this

guide ] You will find a practical flow chart aimed at guiding you through the various

steps of each section of a climate change study, at the beginning of each
chapter

The document is linked and underlined words in blue have hyperlinks present
“
.
.
|
o

to take you to further information on the subject.

In each section...

60-second summary boxes for readers requiring a
quick overview can be found in each section in lime

green.

Practical guidelines to working with cli-
mate change projects in grey boxes. [ \A'(6) rking with...

Illustrations of how the information has been applied to
real projects are reported in orange boxes.

Information regarding uncertainty and the im-

portance of it in the project results in green box- Uncertainty
es

DHI tools which can be used in the assessment of climate change
impacts are listed throughout the document. Further information
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on the tools is provided at the end of the document.
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2. Identifying options

Climate Change FAQs

What is climate?

Despite the attention climate
change receives there is still no
universally accepted definition. A
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 2011). A good
introduction can be found in:
Modelling the Impact of Climate
Change on Water Resources
(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 2011).
Weather describes the individual
events observed and climate is a
more general description of the
character of all the different
weather events of a place.

3. Formulating the water
resources modelling approach

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 different 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 from the 4th

Assessment Report (AR4) will be
updated in 2014 by the 5th
Assessment Report (AR5).

Current predictions from AR4
include:

Air surface temperatures rising
by between 1.1 and 6.4° Cin the
21st century, especially over land
and in high northern latitudes.

projections

4. Developing 5. Decision making | 6. Case

under uncertainty | studies

Snow cover and permafrost areas
are expected to contract.

More Frequent heat waves and
heavy rainfall events are
expected.

Future tropical cyclones are
expected to become more
intense.

Extra-tropical storm tracks will
move polewards, changing the
current broad patterns of rainfall,
wind and temperature.

Rainfall patterns will change with
likely increases in high latitudes
very likely and decreases in
subtropical land regions.

Warming will add carbon to the
atmosphere but the magnitude of
this feedback is uncertain.

In general sea levels will rise but
the magnitude of the rise is very
uncertain. AR4 estimates report
model-based changes between
18-59cm by 2100 but state there
can be no best estimate or upper
bound due to the large
uncertainties surrounding ice
flow dynamics, feedback systems,

Greenland and Antarctica ice

10
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Introduction

the problem | and assessment criteria

sheet mass balance and thermal
expansion of the oceans. These
uncertainties would all lead to sea
levels rising quicker than model
estimates.

For impacts on floods and droughts
see sections 2.3 & 2.4.

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 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 the patterns of
heat and moisture. 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 we are already committed 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

2. Identifying options

3. Formulating the water

resources modelling approach

4. Developing 5. Decision making

projections  under uncertainty

Climate Change FAQs =—

to limit the scale of 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 projected changes
by 2100, change is already occurring and
risks over the next 50 years (which may
be the design lifetime of infrastructure)
may be significantly different to 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.
Although no globally consistent change
in precipitation is observable, there is
substantial evidence of zonal changes,
such as the decline of average
precipitation in the Northern
Hemisphere sub-tropics that has
occurred since the 1970s. 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. 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
stabilised,

“Anthropogenic warming and sea level rise
would continue for centuries due to the
time scales associated with climate
processes and feedbacks” IPCC AR4 (Meehl
et al 2007).

For more information see: Climate Change
2007: Working Group |: The Physical
Science Basis
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Climate change guidelines

The recommended steps for undertaking a climate change study are listed below.

START ->

1. Define the problem. If it is an impact study go straight to step 3

Define the nature and severity of problems caused by climate change and the objectives and
priorities of the study.

2. Identify 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. Formulate the water resources modelling approach

Decide how the impacts of climate change will be modelled to allow the necessary indicators to
be calculated which are used to prioritise options.

4, Develop 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. Decide 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).

END -> Implement and monitor preferred option(s)

12
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A chapter is dedicated to each of these steps (chapters 1-5) up to the implementation and monitoring stage.

A more detailed workflow for each stage is presented at the beginning of each chapter

The guidelines can be visualised as a cyclical process as depicted on the following page.
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E Guidelines as a work flow
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1.7 Climate 1.5 Impacts on
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C
(@)
5
O
>
©
(@)
| -
)
=

14



1. Defining 2. Identifying options 3. Formulating the water 4. Developing 5. Decision making 6. Case

Introduction

the problem | and assessment criteria resources modelling approach projections = under uncertainty [ studies

2.1 Introduction to identifying 2.2 Flow chart for identifying

Guidelines as a work flow —

ﬂ options and assessment criteria options and assessment criteria

2.6 Developing criteria 2.5 Screening
for decision-making options

N Identifying OptiOI‘lS 2.3 Options for flood risk |

and assessment

criteria

2.4 Options for
water scarcity

4.2 Flow
chart for
developing
projections

4. Developing

projections

4.8
Statistical
downscaling

3.1 Introduction to
formulating the
modelling approach

3.2 Flow chart
for formulating
the modelling

approach
3. Formulating the
_ water resources
3.7 Environmental . 3.3 Flood
ok safrient modelling approach Sratecton
2.6
Groundwater - 3.4 Reservoir
3.5 Irrigation e
design and
water use :
operation

4.3 Climate
forcing scenarios

4.4 Global Climate
Model projections

6.1 Flooding
in Vidaa

4.5 Regional Climate 6.2 Hydropower in Lao Cai | =
model projections —
S
6.3 Water management in 8_
4.6 Sea level projections | Okavango Delta c
3
4.7 Key variables for water resources | 6.4 Groundwater in Berlin | o
-}

[EEY
wuv



Introduction

Introduction

1. Defining 2. Identifying options
the problem and assessment criteria

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making 6. Case

projections

under uncertainty

studies

16



Introduction

1. Defining

2. Identifying options 3. Formulating the water 4. Developing 5. Decision making

the problem | and assessment criteria resources modelling approach projections  under uncertainty

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1. Defining the problem

Introduction to defining the problem

Flow chart for defining the problem

Types of climate problem

Identify objectives and priorities

Impacts on water resources

Impacts on sectors

Climate change & other drivers

Preliminary estimate of change in climate

Vulnerability assessment

6. Case
studies

sa3usa||eyd agueyd arewl|d

[EEY
~



1. Defining

Introduction

NGBS and assessment criteria resources modelling approach

1.1

1.1 Introduction to
defining the
problem

n
Q
o0
c

k3

©

L=
O
Q
o0
c
©

<
O
Q

o+
o
£

O

2. Identifying options 3. Formulating the water

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 one of 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
climate-related 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) ldentify 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 of the extent to
which the values of variables
identified during step 4 may
change is performed.

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 estimated.

It may be necessary to re-visit
these steps later in the project
cycle as new information emerges
from more detailed analyses.

For more information: The UK
Climate Impacts Programme
(Willows,2003) technical report
“Climate adaptation: Risk,
uncertainty, and decision-making”
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.

4. Developing 5. Decision making 6. Case
projections under uncertainty  studies
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Introduction
1.2 Flow chart for defining the problem

Identify which type of climate problem your study fits into: Impact
assessment, climate adaptation or general water resources management

\V_l

Identify objectives and priorities |

—

Consider how changes in temperature and precipitation and
sea level could affect water resources in your study area

\V—I

Consider how these changes in water resources
may impact relevant sectors or your plan/project

— Vv

Define relevant drivers for the project/plan/study

Are you interested in

Yes changes in monthly

averages? (both options
may be conducted)

Conduct a rapid assessment of projected

changes in climatic variables for a time horizon Look for published summaries of climate
relevant to your project, using change factors change in your region to get an idea of
from Global Climate Models to get an idea of the severity of the expected change

the scale of changes you might expect.

| [
v

Consider the relative importance of climate change
in comparison with other drivers.

\V_,

Consider how these other drivers may also be affected by climate change |

|

No Is your study a climate Yes

\L change impact

assessment?

Conduct a vulnerability assessment to assess
relative importance of climate change

Decide on an appropriate level of detail for the Proceed to Chapter 3: Formulating the

climate change investigation. Proceed to Chapter 2: modelling approach
Identifying options and assessment criteria.
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Climate change challenges

2. Identifying options
and assessment criteria

3. Formulating the water
resources modelling approach

Types of climate problems

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 those in which the
primary driver of the project 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

may not have been accounted for.

Climate change impact
assessments

Climate change impact
assessments refer to those 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. Thisis 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 the construction
of a hydropower facility. In these
situations, it is important to
develop a preliminary estimate of
the extent to which climate change

4. Developing 5. Decision making
projections

6. Case

under uncertainty  studies

may impact project outcomes, as
this affects the extent to which
resources should be committed to
further investigation of climate
impacts (sections 1.8 & 1.9).
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.

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

60-second summary...

® (Climate change studies or projects can be grouped into three categories:
climate change adaptation assessments, climate change impact assess-
ments, 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

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

change. These projects will generally require a detailed assessment of cli-
mate 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.
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What considerations apply to the
identification of objectives and priorities
in a climate change context?

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 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 most simple
formulation, attitudes towards risk can be
characterized as either risk-averse or risk-

2. ldentifying options
and assessment criteria

3. Formulating the water

resources modelling approach

4. Developing 5. Decision making 6. Case

projections under uncertainty  studies

Identifying objectives and priorities

neutral. A risk-neutral decision-maker will
seek to maximize 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 over-invest 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
(section 5).

Why is it important to define a time
horizon?

As will be explained in the section on
developing projections (section 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 emissions
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.

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 impos-
sible to describe either an existing state or future outcome precisely.

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

A risk-averse decision maker prefers a more certain outcome with a lower ex-
pected 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.

For decision time scales of less than 20 years, it is unlikely that future emis-
sions will have a significant impact on climate. It is also difficult to quantify cli-
mate impacts on variability and extremes at shorter time scales.
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Impacts on water resources

Climate change may have significant impacts on wa-
ter resources. These include impacts on precipitation,
snow and ice, sea level, evapotranspiration, soil mois-
ture, runoff and river discharge, and water quality.
The potential impacts presented here summarize
information presented in the fourth IPCC assessment,

Working Group Il report (2007). Some trends ob-

served in the recent historical record are also pre-
sented, although it is not always clear that these
trends are the result of increasing greenhouse gas
concentrations.

Patterns of large-scale variability: A number of fea-
tures of the large-scale climate system have direct
influence on the hydrologic cycle. These features are
characterized by patterns of variability that are ap-
parent at inter-annual or decadal time scales. These
patterns of variability are responsible for long-term
variability observed in hydrological flow data. The
most significant mode of interannual variability in the
global climate system is the El Nino Southern Oscilla-
tion (ENSO), which is associated with an east-west
shift in tropical Pacific precipitation. ENSO is also as-
sociated with wave-like disturbances to the atmos-
pheric circulation outside the tropics that have major
regional impacts. Outside the tropics, variability of
the atmospheric circulation on longer time-scales is
dominated by variations in the strength and location
of the jet streams and associated storm tracks. There
is some evidence from climate model projections
that sea-level pressures will increase over the sub-
tropics and mid-latitudes, causing storm tracks to
move polewards. These shifts are also visible in the
recent historical record. It is not yet possible to make
conclusive projections about changes to ENSO varia-
bility. Monsoon precipitation events are expected to
become more intense in some areas.

Snow and ice: Climate warming is projected to in-
crease rates at which snow cover and glaciers melt.
Although snowfall is projected to increase in some
regions, it appears unlikely that precipitation increas-
es 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 observa-
tions 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 dec-
ades.

Sea level: Although not all of the drivers of sea-level
rise are well understood, it is expected that a combi-
nation 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. The
average rate of sea level rise was 1.8 + 0.5 mm/year
for 1961-2003 and 3.1 + 0.7 mm/year for 1993-2003.
Impacts on water resources include increased risk of
coastal flooding and salinity intrusion.

Mean precipitation: Climate model projections sug-
gest that mean precipitation will increase in areas of
regional tropical precipitation maxima (e.g., monsoon
regimes) and at high latitudes, with decreases possi-
ble in mid-latitudes and sub-tropical regions (Figure
1.5.1). The historical record indicates that precipita-
tion has declined in the region from 10°N to 30°N
since 1970, although evidence is inconclusive as to
whether this is the result of increasing greenhouse
gas concentrations.

Extreme precipitation and drought: Evidence from
climate models also suggests that heavy precipitation
events will become more frequent, and that the like-
lihood of summer drought conditions will increase in
mid-latitude regions. Widespread increases in heavy
precipitation events have been observed in the re-
cent historical record, even in areas where mean pre-
cipitation has decreased. However, rainfall statistics

60-second summary...

® Climate change will impact water resources
through changes to precipitation, temperature,
and potential evapotranspiration, as well as
changes to global circulation patterns that im-
pact long-term climate variability.

® Some impacts with the highest degree of cer-
tainty include increased temperatures, in-
creased snow and glacier melting rates, and
that seasonal runoff patterns will shift in areas
with winter snow as more precipitation falls as
rain and snow melts earlier in the year.
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Figure 1.5.1 Projected changes in mean precipitation for December-January-February (left) and June-July-August (right).

Projections are averages of 15 simulations associated with the fourth IPCC report (2007). Changes are presented for the
SRES A1B scenario and represent projected changes from 1980-1999 to 2080-2099.

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 pre-
cipitation have been observed in Europe
and North America.

Evapotranspiration: Potential evapotran-
spiration is expected to increase in al-
most all regions of the world. This is be-
cause the water-holding capacity of the
atmosphere increases with higher tem-
peratures, while relative humidity is not
expected to increase significantly. Car-
bon dioxide enrichment of the atmos-
phere has the potential to reduce tran-
spiration from plants because the stoma-
ta of leaves, through which transpiration
takes place, would have to open less to
take up the same amount of CO,. Howev-
er, if rising CO, concentrations lead to
increased plant growth, transpiration
may increase as a result of increased leaf
area. No conclusive findings are available
regarding historical evapotranspiration
trends.

Soil moisture: Changes in soil moisture
are a function of changes in the volume
and timing of precipitation and evapo-

transpiration. Projections of changes in

soil moisture are generally consistent
with projected precipitation changes.
However, soil moisture decreases may
occur in high latitudes, despite precipita-
tion increases, because of declining snow
cover. Little information is available
about long-term trends for historical soil
moisture.

Runoff and river discharge: The extent to
which climate change may alter river
flows 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 cli-
mate change might affect annual runoff,
although climate models suggest that
changes may be similar to projected pre-
cipitation changes. There is more certain-
ty that climate change will impact the
seasonality of river flows in regions
where winter precipitation currently falls
as snow. Warmer temperatures are pro-
jected to lead to decreased spring flows
because of reduced or earlier snowmelt,
with increased winter flows. These pro-
jections are supported by trends in the
recent historical record and changes in
extremes.

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 wa-
ter, 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: 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 salini-
zation of shallow groundwater due to
increased evapotranspiration. Due to
expected reduced run-off, surface water
quality is also expected to decline as con-

centrations of contaminants increase.
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Impacts on sectors

Climate change impacts on water
resources may affect ecosystems;
agriculture, land use, and forestry;
human health; water supply and
sanitation; settlements and intra-
structure; and other sectors of the
economy including insurance, tour-
ism, industry, and transportation.
The following survey summarizes
information on sectoral impacts
presented in the fourth IPCC as-
sessment report from 2007 as well

the opinions of DHI staff.

Freshwater ecosystems: Generally,
surface water quality is dependent
on nutrient inputs, particularly N
and P. Climate change will likely
affect water quality through chang-
es in nutrient input both directly
and indirectly: indirectly through
e.g. changes in the type of cultivat-
ed crops, cultivation practises and
use of fertilizer; and directly
through the predicted changes in
precipitation that directly affects
the runoff regime.

Furthermore, changes in tempera-
ture will work as a stress factor for
some ecosystems and may affect
the nutrient dynamics through
complex ecosystem processes.
These two factors: Changes in nu-

trient loadings and temperature
may accelerate the degradation
processes of natural habitats.

Increased temperature may
change the autotroph and hetero-
troph balance in the water bodies
and especially in lakes and reser-
voirs. This may lead to changed
balance between CO2 consump-
tion and CO2 production and give
negative feedback increasing cli-
mate changes. It may also acceler-
ate the production of other green-
house 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 are will be affected by both
temperature increases and hydro-
logical changes.

Other water quality issues that
may be affected by climate change
include type and amount of dis-
solved and adsorbed pesticides and
their breakdown products as a re-
sult of changes in types of cultivat-
ed crops together with a general
increase in temperature favouring

60-second summary...

® Climate change impacts on water resources may affect eco-
systems, 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.

® |n catchments where snowmelt is a significant part of the wa-
ter balance, seasonal runoff patterns may change as snow
melts earlier in the season and more precipitation falls as rain

instead of snow.

4. Developing 5. Decision making
projections

6. Case

under uncertainty  studies

new types of pests.

Forests, savannahs, and grass-
lands: 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 savan-
nah productivity is highly sensitive
to precipitation variability, and that
rainfall variability may have greater
impacts on productivity than rain-
fall amount.

Agriculture and livestock: Water
plays a crucial role in food produc-
tion. More than 80% of agriculture
is rain-fed, dependent on precipita-
tion to meet evapotranspiration
demand and maintain soil mois-
ture. In areas where precipitation
is already limited by climate, agri-
cultural production is vulnerable to
climate change (figure 1.6.1). Alt-
hough irrigated land represents
only 18% of total agricultural land,
the contribution of irrigated land
to total agricultural production is
much greater, and irrigated agricul-
ture could also be vulnerable to
climate change if surface water
and groundwater supplies are di-
minished.

There is some evidence that in-
creasing CO, concentrations may
reduce crop water use through
increased leaf-level water use effi-
ciency. However, these efficiency
gains may be offset by increased
evaporative demand under higher
temperatures. There is also uncer-
tainty about how the combined
impacts of elevated CO, concentra-
tion and increasing temperatures
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Figure 1.6.1 Suitability indices for rain-fed agriculture (left) and projected changes in runoff (right). The crop suitability index (Sl) is
based on Fischer et al. (2002). Projected changes in runoff are estimates of changes between 1980-1999 and 2090-2099. Projec-
tions represent the mean of an ensemble of climate models associated with the fourth IPCC assessment report (2007).

might affect crop yields.

There is evidence that warming in high-
latitude regions would benefit crop
yields. However, warming in areas that
are seasonally dry would probably have
a negative impact on yields. If the fre-
quency of extreme rainfall events in-
creases, crop yields could be reduced
because of excessive soil moisture, in-
undation, and soil erosion.

In regions with irrigated agriculture,
climate change may have impacts due
to changes in the spatial and temporal
distribution of streamflow. In catch-
ments 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 vul-
nerable to water deficits. Increased
climate variability and drought frequen-
cies 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 fre-
guencies increase, human health may
be impacted by sewage contamination
during flood events. If drought frequen-
cies increase, water quality in rivers
may suffer because of reduced dilution
of pollutant concentration, with poten-
tial health impacts. In areas with limited
access to improved water supplies, such
as in sub-Saharan Africa, long-term de-
clines in water availability may make it
more difficult to extend improved water
supplies.

Water supply and sanitation: Climate
change could have substantial impacts
on water services. This impacts could
include: reductions in water availability
in glacier-fed basins; surface water
quality impacts from temperature rises;
salinization of coastal aquifers from sea-
level rise; changes in seasonal water
availability from shifts in precipitation
patterns; complications to reservoir
operations arising from increases in
intra- and inter-annual variability; salini-

zation of groundwater as a result of
increased evapotranspiration; and more
frequent floods and droughts.

Settlements and infrastructure: Chang-
es 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 sup-
ply problems include small islands, arid
and semi-arid developing countries,
regions supplied by rivers fed by glacial
melt and/or seasonal snowmelt, and
countries with a high proportion of
coastal wetlands and coastal cities. In-
creased flood frequencies may have
impacts on transportation infrastruc-
ture including localized street flooding;
flooding of subway systems; and flood
and landslide-related damages to bridg-
es, roads, and railways. Climate change
could also have impacts on hydropower
production and cooling water availabil-
ity for thermal power plants.

sadua||eyd asueyad alewl|d

N
(6]



2. Identifying options

. 1. Defining
Introduction

| He) 6] T8 and assessment criteria

1.7

Can we consider water resources manage-
ment and climate change in isolation?

Many of the impacts of climate change will be
felt through water resources (IPCC 2007). How-
ever, the challenges faced in water resources
management and the options for adapting to
climate change must be considered within a

Table 1.7.1: Drivers affecting water resources

General impacts

More people and at higher concentra-
tions increase water demand, and the
potential for pollution.

Demographic: pop-
ulation dynamics
(growth, age distri-
butions, urbaniza-
tion and migration).

Both local and more far-reaching im-
pacts. Increasing global trade in goods

Economic: growth

and services can relieve water stress in
some areas but aggravate it in others
through ‘virtual water’, particularly
through agricultural products.

Complex combination of +ve & -ve
impacts. Poverty, education and value
systems affect perceptions and atti-
tudes towards the environment.
Changes in lifestyle and consumption
patterns are one of the principle driv-
ers of change.

Social: poverty,

1.7 Climate change

education, value

& other drivers
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systems, and life-
style and consump-
tion patterns.

Technological inno-

Can have both +ve & -ve impacts,

vation: sometimes simultaneously.

Effective policy and legal frameworks
are an essential ingredient to reducing

Policies, law, fi-
ET T
pressures on water resources, but
policies from other sectors may have
negative impacts on water resources if
not adequately integrated.

Will primarily affect water resources

availability, as well as quality (section
1.5) and extremes (see also IPCC sec.
3.5).

Climate change

3. Formulating the water
resources modelling approach

4. Developing
projections

Climate change and other drivers

Trends in drivers

Still rapid population
increase in developing
regions. In 2009, over
half of the world’s pop-
ulation became urban.

Rapid economic devel-
opment in some re-
gions, including popu-
lous regions.

Increases in education
and awareness offset
by increases in con-
sumption patterns
globally.

One of the most unpre-
dictable drivers. Can
create rapid and unex-
pected changes, both in
pressures and solu-
tions.

Generally improving,
including better inte-
gration across sectors,
though progress is slow
in some cases.

Expected to accelerate
in coming decades.

5. Decision making 6. Case

under uncertainty  studies

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 (Waughray 2011).

What are the main drivers in water resources manage-
ment, and is climate change one of them?

Drivers which affect water resources can be broadly cate-

Impacts of climate change on
driver

Increased water scarcity,
flooding, and sea level rise may
alter and accelerate migration
patterns.

Climate variability and extreme
events can have significant
negative impacts on economic
growth.

Complex. Climate change likely
to exacerbate poverty, but
impacts may lead to greater
education and awareness.

Climate change will be a major
driver of technological innova-
tion and transfer, brought
about by the need to mitigate
and adapt to climate change.

Policies for mitigating and
adapting to climate change
may also have impacts on wa-
ter resources. Climate change
can stress political systems by
transferring resources from
other areas to tackle climate
change.

26


http://www.ipcc.ch/publications_and_data/ar4/wg2/en/ch3s3-5.html
http://www.ipcc.ch/publications_and_data/ar4/wg2/en/ch3s3-5.html

Introduction

1. Defining 2. Identifying options 3. Formulating the water 4. Developing 5. Decision making 6. Case

R and assessment criteria  resources modelling approach projections under uncertainty  studies

1.7 Climate change and other drivers

Uncertainty in future society

Uncertainties in the nature of future society such as de-
mographics, politics, socioeconomic and technical develop-
ments 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 soci-
etal change will have direct impacts on water resources, irre-
spective of the impacts of climate change.

gorized as shown in table 1.7.1, though these drivers are close-
ly linked (table primarily adapted from WWAP 2009).

As well as being a driver in its own right, climate change is also
expected to impact other drivers as shown in table 1.7.1.

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, though 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 prioritization of domestic and
industrial supply over agricultural supply, whilst trying to ac-
commodate 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 the impact on other drivers, de-
pending on how detailed the analysis needs to be. Model stud-
ies show that in some areas land-use change will have relative-
ly low impact compared to climate change (e.g. Rhine basin,
south-east Michigan, Pennsylvania and central Ethiopia),
whereas in others land-use change and climate change are
expected to have similar impacts to water availability (e.g.
south-east Australia, southern India) (IPCC 2007e). A global
study compared the relative impacts of climate change and
population and economic development on the ratio between
demand and availability compared to contemporary conditions
(Vorésmarty et al 2000, figure 1.7.1). It showed that globally,
population and economic growth are likely to have a more
widespread impact than climate change only, but that impacts

Relative Change in Demand per Discharge
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Figure 1.7.1: Relative change in demand per discharge compa-

red to contemporary conditions. Blue areas show a reduction of
more than 20%, red shows an increase of more than 20%. Sour-
ce: Vérésmarty et al 2000

in some places will be very different when climate
change is taken into account. This figure is used for illus-
trative purposes and should not replace more local and
recent assessments.

For more information on how to do an initial screening
of drivers and how to compare the impacts of climate
change with the impacts of these drivers, see section
1.9.

60-second summary...

® (Climate change is just one of a range of drivers,
including population growth and migration, and eco-
nomic development.

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

® The relative ‘importance’ of climate change com-
pared to other drivers, and the impacts of climate
change on other drivers, depends on the local situa-
tion.
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1.8 Preliminary estimate of change in climate

Which climate variables could be considered in a Why is it important to think about characteristics of
preliminary assessment? variables in a preliminary assessment?

Climate variables that could be included in a Different characteristics of climate variables can
preliminary assessment of change can be grouped convey different information about the nature of
into the following categories: primary, synoptic, climate change. The impact of a change in magnitude

compound, and proxy climate variables.
Table 1.8.1: Climate variables to consider in a preliminary assess-

ment of change (adapted from Willows 2003)

Primary variables are direct outputs from
climate models like precipitation and

temperature. Synoptic variables are also Variable type | Variables to consider

direct outputs from climate models but are 3 . .
. . . Primary Carbon dioxide, sea level, temperature, precipita-
associated with larger spatial scales. ] ) ]
. . tion, wind, cloud cover, dry periods
Compound variables are functions of

combinations of primary variables. Proxy | synoptic Weather types, pressure, pressure gradients,
variables are dependent on combinations of storm tracks, ocean climatology

primary variables, compound variables, and

other factors that are not directly linked to | Compound Humidity, evapotranspiration, storm surge levels
the climate system. A list of variables by

type is presented in Table 1.8.1. Synoptic- Proxy Runoff, soil moisture

scale climate variables are simulated more

reliably by climate models, but are
y' y Table 1.8.2: Characteristics of climate variables (adapted from Willows
more difficult to relate to water

] ] 2003)
resources impacts. Proxy variables
may require the use of impact models | Characteristic | Examples Notes
such as rainfall-runoff and soil water Magnitude and | Change, rate of Important to be clear about
balance models in order to direction change statistical basis of changes in

1.8 Preliminary characterize climate change impacts. magnitude (see next row)

“Saliieids el e isies | Which characteristics of climate

Statistical basis | Average, cumulative | Changes in averages, variability
variables should be considered in a

of change value, measures of | and extremes can all impact

reliminary assessment? o -
P y variability, measures | water resources in different

It is important to be clear about the of frequency and ways, so important to consider

statistical characteristics of variables extremes all potential changes.

under consideration and the different

ways in which variables may change. Averaging or Instantaneous, Different signals may be visible

Characteristics to consider in a sampling hourly or sub-hourly, | at different time scales. For
period daily, monthly, example, an annual time scale

preliminary assessment include

magnitude and direction; the annual, decadal or will not provide information

statistical basis of change; averaging longer about changes in seasonal

or sampling period; and joint precipitation patterns.

probabilities of events and variables. |Joint Consecutive An example could be the
A list of important characteristicsto | probability occurrences, probability of joint occurrence
consider is presented in Table 1.8.2. events and coincident or joint of river flooding, sea level rise,
variables occurrence with and a storm surge in a coastal
other variable(s) area.

Climate change challenges
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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.

How can | conduct a quick analysis?

Options for quick analyses are limited to looking at change
factors from Global Climate Models (GCM)(section 4.4) and
looking at published changes from previous studies, national

climate change impact and adaptation plans or regional values
in IPCC reports (table 1.8.3).

Change factors

A change factor is the difference in the mean monthly value
between current climate, typically the period 1961-1990, and
a given time period, expressed either as a relative or absolute
change. Change factors describe the average change in
monthly values and do not provide any information about
changes in variability and extremes or any other characteristics
of the variable and hence may be of limited use. Most often
changes in precipitation are expressed as relative changes e.g.

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making

projections under uncertainty

Preliminary estimate of change in climate

study site may not be representative of the region it lies
within.

There may also be national or regional studies by national
meteorological institutes or research organisations which may
point to the direction or scale of the climate change projected.

For more information on climate change screening see Olhoff
& Schaer 2010. Before proceeding with a full-blown
assessment of climate change, it may be useful to conduct a
rapid preliminary assessment of the projected changes for
your study area.

6. Case
studies

60-second summary...

Preliminary estimates of changes in climate variables
are available from the IPCC (as change factors from
GCMs, or special reports) and national meteorological
institutes and research organizations.

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

It is important to consider the characteristics of the pro-
jected climate variables, as this affects how the changes
can be interpreted.

1.08 denoting an 8% increase in rainfall.

Temperature changes are often climate variables

Table 1.8.3: Examples of data available for preliminary assessment of changes in

expressed as absolute values e.g. 2.3
pointing to 2.3°Cincrease in
temperature.

Published values

To complement results from change global and regional

factors or for studies which require climate model

information other than changes in projections
monthly means, published values may

be available for your region from the

Source of information | Variables Statistical Averaging or sampling
available basis of period
change
Change factors from Precipitation, |Average Average monthly values

temperature monthly values | for a reference period
(usually 1960-90) are
compared to a future 30-

year period.

IPCC or local sources.

Exceedance

IPCC reports which can be found on the

IPCC website often contain values for all
regions of the globe though these must
obviously be used with caution as your

IPCC special report on
extremes (2011, 2012)

http://ipcc-wg2.gov/
SREX/

Precipitation,
temperature,
dry days, soil
moisture.

probability
(daily ), annual
maxima.

Values over a 20 year
reference period (1981-
2000) are compared to
two future periods, 2046-
2065 and 2081-2100.
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2. Identifying options
and assessment criteria

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 1.8.1). 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 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 technical report on

decision-making under uncertainty (Willows, 2003)

outlines a checklist approach for vulnerability

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making 6. Case

projections under uncertainty  studies

Vulnerability assessment

assessment. This approach is presented here. While
the checklist approach is fairly simple, it provides a
useful structure for ensuring that all potential
impacts have been considered and 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 1.7.1.

1. Obtain information on projected changes in cli-
mate variable from the IPCC, global and regional cli-
mate models, and other published reports by mete-
orological institutes and research organizations.

2. ldentify 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 1.8.2).

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.

The checklist method for vulnerability assessment

4. 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 as-
sessment.

5.Estimate the level of confidence in the link be-
tween 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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2.2
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Introduction to identifying options and assessment criteria

Flow chart for identifying options and assessment criteria

Options for flood risk

Options for water scarcity
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2.6 Developing
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-making

Identifying adaptation options

criteria

This section is primarily relevant for climate change
adaptation assessments, where the identification
and comparison of options to adapt to climate
change is required (section 1.3).

A flow chart is provided to guide the reader through
the steps for identifying options and developing as-
sessment criteria (section 2.2). It then provides an
introduction to flood mitigation options (section 2.3)
and water scarcity adaptation options (section 2.4).
Section 2.5 describes how to undertake an initial
screening of the long-list of options to identify which
options require more detailed assessment. Section
2.6 discusses the development of criteria (indicators)
for decision-making.

What is adaptation?

Adaptation in the context of climate change is the
act of changing current practices to reduce the po-
tential negative impacts from climate change, and
should also consider impacts of other drivers
(section 1.7). 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 1.7). Adaptive water management address-
es uncertainty and complexity by increasing the ca-
pacity to learn while managing. This is achieved
through an iterative process of improving assess-
ment techniques, management policies and adapta-
tion options in response to monitoring outcomes
(NeWater 2009). See section 5.7.

More information on adaptive water management
can be found on the NeWater website.

Why is adaptation necessary?

Challenges posed by climate change can be catego-
rized into management challenges and infrastructure
design challenges. Both water resources manage-
ment 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 1.5 &
1.6). Water infrastructure has been designed for
‘current’ climatic conditions and thus may be inade-
quately 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 re-
spond to a number of drivers, not just climate
change (section 1.7).

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 de-
mand and supply management, ‘softer’ management
options, and "harder’ infrastructure options. Exam-
ples of adaptation options are discussed in sections
2.3 and 2.4. However, a list of potential adaptation
options would be almost endless. Therefore it is rec-
ommended that the reader refers to available litera-
ture relevant to their field of interest. For more in-
formation, see analysis by sector prepared for back-
ground paper to UNFCCC (2007). See also the TNA
Guidebook series (UNEP-Risp 2011) on technologies
for climate change adaptation within different sec-
tors, and FAO (2008) for vulnerability and adaptabil-
ity in agriculture.

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 uncertainties.
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2.2 Flow chart for identifying options and assessment criteria

No, it is simply an assessment of the impacts

Does the SthdV . iF’e”tif\’ of climate change on the current system
appropriate adaptation

options (be it infrastructure or

management plan)? _ _
This stage (chapter) is not necessary,

——> please proceed to Chapter 3:

Formulating the modelling approach.

6. Case
studies

Identify a long list of potential options which may meet your objectives,
—> considering the way they interact with climate change and how they are
consistent with existing initiatives/plans (e.g. sections 2.3 & 2.4).

H

Using the objectives and priorities developed in the previous stage
develop a set of criteria which any option must meet in order for it to
be considered adequate or appropriate (e.g. sections 2.3 & 2.4).

R

Consider categorizing the long list of options by option type (such
as win-win, low regret, high resilience) to better understand or
define the strengths of each and how they may meet your
objectives and priorities. Section 2.5.

v

Screen the long list of options using the criteria you
developed, to generate a short list of preferred
options to be investigated in more detail. Section 2.5.

|

Develop a list of indicators which it will
be necessary to calculate in order to
assess and compare the short-listed
options (section 2.6).
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Options for flood risk

How is flood risk changing?

Flood risk is increasing with increases in flood dam-
age as a result of increasing development and popu-
lation. This can be exacerbated by changes in land
use change upstream in a river system (eg. defor-
estation) and downstream (urbanisation) with less
infiltration and more runoff. In many cases it ap-
pears that climate change will increase this risk. Cli-
mate model simulations indicate climate change will
lead to increases in intensity and variability of rain-
fall as a result of increases in either the frequency of
heavy precipitation or the total precipitation during
heavy precipitation events. The complex relation-
ship between rainfall and the processes generating
runoff, their timing and the effects of land use
change, make it difficult to make general statements
about the impact of these changes on future chang-
es in runoff and flooding. The vulnerability to chang-
es 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 de-
signed against a flood with a certain statistical re-
turn period and may fail more frequently under cli-
mate change.

Flood management is a well-established discipline
and there are many potential flood protection
measures. Traditionally these are split into structur-
al and non-structural measures (Table 2.3.1 ); how-
ever, 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 embank-

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making 6. Case

projections under uncertainty  studies

ments 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:

1. Increasing natural retention and storage capaci-
ty or making room for water

2. Strengthening existing or construction of new
protection structures

3. Building resilience

4. Forecasting, early warning, and preparedness.

1. Increasing natural retention and storage capacity
or making room for water

Flood impacts at downstream locations can be re-
duced 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 rec-
reational areas, sport fields, etc. where it is less
costly and damaging to accept floodwaters. Polders
and flood control reservoirs are widely used particu-
larly in Europe and are often contained by dikes
and/or dams. This can also be achieved by flood
diversion channels that move water to other chan-
nels 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

Table 2.3.1: Examples of structural and non-structural flood adaptation measures

Structural Non-structural
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Dikes

Zoning controls

Polders

Regulation of construction on flood plains

Flood Diversion channels

Flood proofing

Real time monitoring networks

Flood forecasting

Control structure e.g. gates

Optimization of reservoir and structure

operations
Pumps Flood preparedness
Reservoirs Public Educations

Flood insurance
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of the embankments further away from the river or re-
moving natural or man-made obstacles.

The protection and/or restoration of "natural infrastruc-
ture’ (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 embank-
ments 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 in-
creased 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 de-
signed 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 rat-
ed for a 20 percent higher discharge or planned so that
they can be upgraded if needed. See section 4.9 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 up-
grading 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 resili-
ence. 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

3. Formulating the water
resources modelling approach
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Options for flood risk

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
minimize development in such flood prone areas.

4. Forecasting and early warning systems.

Flood forecasting and early warning has a number of ad-
vantages with respect to flood protection. Forecasts are used
for initiating emergency contingency plans, operating of struc-
tures and flood protection reservoirs, or the evacuation of
affected areas. Forecasting also permits more effective opera-
tion of water resource systems such as water supply reser-
voirs, cooling water supply, hydropower schemes, water trans-
fers and diversions. Even when flood protection infrastructure
isin place, flood forecasting can be used to manage the resid-
ual risk during the most extreme events.

Flood forecasting and warning represents a low-regret meas-
ure, 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 embank-
ments. 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 including MIKE FLOOD
and MIKE 11 (see DHI Tools section).

60-second summatry...

® Flooding is expected to increase in intensity and fre-
quency 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 resili-
ence under uncertainty.

® An effective adaptation strategy may include both
structural and non-structural measures.
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Options for water scarcity

How is climate change likely to affect water scarcity?

In the coming decades, total run-off is projected to increase by 10-40% at high latitudes and in some wet tropi-

cal areas (though with greater seasonal variability), and decrease by 10-30% in some dry regions (IPCC 2007c).

Groundwater recharge is expected to decrease significantly in some already water-stressed arid and semi-arid

areas (IPCC 2007c). 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 (IPCC 2007c).

What are adaptation options for planning for water
scarcity?

There is a large range of supply and demand side ad-
aptation options for water scarcity (see table 2.4.1, as
well as FAO 2008, UNFCCC 2007, and UNEP-Ris@
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 like-
ly to benefit other sectors, benefits and costs should
be shared between sectors. Part of the solution for
addressing water scarcity is the development of effi-
cient allocation systems, with users being allocated
various priorities. MIKE Basin, coupled with DHI’s
Decision Support System (DSS) (see DHI Tools sec-

tion), is an ideal tool for developing allocation strate-
gies and trialing benefit-sharing options. The DSS
includes an economic component that allows for an
analysis of allocating water to highest-value users, as
well as altering users to generate more value from
the system. Valuing domestic and environmental wa-
ter needs is complex and requires considerable ex-
pertise.

The next sub-sections provide more detail on the

likely impacts and adaptation options for water scar-
city for sectors. Modelling approaches and tools for
assessing different options are discussed in section 3.
Further information on sector impacts and adapta-
tion (section 1.6). Detailed analysis by sector pre-
pared for background paper to UNFCCC (2007). See
also the TNA Guidebook series (UNEP-Risg 2011) on
technologies for climate change adaptation within
different sectors, and FAO 2008 for vulnerability and
adaptability in agriculture.

60-second summary...

® \Water scarcity is expected to become more se-
vere, particularly in already arid and semi-arid
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.

Table 2.4.1: Supply and demand side adaptation options (IPCC 2008)

Supply side

Demand side

Prospecting and extraction of groundwater | Improvement of water-use efficiency by recycling water

Reduction in water demand for irrigation by changing cropping
calendar, crop mix, irrigation method and area planted

Increasing storage capacity by building
dams and reservoirs

Reduction in water demand for irrigation by importing agricul-
tural products (i.e., virtual water)

Desalination of sea water

Expansion of rain-water storage Promotion of indigenous practices for sustainable water use

Expanded use of water markets to re-allocate water to high-
value uses

Removal of invasive non-native vegetation
from riparian areas

Expanded use of economic incentives including metering and
pricing to encourage water conservation

Water transfers

Identifying adaptation options
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Impacts and options: Water and Agriculture

Agriculture is extremely vulnerable to climate change, which
is expected to impact rain-fed, irrigation and livestock agri-
culture. However, not all impacts will be negative, with re-
gional differences (section 1.6).

Adaptation options can be categorized as:

o 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 invest-
ment and/or practice improvements developed by research
(addressing plant/animal species or varieties, genetic im-
provements, water retaining or application efficiency en-
hancing practices, improved tillage, better methods of ferti-
lization, pest management practices etc.) (McCarl 2008).

See also FAO 2008, IFPRI 2009, and UNEP-Risg 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 1.5) 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 variabil-

ity.
Adaptation options include:

eIncrease water and energy efficiency

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

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making

projections under uncertainty

Options for water scarcity

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

eUse alternative water sources for cooling (e.g. treated mu-
nicipal and industrial waste water).

Impacts and options: Water & urban areas

Climate change is expected to impact negatively on reliable
water supply in many areas (section 1.5) (Hunt and Watkiss
2011).

Adaptation options include: demand management, water-
use efficiency, rainwater harvesting, water storage and con-
servation techniques; water re-use; desalination (Lankao
2008).

Impacts and options: Water & the environment

The environment typically receives a lower priority than oth-
er sectors. Of all ecosystems, freshwater ecosystems will
have the highest proportion of species threatened with ex-
tinction due to climate change (Millennium Ecosystem As-
sessment, 2005). Climate change and other drivers are ex-
pected to decrease water resources availability for the envi-

ronment.

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 re-
sources 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 withdraw-
als). This has been implemented successfully in some loca-
tions, including the state of Victoria in Australia, which in-
cluded environmental water entitlements as part of the Wa-
ter Act as early as 1989 (VicGov 2011).

6. Case
studies
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2.5 Screening options

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 2.5.1. Options falling
under more than one category are likely to be preferable. Guidelines for initial screening of options are
shown in the grey box on the following page.

As climate change is usually only one of many drivers impacting water resources (section 1.7), 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 munici-
palities, irrigation districts and government. So while the options themselves may not be particularly new,
the importance of implementing them is likely to increase under climate change. Many countries are work-
ing on integrating climate change policy within regular planning cycles by establishing appropriate law and
policy (UNFCCC 2008).

2.5 Screening
options

Table 2.5.1: Adaptation option categories (LUC 2006)

Adaptation Symbol | Description
option
category
Win / win Win / win measures deliver multiple benefits e.g. for economic development or
/ wider sustainability as well as adapting to climate change. E.g. increasing
irrigation efficiency requires less energy for pumping and also means lower
operational costs.
No / low No / low regrets measures deliver benefits now and in the future whatever the
2 regrets < extent of climate change. They may be low cost but have the potential of
(@) delivering high benefits. No / low regrets measures do not rule out options for
'g_ further adaptation in the future.
o
S Flexible 2 Flexible measures are part of an adaptive management approach—a sequential
] process of making the best decision at each stage, without constraining options
S for further adaptation in the future.
o
O
O High High resilience measures provide the ability to prevent or recover quickly from
(49]
o0 resilience x climate change impacts (e.g. building which are designed to cope with flooding
£ of basements).
>
C:'—
)
C
)
S
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Are there any methods 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 section 5. There are 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 assess-
ment of options (see grey box).

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 infra-
structure 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 2.6 and chapter 5.

2. Identifying options
and assessment criteria

3. Formulating the water 4. Developing 5. Decision making

resources modelling approach projections under uncertainty

2.5 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 evalua-
tion 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.

e Win/win; No/low regrets; Flexible; Resilient (see table 2.5.1)

e Positive environmental impacts (current or potential)

e Politically acceptable

e Cost effective

e Feasible

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

e Effective

e Sustainable

e Synergies with national/international or sectoral plans

e Potential for up-scaling/replication;

e Immediate impact / response to urgent needs.

To this list should be added a selection of the criteria developed as described in
section 2.6. However, not all criteria need necessarily be used. A short-list of cri-
teria can be used for the initial screening.

It is recommended that a table be created as shown below and a qualitative de-
scription is made of how each option addresses each criteria. Options should al-
ways be compared to the ‘do nothing’ option. The number and range of individu-
als 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 experi-
ence 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 2.5.2: Example screening template

Win/ | No/low | Fle- | High Crite- | Crite- | Com-
win |regrets |xible |resili- riaX |riaY |ment
ence
‘Do
nothing’
Option A
Option B

6. Case
studies
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Developing criteria for decision making

This section deals with developing
criteria to compare options. This is
a more detailed approach than the
initial screening of options de-
scribed in section 2.5, but is consid-
ered here as it builds on the initial
screening and may affect the for-
mulation of the water resources
modelling approach (section 3),
and will be utilized when making
decisions under uncertainty
(section 5).

Which criteria need to be defined?

Development of decision making
criteria should include criteria
against which options will be ap-
praised and rules for decision mak-
ing. 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 ben-
efits, costs, equity, public accepta-
bility 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 tech-
niques may be appropriate for
overall assessment and comparison
of different options. If other crite-
ria besides monetary costs and
benefits will be used, then multi-
criteria analysis may be appropri-
ate. 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 con-
straints, then a cost-effectiveness
analysis may be appropriate.

The criteria used to assess options
and the method used for overall
appraisal and comparison may de-
pend on the problem type. If the
project or study is driven by a cli-
mate adaptation problem, then
regulatory or policy constraints
may be present and a cost-
effectiveness 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 multi-criteria
analysis may be more appropriate.

What are some examples of rules
for decision making?

Rules chosen for decision making
should be related to risk prefer-
ences. If a risk-neutral approach is
preferred (section 1.4), then it may
be appropriate to base decision
making on benefit maximization or
cost minimization, with benefits
and costs measured using either
cost-benefit analysis or multi-
criteria analysis. If the decision-
maker is risk averse (section 1.4),
then other approaches such as the
minimax or maximin rules may be

useful. These rules are described in
section 5.

What are “climate thresholds”?

It may be useful to define “climate
thresholds” that represent tolera-
ble limits to climate risk. Thresh-
olds 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 event is a
change of legal, regulatory, eco-
nomic or cultural behaviour that is
triggered by climate states. An ex-
ample of a behavioural event is a
critical minimum crop yield that is
need for production of a particular
crop to be economically viable; if
yields fall below this level, a behav-
ioural change is triggered because
farmers will have to shift to anoth-
er crop or land will go out of pro-
duction. Many systems are charac-
terized by adaptive capacity that
delays the onset of behavioural
thresholds (e.g., efficient irrigation
practices or substituting other in-
puts for water. Estimates of behav-
ioural thresholds should consider
how thresholds might change as a
result of adaptation actions.

60-second summatry...

® Criteria that can be used to assess options can include monetary
benefits, costs, equity, public acceptability, and ease of implemen-

tation.

® 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.
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3.1 Introduction to formulating the water resources modelling approach
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2. ldentifying options
and assessment criteria

modelling approach

How might modelling approaches be differentin 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. Depend-
ing on the type of problem, models used can include
representations of rainfall-runoff relationships, flood
frequencies, river hydraulics, reservoir operations,
crop water use, groundwater flow, or integrated mod-
els of surface water and groundwater. When develop-
ing these models for use with climate change projec-
tions, model development may need to be ap-
proached differently. The following considerations
apply generally to most models:

1) Models should be driven by data that are simulat-
ed reasonably by climate models. In some cases, it is
common to use historical timeseries of runoff directly
for infrastructure design and water resources man-
agement projects. Although climate models produce
estimates of runoff, these projections are not calibrat-
ed 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 rainfall-runoff models driven by project-
ed rainfall.

2) Data sets of historical data should be developed
because of downscaling and statistical correction
requirements. 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.

3) Modelling approaches should be set up to ac-
commodate multiple scenarios or ensembles of
input data. Uncertainty assessment approaches

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.

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making 6. Case

projections under uncertainty  studies

Introduction to formulating the water resources

(section 5) may require multiple model runs using
different assumptions. Modelling approaches should
be set up to multiple runs with different assumptions
in an efficient manner.

4) Model- and input assumptions should be evaluat-
ed to ensure validity of calibration in a future scenar-
io. Model calibration and scenario analysis are only
valid if assumptions do not change. Under climate
change this might not be the case and changesin e.g.
ecosystem structures might have significant impact
why assumptions should be evaluated and projected
into the future.

5) Other drivers should be projected into the future
and incorporated into the modelling. Assumptions
about economic growth, population growth, and oth-
er 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 associated with
emissions scenarios. However, local projections of
drivers may deviate significantly from these global
assumptions.

Uncertainty in impact modelling

The choice of model and the way in which the model
is structured and parameterized is an additional
source of uncertainty in the study of climate change.
The relative contribution of impact model uncertain-
ty compared to the uncertainty in climate projections
(including uncertainty in climate forcing scenario,
GCM, RCM and statistical downscaling; see

) 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 parame-
ter uncertainty is relatively more important com-
pared to other uncertainty sources. In catchments
where spring snowmelt dominates the generation of
extreme flows, and hence is controlled by tempera-
ture, uncertainties in climate scenario and statistical
downscaling are dominating.
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3.2 Flow chart for formulating the water resources
modelling approach

Be clear on the objectives of the water resources / impact modelling |

(section 1.4).

Determine whether any options need to be assessed using water |

resources modelling (section 1.3).

H

Undertake quick analysis of potential impacts of climate change
on the project, before undertaking detailed modelling (sections

1.5, 1.6,1.8)
-

Select the appropriate modelling tools based on objectives of the
project, options that need to be assessed and data and resources
available (sections 3.3-3.7 & appendix).

—

Are there any aspects of the
I projects which may be affected

by climate change?

Yes

W No

Amend modelling approach to account for potential
impacts of climate change and other drivers (sections
1.7&3.1)

Undertake impact modelling, N,
incorporating climate

Undertake impact modelling as normal.
projections (section 4).
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1. Defining
the problem

3.3

2. ldentifying options
and assessment criteria

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.

1) 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 levels, 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.

2) 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

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making 6. Case

projections under uncertainty  studies

also affect sea water levels, then potential climate
change impacts on storm surge intensities should be
included in the modelling approach. The Vidaa case
study (see section 6.1) provides an example of a
coupled river and coastal modelling approach.

3) 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.

How can DHI tools help? MIKE FLOOD, MIKE 11, MIKE
21C (see DHI Tools section)
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3.4

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:

1) 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 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.

2) Inflow predictions should be based on rainfall-runoff
models and not on historical river flow data. As with flood
frequency analysis (see section 3.3), it should not be assumed
that past inflow patterns are representative of inflow patterns
under a climate change regime.

3) 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

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making

projections under uncertainty

Reservoir design and operations

accumulation and melting rates should be represented
explicitly.

4) 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.

5) 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:

e Changes in nutrient loadings

e Changes in nutrient retentions

e Thermal stratification

e Changing of habitats

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

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

The above challenges are addressed in more details in the
section Ecological, Environmental & Water Quality
Management. Specifically for reservoirs, are potentially
increases in water level extremes (high and low water levels).
This could lead to a significant reduction in bottom vegetation
and hence changing habitats.

How can DHI tools help? MIKE 11, MIKE 21, MIKE 21C, MIKE
3, MIKE BASIN (see DHI Tools section)

6. Case
studies
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3.5 Irrigation water use

In a climate change context, it may be necessary to change. Research in this area is continually de-
revise projections of irrigation water use and crop veloping, so relative impacts of these parameters
yields, which are needed for irrigation system plan- should be carefully investigated.

ning, reservoir design and operations studies, and . .
& ) | g The f ”p P 3) Changes to cropping patterns should be consid-
river basin planning. The following considerations . . . .
P g & ered. Under a different climate regime, it may no

apply to simulations of crop water use. .
PPl P longer be profitable to grow some crops. It may

1) River basin planning and reservoir operations be useful to develop an economic model that can
models should calculate crop water use dynami- be used to predict how cropping patterns might
cally, based on a soil moisture balance. Climate change in response to climate change

change is expected to increase evaporation rates . AT
g P P " 4) Increases in salinity in coastal areas should be

depleting soil moisture and increasing crop water

considered.
3.4 Reservoir requirements. Changes to precipitation patterns
st ane could change rates at which soil moisture is de- ) Charrges in storms and !ncreased wash ‘?Ut of
pleted. Crop water requirements should not be nutrient should be considered. Increase in ex-
approach fixed or based on historical values but rather tremes like storms will result in increased surface
computed dynamically from a soil moisture bal- run-off, and hence increased erosion and
ance model forced by climate projections. transport of pollutants from land to water bod-

ies, as well as increase the bank erosion. This has

2) Temperature and CO, impacts should be includ- to be addressed in the load estimation associated

ed in crop yield models. There is evidence that with the different climate scenarios. Further-

changes in temperatures and CO, concentrations . . .
more, increased wash-out of nutrient will poten-

associated with climate change and greenhouse . . s
g g tially affect crop yields and use of fertilizer.

gas emissions will have impacts on crop yields.
Changes to these parameters may have impacts How can DHI tools help? MIKE BASIN (see DHI Tools

on crop water requirements, as the amount of section)

water needed to maximize crop yields may
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There is still considerable uncertainty about the potential
impacts of climate change on groundwater. Furthermore,
impacts on groundwater systems are expected to take place
more slowly than in surface water systems. In general,
recharge rates are expected to decrease, and risks of
salinization are expected to increase (IPCC 2007c). The
following items should be considered when developing
groundwater models in a climate change context.

1) 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.

2) Coastal aquifer studies should consider impacts of sea
level rise. Projected increases in mean sea levels could have

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making 6. Case

projections under uncertainty  studies

3.6 Groundwater

impacts on salt-water intrusion in coastal aquifers,
exacerbated by slower recharge rates.

3) Salinization 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 salinization due to
increased evapotranspiration.

4) Groundwater/surface water 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.

How can DHI tools help? FEFLOW, MIKE SHE (see DHI Tools
section)
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3.7 Environmental Management
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3.3 Flood
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3.4 Reservoir

design and
approach

3.5 Irrigation water

use

3.6 Groundwater

Formulating the modelling approach

Climate change may have significant impacts on fresh-
water habitats including rivers, lakes, and wetlands.
According to the fourth IPCC report (2007), out of all
ecosystems, freshwater aquatic ecosystems appear to
have the highest proportion of species threatened
with extinction by climate change.

The following considerations apply when developing
models to address ecological, environmental and wa-
ter quality management :

1) Climate impacts on lake ecosystems should be
investigated using an ecosystem/biogeochemical
modelling approach . Increasing temperatures associ-
ated 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 gas-
ses. 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.

2) Climate impacts on river habitats should be inves-
tigated using temperature modelling. Aquatic species
rely on a set of parameters defining their preferred
habitats. In this perspective, temperature is an im-
portant parameter for almost all living organisms, and
changes in temperature might change living condi-
tions for a number of aquatic species directly or indi-
rectly through the potential changes in food web.
These impacts should be investigated using a temper-
ature modelling approach using boundary conditions
from climate projections, and combining with
knowledge on key species and their preferred habi-
tats.

3) Increased difference between high flow and low
flow in rivers and wetland areas should be ad-
dressed. 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
draughts). Change of periods with flooding and drying
out will have significant impact of wetland areas. Spe-
cial attention has to be paid to highly protected areas

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making 6. Case

projections under uncertainty  studies

such as Nature 2000, Ramsar areas, etc. This might
influence biodiversity in general and threaten species
in particular.

4) Changing morphology will influence habitats of
some species. Erosion and changes in river morpholo-
gy can be important to some habitats like e.g. spawn-
ing 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 con-
ditions 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 sub-
strates, may not be explicitly simulated and thus pre-
dictions of the influence of climate change need to be
evaluated.

5) Changes in diffuse loadings of nitrogen and phos-
phorous 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 run-off, storm water overflow on sewage sys-
tems, run-off through drains and groundwater run-off
etc.) will change and enhance the resulting loads of N
and P. This can be evaluated through dynamic hydro-
logical models like NAM, MIKE Basin or MIKE SHE.

6) Changes in diffuse loadings of nitrogen and phos-
phorous 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 radically change the inter-
correlated water and nutrient balances in the soil
through complex biological processes. Adding chang-
es to cultivation practises and fertilizer application will
add to the complexity. Given that changes in the com-
position of crop types can be predicted as a result of
climate change the impact on N and P leaching can be
evaluated through process deterministic models such
as DAISY, MIKE SHE or ECO LAB.
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3.7 Environmental Management

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

8) Thermal stratification. One important issue when evalu-
ating 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 in different ways
and allow for the thermoclines to form or degrade with cli-
mate changes. When thermocline forms, potential anoxic con-
ditions might develop with potential large impact on the water
quality. Furthermore, an increase period of stratification will
increase the period of surface nitrogen exhaustion and hence
the likelihood for the occurrence of cyano-bacteria. 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.

9) Nutrient retention in lakes: Climate change can influence
the nutrient retention in lakes and reservoirs. It is however
not a simple task to evaluated and simulate such change be-
cause it highly depends on how the ecological balance and the
biological processes is impacted and are acting together. The
change in retention of P and N respectively may be very differ-
ent. In stratified lakes and reservoirs the climate change may
increase the risk of oxygen depletion in deeper water masses.
If the oxygen becomes critical low it may result in release of
phosphorus from sediment and reduced retention of P. It will
however highly depend on the chemistry of sediment and
water. The oxygen balance also influence the nitrate cycle in
the water body. The biological processes ammonification, ni-
trification and denitrification will be stimulated by increased
temperature. Anaerobic condition will inhibit the nitrification

processes but stimulate the denitrifcation. The resulting effect
on N-retention from climate changed can in a lake or reservoir
be positive as well as negative depending on the balance be-
tween these processes.

10) Potential hazards due to changing health risks. Generally,
temperature is expected to increase worldwide, and tempera-
ture is a very important parameter for a number of organisms.
From a drinking water perspective pathogens/parasites/vira
might be able to survive for longer periods of time or new
ones might be introduced.. Is the water 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 in-
crease with temperature. Furthermore, changes in nutrient
and suspend solids inputs will impact both survival and form-
ing of these organisms

11) Investigations of wetland ecosystem impacts should also
include climate impacts on catchment inflows and regional
groundwater flows. Wetland ecosystems are sensitive to wa-
ter balance changes, particularly in regions where precipita-
tion does not greatly exceed evapotranspiration. It is im-
portant 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. Cli-
mate change impacts on catchment and regional groundwater
flows should be estimated using rainfall-runoff and groundwa-
ter models driven by climate projections. This is particularly
important for seasonal wetlands, which may be impacted by
shifts in precipitation and evapotranspiration patterns.

12) Increased surface runoff and erosion along rivers will
affect phosphorous transport. Phosphorous is strongly linked
to soil particles why change in surface runoff and erosion in
the riparian zone will greatly affect phosphorous loads down-
stream these areas. To be able to address these issues MSHE
ECOLAB or SEAGIS models should be applied.

Other considerations discussed in sections 3.3 to 3.6 may also
be relevant for environmental management studies.

How can DHI tools help? MIKE SHE, MIKE 3, ECOLAB, MIKE
FLOOD, MIKE 11 (see DHI Tools section).

6. Case
studies
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4.1 Introduction to developing projections

All climate change studies will require some future
4.1 Introduction to projection of climate variables. Here, we focus on
developing changes in variables most relevant for water re-
projections sources: 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 oth- Projections of future

er variables, such as changes in irrigation demand

society
for agriculture, water supply or flood risk.
Projections may be taken from global climate mod- {}
els (GCMs) or regional climate models (RCMs) which
are driven by the global models. These results must Climate forcing scenarios
then be processed and downscaled to represent
climate at the site of interest, before being used in G
an impact model. The development of climate pro-
jections is illustrated in figure 4.1.1. Global Climate Model
Studies with smaller scopes may use published projections
changes in climatic variables or sensitivity analyses
to investigate future climate scenarios. {}

In some cases, developing projections of extremes

Regional Climate model
projections

may be necessary to investigate whether infrastruc-
ture will still provide an adequate level of protection

in future or for the design of new infrastructure.
Joint probability analysis may be necessary to inves- {}

tigate the risk of multiple climate hazards occurring
simultaneously. Statistical downscaling
This section provides background information and

practical guidance on how to develop projections of {}
climate variables and sea level rise.

Other projections may be necessary to investigate .
i i Impact modelling
future scenarios such as population or land-use

8 change, but these are not directly discussed here.

.O This section starts with a flow chart aimed at as- {}

E sisting practitioners in the various stages of devel- Implementation of

ﬂ oping climate projections. It is designed to be appli- infrastructure or

g_ cable to projects of different scopes. management plan and

00 The background information necessary to develop monitoring

E climate projections is organised in the 9 sections of
this chapter, which can be seen in the menu on the Figure 4.1.1: The flow of information in
left. developing climate projections

Develop
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4.2 Flow chart for developing projections
List of required climate variables and List of available observed climatic data
time horizon for impact modelling ) which can be used in downscaling )
) | :
Do | have the
Yes resources to use
\ GCM or RCM
Initial screening to decide which data?
climate projection data you will
investigate
v Check for published changes
Decide which method of downscaling for your regions or site?
and bias correction you will use. Check for national
| guidance?
Climate forcin Do you need to
scenarios access the raw
data? Data
Global repository of
. processed
— Climate
Model data
o e'_rluns :,: Download
Pre-run RCM- Extract raw processed
GCM NetCDF files data
combinations > J/
A4

Process raw
climate
projection data

Downscale and bias correct projections |

Perturb observed data
based on your literature
review

Online climate
—> model
databases

Yes Do you also need

Devel evel sea level
evelop sea leve _ projections?

rise projections

v

Estimate uncertainty
in projections

\b_l

Climate projections and error \
margins for impact modelling )
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Climate forcing scenarios

Climate forcing refers to anything which forces a
change in the climate system. Here it refers to emis-
sion scenarios or representative concentration
pathways providing projections of atmospheric con-
centrations of greenhouse gasses. These scenarios
are used as the driving input to global climate mod-

els 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 green-
house gas concentrations.

What are the various scenarios?

There are three main sets of climate forcing scenari-
os : SRES scenarios, non-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 6 widely
used illustrative scenarios: A1B, A1F1, A1T, A2, B1,
B2 (Table 4.3.1). The global greenhouse gas emis-
sions and the corresponding projected increase in
global surface temperature for the six SRES scenar-
ios are shown in Figure 4.3.1.

More information on SRES scenarios can be found
in the IPCC Special report on emissions scenarios.

Non-SRES scenarios are not based on narratives but
simulate various changes in concentrations.

Representative Concentration Pathways RCPs are
the latest scenarios developed. There are 4 RCP

pathways shown in Table 4.3.1 based on a range of
radiative forcing scenarios rather than emissions.
They provide a wider range of futures than the pre-
vious scenarios (Van Vuuren et al., 2011). More
information can be found in Moss et al 2010.

How do the new RCP scenarios compare to the
SRES scenarios?

The CO2 emission rates for the RCP scenarios are
compared to the emission rates for the SRES sce-
narios B1, A1B and A2 in Figure 4.3.2. 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 sce-
narios 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 trajecto-
ries.

Who developed the scenarios?

The SRES and RCP scenarios are developed by the
IPCC.



http://www.ipcc.ch/pdf/special-reports/spm/sres-en.pdf
http://www.nature.com/nature/journal/v463/n7282/full/nature08823.html
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4.3 Climate forcing scenarios
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Figure 4.3.1. Taken from IPCC AR 4 report (http://www.ipcc.ch/publications_and_data/ar4/syr/en/contents.html) showing the
range of global greenhouse gas emissions (left) and corresponding global warming (right) for different SRES scenarios. The bars

on the right show the likely range of temperature increase in 2100 (relative to the period 1980-1999).
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Figure 4.3.2 Comparison of CO, emissions for SRES and RCP
scenarios (van Vuuren et al, 2009)

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 uncer-
tainty is partly addressed by the wide range of futures which the scenarios collectively represent.

The relative importance of climate forcing scenario uncertainty compared to other uncertainty sources in climate projec-

tions 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.
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Climate forcing scenarios

If SRES emission scenarios were devel-

oped in 200

sions tracking relative to those projec-

tions?

We are tracking towards the higher end
of the range of SRES illustrative scenari-
os (Figure 4.3.3). However, short-term
variations in emissions do not deter-
mine the long-term pathways and re- 7
cent emissions cannot be used to select
between long-term projections.

AlB

0, how are current emis- nE- 30 ATF1

Fossil fuel CQ, emissions (GC yr™)

6

CRD VLG8 5. Decision making 6. Case
studies

I
1990 2000 2010

Year

Figure 4.3.3: Black dots and white dot showing observed emis-

sions relative to projections (Manning et al., 2010).

Table 4.3.1 Some of the main climate forcing scenarios and their assumptions

Scenario | Assumptions (Source IPCC website)

The SRES scenarios (2000)

AlB A future world of very rapid economic growth, low population growth and rapid introduction of new
and more efficient technology. Major underlying themes are economic and cultural convergence and
capacity building, with a substantial reduction in regional differences in per capita income. In this
world, people pursue personal wealth rather than environmental quality. Energy technologies bal-
anced across energy sources.

A1FI As A1B but with fossil-intensive energy technologies.

Al1T As A1B but with predominantly non-fossil energy sources.

B1 A convergent world with the same global population as in the Al storylines but with rapid changes in
economic structures toward a service and information economy, with reductions in materials intensity,
and the introduction of clean and resource-efficient technologies.

A2 A very heterogeneous world. The underlying theme is that of strengthening regional cultural identities,
with an emphasis on family values and local traditions, high population growth, and less concern for
rapid economic development.

B2 A world in which the emphasis is on local solutions to economic, social, and environmental sustainabil-

ity. It is again a heterogeneous world with less rapid, and more diverse technological change but a
strong emphasis on community initiative and social innovation to find local solutions.

RCPs (2011)

RCP8.5 Rising radiative forcing pathway. Leading to 8.5 W/m2 in 2100.

RCP6 Stabilization without overshoot pathway. Leading to 6 W/m2 at stabilization after 2100.
RCP4.5 Stabilization without overshoot pathway. Leading to 4.5 W/m2 at stabilization after 2100.
RCP2.6 Peak in radiative forcing at about 3 W/m2 before 2100 and then a decline.
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4.3 Climate forcing scenarios

Working with climate forcing scenarios

Which emissions or concentration scenario
should I use for my project?

In practice, datasets available will be based on
one of the scenarios in table 4.3.1. Newer runs
will likely use one of the RCP scenarios and older
runs will use the SRES and other scenarios. It is
recommended to use the latest available da-
tasets 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 sce-
nario in the analysis. For longer projection hori-
zons it is generally recommended to include
more scenarios, e.g. a median, low and high sce-
nario, which cover the range of scenarios. If focus
is on changes in precipitation, differences be-
tween 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.

studies
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Global Climate Model projections

What is a GCM?

Global climate models (GCMs) are used for projec-
tion of future climate. GCMs 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 re-
sponse to different climate forcing scenarios of at-
mospheric composition of greenhouse gases (see
climate forcing scenarios).

Which processes do they simulate?

GCMs run on a grid at a coarse scale, which means
they cannot model small and meso-scale processes.
Physical parameterisations are used to model sub-
grid scale processes such as cloud processes, convec-
tion, boundary layer processes (turbulence), radia-
tion 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 green-
house gas emissions.

GCMs are constantly being improved, with new pro-
cess descriptions, increased horizontal and vertical
resolutions, and improved parameterizations of the
physical processes.

How many GCM climate projections are available?

GCM climate projections from various modelling
groups have been collected and made available in
the Coupled Model Intercomparison Projects (CMIP).
The 25 GCMs (from 18 modelling groups) which par-
ticipated in the CMIP3 intercomparison project and
reported in the IPCC 4th Assessment Report, are

listed in the appendix. Details of the models can be
found on the Program for Climate Model Diagnosis

and Intercomparison (PCMDI) website. Most of the
25 GCMs have been run with the SRES scenarios A2,
A1B and B1.

44 different GCMs from twenty modelling groups are
involved in the current intercomparison study
(CMIP5) which will be reported in the IPCC’s 5th As-
sessment Report (scheduled for September

2013). The CMIP5 data archive is currently being
populated with GCM results that are based on the
new RCP scenarios.

How do GCMs perform and how different are the
GCM projections?

It is generally accepted that GCMs 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 (Randall et al., 2007). The models

have significant errors at smaller scales but also large
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4.4 Global Climate Model projections

errors are present in the simulation of large scale features. One  been performed that evaluate the performance of GCMs. These

important source of error is the parameterization of sub-grid studies show that there is no “best” model and that the average
scale processes. Due to these model deficiencies, GCM projec- of several models outperforms any of the individual models (e.g.
tions may have significant biases and cannot, in general, be di- Gleckler et al., 2008). It is therefore recommended to use an
rectly applied for impact modelling. ensemble of GCM projections for impact studies which also al-
lows for the evaluation of uncertainty. To properly address the
Since the GCMs have different numerical cores, model resolu- variability in GCM projections at least three GCMs should be
tions, and physical parameterizations, they produce different selected, corresponding to a low, median and high projection of

projections. Model biases vary between the different models for  change in the climate variables being considered.
different variables and in different regions. Several studies have

Working with GCM data

How do I get hold of GCM projections? Processed changes in mean temperature, precipitation and
o . ) potential evapotranspiration from the CMIP3 GCMs for

S IS BB Ve L [ B Qe ] L 2l SRES scenarios A2, A1B and B1 have been made available in

the MIKE by DHI Climate Change tool (see DHI Tools sec-

tion). The tool can be used for fast assessment and screen-

Intercomparison Project are available online. There are two

main rounds of modelling which have datasets available:
CMIP3 and CMIP5 (currently being populated). All GCM
data are available for non-commercial use, and a subset of

ing studies by modifying baseline boundary data of the im-

pact model with projected changes.
data is available for unrestricted use. GCM projections for a

large number of climate variables can be obtained from the A list of the GCMs used for the 4th assessment report is
CMIP data archives. The IPCC Data Distribution Centre pro- shown in the appendix in table Al.
vides summary data in terms of monthly mean of a subset

GCM data is available at:
of climate variables for different time slices (twenty or thir-

ty year averages). Full global data sets as well as data cover- Dttp://www-pcmdi.linl.gov/

ing user-defined regions can be downloaded. http://www.ipcc-data.org/

Use of GCM data Data can be visualized:

GCM projection data are not, in general, of sufficient reso-  http://www.ipcc-data.org/maps/

lution and reliability to be used directly for impact assess-

Are the databases updated?
ments. Typically, downscaling is necessary to obtain more

reliable climate projections at the local scale, either by us- &S often errors are found in model outputs and they are

ing dynamic downscaling (see Regional climate model pro- corrected and the databases are updated. You should check

jections) or by statistical downscaling (see Statistical the errata.

Downscaling). For larger scale (continental) impact studies  \What format do the data come in?

or for a first screening at regional or local scale GCM data .

. . . Many results are stored in NetCDF format; however, some
can be applied. In this case, changes in the mean of the ] ) )
results such as averages or climatologies may be available

in CSV format from the IPCC website.

climate variables are estimated from the GCM simulations
by comparing simulations over a baseline period, e.g. 1961-
1990 (usually referred to as control period), with simula- Do | need specialist software to work with climate data?

tions in a future period (e.g. 2071-2100). For temperature e e Chm e ey resel teelk e vl wis

NetCDF files. Further information is available here: http://
www.unidata.ucar.edu/software/netcdf/index.html.

absolute changes are usually applied, whereas for precipita-
tion and potential evapotranspiration relative changes are

applied.
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Global Climate Model projections

Will the GCM models change in
the near future?

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 mod-
elled rather than parameterized
(see regional climate model sec-
tion). 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 al-
low model uncertainty to be better
characterized.

Figure 4.4.1 shows the mean annu-
al precipitation based on the mean
of the GCM ensemble from CMIP3

as compared to observations.

(em)

30 80 150 210 270

3. Formulating the water 4. Developing 6. Case
resources modelling approach projections studies

Figure 4.4.2. Comparison of the annual mean precipitation based on

observations (a) and the GCM multimodel mean (b) (Randall et al.,
2007).
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4.4 Global Climate Model projections

Uncertainy in GCMs
Uncertainties arise from various sources such as:

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

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

e Limitations in understanding or missing observations of some physical processes (known unknowns)
e 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 un-
certainty from climate scenario and GCMs depend primarily on projection horizon and climate variable. In Fig. 4.4.3 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 be-
comes more important and GCM model uncertainty less important for increasing projection horizon. For precipitation,
scenario uncertainty has only a small contribution to the total uncertainty, also for large projection horizons. Internal varia-
bility 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.

Uncertainty in Europe, ANN decadal mean precipitation

Fraction of total variance [%]

40 80 ) 40 60
Lead time [years] Lead time [years from 2000

Fig. 4.4.3 Relative contribution to the total uncertainty of climate forcing scenario uncertainty (green), GCM model uncer-
tainty (blue), and internal variability (orange) for temperature (top) and precipitation (bottom) for Europe (from http://
climate.ncas.ac.uk/research/uncertainty/ based on Hawkins and Sutton (2009, 2010)). Results from other regions are avail-
able on the website.
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Regional climate model projections

What is an RCM?

An RCM is a Regional Climate Model that covers a
certain geographical area. As opposed to global
climate models, an RCM typically only describes the
atmosphere and uses prescribed states of the
ocean, sea ice and land. They are based on a set of
equations that models the motion of the atmos-
phere 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.

RCMs are used to dynamically downscale GCM sim-
ulations for producing higher resolution climate
projections at a regional scale. GCM results for a
given climate forcing scenario (see GCM projec-
tions) 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 het-
erogeneities 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 RCMs are available and which areas do
they cover?

RCM projections from different regions have been
made available as part of international regional cli-
mate modelling studies. These include:

e The PRUDENCE project for Europe
e The ENSEMBLES project for Europe and Africa
e The NARCCAP project for North America

e The CORDEX project (ongoing) covering all conti-
nents, see Figure 4.5.2.

In these projects a number of regional climate mod-
el simulations have been carried out, combining
different RCMs with different GCMs for different
climate forcing scenarios. The PRUDENCE, ENSEM-
BLES and NARCCAP projects are based on the SRES
scenarios, whereas CORDEX will be based on the
RCP scenarios. An overview of available RCM pro-
jections is shown in the appendix.

How do RCMs perform and how different are RCM
projections?

RCMs will, in general, provide more reliable climate
projections at the regional scale than GCMs. Howev-
er, significant errors may still be present. For in-
stance, the RCM inherits the biases and other defi-
ciencies of the driving GCM. Another important

source of error is the physical parameterisations.
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http://cordex.dmi.dk/joomla/index.php?option=com_content&view=frontpage&Itemid=53
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Working with RCM data

Where can | find RCM climate model data?

RCM projections are available from different interna-
tional projects and can be downloaded from online
climate model databases. An overview of current data
archives and available RCM projections are shown in
the appendix. For the ongoing CORDEX project the
data archive is currently being populated. For most
data archives data are freely available with unrestrict-
ed use. Data may also be available directly from the
research institutions developing the climate models.

The PRECIS RCM model, developed by the UK Met
Office Hadley Centre, has been licensed to various
countries around the world (see Figure 4.5.1) and re-
sults may be available for these countries. For details
see the PRECIS website.

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 assess-
ment. Bias correction and statistical downscaling is
required prior to the use of RCM data in impact model-
ling (see Statistical Downscaling).

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

Which RCM model should | choose?

It is generally recommended to use an ensemble of
regional climate model projections, including different
RCM/GCM combinations. In this regard, existing infor-
mation 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
4.5.3 can be used for making an assessment of RCM
performance. In addition, GCM performance and varia-
bility 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 underestima-
tion of the variability, the recommendations for choos-
ing GCMs should be followed (see GCM projections).

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 cli-
mate variables being considered.

assessment using only the available
GCM projections (see GCM projection)
combined with statistical downscaling
(see Statistical downscaling), or consid-
er the possibility for performing dedi-
cated RCM simulations for the region.
Also in the case where results from
only one RCM (for given GCM and cli-
mate forcing scenario) the use of GCM
data or dedicated RCM simulations

should be considered.

Figure 4.5.1 Red areas denote regions where the PRECIS model has

been licensed

CED VG 5. Decision making 6. Case

studies
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Figure 4.5.2. 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 per-

formed (although not all with RCM projections available).

For example, convective rainfall is not well simulated
due to the parameterisation of microphysics and
moist convection processes. To avoid physical pa-
rameterisations, 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 stud-
ies. Bias correction and statistical downscaling is
required prior to using RCM projections in hydrologi-
cal modelling (see Statistical downscaling). Model
biases vary between the different models for differ-
ent climate variables and in different parts of the
modelling domain. In addition, different GCMs used
to force the same RCM will provide different results.
Several studies have advocated the use of an ensem-
ble of model projections for impact assessment ra-
ther than relying on a single RCM projection (e.g.
Fowler et al., 2007).

As part of the ENSEMBLES project, the performance
of the participating RCMs was evaluated using differ-
ent metrics (see summary and combination of the

different metrics in Christensen et al., 2010). They
analysed the performance of the RCMs for simu-
lating 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 4.5.3. 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 assess-
ment. The differences between the models are larg-
est for the simulation of seasonal patterns and ex-
tremes (F2 and F4).
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Figure 4.5.3. 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. The models used here are listed in table A4 in the appendix.

Uncertainty in RCMs

Uncertainty in RCM projections are caused by uncertainty in the driving GCMs (section 4.4) and climate forc-
ing scenarios (section 4.3). 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 4.5.4. 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 4.5.4. 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
B Temperature - JJA temperature and
= Precipitation - DJF precipitation in winter (DJF)
H Precipitation - JJA and summer (JJA). The
different contributions do
not sum up to 100% since
the covariance terms have
not been included in the
variance decomposition.

M Temperature - DJF

Explained variance [%]

Scenario Internal
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Sea level projections

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 subsid-
ence (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/

3. Formulating the water
resources modelling approach

4. Developing
projections

ed drainage and increase in groundwater table.
Sea level projections

The projected global mean sea level rise from IPCC’s
4™ Assessment Report (Meehl et al., 2007) is given in
Table 4.6.1. Considering the six SRES scenarios a sea

level rise in the range of 0.18-0.59 m has been pro-

jected. The regional variation in sea level from the
global mean due to meteo-oceanographic factors is

shown in Figure 4.6.1.

Regional changes in the gravity field are caused by
redistribution of mass from Greenland and Antarcti-
ca. 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 fur-
ther 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

Table 4.6.1. Projected global mean sea level rise for the different
SRES scenarios reported in the IPCC 4™ Assessment Report given as
the 5% to 95% range in [m] between 1980-1999 and 2090-2099

inundation caused by direct flooding ~ (Meehl et al., 2007).
from the sea (storm surges) and fluvi-

. B1 B2 AlB AlT A2 AlF1
al flooding due to backwater effects,
saltwater intrusion of both surface Lower (5%) 018 020 021 020 023 026
waters and groundwater, and imped- ' jy50r(95%) | 038 0.43 | 048 045 051 @ 0.59

6. Case
studies
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Figure 4.6.1. Regional sea level change due to meteo-oceanographic factors relative to
the global average sea level rise calculated as the difference between 2080-2099 and
1980-1999, as an ensemble average over 16 GCMs forced with the SRES A1B scenario

(Meehl et al., 2007).

Table 4.6.2. Recently published global sea level rise projections in 2100 relative to the
period 1980-2000.

2. ldentifying options
and assessment criteria

3. Formulating the water
resources modelling approach

4.6

projections
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Sea level projections

Range of sea

level rise by Method Source

2100 [m]

0.18-0.59 Physically-based modelling Meehl et al. (2007)
0.5-1.4 Semi-empirical Rahmstorf (2007)
0.8-2.4 Palaeo-climate analogue Rohling et al. (2008)
0.55-1.1 Synthesis Vellinga et al. (2008)
0.8-2.0 Physical -constraint analysis | Pfeffer et al. (2008)
0.56-0.92 Palaeo-climate analogue Kopp et al. (2009)
0.75-1.9 Semi-empirical Vermeer and Rahmstorf (2009)
0.72-1.6 Semi-empirical Grinsted et al. (2009)
0.5-2.0 Synthesis Nicholls et al. (2011)

Table 4.6.3. Projected sea level rise in [m] by 2100 for the RCP scenarios (Jevrejeva et al.,

2011). The sea level rise is given relative to the period 1980-2000.

RCP8.5 RCP6 RCP4.5 RCP2.6
Lower (5%) 0.81 0.60 0.52 0.36
Median (50%) 1.10 0.84 0.74 0.57
Upper (95%) 1.65 1.26 1.10 0.83

could be significant (Nicholls et al.,
2011).

Since the publication of the 4™ Assess-
ment Report, the sea level projections
have been debated. Observations of
accelerations of the ice sheet discharg-
es in Greenland and Antarctica could
not be explained by state-of-the-art ice
sheet models, suggesting that the IPCC
projections underestimated the sea
level rise. A number of studies have
been conducted following the 4™ As-
sessment Report using different ap-
proaches for projecting sea level rise.
These modelling approaches include
use of palaeo-climate analogues and
semi-empirical methods that relate
changes in global sea level with chang-
es in temperature or other climate vari-
ables. An overview of projected chang-
es is shown in Table 4.6.2. Recently,
Jevrejeva et al. (2011) has published
projected sea level rise based on the
new RCP scenarios using the semi-
empirical methodology by Grinsted et
al. (2009). The results are reported in
Table 4.6.3.

All newer projections indicate higher
sea level rises by 2100 than reported in
the IPCC 4™ Assessment Report. How-
ever, large uncertainties exist. With
respect to the temporal evolution of
the global sea level rise Nicholls et al.
(2011) suggest using a quadratic
function, assuming zero sea level
rise in 1990.
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4.6 Sea level projections

Uncertainty in sea level rise

4.1 Introduction to There are large uncertainties related to the projection of sea level rise as seen in the reported results in
developing Tables 4.6.1-4.6.3. One of the largest uncertainty sources is the lack of knowledge of key processes and

projections feedbacks between climate and the ice sheets. Acceleration of the ice sheet discharge above the linear
rate used in the 4™ Assessment Report (Meehl et al., 2007) may lead to significantly larger sea level rise.
In recent years, much research has been directed to improvement of the modelling of ice sheet dynam-

4.2 Flow chart for .
ics (Church et al., 2011).

developing

The local and regional variation of sea level rise is another major source of uncertainty. This may con-
4.3 Climate forcing tribute up to about 25% of the total sea level rise (Church et al., 2011) and the uncertainty in the chang-
es of oceanic density may be up to several tens of centimeters relative to the global mean value

scenarios
(Nicholls et al., 2011). The uncertainty in local non-climate changes that will affect the change in sea
4.4 Global Climate

Model projections

level rise may 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
4.5 Regional important. In this regard, there are large uncertainties in current projections of changes in the intensity
Climate Model and frequency of tropical cyclones and extratropical storms. The increase of mean sea level will also
projections affect tides and storm surge propagation in shallow waters.

Working with sea level rise

4.7 Key variables Where can | find sea level projection data? Choice of projections
for water resources Projections of changes in global sea level can be The projections of sea level rise have large uncer-
found in IPCC 4™ Assessment Report and in newer tainties. The choice of projections will be case spe-
4.8 Statistical studies, see overview in Tables 4.6.1-4.6.3. The cific, depending on the vulnerability and associated
downscaling projections are typically given as a range with a risk of sea level rise for the region being consid-
4.9 Developin lower (5%) and upper (95%) percentile. With re- ered. For instance, in UK a scenario of up to 2m sea
- spect to regional changes in mean sea level due to level rise by 2100 has been developed (denoted
IO e e 11 changes in ocean density and circulation, projec- the H++ scenario). The probability of this scenario
extremes tions are uncertain and fewer projections exist. is unknown but was found to be relevant due to
Projections are available in IPCC 4™ Assessment large potential impacts of such sea level rise
Report and are shown in Figure 4.6.1. (Nicholls, 2011).
The global projections are usually given as sea level In general, it is recommended to apply a range of
0 rise by 2100 relative to the sea level in 1990. For sea level rise for the impact assessment, repre-
(- estimation of the temporal evolution, a quadratic ~ senting a lower, upper, and median change. Cur-
..8 function can be used. If non-climate factors such as rent knowledge suggests that the projections in
O isostatic changes and subsidence are important, the IPCC 4™ Assessment Report are probably in the
q—". these should be estimated and included in the pro- lower end, and it is recommended to consider the
e jection of the sea water level. For assessment of newer estimates (reported in Tables 4.6.2-4.6.3) in
Q. flooding, projections of extreme sea water level the analysis. For studies with large potential im-
téD should be taken into account. For some regions, pacts, it is recommended to use a high-end scenar-
E_ modelling studies have been conducted for analys- io such as the UK H++ scenario.
2 ing changes in storm surge statistics.
()
>
()
()]
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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 Montieth

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 Montieth, probably due to the fact that some of
the variables needed for Penman Montieth 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 RCM projection). For projection of sea level also other
models are used based on palaeo-climate analogues and
semi-empirical methods (see Sea level projections).

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

3. Formulating the water
resources modelling approach

CED VG 5. Decision making 6. Case
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Key variables for water resources

(often 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 GCM projections and RCM projections.

General information of 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 IPCC 4™ Assessment

Report (Christensen et al., 2007).
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Statistical downscaling

What is statistical downscaling?

Statistical downscaling methods es-
tablish links between large-scale cli-
mate phenomena and observed local-
scale climate. Statistical downscaling
is necessary because GCM and RCM
projections are produced at scales
that may not be appropriate for study-
ing local impacts. In addition, statisti-
cal downscaling is used to correct bi-
ases in GCM and RCM projections.
This is often referred to as bias correc-
tion. In some applications, temporal
downscaling also has to be considered
(e.g. downscaling of daily climate vari-
ables from GCM and RCM projections
to hourly or sub-hourly resolution at
the local scale).

A large number of statistical
downscaling procedures have been
proposed for climate change impact
studies. This review uses the classifica-
tion given by Maraun et al. (2010),
who grouped statistical downscaling
methods using the categories perfect
prognosis (PP) , model output statis-
tics (MQOS), and stochastic weather
generators (WG).

PP methods establish links between
observed large-scale climate and ob-
served local-scale climate and use
these relationships to downscale large
-scale climate model projections.
MOS methods establish links between
simulated climate and local-scale cli-
mate to downscale climate model
projections.

PP methods are usually used to post-
process GCM output, while MOS
methods are normally used to post-
process RCM output. However, it is
possible to use either approach on
both RCM and GCM projections.

The two approaches are compared in
figure 4.8.1. The figure also differenti-

Large-scale Estimated
stimate
observations L
»| statistical
model
Local-scale GCM
observations | projection
v
(a) Downscaled projection
RCM cc.)ntrol Estimated
scenario »| statistical
model
RCM Local-scale
projection | observations
v
(b) Downscaled projection
RCM control Estimated
scenario p| statistical
model
Local-scale RCM
observations | projection
v
() Downscaled projection

Figure 4.8.1. Classification of statistical downscaling methods.
(a) In Perfect prognosis (PP), a statistical relationship is developed
between observed large-scale weather and observed local scale
weather. This relationship is then used to downscale GCM projec-
tions. (b) In model output statistics (MOS), for the Type 1 ap-
proach, a statistical relationship is developed between an RCM
control simulation and an RCM projection. This relationship is
then used to develop a downscaled projection using local-scale
observations. (c)In MOS, for the Type 2 approach, a statistical
relationship is developed between an RCM control simulation and
local observations. This relationship is then used to downscale
RCM projections.
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ates between Type 1 and Type 2 MOS
(see below).

Perfect Prognosis (PP) methods

In PP, a statistical model is built that
relates observed local-scale climate
variables (predictands) to observed
large-scale climate variables
(predictors). This model is then used
to downscale GCM projections of the
future climate. The implicit assump-
tion of PP methods is that GCM projec-
tions of the future are physically plau-
sible 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 GCMs; 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,
weather-typing schemes, non-linear
methods, and analog methods.

Linear regression models

Linear regression models establish a
linear relationship between large-scale
predictors and a local-scale pre-
dictand. Because not all elements of
local-scale variation can be explained
by large-scale predictands, the model
should include a noise term. In the
most basic approaches, the noise term
is assumed to be normally distributed.
For downscaling precipitation, other
distributions have been applied, such
as a gamma distribution.

Weather typing schemes

Weather typing schemes are a special
case of statistical model in which con-
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60 second summatry...

® Statistical downscaling of climate model output is used to project climate
model projections to local scales and to remove biases associated with cli-
mate 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 character-
istics 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.

tinuous predictor variables are re-
placed by discrete weather types.
Weather typing schemes can be used
to develop direct statistical relation-
ships between large-scale weather
types and local weather or to develop
probability distributions of local
weather phenomena.

Nonlinear regression

Nonlinear regression methods can be
used to model nonlinear and nonaddi-
tive relationships between predictors
and predictands (e.g., using artificial
neural networks (ANNs)).

Analogue methods

In analogue methods, relationships are
developed between large-scale weath-
er patterns and historical local-scale
observations. Then, when large-scale
weather phenomena are simulated in
the future, it is assumed that the re-
sulting 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 Por-
tal (https://www.meteo.unican.es/

downscaling/ensembles). The web

portal facilitates statistical downscal-
ing using perfect prognosis methods. It
provides access to calibration data
sets, tools for developing statistical
models, and GCM 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 varia-
bles used in MOS are generally the
same as the predicands. For example,
simulated precipitation would be used
to predict local scale precipitation.

Because precipitation simulated in
GCMs and RCMs is unrealistic at local
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scales, MOS can be used to correct
GCM and RCM precipitation esti-
mates. MOS is normally used to
correct RCM precipitation, as
RCMs are capable of resolving
important physical processes rele-
vant to regional-scale precipitation
(e.g., orographic effects) that are
not resolved by GCMs.

When estimating an MOS model,
both predictors and predictands
may refer to the same spatial
scale. In this case, MOS is used
only for statistical correction.
However, gauge data are typically
used as local information and, in
this case, MOS is also used to
downscale RCM output from a
regional scale to the local scale.

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 relation-

4.8 Statistical )
ships can then be used to generate

downscaling

projections of downscaled time
series for impact modelling.

An implicit assumption of MOS

3. Formulating the water
resources modelling approach

Statistical downscaling

methods is that the climate model
represents changes in climate vari-
ables better than absolute values
(i.e., climate model biases are as-
sumed to remain constant in a
changing climate). This assump-
tion is questionable, and recent
research shows that biases may
not be time invariant in a warming
climate (Christensen, et al., 2008).

MOS methods include change fac-
tor methods and quantile map-
ping, and can be formulated in
two different ways. In the first
approach (referred to as the Type
1 approach in the following), esti-
mated changes from a climate
model simulation between a con-
trol period (representing current
climate) and a future period are
imposed on the local climate varia-
ble to generate the downscaled
projection (see Figure 4.8.1b). In
the second approach (Type 2),
estimated changes between the
local observed climate variable
and the climate model simulation
in the control period are imposed
on the simulated climate variable

projections

CRD VLG8 5. Decision making 6. Case

under uncertainty  studies

for the future period to generate
the downscaled projection (see

Figure 4.8.1c).

Change factor methods

Change factor methods are the
most commonly used methods for
statistical downscaling. In Type 1
approach, 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” or "perturbation”
method. In the case of precipita-
tion, the relationship is given on
the next page.

In case of temperature, the correc-
tion is additive rather than multi-
plicative. For potential evapotran-
spiration, a multiplicative correc-
tion is applied.

When using change factors, the
changes in statistical characteris-
tics are typically estimated for
different seasons or months so
that differences in seasonal pro-
jections are taken into account.

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 im-

%)
c
®)

5

pacts.

2. Identify an appropriate large-scale data set. The
large-scale data set can consist of observed or re-
analyisis data. The large-scale data set should not

ing projec

be a GCM control simulation, or the resulting statis-

tical relationship will only be valid for that GCM.

3. Identify predictor variables. Predictor variables
can be continuous elements of the large-scale data

Develop

set or discrete weather classes. The selected predic-
tor variables should be simulated with reasonable
accuracy by GCMs and sensitive to climate change
signals.

4. Identify the spatial domain of the predictand data
set. The spatial domain can be a single point, multi-
ple 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 val-
ues of predictands.
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fut __obs .pfut ,sim
Piyr = P

W
Where

plff; = precipitation at time i + T in the
future

p??S = precitation at time i in the

observed record

pfutsim = gverage simulated
precipitation in future period

peonsim = gverage simulated
precipitation in control period

In the Type 2 approach, the difference
between average observed values and
average values simulated in the control
period is used to downscale the future

simulation:

fut __ _ fut,sim pobs
p; =D; peon st
Where

pl.fut = precipitation at time i in the
future

t,si s . , .
plfu St - precitation at time ¢ in

future simulation

p"bs = average observed precipitation
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It is important to note that in the Type 1
approach, the temporal precipitation
structure (dry-wet sequences) of the ob-
served precipitation is preserved in the
projection, while the future simulated
structure is applied in the Type 2 ap-
proach.

In the case of multiplicative correction
(e.g. precipitation correction), the "delta-
change” approach assumes that the coef-
ficient of variation (CV) of the distribution
will be unchanged in the future. Changes
to future variability are important for
predicting changes to extreme values
(e.g., floods and droughts). A method
that specifically considers changes in
both the mean and variance using the
Type 1 approach was proposed by Sunyer
et al. (2011). In this case, downscaled
future precipitation can be estimated
using a non-linear empirical relationship.

fut

b
Pixr =2~ (piobs}

Where a and b are estimated from chang-
es in the mean and CV from climate simu-
lations. While this method accounts for
changes in both mean and variance, the
temporal structure (wet-dry sequences)
of the historical precipitation record re-
mains unchanged.

resources modelling approach

CED VG 5. Decision making 6. Case
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Statistical downscaling

It is possible to formulate a similar meth-
od for the Type 2 approach (Leander and
Buishand, 2007), although details are not
presented here. Methods that adjust
both mean and variance have also been
developed for temperature (e.g., Leander
and Buishand, 2007).

Quantile mapping

An MOS approach that considers correc-
tion of the entire probability distribution
of the climate variable is quantile map-
ping. In this method, using the Type 2
approach, the cumulative distribution
function (CDF) for the control period sim-
ulation is adjusted to match the observed
CDF. The resulting mapping is then used
to map the distribution of simulated fu-
ture values to a projected distribution of
local-scale climate. The mapping is done
using empirical quantiles or by fitting a
probability distribution. To put special
emphasis on the extreme tail of the dis-
tribution, combined distribution func-
tions have been proposed, e.g., by fitting
one distribution up to the 95th percentile
and another distribution for the upper 5%
(e.g., Yang et al., 2010). The quantile
mapping method can also be formulated
using the Type 1 approach.

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 out-
put 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. ldentify the predictands (observed values) to be
downscaled. Normally, predictand values will be observed
time series but can also be properties of observed distribu-
tions.

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, e.g., the change factor
method or quantile mapping, and type of downscaling ap-
proach (Type 1 or Type 2).

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

6. Apply the statistical model in order to estimate projected
values of predictands.
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4.8 Statistical downscaling

Weather generators tation intensity (e.g. mean and tion series, which should be ad-
Different stochastic weather gen- variance). For Poisson cluster pro- dressed in the calibration of the

erators (WG) have been applied for €SS WGs, changes in the temporal WG.

statistical downscaling of climate  Structure of precipitation events,
model projections. Some WGs use
climate characteristics derived di-
rectly from RCMs, resembling MOS
methods, while other WGs use

large-scale predictors as in PP

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

wet/dry state probabilities and
statistics of precipitation intensity
(mean, variance and skewness) are
usually applied. The inclusion of
skewness is important for genera-
tion of extreme events.

methods. physically consistent dependence
For statistical downscaling of pre- Compared to the change factor- between the variables. For genera-
based MOS methods described tion of time series of multiple

cipitation from RCMs, the most
widely applied WGs are Markov
chain and Poisson cluster process
models. Changes in the statistical
characteristics used to parameter-
ise the WGs are estimated from
the RCM simulations, and these
changes are then superimposed on
statistical characteristics estimated

above, WGs utilise changes in dif-  weather variables, models have
ferent statistics representing both  been developed that combine WGs
the temporal structure (wet-dry for precipitation with statistical
sequences) and the distribution of models of other climate variables
precipitation intensity. Another conditioned on precipitation (e.g.
advantage of WGs is that they can  Kilsby et al., 2007).

be used for generation of synthetic

Recommendations

time series of arbitrary length. This ) o
For the impact analysis, it is im-

from observed record to obtain is important when considering

WGs for generation of downscaled
precipitation in the future climate.
Markov chain WGs typically in-
clude changes in the transition

. portant to identify the climate vari-
changes in extreme events where

long time series can be generated
by a WG to obtain robust projec-
tions of the extreme value distribu-

ables and associated characteris-
tics (e.g. mean value, variability or
extremes) that are most sensitive

for the problem at hand and there-

i tion. However, WGs may introduce
4.8 Statistical probabilities between dry and wet Y fore should be accurately

biases in the generated precipita-

: states, and the statistics of precipi-
downscaling

%)
c
®)

5

B Downscaling method

Uncertainty in statis- ' § RCM model

tical downscaling
Sunyer et al. (2012) and Madsen and
Sunyer (2011) analysed five different

downscaling methods with four differ-

ent RCM simulations from the EN-
SEMBLES data archive. A separation
of the total variability into contribu-

Fraction of total variance

tions from the RCMs and the statisti- T=10 years =100 years

cal downscaling methods showed
that RCM variability contributes the ~ Figure 4.8.1 Fraction of the total variability related to the statistical

most when considering the mean downscaling method and the RCM model for mean precipitation and
precipitation, whereas statistical for extreme precipitation for 10-year and 100-year return periods
downscaling is much more important  (adapted from Madsen and Sunyer, 2011)

for the extremes (see Figure 4.8.1).

ing projec

These results suggest that the choice of statistical downscaling method is less important in the case where

the impacts are determined mostly by average rainfall properties. On the other hand, when the properties
of extreme precipitation are important, the choice of the statistical downscaling method is crucial.

Develop
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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 deter-
mined 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.

Statistical downscaling with PP methods
based on GCMs has less skill for

Jan Feb Mar Apr May jun Jul Aug Sep Oct Nov Dec

====2050 ===2100

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 wide-
ly 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 recom-
mended for analysing changes in ex-
tremes. MOS methods that include also
changes in the variance or changes in the
full distribution using quantile mapping
are generally expected to provide a bet-

Jan Feb Mar Apr May jun Jul Aug Sep Oct Nov Dec

===2050 =——2100

ter representation of the change in ex-
tremes. The performance of WGs is high-
ly dependent on the underlying statistical
models and parameterisations but have
the potential for better describing chang-
es in different characteristics as well as
relations between different variables.
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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. Some processes
such as convection that is the governing process of
short-duration rainfall extremes may take place on
scales much smaller than modelled by climate
models. GCMs are operating on a spatial scale that
cannot reliably simulate rainfall extremes. RCMs
have the potential for better representation of
rainfall extremes. The improved resolution will
provide a better simulation of orographic uplift, but
the resolution of state-of-the-art RCMs is still too
coarse to explicitly simulate convection, and physical
parameterizations are needed.

What methods can we use to analyse data?

In general, climate model data cannot be used
directly for impact assessment, and bias correction
and statistical downscaling is needed (see Statistical
downscaling). 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. Especially, use of rainfall generators
allows simulation of ensembles of long time
series, which can be used for a more 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 statistical

3. Formulating the water
resources modelling approach

4. Developing
projections

Developing projections of extremes

correction procedures 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
baseline period and future period, respectively.

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,
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 generalized extreme

value distribution) with time varying parameters
(e.g. Hanel et al., 2009).

6. Case
studies
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4.9 Developing projections of extremes

What about the probability of two separate events
occurring at the same time 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.

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 parameterization schemes used to describe
sub-grid processes (see RCM projections).

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 un-
certainty 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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Working with projections of extremes

Creating your own projection

Statistically downscaled RCM pro-
jections should be used as input
to hydrological/hydraulic simula-
tion models for projection of hy-
drological extremes and assess-
ment 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
guantile mapping are recom-
mended (see Statistical downscal-
ing). Stochastic weather genera-
tors 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 gen-
erator is its ability to generate
long climate time series to better

represent the simulation of ex-
treme events.

For input to event-based simula-
tion 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 per-
form a statistical extreme value
analysis directly on the RCM rain-
fall data. In this case, extreme
value analysis is performed on a
control period and a future peri-
od, representing the required
projection horizon. The difference
between the two analyses then
represents the change in the ex-
treme value statistic to be added
to the current design event that is
then used as input for the event-
based simulation model.

Typically, RCM data with daily
resolution are available for the

statistical downscaling. If higher
temporal resolution is required,
temporal downscaling or dis-
aggregation should also be includ-
ed in the statistical downscaling.
In this case, stochastic weather
generators may be used.

Using existing guidelines

In some countries guidelines exist
on how to incorporate changes in
hydrological extremes in the as-
sessment of climate change on
existing infrastructure and for
design of new infrastructure. Typ-
ically, these guidelines provide a
recommended change (expressed
in terms of a climate change ad-
justment factor) in the design
quantity (e.g. design rainfall or
design flood) compared to cur-
rent design basis as a function of
design life time and design return
period. Some examples of guide-
lines are shown below.

Table 4.9.1 Summary of some existing European guidelines on climate change adjustment factors on de-

sign floods and design rainfall (adapted from Madsen et al., 2012).

Country Variable Guideline Reference
Belgium Design floods 30% increase for 2100 Boukhris and
Willems (2008)
Belgium Design rainfall 30% increase for 2100 Willems (2011)
Denmark Design rainfall 20%, 30% and 40% increase for return periods [Arnbjerg-Nielsen
2, 10 and 100 years for 2100 (2008)
Germany Design flood (100- | 15% increase for 2050 Hennegriff et al.
(Bavaria) yr return period) (2011)
Germany (Bdn | Design floods Increase between 0% and 75% for 2050 Hennegriff et al.
-Wiirrt‘berg) depending on location and return period (2011)
Norway Design floods 0%, 20% and 40% increase for 2100 based on | Lawrence and
region, flood season & catchment size Hisdal (2011)
UK Design floods 20% increase for 2100 DEFRA (2006)
UK Design rainfall 10, 20 & 30% increase for 2040, 2070 & 2100 | DEFRA (2006)

CRD VLG8 5. Decision making 6. Case
studies
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Introduction to decision making under uncertainty

This chapter presents approaches
to decision making under
uncertainty that may 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 characterized 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 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
characterize 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.

mate change uncertainty.

60-second summatry...

® \Water resources planners and managers may benefit from using an
approach to decision making under uncertainty, particularly given cli-

® 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, prob-
abilistic projections of climate change have probably not matured to a
point where these forecasts are trusted by decision makers and stake-
holders.

® An emerging method, robust decision making, uses a rational ap-
proach to identify conditions under which alternatives are likely to fail;
this information can then used to identify and design alternatives that
are less vulnerable to failure.
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LW Flow chart for decision making under uncertainty

Gather all necessary information and results from water resources modelling. |

\l/_|

Understand the adaptive management approach and
the options available in your context (section 5.7).

—

Involve the necessary stakeholders and partners. |

E

Decide which approach to decision making should be adopted (section
5.1,5.4,5.5,5.6).

Understand the uncertainties inherent in the analysis (section 5.3). |

Li

Apply the decision making approach, involving relevant |

stakeholders as appropriate.

decisions and reasoning publicly available.

o

Monitor the implementation of the decisions and
adjust as necessary based on results and new
information. Further analysis may be necessary.
(section 5.7)

Document the decision making process and make |

O
@
@,
2.
o
=
=
Q)
A,
=
Ga




. 1. Defining
Introduction
the problem

5.3

5.3 The uncertainty
cascade

oo
k=
=

©

S

c
0
A

o

)
)

2. Identifying options
and assessment criteria

3. Formulating the water
resources modelling approach

projections under uncertainty

The uncertainty cascade

Climate change is analysed using projections of
future climates based on scenarios of future devel-
opment and greenhouse gas concentrations. The
uncertainty in climate change projections and re-
sponses comes from many sources and is accumu-
lated in each stage of the study (see Figure 5.3.1).

The assessment and communication of uncertainty
can ensure better risk assessments, decision mak-
ing and risk communication.

Uncertainty can be categorised according to three
dimensions: nature, level and source (Refsgaard et
al., 2012). 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 uncer-
tainty can be reduced by gaining more knowledge,
whereas aleatory uncertainty is by nature stochas-
tic and irreducible. The uncertainty related to am-
biguity can be reduced by knowledge sharing be-
tween stakeholders to obtain a common percep-
tion of the problem.

The level of uncertainty is related to how uncer-
tainty can be described, such as statistical uncer-
tainty (can be described using statistical theory),
scenario uncertainty (cannot be described statisti-
cally but possible outcomes can be quantifed using
scenarios), qualitative uncertainty (possible out-
comes cannot be quantified), recognised ignorance
(lack of knowledge is recognised but cannot be
further quantified), and total ighorance (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 illus-
trated by the uncertainty cascade in Figure 5.3.1.
The different sources have different nature and
level of uncertainty, which are important to
acknowledge for consistent uncertainty assess-
ment and robust decision making. For instance,
climate forcing scenarios cannot be treated statis-
tically since they depend on future decisions and
are therefore characterised by a range of possible

outcomes according to the SRES and RCP scenari-
os. Uncertainty in GCMs and RCMs is usually treat-
ed statistically using an ensemble modelling ap-
proach. However, this approach assumes that the
available ensemble provides a sufficient represen-
tation 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.

For a given study, some of the uncertainty sources
may be more important than others. It isim-
portant to understand the relative importance of
the various sources of uncertainty, which may be
achieved by doing some form of sensitivity analy-
sis. Resources can then be focussed on under-
standing 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 gen-
eral observations and examples have been report-
ed and are summarised in the uncertainty boxes in
the previous sections:

o The relative contribution of impact model uncer-
tainty compared to the uncertainty in climate pro-
jections (section 4.3)

o The relative contributions of climate forcing sce-
nario and GCM model uncertainty compared to
the internal variability of the climate system
(section 4.4)

e The relative contributions from RCMs, GCMs, and
climate forcing scenarios

¢ The relative contributions from RCMs and statis-
tical downscaling methods (sections 4.5 & 4.8)

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

4. Developing BRDEEHGOHNGEILN 6. Case
studies
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The uncertainty cascade

Uncertainty in r\
future society

Uncertainty in climate

forcing scenarios
Uncertainty in Global
Climate Models

Uncertainty in Regional

Climate Models

downscaling

Uncertainty in impact

modelling

Uncertainty in
adaptation response

£

Uncertainty in statistical

Figure 5.3.1. The uncertainty cascade shows that uncertainty accumulates at each step.

important to address in the decision making pro-
cess, 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
someway 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 ig-
nored, because in principle it cannot be quantified.

60-second summary...

The resulting uncertainty on impact assessment and adapta-
tion measures includes a number of uncertainty sources relat-
ed 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 ad-
dress and communicate in the decision making process, and
large uncertainties should not be used as an argument to
postpone decisions.

4. Developing BERDITIHLNGEL( -8 6. Case
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Scenario analysis

What is a scenario?

A scenario is a projection of future conditions devel-
oped to inform decision-making under uncertainty. In
scenario analysis, a number of scenarios that are be-
lieved 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 to refine alternatives.
The emissions scenarios developed as part of the IPCC
process are probably the best-known example of sce-
nario 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 be-
tween scenario and alternative. As presented here,
scenario refers to a projection of future conditions
that could affect the performance of a project or man-
agement 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 is being discussed
here. Here we are providing a method for dealing with
uncertainty, not how to compare alternative interven-
tions or options.

3. Formulating the water
resources modelling approach

4. Developing BERDEGHGLNGEI N 6. Case

projections I EELIREG A  studies

How are scenarios developed?

Scenario development begins by selecting 2 or 3 key
uncertain factors that are thought to impact the per-
formance of infrastructure or management alterna-
tives under consideration. These factors are then
combined at different levels into a number of scenari-
os, which are then used to compare alternatives.

How are climate change scenarios typically devel-
oped?

Nearly all methodologies for assessing the impact of
climate change or evaluating climate adaptation op-
tions for water resources use climate model projec-
tions and water resources models using a scenario-
based approach. In the climate change context, a
scenario is usually a single path from emissions>GHG
concentrations—>global climate->regional cli-
mate->local climate->impact. There are a number of
uncertainties at each stage (section 5.3).

What are some strengths and weaknesses of scenar-
io analysis?

Scenario analysis requires subjective judgments about
which uncertainties should be investigated. As a re-
sult, 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 repre-
sent all future conditions that are relevant to the al-

Working with scenario analysis |

1. Identify infrastructure or management alterna-
tives 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 us-
ing techniques from cost-benefit analysis, multi-
criteria analysis, or some other method for com-
bining difference 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

4. For each uncertain factor, identify two or three

5. Develop scenarios by combining factors and lev-

6. Estimate the performance of each alternative

7. Use results to select alternative or refine alterna-

or projections of the effectiveness of manage-
ment measures.

different levels that will be compared.

els so that each possible factor-level combination
is represented by a scenario.

under each scenario.

tives and repeat.
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ternatives under consideration. In addition, there is no es-
tablished 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 deci-
sion-makers understand and respond to uncertainty. In
particular, scenario analysis may help decision-makers con-
sider potential futures that they might otherwise reject as
unpleasant or unlikely.

What are some decision-making rules that could be used
with scenario analysis?

If decision makers are risk-averse (section 1.4), 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. If the minimax rule is used, the alternative that
minimizes costs (or maximizes benefits) under the maxi-
mum climate change scenario is selected. If decision makers
are risk-averse with respect to over-adaptation to climate
change, then the maximin rule may be appropriate. If the
maximin rule is used, the alternative that minimizes the

maximum cost (or maximizes the minimum benefit) under

3. Formulating the water
resources modelling approach
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5.4 Scenario analysis

all scenarios is selected.

The US Climate Change Science Program report “Global-
change scenarios: their development and use” (Parson,
2007) provides information on the use of scenario analysis
for decision making under undercertainty. More infor-
mation is available at http://www.climatescience.gov.

60-second summary...

® Scenarios are projections of future conditions devel-
oped to inform decision-making under uncertainty.

® |n 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 considera-
tion.

® The minimax and maximin decision rules may be
useful for decision making in a scenario analysis
context.

Case study: Scenario analysis

DHI and project partners conducted an assessment of cli-
mate 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 characterize uncertainty re-
lated to climate impacts on sea level rise and storm surge

levels, while a quasi-probabilistic approach was used to
characterize uncertain climate impacts on peak river flows.

Two scenarios were developed to characterize uncertainty
about changes to mean sea levels. Both climate impacts
and changes resulting from isostatic changes were included
in the scenarios. To characterize 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 peak river flows, a
suite of 15 GCM/RCM projections from the ENSEMBLES
project data archive were used to represent a range of po-
tential future climates. Likelihoods of each projection were
estimated based on the extent to which each GCM/RCM
combination could repro-
duce features of the histor-

Scenario Projection Change in mean sea Change in storm Change in precipitation, ical climate. A likelihood-
horizon water level surge statistics temperature and potential weighted a\./erag e was
Climate | Isostatic evapotranspiration then used to drive a hy-
change change d .
rological model of the
1 2050 +10 cm +5 cm Based on Based on ENSEMBLES data c atchgm ent
hydrodynamic model 2035-2064 :
2 2050 +34 cm +5 cm 2035-2064 .
un 2Us9- The case study is de-
3 2100 +30 cm +11 cm Based on Based on ENSEMBLES data scribed in more detail in
hydrodynamic model 2070-2099 section 6.1.
4 2100 +100cm | +1lcm fun 2070-2099

Table 5.4.1 Summary of scenarios used to characterize future uncertainty

6. Case
studies
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Classical decision analysis

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 devel-
oped to measure the utility of infrastructure or man-
agement alternatives. The alternative with the high-
est expected utility is selected.

Classical decision analysis is often used in a risk as-
sessment context. In this case, the performance met-
rics used in decision-making are risk thresholds,
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 pre-
ferred 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 out-
come (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 pro-
jections?

Recent increases in computing power have permitted
some useful efforts in quantifying, at least in part,
uncertainties associated with climate model projec-
tions. These are based on multi-model ensembles,
perturbed physics ensembles, statistical emulators,
etc. This has led to probabilistic climate projections.
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.

60-second summatry...

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

® C(Classical decision analysis offers a rational
framework for decision making under uncertain-
ty. However, it may not be possible to assign
probabilities to all of the uncertainties influenc-
ing water resources planning outcomes in a
climate change context.

Working with classical decision analysis

1. Identify infrastructure or management alterna-
tives 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 us-
ing techniques from cost-benefit analysis, multi-
criteria analysis, or some other method for com-
bining difference 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 each
value. Discrete probabilities can be used togeth-
er with discrete values, or a continuous distribu-
tion can be used.

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 out-
lined in the performance metric.

8. Use probabilities of success and failure to select
alternative according to selected decision criteri-
on.
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However the proper interpretation of the probabilistic cli-
mate 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 depend-
ent 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 (section 5.3).

For more information on probabilistic climate projections,
see the EU ENSEMBLES project (2004-2009) http://
www.ensembles-eu.org/. Multi-model ensemble simula-
tions were used to develop probabilistic estimates of cli-
mate change in Europe.

3. Formulating the water
resources modelling approach

projections

Classical decision analysis

What are the advantages and disadvantages of classical
decision making?

Classical decision analysis offers the advantage of a rational
framework for decision-making under uncertainty. Howev-
er, despite progress in developing probabilistic climate pro-
jections, it may not be possible to assign probabilities to all
of the uncertain factors influencing water resources plan-
ning outcomes in the climate change context. If probabili-
ties are uncertain and unvalidated, probabilistic estimates
may be distrusted by decision-makers and generate contro-
versy among stakeholders who hold different expectations
about the future.

Mo Policy: 90% Bounds

Mo Policy: 50% Bounds

IPCC SRES Marker Scenarios

CCSP Preduct 2.1a Stabilization Scenarios

Global CO, Emissions (GItC)

Level 4 (750ppm)

Level 2 (550ppm)
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5.6 Robust decision making

What is robust decision-making?

60-second summary...

5.1 Introduction to Robust decision-making is an

emerging approach to decision- ® Robust decision-making is an emerging approach that seeks to
identify alternatives that will perform reasonably over a wide range

of future conditions.

decision making

under uncertainty making that may be useful for deci-

sion-making in a climate change
The method uses computer simulation to explore the uncertainty
space and identify “policy-relevant” future scenarios under which
proposed alternatives are vulnerable to failure. These scenarios
are then used to select an alternative or help design new alterna-
tives that are less vulnerable

context. The approach was devel- O
5.2 Flow chart for

decision making

oped to address two perceived

weaknesses of the scenario analysis

under uncertainty approach: 1) there is no clearly

defined methodology for deciding

5.3 The uncertainty

what to include in scenarios, and 2)

cascade there is no clear way to assess the likelihoods of dif-  a larger combination of uncertain factor levels and
: ferent scenarios. Robust decision-making proceeds ~ combinations than is feasible under scenario analysis.
SR D from the observation that decision-makers often The resulting ensemble is then used to identify rang-
analysis manage uncertainty by developing alternatives that s of factor values that lead to poor performance of
will perform reasonably over a wide range of future  alternatives. This information is used to develop a
5.5 Classical conditions. number of so-called ”policy-relevant” scenarios that

can then be used to identify vulnerabilities and modi-

decision making What are ”policy-relevant” scenarios?

fy alternatives.
The problem of deciding what to include in scenarios

is addressed by using computer simulation to explore

Working with robust decision-making

5.7 Adaptive
management

Decision making

Identify infrastructure or policy alternatives that
will be compared.

-value combinations that cause alternatives to fail
to meet performance criteria.

Develop performance metric that can be usedto 8. Use clusters identified in step 7 to develop sce-
measure success or failure of alternatives. narios representing factor-value combinations
Identify uncertain factors that will affect the per- that fail to meet performance criteria.

formance of alternatives under consideration. 9. Identify best alternatives as a function of scenario
Identify range of values over which each uncer- priobabllitics.

tain factor might be expected to vary. No proba- 10. Discuss likelihoods of scenarios identified in step

bilities are assigned to different values at this
point.

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

Identify ensemble members in which alternatives
fail to meet criteria outlined in performance met-
ric.

Use search algorithm to identify clusters of factor

8 with stakeholders. Use the range of likelihoods
identified by stakeholders and the functional rela-
tionships identified in step 9 to identify a best
alternative. If no alternative is best, use infor-
mation to refine alternatives or identify adaptive
strategies that can perform well over a wider
range of potential futures.
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5.6 Robust decision making
How are alternatives selected? agree on which alternative is proposed. In this case, the

- . L scenario could be used to design a new, robust alternative
The problem of assigning probabilities to scenarios is ad- g

dressed indirectly. Instead of assigning probabilities to sce- that is preferred regardless of the likelihood of the scenario.

narios, likelihood thresholds are identified that would trigger What are some advantages?

a change from one alternative to another. For example, if a . .
g P Robust decision-making offers advantages over both scenar-

single policy-relevant scenario has been identified and two . . . . .
io analysis and classical decision analysis. In contrast to sce-

alternatives are under consideration, stakeholders could . . . .
nario analysis, it offers a rational method for developing

agree that the first alternative is best if the likelihood of the scenarios that reduce the likelihood of being surprised by

scenario is greater than 50%, while the second alternative is . -
vulnerability to unforeseen uncertainties. In contrast to
preferred if the likelihood of the scenario is believed to be

classical decision analysis, it does not rely on probabilistic
less than 50%.

estimates, providing common ground among stakeholders
This information can then be used in consultation with with differing expectations of the future and acknowledging
stakeholders to identify a preferred alternative. If stake- the large uncertainty underlying many future projections.
holders can agree on a range of likelihoods for the polic . . - .
g g policy For more information on robust decision making see http://
relevant scenario(s), then the alternative that covers this . . . . ..
www.rand.org/ise/projects/improvingdecisions/

water_planning.html. Since 2005, the RAND Corporation in

range can be selected. To continue the example above, if
one group of stakeholders thinks the likelihood of the sce-
nario is 75%, another thinks it is 60%, and a third thinks it is
90%, then all groups think that the likelihood of the scenario
is greater than 50% and the first alternative should be se-

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.
lected. However, if one group thinks the likelihood of the

scenario is less than 50%, then the stakeholders do not

Meet recycling goal

Meet replenishment goal

Exceed

Future climate
Wetter

New conservation

Percolation decrease

Climate on imports
Strong

RAND TR505-4.9
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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 uncer-
tainty exists and progress in climate science has the
potential to reduce uncertainty, adaptive manage-
ment strategies should be included among alterna-
tives that are compared in a decision-making process.

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 adap-
tive management emphasize 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 recognized as useful for
building consensus among parties with different ex-
pectations about the future, as plans can evolve ap-
propriately as more is learned about future condi-
tions. 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

3. Formulating the water
resources modelling approach

4. Developing BRDEEHGOHNGEILN 6. Case

projections BULL[TAGCTGETAAN  studies

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 would 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 ac-
tions. 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 strate-
gies. In this demonstration, a computer simulation
approach was used to identify adaptive management
actions that could be delayed without reducing vul-
nerability. If future conditions turn out to be worse
than expected, these actions could then be imple-
mented. 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 (see box below).
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Flooding in Vidaa, Denmark

projections
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studies

Climate change impact assessment of dike safety and
flood risk in the Vidaa 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 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

Figure 6.1.1 Vidaa River Catchment

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
integrated  hydrological and
hydraulic model (MIKE 11) was

River system an

Photo: Kurt Gabs
© Tgnder Municipality

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
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RCM for storm surge projections.

river system.

® 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 EN-
SEMBLES 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

® 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 sce-
nario in 2100, annual exceedance probabilities increase from less than 0.1% to 5% or more in the downstream part of

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 Statistical
downscaling, section 4.8). For
estimation of changes in potential
evapotranspiration a temperature-
based method was used (Kay and
Davies, 2008) (see Hydrological
variables). For statistical downscaling of
precipitation a method that uses both
changes in the mean and changes in the
variance was applied (see Statistical
downscaling, 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.

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 30-year periods
of climate model data,
1980-2009 representing the present
climate, 2035-2064 representing the
future climate in 2050, and 2070-2099

representing the future climate in 2100.

respectively,

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
based on the skills of the models for

were determined
simulation of present climate, considering
the
precipitation,

monthly  variability of mean

variance of daily
precipitation, and mean temperature. The
weighted average change factors for 2050

and 2100 are shown in Figure 6.1.2.

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
The Danish  Meteorological
Institute has estimated an increase in

levels.

mean sea level for Danish waters in the
range 0.3 to 1.0 meters in 2100. Due to
the large uncertainties in the projected
sea level rise, two scenarios were applied
in the
respectively, an increase of 0.3 and 1.0

analysis  corresponding to,
meter in 2100. For estimation of the
in 2050, the
temporal development reported in
Grindsted et al. (2009) was used. Due to

isostatic changes there is a continuous

mean sea level rise

relative increase in the mean sea level in
the area. The current annual increase of
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Figure 6.1.2 Relative change in mean and variance of daily precipitation and mean potential evapotranspira-
tion, and absolute change in temperature (degree Celsius) for future (2050 and 2100) climate.

0.11 cm per year was assumed to climate change scenarios applied in

continue up to 2100.

extreme value statistics to the
the risk analysis are summarised in

Table 6.1.1 (below).

current statistics and adding
For estimation of changes in the projected mean sea level
storm surges, model simulations  fise and isostatic changes, see 5. Decision-making
based on a hydrodynamic model ~ Figure 6.1.3. Besides changes
covering the North Sea, Baltic Sea  In storm surge levels, also
and inner Danish waters was ¢changes in the duration of
used. The model was forced by high sea water levels were
wind and atmospheric pressure calculated. The four different
fields from one of the RCM
models from the ENSEMBLES
data archive (Rugbjerg and
Johnson, 2012). From the
hydrodynamic model simulations

The integrated hydrological and
hydraulic model was used for
simulations using the observed
records of meteorological data and
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scenario of mean sea level rise.
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risks of 5% or more in the downstream part of river system. 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 6.1.4 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 in flood risk are seen with flood

Table 6.1.1. Summary of applied climate change scenarios.

results are currently used for evaluating different adaptation
options for reducing future flood risks.
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Figure 6.1.4. 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 pro-

babilities for overtopping left and right bank are show.
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6.2 Hydropower in Lao Cai, Vietnham
Comparison of hydropower and environmental flow
alternatives in Lao Cai province, northern Vietnam
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or intensity of extreme rain-
fall events and resulting flood

risks. west

2. Identifying options and assess-
ment criteria

The development of small and me-
dium size hydropower plants was
identified as a way to spur eco-
nomic development in the region.
Furthermore, hydropower devel-
opment may reduce the risk of
extreme climate events, such as
floods and droughts, through the
construction of water storage facil-
ities. 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, bene-
fits also included jobs during the
construction phase and the devel-
opment of access roads that could
then be used by local communities.

3. Formulating the modelling ap-
proach

Two alternatives were developed
for detailed analysis. In the first, a
set of small- and medium-scale
hydropower projects were evaluat-
ed together. In the second, the
projects were evaluated together
with environmental flow require-
ments 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 de-
veloped. These projections were

Figure 6.2.1 Map of northern Vietnam with Lao Cai province visible in north-

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 sim-
plified access to climate model

output. Approximately 40 GCM
simulations were obtained from
the portal and an average projec-
tion of precipitation and tempera-
ture was developed. Average
monthly changes in precipitation
and temperature were then calcu-
lated for 2030 and 2050 relative to
a historical baseline.

Because the MAGIC/SCENGEN re-
sults were available on a 5 degree
grid, it was necessary to downscale
results to a spatial scale reasonable
for input to the rainfall-runoff
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model. A delta change factor approach

was used for downscaling. The study
area was split into 4 quadrants and
estimates of average monthly changes

Emissions scenario and projection year

in precipitation were estimated for
each quadrant using linear interpola-
tion. Changes in temperature were
taken directly from the MAGIC/

Scenario B1 Scenario B2 Scenario A1FI
Alternative 2030 2050 2030 2050 2030 2050
Hydropower development
only 6% 10% 5% 8% 4% 10%
Hydropower development
w/ environmental flow
requirements 8% 12% 6% 10% 6% 14%

SCENGEN grid cell enclosing the study
area. Downscaled precipitation and
temperature data sets were then de-
veloped by adjusting observed precipita-
tion and temperature time series values
using average monthly delta change fac-
tors.

Potential evapotranspiration was esti-
mated using the Penman-Monteith equa-
tion. In this calculation, projected tem-
perature values were used together with
historical measurements of wind, humidi-
ty, 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 histori-
cal climate and three climate change sce-
narios based on different emissions sce-

narios. The three emissions scenarios
used in the scenario analysis were the B1,
B2, and A1FI scenarios from the third
IPCC Assessment Report.

The scenarios were used to estimate per-
cent changes in hydropower generation
that might be expected in the future rela-
tive to the observed baseline. The results
suggest that hydropower production will
increase under both alternatives because
of climate change-induced increases in
rainfall (Table 6.2.1). The results also
suggest that the relative increase will be
higher for the alternative that includes
environmental flow requirements. Chang-
es in greenhouse gas emissions resulting
from hydropower production were also
estimated.

Although not investigated using a scenar-
io approach, the study also investigated
the economic impact of introducing envi-
ronmental flow requirements. It was
found that the introduction of environ-

60-second summatry...

® Two hydropower development alternatives were compared using climate pro-

jections for 2030 and 2050.

® The impact of emissions uncertainty on climate model projections was as-

sessed using a 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.

Table 6.2.1 Percent increase in energy generation relative to baseline

mental flow constraints could cause
about 25% of the plants under considera-
tion to be uneconomical. In addition,
storage projects associated with the hy-
dropower development scheme were
determined to be too small to impact
flood risks. It was also found that re-
settlement impacts would be minimal
because of the small areas inundated by
the small- and medium-scale hydropower
developments.

The project provided the following infor-

mation 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 environ-
mentally friendly, small and medi-
um scale hydropower plants may
have negative impacts on flows
and the environment in large
stretches of streams.

. Fulfilling environmental flow crite-
ria may not be economically feasi-
ble for many small hydropower
plants.

. The lack of storage associated with
small and medium scale hydro-
power means that these projects
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Water management in Okavango Delta, Botswana

Vulnerability assessment in the Okavango Delta, Botswana

1. Defining the problem

The Okavango Delta is the largest
inland delta in the world and sup-
ports 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 distrib-
uted 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 live-
lihoods in the region, and the tour-
ism sector in Botswana.

There is concern that deforestation
and water resources development
in the catchment that supplies wa-
ter 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 devel-
opments could also have impacts,
as could regional climate changes.
In order to protect the unique eco-
logical resources of the Delta, the
potential impacts of these process-
es were investigated.

2. Identifying options and assess-
ment criteria

Model simulations were used to
estimate the impacts of develop-
ment pressures and climate change
on the Delta system . Five alterna-
tive scenarios were developed in
order to cover a representative
range of conditions that might
arise in the future. The five scenari-
os included upstream development

Figure 6.3.1 Okavango Delta and upstream basin

of dams and irrigation; deforesta-
tion in the upper catchment; in-
creased water use within the Del-
ta; clearing of major blocked chan-
nels; and regional climate changes.
Combinations of the above scenari-
os were also developed. All scenar-
ios were based on projected condi-
tions in 2025.

3. Formulating the modelling ap-
proach

The Okavango Delta is a complex
hydraulic and hydrological system.
The Delta is characterized by two
major features: a narrow panhan-
dle to the northwest and a broad
alluvial fan to the southeast. Flows
from the upper catchment areas
are routed through the panhandle
to the alluvial fan, where these
waters spill over large floodplain
areas and split into separate chan-
nel systems. The channels and
smaller flow paths link up to form a

complex flow system of flood-
plains, back swamps, and lagoons
that include numerous flow splits
and confluences. Permanent flood-
ed areas cover approximately 4000
km?, while seasonally flooded are-
as may cover three times the per-
manently flooded area in years of
high flows. The combination of
limited topography-driven ground-
water 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 infil-
tration and evapotranspiration.
These processes were represented
using the MIKE SHE/MIKE 11 nu-
merical modelling system. The sub-
surface was divided into an unsatu-

98



. 1. Defining
Introduction
the problem

6.3

2. ldentifying options
and assessment criteria

3. Formulating the water
resources modelling approach

4. Developing 5. Decision making

projections under uncertainty

Water management in Okavango Delta, Botswana —

Scenario

Irrigation development and

Baseline Irrigation development Climate change climate change
Impact Dry years Wet years Dry years Wet years Dry years Wet years Dry years Wet years
Minimum flooded area
(km2) 2,770 4,776 1,675 3,526 900 1,575 145 346
Minimum flooded area
(% change from baseline) - - -40% -26% -68% -67% -95% -93%
Maximum flooded area
(km2) 10,400 14,424 11,285 13,527 9,406 7,966 9,063 5,574
Maximum flooded area
(% change from baseline) - - 9% -6% -10% -45% -13% -61%

Table 6.3.1 Comparison of flooded areas in wet and dry years

rated zone represented using 1-D verti-
cal columns and a saturated zone repre-
sented 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 Pit-
man rainfall-runoff model was used to
represent the hydrology of the upstream
catchment.

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 in-
put to the MIKE SHE/MIKE 11 model of
the Delta to predict changes to evapo-
transpiration and water flows.

Climate change projections were ob-
tained from the HadCM3 GCM. A
downscaling and bias correction step
was performed. Average monthly delta
change factors were calculated for pre-
cipitation and temperature based on
comparison of GCM projections with a
simulation of the historical climate. Pro-
jected data sets were developed by ad-

60-second summary...

the future, including climate change.

Vulnerability of the Okavango Delta ecosystem was assessed using a
number of scenarios representing different pressures that might arise in

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

justing historical timeseries data using
the monthly delta change factors.

5. Decision-making

The five scenarios described in section 2
and two combined scenarios were used
to assess the vulnerability of the Oka-
vango Delta. Because of the key role of
seasonal and permanent flooding to the
Delta ecosystem, vulnerability was as-
sessed 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 cu-
mulative impact of these two pressures
would be more severe than the impact
of either individually (Table 6.3.1).

The analysis provided useful input to
decision-makers and stakeholders in-
volved in the development of a manage-
ment plan for the Okavango Delta. It
also highlighted the importance of en-
gaging with water resources managers
in the upper parts of the catchment to
moderate the impact of irrigation devel-
opment on the Delta ecosystem.
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Climate change impact assessment on groundwater recharge
and ecosystems in Berlin

1. Defining the problem

Water resources in Berlin and
Brandenburg are considered to
be particularly susceptible to
climate change because of the
the
large area covered by surface

low annual precipitation,

water bodies, dominance of
sandy soils with low water ca-
pacity, and the heavy demands
of the Berlin metropolis. Signifi-
cant decreases of the ground-
water levels are already occur-
ring in the region, threatening
the local water supply. Further-
more, local ecosystems like the
marshes and small rivers like
Tegler FlieR and Fredersdorfer
MuihlenflieR are strongly influ-
enced by the depth 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 ground-

water recharge.

It is climate

change in Berlin will eventually

expected that

result in change of annual precip-
itation rates as well as changes in
rainfall distribution during the
year. There is like to be less an-
nual precipitation, more extreme
rainfall events and a shift in the
monthly distribution causing dri-
er 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.

As assessment of the impact of
climate change on groundwater

recharge and groundwater de-
pendent ecosystems has been
carried out as part of a larger
project “Innovation network for

climate adaptation in Branden-
burg Berlin (INKA BB)”. The over-
all aims are to ensure the sus-
tainability of land and water use
in the region under changing
climatic conditions and to pro-
mote 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 as-
sessment criteria

In terms of water management
this primarily involves the devel-
opment of adaptation options at
both local and regional levels. In
addition to focusing on enhanc-
ing water availability, concepts to
regulate water demand will be
proposed, as well as institutional
and technological control mecha-
nisms for climate-adjusted water
use. The assessment of impacts
on the groundwater system will
form the basis for development
of methods and technical solu-
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tions for water storage and artificial
groundwater recharge in the urban
area of Berlin as adaptation response.

3. Formulating the modelling ap-
proach

To evaluate the potential impact of
climate change on groundwater re-
charge in Berlin and the closely relat-
ed risks for groundwater depth sensi-
tive 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 re-
charge for the period 2051-2060 was
simulated. In a second step the
groundwater recharge was trans-
ferred 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 analyzed.

The precipitation distribution in Berlin
has been measured over several dec-
ades 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 precipita-
tion zones. Each zone was assumed to
reflect a homogeneous precipitation
distribution. For each zone three cli-
matological stations were used in in-
rainfall

terpolating representative

rates using an Inverse Distance
Weighting method. These interpolat-
ed precipitation rates were then cor-
rected (Richter, 1995) and multiplied
with a derived zone-factor to fit with
the observed long-term distribution
(Figure 1). The SIWA on ArcView mod-

el consists of more than 25500 poly-
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Figure 6.4.1: Distribution of precipitation in Berlin including available climatolo-

gical stations (SenSTADT, 2009) and location of the analyzed study area

gons and was verified using an existing
long-term groundwater recharge model
which has been used for many years by
the Berlin Senate Department for Ur-
ban Development (SenSTADT, 2009),

for the period 1961-1990. The re-
sulting average groundwater recharge
distribution calculated with SIWA on
ArcView for this period is shown in
Figure 2. Potential evapotranspiration

G Model area
GWR (1961-1990)
mm/a)
e
B o-50
50-100
100 - 150
150 - 200
200 - 250

250 - 200

Figure 6.4.2: Simulated long-term groundwater recharge for Berlin and the
study area
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Figure 6.4.3: illustrative Gaussian distribution of groundwater recharge
values of period 2051-2060 for 36 realizations from 0°K- and 2°K

scenarios

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.
4. Developing projections

Two climate scenarios are consid-
ered here. The first is the AlB
Scenario, in which the global tem-
perate in 2060 will increase about
2°K compared to the end of the
trend in temperature of the refer-
ence period 1951-2006. The Pots-
dam 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 tem-
perature
aspects of the water cycle.

increase on different

From the STAR2 statistical region-
al climate model 100 realizations
of climatic development for both
scenarios (2°K and 0°K) were

available. To reduce the compu-
tational effort, a subset of 36
realizations for each scenario
was selected that was repre-
sentative of the full range of
realization. Based on the yearly
groundwater recharge (2051-
2060) 3 groups with 12 realiza-
tions for each scenario were
extracted representing dry, wet
and average conditions. The av-
erage of the simulated long-
term, yearly and monthly
groundwater recharge values

(2051-2060) were calculated for

4. Developing 5. Decision making = ¢ -
projections

under uncertainty [

each group and recharge entity
(hydrotopes representing homo-
geneous landuse, soil type and
groundwater depth). Figure 3
shows the groundwater recharge
values for both scenarios assum-
ing they can be represented by a
Gaussian distribution. This figures
show the clear shift in the mean

between the two scenarios.

Analysis of the period 2051 -
2060
groundwater

resulted in an average
recharge of ca.
143 mm/a for the reference sce-
nario 0°K (which is comparable
with the present long-term aver-
age ) while the 2°K scenario (only
in the last 10 years the 2°K tem-
perature increase is fully devel-
oped) showed an average of
about. 111 mm/a. It can there-
fore be concluded that a 2°K tem-
perature increase results in a
reduction of groundwater re-
charge up to more than 30 mm/a.
Further analyses showed that the
of the

months (Jan -

contribution recharge
within  winter
March) to the total yearly re-
charge will continuously increase

while the contribution of the re-

SIWA on
ArcVIEW
Climate dataa —_—
Climate data b —_—
Climate data c —
Climate datad —
Climate dataa |
Climate data b
Climate datac S
Climate datad

Groundwater Recharge
(2007-2060)

Solution a
Solution b
Solution ¢ A
Solution d
Solution x B

Figure 6.4.4: Comparison of workflows; upper workflow with high

simulation costs (for each realization one model simulation); lower

workflow with reduced simulation costs (climate data were aver-

aged and consequently only one model simulation was performed)
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within  the
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charge summer

To increase the representative-
ness of the results, more realiza-
tions could be taken into account.
To increase the number of con-
sidered realizations and decrease
simulation costs at the same
time, a modified workflow was
tested in which statistically modi-
fied climate data were prepared
for a single groundwater recharge
simulation rather than evaluating
the results statistically of several
simulations. The differences be-
tween both workflows are illus-
trated in Figure 4. 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 aver-
aged climate data (B; 73 [mm/a])
than in averaged groundwater
recharge data based on several
climate realizations (A; 114 [mm/
a]). The main reason for the re-
duced
values in case of summarizing

groundwater recharge
daily climate data was that the
climate averaging process reduc-
es the number of dry days drasti-
cally, causing a dramatic increase
in estimated evapotranspiration.

5. Decision-making

The calculated groundwater re-
charge rates were transferred to
an existing 3D FEFLOW® ground-
water model to predict changes
in groundwater depths as a result
of the temperature increase. First
results have shown that a de-
crease in groundwater depth can
be expected in range of 0.2 to 0.5
m for large parts of the study
area (Figure 5). An assessment of
possible risks for groundwater
level depending ecosystems (like

2. ldentifying options
and assessment criteria

6.4

3. Formulating the water 4. Developing 5. Decision making 5 o -

studies

resources modelling approach projections under uncertainty

Groundwater in Berlin, Germany

Difference in groundwater
depth (0°K - 2°K))

|
! 05-10
0.2-05
B <02

FEFLOW (R) 58808 [d]

Figure 6.4.5: Change in groundwater depths; comparison of 2°K and 0°K scenario, mean valu-
es for the period 2051-2060

marshes) will be carried out in
collaboration with other project
partners (especially Freie Univer-
sitat Berlin and SenGUV - Senate
Department for Health, Environ-
ment and Consumer Protection).
Furthermore, monthly trends in
groundwater depths will be ana-
lyzed in order to identify poten-
tial ways to retain the surplus of
water in the winter months in
order to cover a potential deficit
in the summer months. The re-
sults presented in this case study
are intended to illustrate the
workflow which has been fol-
lowed in the course of the pro-
ject. As these results are still pre-
liminary and are based on an as-
sumed climatic projection (2°K
scenario), they do not necessarily
describe the possible influence of
climate change for the city of
Berlin precisely.
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How can DHI tools help?

DHI tools

How can DHI tools help?

Climate Button

Global climate projections from 22 GCMs includ-
ed in the Coupled Model Intercomparison Project
CMIP3 and reported in the IPCC 4th Assessment
Report have been made available in the MIKE by
DHI Climate Change Tool. The tool can be used
for larger scale impact studies and for a first
screening at regional or local scale. For downscal-
ing GCM projections, delta change factors for
precipitation, temperature and potential evapo-
transpiration are available for the 22 GCM mod-
els for the SRES emission scenarios B1, A1B and
A2.

The tool automatically modifies the climate time
series of an existing model setup according to
specified location (longitude, latitude), GCM
model, emission scenario, and projection horizon.
Projected climate time series are calculated using
the delta change approach, i.e. precipitation time
series are multiplied by the precipitation change
factors, temperature change factors are added to
the temperature time series and potential evapo-
transpiration time series are multiplied by the
evapotranspiration change factors. Different sce-
narios (e.g. different GCMs, emission scenarios
and projection horizons) can be defined within
the same setup, allowing an easy evaluation and
comparison of different climate change scenarios.
The tool supports the selection of an ensemble of
GCM models for calculation of ensemble average
change factors.

For more information:

How can DHI tools help?

MIKE FLOOD

MIKE FLOOD is a comprehensive flood modelling
tool for urban, coastal and riverine flooding. By
combining the strengths of 1D and 2D simulation
engines it is possible to model flood problems in-
volving rivers, floodplains, floods in streets, urban
drainage networks, coastal areas and estuaries or
any combination of the above. Efficient simula-
tions of river channels and drainage/sewer net-
works using 1D models can be combined with 2D
simulations of floodplains and coastal areas using
rectilinear grids, efficient multi-cell solvers or flexi-
ble (finite volume) meshes.

Typical MIKE FLOOD applications include:

Flood hazard mapping under climate
change

Rapid flood assessment

Flood contingency planning, for planning
of evacuation routes or infrastructure
breakdown

Impact assessments for climate change

Flood defence failure (dam break,
breaching, etc.)

Integrated flood modelling of urban
drainage, rivers, floodplains and coastal
flood modelling

For more information:



http://mikebydhi.com/~/media/Microsite_MIKEbyDHI/Publications/PDF/2-p%20flyer_generic_LR.ashx
http://mikebydhi.com/~/media/Microsite_MIKEbyDHI/Publications/PDF/2-p%20flyer_generic_LR.ashx
http://mikebydhi.com/~/media/Microsite_MIKEbyDHI/Publications/PDF/2-p%20flyer_generic_LR.ashx
http://www.mikebydhi.com/Products/WaterResources/MIKEFLOOD.aspx
http://www.mikebydhi.com/Products/WaterResources/MIKEFLOOD.aspx
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How can DHI tools help?

MIKE 11

MIKE 11 is a river basin and river engineering model-
ling system for the simulation of flows, water levels,
sediment transport and water quality for rivers, flood
plains, irrigation systems, estuaries and other water
bodies, (Havng et al., 1995). This model includes dis-
tributed hydrological modelling through the rainfall-
runoff (RR) component where the river basin of inter-
est is divided into a number of sub-basins, to repre-
sent the spatial variations in the meteorological forc-
ing (precipitation, potential evapotranspiration, tem-
perature) and the sub-basin characteristics (elevation,
land use, etc.). This includes irrigation modelling and
distributed snow accumulation and snowmelt includ-
ing lapse rate effects.

Typical applications include:

Flood mapping, flood analysis and flood allevia-
tion design

Real-time flood forecasting
Dambreak analysis

Optimisation of reservoir and canal gate / struc-
ture operations

Ecological and water quality assessment in riv-
ers and wetlands

Sediment transport and river morphology stud-
ies

Salinity intrusion in rivers and estuaries

Wetland and river restoration

For more information:

How can DHI tools help? =

How can DHI tools help?

MIKE BASIN

MIKE BASIN is a modelling tool for integrated river basin analy-
sis, planning and management. It is designed as a simple yet
comprehensive tool box for analysing water allocation and
water sharing at the international level (transboundary), na-
tional or local river basin level. The advantages of MIKE BASIN
are its simplicity and integration with GIS and other facilities to
provide clear and intuitive information for decision-makers
and a powerful platform for investigating management options
and consensus building amongst stakeholders.

Typical applications of MIKE BASIN include:

¢ Multi-sector solution and scenario analysis for water
allocation and water shortage problems using differ-
ent water allocation and sharing algorithms

Evaluate and improve irrigation scheme performance
using irrigation water demand and crop yield estima-
tion

Improve and /or optimize reservoir and hydropower
operations

Explore conjunctive use of groundwater and surface
water

Evaluate non-point and point nutrient pollution loads

Establish and compare cost effective measures for
water quality compliance.

For more information:



http://www.mikebydhi.com/Products/WaterResources/MIKE11.aspx
http://www.mikebydhi.com/Products/WaterResources/MIKE11.aspx
http://www.mikebydhi.com/Products/WaterResources/MIKEBASIN.aspx
http://www.mikebydhi.com/Products/WaterResources/MIKEBASIN.aspx
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How can DHI tools help?

FEFLOW

FEFLOW is an advanced and highly flexible finite
element model for subsurface flow and transport
and interactions with river systems. The ad-
vantage of the finite element approach is the
flexibility to represent complex geologies with a
high spatial resolution, including sloping layers
and anisotropy and the ability to precisely repre-
sent features like rivers, fractures, tunnels and
well locations. One of the other key strengths of
FEFLOW is the number of advanced descriptions
of subsurface processes such as variably saturat-
ed and density dependent flow, saltwater intru-
sion, multi species chemistry and transport and
heat transport.

FEFLOW is a powerful hydrological model for

Regional groundwater management
Groundwater/surface water interaction
Saltwater intrusion

Seepage through dams and levees
Mine water management

Groundwater management in construc-
tion and tunnelling projects

Land use and climate change scenarios

Groundwater remediation and natural
attenuation

Geothermal energy ( deep and near sur-
face; both open--and closed-loop sys-
tems)

For more information:
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projections  under uncertainty [studies

How can DHI tools help?

MIKE SHE

MIKE SHE is a fully integrated catchment modelling
tool that represents the major processes in the
hydrological cycle and includes process models
for evapotranspiration, snowmelt, overland
flow, unsaturated flow, groundwater flow, and
channel flow and their interactions. Each of
these processes can be represented at different
levels of spatial distribution and complexity,
according to the goals of the modelling study,
the availability of field data and the modeller's
choices. Grid-based and sub-basin-based repre-
sentations of the variability in the meteorologi-
cal forcing or the catchment characteristics can
be selected.

MIKE SHE is a powerful hydrological model for

¢ Integrated catchment hydrology
¢ Nutrient fate and management

Conjunctive use and management of sur-
face water and groundwater

Irrigation and drought management
Wetland management and restoration
Environmental river flows

Floodplain management
Groundwater induced flooding

Land use and climate change impacts on
both surface water and groundwater

¢ Groundwater remediation

For more information:



http://www.mikebydhi.com/Products/GroundWaterAndPorousMedia/FEFLOW.aspx
http://www.mikebydhi.com/Products/GroundWaterAndPorousMedia/FEFLOW.aspx
http://www.mikebydhi.com/Products/GroundWaterAndPorousMedia/FEFLOW.aspx
http://www.mikebydhi.com/Products/WaterResources/MIKESHE.aspx
http://www.mikebydhi.com/Products/WaterResources/MIKESHE.aspx
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How can DHI tools help?

DHI Decision Support Systems

DHI’s Decision Support System (DSS) platform is a ge-
neric tool designed to assist technicians, engineers,
planners, operators, negotiators and decision makers
in the process of making sound and sustainable deci-
sions and investments, in a wide range of fields includ-
ing integrated water management. The tool is able to
compile, modify, analyse and present observations
and model data in such a manner that this information
can be readily used for making objective and transpar-
ent decisions. It can be linked to mathematical mod-
els, including MIKE by DHI to address a wide range of
applications such as flood protection, reservoir design
and operations, irrigation water requirements,

groundwater impacts and the environment.
The key capabilities of the DSS platform:

. A comprehensive database for time-series, spa-
tial data (GIS) and scenarios (models).
Meta-data for describing data and facilities for
tracing and auditing purposes.

A web interface (web client) designed for dis-
semination of selected information over the
internet.

A suite of tools for processing, analysing and
visualizing GIS and time-series data.

A Scenario Manager that links to model tools
(e.g. MIKE by DHI) and provides facilities for
safe storage, execution and maintenance of
scenarios.

Generic optimisation tools for reservoir opera-
tion given certain downstream objectives (e.g.
minimize irrigation water deficits, maximize
hydropower production, and minimize down-
stream flood damage).

Ensemble modelling tools to derive include
probabilities and uncertainties in model predic-
tions.

A Script Manager that allows users to build their
own scripts and tools

How can DHI tools help? =

An Indicator Manager that allows the user to devel-
op their indicators for management and decision
making

Multi-criteria-analysis to support transparent and
objective decision making and to facilitate stakehold-
er involvement.

Cost-Benefit-Analysis to assess the economic feasibil-
ity of different investments (scenarios).

For more information:

DHI Climate Change DSS

The DHI climate change DSS is designed to generate and
visualize climate change data to support climate change
assessments and decision-making. This DSS tool provides an
atlas or data repository for climate information, allowing
the user to view and display information concerning current
and future climate scenarios, climate impacts and climate
adaptation effects and some analysis tools such as data
exchange, downscaling, and the ability to make compari-
sons for scenarios and uncertainty analyses.

The key capabilities of the Climate change DSS platform:

. Atlas or map-based repository for the storage and
presentation of climate change information
Web-based forum for data-sharing and decision
making
Document storage and retrieval
Simple visualisation and statistical analysis tools
View and display information concerning current and
future climate scenarios
Comparison and evaluation of results from modelling
tools such as competing adaptation measures
Downscaling from Global and Regional Climate mod-
els.



http://www.dhigroup.com/SolutionSoftware/Platform.aspx
http://www.dhigroup.com/SolutionSoftware/Platform.aspx
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MIKE 3

MIKE 3 is a 3-dimensional modelling system for
the simulation of flows, water levels, sediment
transport and water quality for deep stratified
lakes, reservoirs and/or stratified estuaries.
Provided with a set of climate change forcing
data and input of changed river inflows and nu-
trient loadings, this system can help model
ecosystem changes in areas where stratifica-
tion plays a vital role.

Typical MIKE 3 applications:

¢ Assessment of hydrographic conditions for
design, construction and operation of
structures and plants in stratified waters

Ecological modelling including optimisa-
tion of aquaculture systems

Lake hydrodynamics and ecology

¢ Coastal and estuary restoration projects

For more information:
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How can DHI tools help?

ECOLAB

ECO Lab is a flexible numerical laboratory for
ecological modelling. Within ECO Lab a set of
different models already exists that can help
solving some ecological and environmental is-
sues related to climate change, however, new
ecological models can also be developed to de-
scribe any ecosystem- or environmental system.

When analysing ecosystems for climate change
impacts one should keep in mind that large
scale changes in ecosystems and ecosystem
functional groups are rarely address by ecosys-
tem models. The change may be related to mor-
phological changes as well as changed in biologi-
cal structure e.g. significant changes in balance
between functional groups of flora and fauna. It
is important to evaluate whether such change
may be seen as a consequence of the climate
changes over the time periods that is used for
the assessment. Expert guidance and/or advice
for the specific ecosystem could be needed.

Typical ECO Lab applications:

¢ Water quality and ecological studies related
to rivers, wetlands, lakes, reservoirs, estu-
aries, coastal waters and the sea

Spatial predictions of any ecosystem re-
sponse

Simple and complex water quality studies
Impact and remediation studies
Planning and permitting studies

Water quality forecast

For more information:



http://www.mikebydhi.com/Products/CoastAndSea/MIKE3.aspx
http://www.mikebydhi.com/Products/CoastAndSea/MIKE3.aspx
http://mikebydhi.com/Products/ECOLab.aspx
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Anomalies

Glossary

AR4

AR5

CDF

Climatologies

Copula

CMIP3

CMIP5

CORDEX

Downscaling

ECMWF

The standard definition being “Something that deviates from what is standard, normal, or
expected”

When referring to climate model output datasets:

Anomalies are the changes in that variable from a reference value — so projections
might be presented as the change in temperature relative to a baseline climatology
which might be 1971-2000 for example, rather than the absolute value.

4th Assessment Report of the Intergovernmental Panel on Climate Change. The fourth in
a series of reports from IPCC. The largest and most detailed summarry of the climate
change situation, it is made up of 4 principal sections: The physical science basis; Impacts,
Adaptation and Vulnerability; Mitigation of Climate Change; The Synthesis Report.

5th Assessment Report of the Intergovernmental Panel on Climate Change. Due to be
published in 2014

Cumulative Distribution Function

The cumulative form of a probability density function describing the statistical character
of a variable.

When referring to climate model output datasets:

Climatologies are average variables over a long period — they may be 30 year or 20 year
average of January rainfall for a period centred around 2085 for example.

A three dimensional distribution function which can be used to describe the probability of
two types of events occurring concurrently.

Coupled Model Intercomparison Project 3.

Coupled Model Intercomparison Project 5.

Latest global climate modelling project which will be used to write the IPCCs upcoming 5t
Assessment Report.

Co-Ordinated Regional climate Downscaling Experiment

CORDEX is a framework aimed at improving coordination of international efforts in regio-

nal climate downscaling research. The website will host output datasets from RCMs across
the globe.

In numerical modelling, Downscaling is a process which takes outputs from a model and
adds information at spatial or temporal resolutions smaller than the grid scale or time
step of the model.

European Centre for Medium-range Weather Forecasts

Based in Reading, UK, is an independent intergovernmental organisation supported by 35
states, providing operational medium- and extended-range forecasts and a state-of-the-
art super-computing facility for scientific research.
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Emission scenario

ENSEMBLES

Ensemble

EVA

Feedback mecha-
nisms

GCM

Geoengineering

GEV

IPCC

Isostatic

movement

ITCZ

L-moments

Glossary =

Scenarios of emissions of greenhouse gases

1. ENSEMBLES Name of the European project to collect various GCM/RCM climate model runs. Data-
base of results stored on their website for research.

2. Ensemble: A collection of runs for the same time period but suing different models to enable compa-
risons of results

Extreme Value Analysis

Statistical analysis of the largest events in a record to characterise the nature of these extremes and
the probability of their occurrence in any year.

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

Global Climate Model / General Circulation Model

Coupled ocean and atmosphere numerical models used to predict changes in climate under various
atmospheric CO? scenarios.
Refers to all the large-scale engineering ideas for physical intervention in the climate system to try to coun-

teract the effects of global warming. E.g. reducing incoming sunlight by placing mirrors in space.

General Extreme Value distribution.

One of many distributions that can be used to describe the statistical character of extremes. It comes in 3
forms depending of the value of the shape parameter.

Intergovernmental Panel on Climate Change.

A scientific body of the United Nations, international leaders for the assessment of climate change, hosted
by WMO.

Describes the upward or downward movement of a tectonic plate relative to areas around it, caused by
changed in weight (density or thickness). Changes in weight distribution were caused by melting of glaciers
after the last glacial maximum. Areas previously glaciated will be rebounding and other areas may be subsid-
ing as part of a see-saw effect.

Inter-Tropical Convergence Zone

The zone of upper air convergence which lies over the area of maximum solar radiation (moving northward
and southward of the equator with the seasons). Intense heating leads to convection and heavy rainfall in
the tropics.

Moments (statistics) used to describe a dataset which are based on linear (giving the L) combinations of the

ordered data
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NARCCAP The US RCM project

NCAR National Center for Atmospheric Research
A US centre hosting modelling information.
Glossary NCEP National Centers for Environmental Protection
A US group of centres working in weather prediction.

NetCDF Network Common Data Form.

The form in which large datasets are often stored. Requires specialist tools for proces-
sing.

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

Penman- A widely-used equation for modelling Evapotranspiration. Requiring many inputs such as
Montieth equ- daily mean temperature, wind speed, relative humidity, and solar radiation.
ation

Predictand The variable being predicted
PRUDENCE A database of RCMs runs in Europe from 2004. The predecessor to ENSEMBLES.

RCM Regional Climate Model

Regional coupled ocean and atmosphere numerical models used to predict changes in
climate under various atmospheric CO? scenarios. Smaller scale than global models. Use
global models as boundary conditions.

RCP Representative Concentration Pathway. A future scenario of atmospheric greenhouse
gas concentration used to define possible futures in CMIP5 climate modelling.

Reanalysis data Climate model data run with observed data to produce a gridded dataset of observati-
ons.

Synoptic Synoptic scale meteorological events are large scale events with spatial horizontal scale
of 1000s of kilometres.

SRES Special Report on Emissions Scenarios

IPCC report in 2008 outlining the emissions scenarios which were used in 4th Asses-
sment Report modelling (CMIP3)

Stationarity A property of a dataset which has a stable average value over time.
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Table A1. Overview of Global Climate models used in CMIP3 (which formed the basis for IPCC’s Fourth

Assessment Report). Superscript numbers refer to models that share either the same atmosphere and/or

ocean model component. Full details of the models can be found here: http://www-pcmdi.linl.gov/ipcc/

model documentation/ipcc_model documentation.php

Appendix
Model Modelling group
BCC-CM1 Beijing Climate Center, China
BCCR-BCM2.0' Bjerknes Centre for Climate Research, Norway
CCSM3 National Center for Atmospheric Research, USA
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CGCM3.1(T47)?

Canadian Centre for Climate Modelling & Analysis, Canada

CGCM3.1(T63)?

Canadian Centre for Climate Modelling & Analysis, Canada

CNRM-CM3' Météo-France / Centre National de Recherches Météorologiques, France
CSIRO-Mk3.0 CSIRO Atmospheric Research, Australia
CSIRO-Mk3.5 CSIRO Atmospheric Research, Australia

ECHAM5/MPI-OM®

Max Planck Institute for Meteorology, Germany

ECHO-G® Meteorological Institute of the University of Bonn, Meteorological Research Institute of KMA,
and Model and Data group, Germany and Korea

FGOALS-g1.0 LASG / Institute of Atmospheric Physics, China

GFDL-CM2.0* US Dept. of Commerce / NOAA / Geophysical Fluid Dynamics Laboratory, USA

GFDL-CM2.1* US Dept. of Commerce / NOAA / Geophysical Fluid Dynamics Laboratory, USA

GISS-AOM® NASA / Goddard Institute for Space Studies, USA

GISS-EH® NASA / Goddard Institute for Space Studies, USA

GISS-ER® NASA / Goddard Institute for Space Studies, USA

INGV-SXG Instituto Nazionale di Geofisica e Vulcanologia, Italy

INM-CM3.0 Institute for Numerical Mathematics, Russia

IPSL-CM4 Institut Pierre Simon Laplace, France

MIROC3.2(hires)°

Center for Climate System Research (The University of Tokyo), National Institute for Environ-
mental Studies, and Frontier Research Center for Global Change (JAMSTEC), Japan

MIROC3.2 Center for Climate System Research (The University of Tokyo), National Institute for Environ-
(medres)® mental Studies and Frontier Research Center for Global Change (JAMSTEC), Japan
MRI-CGCM2.3.2 Meteorological Research Institute, Japan

PCM National Center for Atmospheric Research, USA

UKMO-HadCM3

Hadley Centre for Climate Prediction and Research / Met Office, UK

UKMO-HadGEM1

Hadley Centre for Climate Prediction and Research / Met Office, UK
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Table A2. Overview of data archives with available Regional Climate Model projections.

Database/ Region Date populated . Period
. Data download website
Project
Under develop- http://cordex.dmi.dk/
CORDEX Global coverage .
ment oomla
2009 http:// Transient, from 1951
ENSEMBLES | Europe and Africa ensemblesrt3.dmi.dk/ to 2050 or 2100
2004 http://prudence.dmi.dk/ | 30-year time slices:
PRUDENCE Europe 1961-1990 and 2071-
2100
2007 http://
NARCCAP North America www.earthsystemgrid.org/
project/NARCCAP.html
Table A3: List of available RCM projections from the PRUDENCE project.
Model Modelling group Driving GCMs SRES sce-
narios
CNRM Centre National de Recherches Meteoro- ARPEGE A2, B2
logiques, France
DMI-HIRHAM Danish Meteorological Institute, Den- HadAM3H, A2, B2
ECHAMA4
mark
ETH-CHRM Swiss Federal Institute of Technology, HadAM3H A2
Switzerland
GKSS-CLM Institute of Coastal Research, Helmoltz- HadAM3H A2
Zentrum-Geesthacht, Germany
HC-HadRM3 Met Office, Hadley Centre for Climate HadAM3H A2, B2
Prediction and Research, UK
ICTP-RegCM International Centre for Theoretical HadAM3H A2,B2
Physics, Italy
KNMI-RACMO Royal Netherlands Meteorological Insti- HadAM3H A2
tute, The Netherlands
MPI-REMO Max-Planck Institute for Meteorology, HadAM3H A2
Germany
METNO-HIRHAM Norwegian Meteorological Institute, HadAM3H A2 _
Norway 2_
HadAM3H A2, B2 o
SMHI-RCAO Swedish Meteorological and Hydrologi- a ¢ ¢ 8_
cal Institute, Sweden ECHAM4 C
(@]
UCM-PROMES Univesidad de Castilla La Mancha, Spain | T2dAM3H A2 g
>
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Introduction

Appendix

C
®)
B =
O
>
©
@)
S
+—
S

1. Defining

2. Identifying options

the problem and assessment criteria

3. Formulating the water

resources modelling approach | projections

=— Appendix - Climate model data

under uncertainty

4. Developing 5. Decision making | 6. Case
studies

Table A4: List of available RCM projections from the ENSEMBLES project for Europe. Superscript indicates

Model No. shown in Figure 4.5.3. All RCM/GCM combinations are based on the SRES A1B scenario.

Model Modelling group Driving GCMs
C4l-RCA3! Community Climate Change Consortium for HadCM3Q16
Ireland
CHMI-ALADIN? Czech Hydrometeorological Institute, Czech N/A
Republic
CNRM-ALADIN? Centre National de Recherches Meteorolo- ARPEGE
giques, France
DMI-HIRHAM* Danish Meteorological Institute, Denmark ARPEGE, ECHAMS, BCM
ETH-CLM® Swiss Federal Institute of Technology, Switzer- HadCM3Q0
land
ICTP-RegCM® International Centre for Theoretical Physics, ECHAMS
Italy
KNMI-RACMO’ Royal Netherlands Meteorological Institute, The ECHAMS, MIROC

Netherlands

METNO-HIRHAM®

Norwegian Meteorological Institute, Norway

BCM, HadCM3Q0

HC-HadRM”'%*

Met Office, Hadley Centre for Climate Predic-

HadCM3Q0, HadCM3Q3,

tion and Research, UK HadCM3Q16
MPI-REMO™ Max-Planck Institute for Meteorology, Germany ECHAMS
CGCM3

OURANOS-CRCM ™

Consortium on Regional Climatology and Adap-
tation to Climate Change, Canada

SMHI-RCA™ Swedish Meteorological and Hydrological Insti- ECHAMS, BCM,
tute, Sweden HadCM3Q3

UCM-PROMES™ Univesidad de Castilla La Mancha, Spain HadCM3Q0
Institute of Coastal Research, Helmoltz-Zentrum IPSL

GKSS-CLM
-Geesthacht, Germany

VMGO-RRCM Voeikov Main Geophysical Observatory, Russia HadCM3Q0
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Table A5: List of available RCM projections from the ENSEMBLES project for Africa. All RCM/GCM

combinations are based on the SRES A1B scenario.

Model Modelling group Driving GCMs

CHMI-ALADIN Czech Hydrometeorological Institute, Czech ECHAMS
Republic

DMI-HIRHAM Danish Meteorological Institute, Denmark ECHAMS

ICTP-RegCM International Centre for Theoretical Physics, ECHAMS
Italy

INM-RCA Instituto Nacional de Meteorologia, Spain HadCM3Q0

KNMI-RACMO Royal Netherlands Meteorological Institute, ECHAMS
The Netherlands

METNO-HIRHAM Norwegian Meteorological Institute, Norway HadCM3Q0

HC-HadRM Met Office, Hadley Centre for Climate HadCM3Q0
Prediction and Research, UK

MPI-REMO Max-Planck Institute for Meteorology, ECHAMS
Germany

SMHI-RCA Swedish Meteorological and Hydrological HadCM3Q0
Institute, Sweden

UCLM-PROMES Univesidad de Castilla La Mancha, Spain HadCM3Q0
Institute of Coastal Research, Helmoltz- ECHAMS

GKSS-CLM
Zentrum-Geesthacht, Germany
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Table A6: List of RCM projections available as part of the NARCCAP project. All RCM/GCM

scenarios are based on the SRES A2 scenario

Model Modelling group Driving GCMs
CRCM OURANOS/UQAM, Canada CCSM, CGCM3
ECPC UC San Diego/Sripps, USA GFDL, HADCM3
Appendix HRM3 Hadley Centre, UK GFDL, HadCM3
MM5 lowa State University, USA HADCM3, CCSM
RCM3 UC Santa Cruz, USA CGCM3, GFDL
WRF Pacific Northwest National Laboratory, USA CCSM, CGCM3

Table A7: List of RCM GCM combinations which were completed as part of the ENSEMBLES project.

ENSEMBLES GCM-RCM Matrix 8/6/2010

Global model|
- METO-HC METO-HC METO-HC| MPIMET MPIMET MPIMET Total
iRnigt'O"al Standard |Low sens.|Hi sens. Standard | Ens.m. 1 [Ens.m. 2| P°L | CNRM | NERSC|MIROC CGCM3, 1\ her
i 2100
METO-HC 2100 2100% 2100%* (late 2010) N
MPIMET 2100 2050% 2
CNRM 2100 1
DMI 2100%* 2100 2100% 3
ETH 2100 1
KNMI 2100* B . *
3100 2100* | 2100 2100 1+4
ICTP 2100 1
SMHI 2100* 21007 2100 3+1
UCLM 2050 1
cal 2100% 2050 (A2)H 2
GKSS 2050% 1
METNO 2050% 2050* 1
2050*
CHMI (12/2009) L
OURANOS** 2050% 1
vMGo** | 2050* 1
;3‘5“(:)(195 s 2 2 742 0+1 0+1 2 3 3 0+1 1| 2545

Red: Online now; *: non-contractual runs; **:affiliated partners without obligations; underscore: 50km resolution;
(in parantheses): Expected date. For partner acronym explanations, see the participant list. NOTE that all partners
also did an ERA-40 driven analysis 1951(1961)-2000
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