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Climate Scenario construction

 National Climate Change assessments 
have been carried out by a number of 
countries.  Most are non-probabilistic. 



Scenario and climate 
scenarios

1950s – usage in military strategy and planning 

1970s – usage in the energy business (Royal Dutch/Shell; 
Van der Heijden, 1997).

1980 – first climate scenario (Wigley et al. 1980)1980 – first climate scenario (Wigley et al. 1980)
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Scenarios and climate 
scenarios

1950s – usage in military strategy and planning 

1970s – usage in the energy business (Royal Dutch/Shell; 
Van der Heijden, 1997).

1980 – first climate scenario paper (Wigley et al. 1980)1980 – first climate scenario paper (Wigley et al. 1980)

1980s-90s – scientific papers and policy documents use and 
develop climate scenarios

1990s – first national climate scenarios published (UK)

2001 – IPCC TAR WG1 devotes a chapter to the science of 
climate scenario construction (Mearns et al., 2001)

2009 – first probabilistic climate change projections published 
(UK)

Slide courtesy: Suraje Dessai



A chronology of UK climate 
scenarios

Climate change act

UKCP09 projections   2009 COP-15 fails to agree a post 2012 regime

Slide courtesy: Suraje Dessai



UK Climate Projections

 
 





Demand for climate scenarios

• Early mainstreaming into planning (e.g., water resources in 
late 1990s) now more diverse

• Success of UKCIP (1997-)

• Research demand (e.g., ARCC programme, 2007-17)• Research demand (e.g., ARCC programme, 2007-17)

• Climate Change Act (2008)

• Adaptation Reporting Power (2009): “The UKCP09 Projections are 
likely to be a useful tool for some organisations in undertaking 
assessments of their risks from climate change. They will allow 
decision makers to consider a range of possible future climates, as 
well as an estimate of the uncertainties surrounding those changes.” 
(Defra, 2009, p. 8). 

• Climate change risk assessment (2012)

Slide courtesy: Suraje Dessai



A chronology of selected 
national climate scenarios
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National climate projections in 
Europe

Slide by Stefan Fronzek: adopted from Füssel (2014), in Capela et al. (eds.) Adapting to 
an Uncertain Climate – Lessons from Practice (via Suraje Dessai) 



UK Climate Projections
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2002 2009 2017/8

UKCIP02

UKCIP02 presented maps of change based 
on projections from a single model (in this 
case change in Summer rainfall 2080-
2100)

UKCIP02 presented climate change 
projections from a single Climate Simulator, 
for 4 different socio-economic scenarios. 

No estimate of climate uncertainty was made



Motivation to moving to probabilities



2002 2009 2017/8

UKCIP02 Single 
projection Very unlikely to 

UKCP09
Central Very unlikely to 

UKCP09 represents our first Probabilistic Climate Change Projections.
The probabilities provide a context to see previous projections that relied 
on a single Climate Simulator

UKCP09: Probabilistic Projections

Very unlikely to 
be less than 
(10%)

Central 
estimate 
(50%)

Very unlikely to 
be more than 
(90%)
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Climate Projections: 
Ingredients

 Ensemble of Climate Simulators used to 
explore the modelling uncertainty.

 Statistical tools (emulators) to extend this to 
explore relationship between parameters and explore relationship between parameters and 
climate simulations.

 Observations to down weight less plausible 
models (using Baysian approach)

 Other climate models (CMIP3) to estimate 
Structural uncertainties



Climate Model Simulations
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Multiple realisations of equilibrium climate 
response

Vary 31 parameters 
of HadCM3, to 
explore range of 
climate response 
due to uncertainty 
in unresolved 
processes.

Here: summer 
percentage rainfall 
changes in 
response to 
doubling of CO2

280 simulations 
produced

© Crown Copyright



Pragmatic choices: Why perturbed parameter 
ensembles?

• To assess risk, need to quantify modelling uncertainties 
- single-model studies can’t do this.
• Could use CMIP3/5 ensembles (National Scenarios released by Australia 

and Netherlands in 2014 both use processed CMIP5 projections).

Multi-model Ensembles (do sample a variety of model structures):
 Models inter-dependant due to common components (sample sizes even 

smaller than one thinks). Is uncertainty comprehensively sampled?
 Difficult to identify what drives variations across ensemble: is it resolution,  Difficult to identify what drives variations across ensemble: is it resolution, 

low/high top, aerosol chemistry, convection and cloud schemes, microphysics, 
etc...

 Performance is unequal across ensemble.

Perturbed Parameter Ensembles (only single model structure sampled) 
• Designed experiments, with comprehensive sampling, and control over what causes 

variation in response.
• Can construct statistical models (emulators) to understand, and predict response.
• Allowed us to
- use very large samples - apply a formal statistical framework
- constrain by observations - make probabilistic projections 
- make easy sensitivity analyses - provide more robust projections

© Crown Copyright



Climate Modelling framework

Equilibrium climate 
change

Transient climate 
change

Regional climate 
change



Winter 
Temperature 

Comparison of MME and 
PPE responses

Change at 
2xCO2: Mean 
and Standard 
Deviation



Winter 
Precipitation 

Comparison of MME and 
PPE responses

Precipitation 
Change at 
2xCO2: Mean 
and Standard 
Deviation



UKCP09 made in three stages

Time 
Scaling

Emissions uncertainty, 
forcing uncertainty

Modelling 
uncertainty, model 
weighting

1 2

Dashes = Other models
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Downscaling

NOTE: 
Internal 

variability 
added at all 

three 
stages

23

Dashes = Other models



Statistical Framework
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Bayesian prediction 
(Goldstein and Rougier 2004)

Mathematically rigorous synthesis of multiple lines of 
evidence from climate models and observations

Aim is to construct joint probability distribution p(X, mh , mf , 
y, o, d) of all uncertain objects in problem. 

Model parameters (X)
Historical and future model output (mh,mf)
True climate (yh,yf)
Observations (o)
Model imperfections = discrepancy (d)

Need to sample parameter space more thoroughly e.g. 1 
million times rather than 280 times.



Main application of PPE: development of the UK national 
climate scenarios “UKCP09” 

Step 1: 
Equilibrium 
Response

© Crown Copyright

• Construct statistical model (emulator) for response as function of 
perturbed parameters (regression approach used).

• Compare predictions of historical climate with observations, estimate 
a likelihood weight for each sampled parameter set.

• Integrate over large sample of untried parameters, producing 
probabilistic projections, conditional on model and obs.

• Model not perfect, and has structural errors, which are estimated here 
by comparison with CMIP3. This can adjust PDF.



Design: Perturbing Parameters

Adopt latin hypercube design for exploring parameter 
uncertainty (to maximise information gained from Climate 
Simulators)

2 examples of a 2D Latin Hypercube (one bad, one good)



Emulators Emulators are statistical 
models, trained on ensemble 
runs, designed to predict a 
distribution of model output at 
untried parameter 
combinations



• Pragmatic choices
• Use regression trained on 

ensemble runs to estimate 
past and future variables, m, 
at any point of parameter space, 
x, (use transformed variables 

Emulator Schematic

x, (use transformed variables 
and take into account some non-
linearities) 

• Note – need to run models at 
some quite “remote” regions of 
parameter space and where 
response in parameter space is 
not smooth.



Leading variation of 
control climate across 
slab PPE

First of six 
metrics used metrics used 
in Sexton et al 
(2012) and 
UKCP09



l Importance of spanning the 
observations

l These are six metrics used to 
constrain probabilistic 
projections in UKCP09. They 
are six leading eigenvectors of 
a climate state vector

 Dark blue dots are 280 QUMP 
membersmembers

l Black lines are joint probability 
density of emulated points

 Light blue dots are multimodel 
ensemble members

 Red dot is observed value



Three steps in production of UKCP09 
predictions

Equilibrium 
PPE

Equilibrium 
PDF

Other models
1. Atmospheric 
modelling  
uncertainty

time

scaling

Time-dependent 
PDF

2. Emissions, forcing 
uncertainty, ocean 
heat uptake

25km PDF
UKCP09

3. Downscaling 
uncertainty

Observations

scaling

Simple Climate 
Model

4 time-dep. Earth 
System PPEs: 
atmosphere, ocean, 
carbon, aerosol

Obs. Temp. 
Trends

Other 
models

25km regional 
climate model

Model variability 
sampled in all 
three steps



Example of what emulator produces

 An example of 10 randomly chosen combinations of parameter 
values - emulator gives 10 distributions

Emulators are statistical models, trained 
on ensemble runs, designed to predict a 
distribution of model output at untried 
parameter combinations



Weighting different model variants

 Weight prediction towards higher quality parts of parameter space



Weighted PDF



Estimating Likelihood

(m-o)

V = obs uncertainty + emulator error + discrepancy

V-1

(m-o)

(m
-o

)

log L0(m) ~

V is calculated from the perturbed physics and multi-model runs



Structural Model Uncertainty
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Use multimodel ensemble from IPCC AR4 and CFMIP

For each multimodel ensemble member, find point in HadCM3 
parameter space that is closest to that member

Estimating discrepancy

There is a distance between climates of this multimodel 
ensemble member and this point in parameter space i.e. effect of 
processes not explored by perturbed physics ensemble

Pool these distances over all multimodel ensemble members

Uses model data from the past and the future



Discrepancy – a schematic of what it does

No “discrepancy”

Weights  exp(-0.5CPI2)

CPI from Murphy et al (2004)



Discrepancy – a schematic of what it does

“Mimicking what  
discrepancy 

Weights  exp(-0.5CPI2)

CPI from Murphy et al (2004)

discrepancy 
does”



Discrepancy included                 excluded

Effect of historical discrepancy 
on weighting

l Estimated 
from sample 
size of 
50000



For most regions, variables and 
projection periods, the discrepancy 
estimated from the multi-model 
ensemble tends to broaden the PDF, 
but does not systematically change the 
mean estimate. 

Examples of Discrepancy and 
Projections

There are some cases where stronger structural errors 
lead the the discrepancy term doing much more work.

Scotland keeps snow too long in the present day spring 
(a bias), in future climates, this melts leading to large 
unrealistic temperature change (not seen in other Climate 
Models)

In this case, the Discrepancy acts to 
shift the PDF as well as broaden. 



Example of structural uncertainty, and the potential 
benefits of higher resolution 

0.30

0.15

Observations Higher Res

Scaife et al, GRL 2011
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• Winter anti-cyclonic blocking frequency for 
17 HadCM3 transient coupled-ocean 
atmosphere PPE members as a function of 
longitude.

• Winter blocking frequency over UK is 
underestimated by 16 out of 17 members.

Med Res
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90W                    0                    90E

• Moving to higher resolution 
can improve simulation of 
aspects of variability (such 
as blocking).
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!All methods for model weighting should account for model 
imperfection.!This is not the only possible method for specifying discrepancy. 
More effort needed in understanding model imperfection and what it 
means for how model projections are used.!Needs to be thought about in terms of many variables rather than 

Pragmatic choices: thoughts on 
discrepancy

!Needs to be thought about in terms of many variables rather than 
one variable at a time. Similar in this respect to way climate models 

are tuned because tuning is a compromise across many 
variables, not an optimisation on one variable.!But this method for specifying discrepancy means 
probability distributions will not be able to account for structural 
uncertainties that are related to systematic errors common to 
all models used.



Sensitivity tests
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Before observational                                                           After observational 
constraint                                                                            constraint

Sensitivity to prior – climate 
sensitivity



Before observational                                                           After observational 
constraint                                                                            constraint

Sensitivity to prior – %UK 
summer rainfall



Effect of model selection on parameter distributions

entrainment  amplitude CAPE  timescale
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Most important parameters



UK Probabilistic Climate 
Projections
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Projections



2002 2009 2017/8

UKCIP02 Single 
projection Very unlikely to 

UKCP09
Central Very unlikely to 

UKCP09 represents our first Probabilistic Climate Change Projections.
The probabilities provide a context to see previous projections that relied 
on a single Climate Simulator

UKCP09: Probabilistic Projections

Very unlikely to 
be less than 
(10%)

Central 
estimate 
(50%)

Very unlikely to 
be more than 
(90%)
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l Improving evidence

• UKCP09 assessment of current evidence so 
subject to errors common to all current models. 
Evidence will change in future due to 
improvements in methods, observations, climate 
models, and initialisation with observations.

• But sensitivity tests and inclusion of major 

Sensitivity studies

• But sensitivity tests and inclusion of major 
sources of spread in climate projections 
demonstrate a robustness of this assessment of 
current evidence.

Relative contributions to 
range of climate 
response



Probabilistic projections in response to A1B emissions

Changes in temperature and precipitation for future 20 year periods, 
relative to 1961-90, at 300km scale.

St Petersburg, winterTuscany, summer



Societal impact illustration: durum wheat 
(pasta) yield in Tuscany 2040-2060

TUSCANY, Annual, 2040-2060
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Response surface for 
current yield, including 
CO2 fertilization

 86% risk of a 

Roberto Ferrise, Marco Moriondo, Marco Bindi

Department of Agronomy and Land Management 

University of Florence
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 86% risk of a 
reduction in yield

Thanks to:

Sampled data



Examples of user reception
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“Natural England’s work on climate 
change is shaped by its wider remit for 
the protection and improvement of the 
natural environment. Climate change 
is a major threat to the natural 
environment, its biodiversity and the 
services it provides, and adaptation is 
essential to reduce risks, as well as 

Example Users: Natural England

essential to reduce risks, as well as 
take advantage of any opportunities 
that arise”

Quote from Summary of Evidence: 
Climate Change (EIN005)

Information used:
 Qualitative
 Narrative (warmer, wetter, 
longer seasons, etc)



Example Users: TE2100 Project

London has a barrier to prevent high 
tides and river flows causing flooding 
in the city (negative impacts 
estimated to be in the £trillion range)

Initially used only once every couple of years, 
the barrier is now used more frequently –
raising questions about whether changing 
climate will require new infrastructure to keep 
London dry.

Information used:
Quantitative
Risk adversed (need information on 
what is possible from high end 
changes, as well as what is more 
probable)



Courtesy of Tim Reeder, 
Environment Agency.

Courtesy of Tim Reeder, 
Environment Agency.



Example Users: Flood modellers

Flood risks dependent on (often small 
scale) extreme rainfall events and 
durations of dry/wet days preceding 
rainfall.
This information best provided by 
physically coherent realisations of 
potential future rainfall changes, such potential future rainfall changes, such 
as provided by Regional Climate 
model simulations
Statistical downscaling approaches 
can often struggle to capture the 
spatial and temporal coherent 
changes that are associated with 
flood risks.

Information used:
Quantitative
Spatially and temporally coherent realisations of rainfall 
required to drive river flow models



Type of Projections Conservation Thames Barrier Flood modellers

UKCIP02 Single projection Easy to 
use/narrative

No estimate of risk 
of high end 
changes

Able to use.  
Limited by 
ensemble size, 
spatial scale of 
information

UKCP09 Full probabilistic Not able to use 
quantitative data

Quantitative data.  
Used high end 

Quantitative data. 
Needs ensembles 

Examples of how different users are 
able to make use of projections

UKCP09 Full probabilistic Not able to use 
quantitative data

Quantitative data.  
Used high end 
estimate plus 
expert judgement

Quantitative data. 
Needs ensembles 
of regional models.

Generally findings:  With a single projection, users do not need to know their exposure to 
climate variability/change.  With probabilistic information, users need to understand their 
exposure before confronting the data.  

Need to work with users to understand their requirements for climate change information
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