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1. Introduction and method (CMCC)

The objective of this deliverable is to verify the occurrence of pre-identified (D3.1)
tipping points in the SSP/RCP matrix and to define inputs which are suitable for
analysis by the investigation approaches in the COACCH portfolio according with the
structure defined in Figure 1.1. During the co-design process in WP1, stakeholders
proposed a series of candidate tipping points which are of key concern for Europe.
Deliverable 3.1 finally selected relevant tipping point based on WP1 suggestions, that
are verified in terms of potential occurrence and timing, through the work carried out
within the present deliverable.
WP1

D1.3 Co-design with
stakeholders
Candidate Tipping Points

D1.2 Literature review

D3.1 Operationalizing Tipping Points
Selected Tipping Points, assessment methods
WP3
D3.2 Tipping Point likelihood in SSP/RCP space

D3.3 Climate Tipping
Points
Analysis (Month 32, FEEM)

D3.4 Socio-economic
Tipping Points Analysis VU
(Month 32, VU)

Figure 1.1 Relations with other COACCH deliverables (same as D3.1 Figure 1)

1.1 Method and structure of deliverable
Chapter 2 investigates climate tipping points (CT1-4, table 1.1) potential occurrence in
the present century within the SSP/RCP defined matrix and provides the relative
information on climate conditions relevant for impact studies.
Chapter 3 investigates socio-economic tipping points (ST1-9, table 1.2) potential
occurrence in the present century within the SSP/RCP defined matrix, after the
definition of the relevant climate conditions that might lead to the socio-economic
tipping point.
Chapter 4 discusses chapter 2 and chapter 3 results.
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Tipping Point

ID

Consortium
partner

Short description of model approach

Global Sea Level
Rise
Alpine glaciers
disappearance
Disappearance of
Arctic summer ice
Slowdown of
Thermohaline
circulation

CT1

BC3/GCF

Definition of tipping point timing based on existing literature/ sectorial impact
evaluation/ impacts on the overall economic systems

CT2

CMCC

Definition of tipping point timing and uncertainty based on EURO-CORDEX
data/ sectorial impact evaluation/ impacts on the overall economic systems

CT3

CMCC

Definition of tipping point timing and uncertainty based on CMIP5 data/
sectorial impact evaluation/ impacts on the overall economic systems

CT4

PWA

Definition of tipping point timing based on existing literature/ sectorial impact
evaluation/ impacts on the overall economic systems

Table 1.1: selected climate tipping points

Tipping Point

ID

Consortium
partner

Short description of model approach

Health impacts of
migration
Finance for highrisk EU regions
Food/water

ST1

PWA

Partial equilibrium models to be constructed utilising existing data.

ST2

PWA

Partial equilibrium models to be constructed utilising existing data.

ST3

IIASA

Coastal migration

ST4

GCF

Adaptation to
accelerating sea
level rise
Network
disruptions due to
flooding of roads
Collapse of
insurance markets
for extreme
weather risks

ST5

DELTARES

Bottom-up, recursive-dynamic partial-equilibrium model that runs in annual
time-steps.
Coastal impact model including protection and migration modelling. Can be
used to analyse CBA-based protection/retreat decisions. These decisions can
depend on slr-rate-thresholds.
Application of adaptive policy pathways: are current ways of protecting the
Netherlands sufficient, or is a large reconfiguration required: different
infrastructure; risk approach or even retreat from certain areas?

ST6

DELTARES

A scalable novel road network flood vulnerability analysis has been carried out
to identify the most disruptive flood events with potential large impacts on
traffic, transport and trade between NUTS-3 regions in Austria.

ST7

VU

Climate induced

ST8

VU

Case study flood risk insurance:
The DIFI model of the VU assesses the impact of rising flood risk on insurance
penetration rate, unaffordability of premiums and incentivized risk mitigation
by households under various insurance structures and behavioural scenarios.
Case study crop insurance:
Examine using the CLIMRISK model of the VU when, where and under which
conditions thresholds of temperature increase and precipitation decline are
reached which can trigger collapse of crop production and related crop
insurance against drought risk.
Examine using the CLIMRISK model of the VU when, where, and under which
conditions thresholds of local high economic damages from climate change
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economic shocks
Electricity system
failures

(e.g. 5% of GDP or more) are reached.
ST9

UniGraz

Indicator-based analysis of electricity system supply and demand challenges
due to climate change increasing the risk of system failure to a critical
threshold. On the climate side the contributing factors are droughts and heat
waves (inducing forest fires (loss of transmission lines) and lower efficiency or
outages of thermal power plants, but also new peak demand periods (air
conditioning).

Table 1.2: selected socio-economic tipping points
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2. Climate tipping points within the XXI century
In this chapter we investigate the four COACCH climate tipping points (Table 1). For
each of them the investigation methodology is detailed and the potential occurrence
within the current century is evaluated, together with the provision of the relative
climate conditions useful for impact studies.

2.1 CT1 - Global Sea Level Rise (BC3/GCF)
2.1.1 Evaluation of CT1 occurrence within the current century
While rising sea-level is one of the greatest threats posed by climate change, it has no
potential for being labeled as a climate tipping point. Global mean sea-level (GMSL)
rose by 20 cm during 20th century, with wide local variations (Church et al., 2013), and
an acceleration of global mean rise has been reported (Nerem et al. 2018). As sea-level
rise is a slow response to global warming, it is expected to continue for at least centuries
(Levermann et al. 2013, Clark et al. 2016, Mengel et al. 2018). Levermann et al. (2013),
for example, estimate 2.3 meter of sea-level rise per degree of global mean temperature
rise as a long term consequence of global warming.
The major uncertainty associated to GMSL rise relates to the melting of the polar ice
sheets, which is the tipping point behind high-end sea-level rise. Ice-sheet melting could
lead to a self-sustaining retreat of the ice sheets – ending in their total collapse. The
Greenland ice sheet (GIS) stores the equivalent of about 7 m of GMSL rise and the
Antarctic ice sheet (AIS) stores the equivalent of 58 m of GMSL rise, whereof the
equivalent of 5 m GMSL rise are stored in the West Antarctic ice sheet (WAIS), which
seems to be particularly vulnerable. While the uncertainty in sea-level rise stemming
from the melting of glaciers and ice caps and from thermal expansion of the ocean
water can be quantified reasonably well and has no tipping point characteristics,
estimates of the contribution to sea-level rise from the melting of the polar ice sheets
varies widely reflecting the tipping point potential of ice-sheet collapse (see Table
2.1.1).
Future sea-level rise due to the contribution of the two big ice sheets highly depends on
their stability, which could be affected by two major mechanisms. The first, marine icesheet instability (MISI), describes the potential for ice sheets grounded below sea level
with a bedrock slope downwards in inland direction to rapidly destabilize and retreat in
a self-sustaining way. This is the case of WAIS, of which satellite measurements as well
as modelling efforts suggest that MISI is underway for WAIS (Favier et al. 2014,
Rignot et al. 2014).
The second mechanism is known as marine ice-cliff instability (MICI) and describes a
self-sustaining retreat of the ice front in regions where the ice is 100 m or more above
sea surface. MICI was proposed by Bassis and Walker (2011) and its potential effects on
Antarctica have been assessed by DeConto and Pollard (2016), who estimate that under
RCP8.5 Antarctica could contribute to global-mean sea-level rise with about a meter by
2100 and about 15 meters by 2500.

Study

P
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Kopp et al (2014)
Horton et al. (2014)
Jackson and Jevrejeva
(2016)
Bars et al (2017) DP16
Bars et al (2017) DP16T
Kopp et al (2017)

sea-level rise [cm] under
RCP8.5
Antarctica
Other components
95th
99th
123
159
Expert elicitation of Bamber Similar to AR5
and Aspinall (2013)
methodology
150
Combined expert elicitation
118

140

247
273
265-292 299-339
243
267

IPCC SROCC:
Oppenheimer et al (2019)

110

Bamber et al. (2019)
Mengel et al. (2016)

238
131

329

Expert elicitation of Bamber
and Aspinall (2013)
DeConto and Pollard (2016)
DeConto and Pollard (2016)
DeConto and Pollard (2016)

AR5 methodology
AR5 methodology
AR5 methodology
Similar to AR5
methodology
AR5 methodology

Combination of studies of
Golledge et al. (2015),
Ritz et al. (2015), Levermann
et al. (2014), Golledge et al.
(2019), and
Bulthuis et al. (2019)
Expert elicitation
Kopp et al. (2014)
Equilibrium ice-sheet model AR5 methodology

Table 2.1.1: Recent 21st century projections of high-end sea-level rise.
However, the MICI mechanism is much more uncertain than MISI and has been
challenged by researchers. A recent study (Edwards et al. 2019) showed that for many
models and many sets of parameters MICI is not necessary to reproduce estimated
Antarctic ice-loss during past warm periods. Thus, MICI remains highly speculative and
the possible range of sea-level rise contribution from Antarctica remains large (see
Table 2.1.2).
RCP 2.6
No MICI

RCP 4.5
MICI

No MICI

RCP 8.5
MICI

No MICI

MICI

[-9,13]
[-3,48]
[-3,21]
[5,103]
[9,39]
[20,157]
Table 2.1.2: 90% intervals for the Antarctic sea-level rise contribution in 2100, in
dependence of RCP and the occurrence of the MICI mechanism. Units in are
shown in centimetres (Source: Edwards et al. 2019).
The recent IPCC Special Report on the Ocean and the Cryosphere (Oppenheimer et al.,
2019) acknowledges that there is a lot of uncertainty regarding ice-sheet dynamics and
underlying processes. It states:
•

•

P

“Processes controlling the timing of future ice shelf loss and the spatial
extent of ice sheet instabilities could increase Antarctica’s contribution to
SLR to values higher than the likely range on century and longer time
scales (low confidence).” (p. 324)
“Evolution of the AIS beyond the end of the 21st century is characterized by
deep uncertainty as ice sheet models lack realistic representations of some of
the underlying physical processes. The few model studies available
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•
•

•

addressing time scales of centuries to millennia indicate multi-metre (2.3–5.4
m) rise in sea level for RCP8.5 (low confidence).” (p. 324)
“There is low confidence in threshold temperatures for ice sheet instabilities and
the rates of GMSL rise they can produce.” (p. 324)
“Much progress has been made since AR5 in the understanding of these
processes, but their representation in continental-scale models continue to be
heavily parameterised in most cases. Complex interactions between the ice
sheet, ocean, atmosphere and underlying bedrock also remain difficult to
simulate collectively.” (p. 346)
“The validity of MICI remains unproven (Edwards et al., 2019) and is
considered to be characterised by ‘deep uncertainty’, but it has the potential to
raise GMSL faster than MISI.” (p. 349)

In conclusion, within the COACCH project it is not possible to give an evaluation of ice
sheet instability occurrence within the current century.
2050
2100
Study

Reference
RCP2.6 RCP4.5 RCP8.5 RCP2.6
period

Perette et al. (2013)

1980-1999

0.28
(0.23-0.32)

0.28
(0.23-0.34)

RCP4.5
0.86
(0.66-1.11)

Gindsteadt et al. (2015) 2000

RCP8.5
1.06
(0.78-1.43)
0.8
(0.58-1.20)

Slangen et al. (2014)

1986-2005

Kopp et al. (2014)

2000

0.25
(0.21-0.29)

0.26
(0.21-0.31)

0.29
(0.24-0.34)

Kopp et al. (2017)

2000

0.23
(0.16-0.33)

0.26
(0.18-0.36)

0.31
(0.22-0.40)

De Winter et al (2017)

1986-2005

0.54
(0.35-0.73)

0.71
(0.43-0.99)

0.50
(0.37-0.65)

0.59
(0.45-0.77)

0.79
(0.62-1.00)

0.56
(0.37-0.78)

0.91
(0.66-1.25)

1.46
(1.09-2.09)
0.68/0.86

Jackson and Jevrejeva 1986-2005
(2016)

0.54
(0.36-0.72)

0.75
(0.54-0.98)

Le Bars et al. (2017)

1986-2005

1.06
(0.65-1.47)

1.84
(1.24-2.46)

Nauels et al. (2017)

1986-2005

0.24
(0.19-0.30)

0.25
(0.21-0.30)

0.27
(0.23-0.33)

0.45
(0.35-0.56)

0.55
(0.45-0.67)

0.79
(0.65-0.97)

Bakker et al. (2017)

2000

0.20

0.23

0.25

0.53

0.72

1.16

Wong et al. (2017)

2000

0.26

0.28

0.30

0.55

0.77

1.50

Jevrejeva et al. (2014a) 2000
Schaeffer et al. (2012)

2000

Mengel et al. (2016)

1986-2005

0.80
(0.6-1.2)
0.90
0.18

0.18

0.21

0.39
0.53
(0.28-0.56) (0.37-0.77)

1.02
0.85
(0.57-1.31)

Table 2.1.3: Probabilistic SLR in current studies included in SROCC. Numbers in
the cells show the 50th quantile, the numbers in parenthesis the 5th and 95th
quantile (if available).
An socio-economic tipping point could be triggered by the occurrence of high-end sealevel rise within 21st century. While high end SLR has no feedbacks to the climate
system, it might trigger tipping points in the human responses (see section on the coastal
migration tipping point).

P

Page 11

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space

It should be noted that ice-sheet instability is a sufficient condition for high-end SLR,
because only the high contributions from the ice-sheets can cause high-end SLR.
However, ice-sheet instability does not necessarily lead to high-end SLR in 21st century,
because the contributions from the ice sheets might only become high after 2100.
Despite the uncertainty in ice-sheet response, the recent IPCC Special Report on the
Ocean and the Cryosphere provides an overview over recent probabilistic SLR
projections (see Table 2.1.3). The wide range of the projections reflects the general
uncertainty on sea-level rise caused by the different methods and assumption underlying
these studies. However, we can provide a combined conclusion of these studies using
the IPCC terminology. For a high SLR of at least 1.0 meter we can state:
For RCP 2.6 it is extremely unlikely that high end SLR of more than 1.0 m will
occur in 21st century. No existing study projects such a high sea-level rise under
RCP2.6, even not in the 95th quantile.
• For RCP 4.5 it is extremely unlikely that high end SLR will occur until 2100.
The combined 95th quantile of the available studies is below 1.0 m.
For RCP 8.5 it is extremely unlikely that high end SLR will occur until 2050. No
existing study projects such a high sea-level rise under RCP8.5 in 2050, even not in the
95th quantile. However, it is about as likely as not that high end SLR will occur until
2100. 6 out of 14 studies listed in the IPCC SROC project a median sea-level rise of at
least 1.0m in 2100 under RCP8.5.
•

2.1.2 Climate Information useful for CT1 impact studies
Sea-level rise impact studies need SLR scenarios. These scenarios translate the CMIPclimate information for each RCP into localized SLR trajectories and add another
dimension of uncertainty by parameterizing the ice-sheet components (COACCH has
covered this uncertainty in the impact study in deliverable D2.3). SLR scenarios must
fulfill different needs depending on the user group they are addressed to. For instance,
SLR scenarios for decision making should consist from (Hinkel,2019):
1. probabilistic predictions for short‐term decisions when users are uncertainty
tolerant;
2. high‐end and low‐end SLR scenarios chosen for different levels of uncertainty
tolerance;
3. upper bounds of SLR for users with a low uncertainty tolerance; and
4. learning scenarios derived from estimating what knowledge will plausibly
emerge about SLR over time.
For scientific SLR impact studies more detailed scenarios are needed. As coastal impact
models get more advanced, future coastal impact studies will need precise climate
information. This includes:
•
•

P

High-resolution wind data
Derived from these wind data high resolution local extreme water level (surge)
data. These water level data will enable processed-based or hybrid models to
simulate the impacts of extreme water level events. Temporal resolved water
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level data (hydrographs) can be used to compute water volumes of flood events
and to simulate their propagation.
Also derived from the wind data high resolution wave data. This includes wave height,
wave frequency and wave direction. Such data is useful for modelling of erosion and
over topping of existing protection infrastructure events.

2.2 CT2 - Alpine glaciers disappearance (CMCC)
Numerous model studies for a wide range of climatic settings have been performed,
estimating future trends in the hydrology of glacierized basins. In the last decades,
glacier retreat in the Alps has been extremely evident, owing also to the pronounced
temperature increase over these mountains, even higher when compared to the global
average (Ciccarelli et al. 2008).
2.2.1 Evaluation of CT2 occurrence within the current century
The front variations of Alpine glaciers show a general trend of glacier retreat over the
past 150 years (Bonanno et al. 2013). The retreat of glaciers will have a large impact, as
glaciers play an important role for hydroelectricity production (Milner et al., 2017;
Patro et al., 2018), river runoff (Hanzer et al., 2018; Huss and Hock, 2018), and for
touristic purposes ( Fischer et al., 2011; Welling et al., 2015; Stewart et al., 2016). In the
last decades, glacier retreat in the Alps has been extremely evident, owing also to the
pronounced temperature increase over these mountains, even higher when compared to
the global average (Ciccarelli et al. 2008, Zekollari et al. 2018). Numerous model
studies for a wide range of climatic settings have been performed, estimating future
trends in the hydrology of glacierized basins. The probability of occurrence of the
Alpine glaciers disappearance within the current century is the base of the CT2
investigation, together with the evaluation of EURO-CORDEX (Jacob et al. 2015)
results in a multi-model framework under RCP8.5, RCP4.5 and RCP2.6 scenarios.
Some processes associated to the glacier melting might be subject of abrupt changes,
even before the complete disappearance of the glaciers such as water availability in the
soil. EURO-CORDEX results obtained through Regional Climate Model (RCMs) at
about 11 km of horizontal resolution, help us in verifying such hypothesis within the
considered scenarios. RCM scenarios raw data are used for this analysis due to the focus
on fields such as soil moisture and evaporation not available as bias corrected. In
addition, the usage of a simplified minimal glacier modelling (Peano et al. 2016,
Oerlemans 2011) approach has been implemented and adapted to run based on EUROCORDEX input data for a better estimate of the CTP2 expected timing and the related
changes in terms of water mass balance.
It is well known that that observed glacier mass balances can be only approximately
reproduced within a regional climate model based on simplified concepts of glacierclimate interaction. Realistic results can only be achieved by explicitly accounting for
the subgrid variability and considering surface mass balance and ice flow explicitly
(Kotlarski et al. 2010, Zekollari et al. 2018). To this aim a recent study modelling the
future evolution of glaciers in the European Alps with an extended version of the Global
Glacier Evolution Model - GCEM (Zekollari et al. 2018), made light on future
projections of glaciers extension under the three RCPs considered within COACCH.
The GCEM has been forced based on EURO-CORDEX RCMs results at 12 km as
horizontal resolution. All of the considered Representative Concentration Pathways
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show a reduction (compared to 2018) of about 50% (multi-model average) of the glacier
volume over the Alps for 2050. This is consistent with previous findings suggesting a
strong retreat of the glacier snouts in the northwestern Italian Alps, with retreats
between about 300 and 400 m with respect to the current position by 2050 under
RCP8.5 (Bonanno et al. 2013). A different behaviour is expected for 2100 when the
glaciers are projected to disappear under RCP8.5 for some members with an average
response leading to less than 10% of the actual (2018) volume. On the other hand an
averaged reduction of 80% / 60% is expected for the end of the century following the
RCP4.5 / RCP2.6 scenario. The availability of multiple RCM realizations following
different General Circulation Model (GCM) boundary conditions, made also possible
to verify that, for a given RCP, differences in future changes are mainly determined by
the driving GCM, rather than by the RCM that is forced with.
The described results suggest that the CT2 is only achievable at the end of the current
century, following the worst forcing scenario (RCP8.5). On the other hand, RCP4.5 and
RCP2.6 are projected to stabilize glaciers volume to not negligible reduced values
compared to the actual one.
For an extended evaluation of the aforementioned findings we also built on a simplified
glacier model based on the work by Peano et al. (2016) and Oerlemans (2011). The
simplified glacier model, called “minimal glacier model”, assumes a simplified glacial
geometry and the time-evolution of glacier length is computed from a continuity
equation for the whole glacier, typically using an instantaneous relationship between
glacier length and depth. As such, the minimal glacier model cannot describe the
propagation of kinematic waves or depth variations along the glacier. Since this model
includes only a few parameters, it is particularly useful for the study of the interaction
between glaciers and climate when limited information on the glacier characteristics is
available, which is often the case for the large majority of Alpine glaciers. The minimal
glacier model, then, accounts for a glacier of uniform width resting on a bed with
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constant

slope

(Figure

2.2.1).

Figure 2.2.1: Schematic description of the minimal glacier model by Peano et al.
2016. Ciardoney glacier case. The simplified uniform width case is reported in
black, while the red curve show the observed glacier shape. The small box exhibit
the section of the simplified glacier geometry where b0 is the glacier head altitude,
H is the mean ice thickness and ELA is the equilibrium line altitude, which is the
altitude where accumulation is equal to ablation.
The total glacier volume changes are given by changes in glacier length, width, and
depth. The minimal glacier geometry assumes a constant width and a simple relation
between glacier length and depth. Given these assumptions, the changes in glacier
length are used as proxy for alpine glacier retreat and volume reduction. Note that the
use of glacier length is also justified by its large availability of observations.
The changes in glacier length are driven by climate variability through the surface mass
balance (SMB). The SMB derives from glacier accumulation minus glacier ablation.
The first one is directly derived from the CORDEX snow precipitation dataset, while
the second one is computed using the Positive Degree Day (PDD) method proposed by
Reeh (1991), which is based on the annual temperature cycle. Here, the annual
temperature cycle is taken from CORDEX monthly surface temperature data. Note that
the parameters required for minimal glacier model and PDD derive from literature
(Peano et al., 2016 for minimal glacier model and Hock 2003 for PDD) and are adjusted
to our specific case.
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To adjust and evaluate the ability of our system, a set of observed SMB is used (data
coming from World Glacier Monitoring Service, WGMS 1998, 2005, 2008). Four
glacier are taken into account for this evaluation which are located inside the Alpine
glacier region used inside CORDEX (Figure 2.2.2). These glaciers are: Sarennes located
in France (45.14°N 6.14°E); Ciardoney located in Italy (45.52°N 7.43°E); Gries located
in Switzerland (46.43°N 8.33°E); Jamtal located in Austria (46.87°N 10.17°E).
Three RCMs are used to perform this evaluation: KNMI-RACMO22E forced by ECEARTH; SMHI-RCA4 forced by CNRM-CM5; IPSL-INERIS-WRF331F forced by
IPSL-CM5A-MR.
The multi-model spread exhibits values going from about 1 mwe/yr (Jamtal glacier in
Figure 2.2.3) to about 6 mwe/yr (Ciardoney glacier in Figure 2.2.3), which is larger than
the observed interannual variability. However, the simulated multi-model mean SMB
timeseries display values in line with observation (Figure 2.2.3). In particular, the multimodel mean SMBs show a slight overestimation of SMB for Jamtal and Sarennes
glaciers and a slight underestimation of SMB for Ciardoney and Gries glaciers
compared to observed values (Figure 2.2.3).

Figure 2.2.2: Eur-11 CORDEX Glacier Mask.
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Figure 2.2.3: Surface Mass Balance (SMB) historical time series for 4 Alpine
Glaciers: modelled results based on different RCM forcings. Units are [mwe/yr].
Shading represent uncertainty between RCMs. Dashed line represents multi-model
mean, to be compared to observational time series (solid lines).
Once evaluated the SMB part of our methodology, the SMB timeseries are produced for
present day and future following three future scenarios, namely RCP 2.6, RCP 4.5, and
RCP 8.5. These timeseries are feed to the minimal glacier model that produce the
glacier retreat timeseries. Since the minimal glacier model evolve from an initial glacier
length and Alpine glaciers span over many sizes (e.g. Paul et al., 2011), a set of initial
glacier lengths are used to reproduce the timing of retreat for small, medium and large
glaciers in the Alpine regions. The initial length used here are: 1000 m for mimic small
Alpine glaciers retreat, 4000 m for medium ones, and 10000 m for large Alpine glaciers.
Note that the Alpine region (5-16.3°E, 44-47.5°N) has been divided into two subregions: North Alps (above 45.5°N) and South Alps (below 45.5°N).
The glacier length timeseries confirm a large retreat of glacier during the 21st century
with the largest retreat occurring under the RCP 8.5 scenario (Figure 2.2.4). Besides, the
South Alps sub-region exhibits larger retreat compared to the North Alps sub-region
ones. In fact, the South Alps area shows halved glacier length by end of the century
under all scenarios and for all initial glacier conditions. On the contrary, the North Alps
sub-region displays halved glacier length by end of the century only for small and
medium glaciers under RCP8.5 scenario (Figure 2.2.4). It is noteworthy that in each
sub-region a different number of glacierized grid points are available (Figure 2.2.2).
Assuming a glacier located in each of these grid points and different RCMs, a large
ensemble of glacier length evolution is available. The timeseries reported in Figure
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2.2.4 show the ensemble mean of these synthetic glaciers in each specific sub-regions.
Besides the mean time evolution, it is possible to evaluate the amount of glacier that
will disappear by the end of the 21st century (Table 2.2.1).
Glacier size

Scenario
North Alps
South Alps
Alps
RCP 2.6
32%
52%
36%
Small
RCP 4.5
51%
68%
57%
RCP 8.5
58%
78%
65%
RCP 2.6
3%
10%
5%
Medium
RCP 4.5
16%
37%
23%
RCP 8.5
22%
45%
30%
RCP 2.6
0%
0%
0%
Large
RCP 4.5
3%
8%
5%
RCP 8.5
6%
13%
8%
Table 2.2.1: Percentage of synthetic glaciers simulated to disappear by the end of
the 21st century under a set of three future scenarios. Small Alpine glaciers are
represented by glaciers with initial length of 1000 m; medium Alpine glaciers have
initial length of 4000 m; large Alpine glaciers account for an initial length of 10000
m.
The South Alps sub-region shows larger probability of glaciers disappearance compared
to North Alps area (Table 2.2.1). The small glaciers, which are the majority of presentday Alpine glaciers (Paul et al., 2011), are more affected by climate change with high
probability of glacier disappearance within current century. On the contrary, medium
and large Alpine glaciers display no-disappearance or low disappearance probability
under RCP 2.6 future scenarios, while probability of disappearance within current
century are attained only under RCP 8.5 future scenarios (Table 2.2.1).
In general, the disappearance of the majority of the Alpine glaciers is expected to occur
by the end of the current century only under a RCP 8.5 scenario, which is in line with
previous literature estimate (e.g. Bonanno et al. 2013; Peano et al. 2016; Zekollari et al.
2018).
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Figure 2.2.4: Synthetic Glacier length change in different scenarios
(RCP2.6/RCP4.5/ RCP8.5 as green/blue/red, respectively) up to the end of the
current century. Units are [m]. First row shows the timeseries for small Alpine
glaciers (initial length of 1000 m); second row for medium Alpine glaciers (initial
length of 4000 m); third row for large Alpine glaciers (initial length of 10000 m).
The first column reports the values for the North Alps sub-region, while South
Alps sub-region is displayed in the second column.
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2.2.2 Climate Information useful for CT2 impact studies
Changes in the seasonal cycle of the surface runoff and an evaluation and quantification
of relative potential abrupt changes is the object of this task.
Despite we do not expect a complete alpine glacier disappearance before the end of the
current century - under all of the considered RCPs - we tried to verify potential abrupt
changes in the surface conditions over alpine glaciers in terms of water availability. In
fact, downstream impacts of changes in the cryosphere might be considerable in terms
of irrigation for agriculture, hydropower production, river transportation and ecology.
Figure 2.2.5 shows total runoff projections as resulting from one of the GCM-RCM
configurations available from EURO-CORDEX bunch of models over the EUR-11
domain (the EC-EARTH – RACMO22E GCM/RCM configuration): after the year 2050
over the northern alpine glaciers domain an increase of the runoff is expected under the
RCP8.5 scenario, reaching a 150% increase with respect to the baseline (2006-2015) for
the end of the century.

Figure 2.2.5: Total runoff projections averaged over the northern/southern alpine
glaciers domain are shown in the upper/lower panel. Units are % changes with
respect to the 2006:2015 period. 45.5 degrees north are used to divide southern
from northern domain. Time series are filtered with a 10-year window running
average.
This runoff increase is expected to be even higher (up to 170%) over the southern alpine
glaciers. This highlights a tipping point corresponding to the middle of the current
century following the RCP8.5 scenario: the switch to unstable conditions in terms of
river runoff amount, leading to a positive trend in river runoff availability, is found over
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both southern and northern alpine glacier domains. This increase is more pronounced
during summer (Figure 2.2.6) consistently with temperature higher than the melting
threshold during these months: starting from 2050 the melting season (averaged daily
temperature higher than 0oC), is larger than before, starting in May and ending in
September, instead of covering the June-August period only (Figure 2.2.7) determining
a tipping point responsible for the described abrupt change in runoff tendency over
alpine glaciers zones. Interesting, also the soil water availability tendency shows a
switch to a positive trend after 2050, especially over the southern alpine glaciers (Figure
2.2.8. The tipping point at around 2050 in RCP8.5 is more evident focusing on absolute
values instead of relative changes: Figure 2.2.9 indicates absolute values time series of
soil moisture and total runoff, without any filter. Even more abrupt changes are obtained
looking at the single grid points instead of using the spatial averages over northern and
southern glaciers (not shown). Keeping in mind the limitations of RCMs, not able to
represent glacier dynamics – thus fixing the fraction of grid cell considered as covered
by a glacier – the aforementioned tendencies, triggered by temperature thresholds,
might be overestimated in terms of duration: in the real world once the glacier is melted,
the river runoff tends to decrease. Anyway, as suggested by Zekollari et al. 2018 the
melting of the glaciers is expected for the end of the current century by few models
only, under RCP8.5.

Figure 2.2.6: RCP8.5 monthly runoff projections averaged over the
northern/southern alpine glaciers domain are shown in the upper/lower panel.
Units are [kgm-2s-1]. 45.5 degrees north are used to divide southern from northern
domain. Time series are filtered with a 10-year window running average.
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Figure 2.2.7: RCP8.5 monthly air temperature projections averaged over the
northern/southern alpine glaciers domain are shown in the upper/lower panel.
Units are [oC]. 45.5 degrees north are used to divide southern from northern
domain. Time series are filtered with a 10-year window running average.

Figure 2.2.8: Total soil moisture projections averaged over the northern/southern
alpine glaciers domain are shown in the upper/lower panel. Units are % changes
with respect to the 2006:2015 period. 45.5 degrees north are used to divide
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southern from northern domain. Time series are filtered with a 10-year window
running average.

Figure 2.2.9: Total runoff and soil moisture RCP8.5 projections averaged over the
alpine glaciers domain are shown respectively in the upper and lower panels. Units
are [Kgm-2s-1] for runoff and [kgm-2] for soil moisture. 45.5 degrees north are used
to divide southern (solid lines) from northern (dashed lines) domain. In this plot
time series are not filtered as in Figures 1-4.

In addition, we built on the simplified model developed by Peano et al. 2016 (Figures 2,
and 5). The disappearance and retreat of Alpine glaciers are expected to impact on water
cycle. For this reason, the changes in seasonal cycle of glacier runoff, composed by
liquid precipitation falling on glacier areas and glacier ablation, are analysed in each
grid point where glacier length is still greater than zero.
Similarly to Figure 2.2.4, three types of glaciers are taken into account: small Alpine
glaciers, based on glacier starting from 1000 m glacier length; medium Alpine glaciers,
which start from 4000 m glacier length; large Alpine glaciers starting from 10000 m
glacier length.
The glacier runoff simulated at the end of the 21st century (2081-2100) under the RCP
2.6 scenario is about 0.8 times the values obtained in the historical period (1986-2005),
independently from glacier initial size (Figure 2.2.10). During the enlarged winter
season (November to April), the RCP 2.6 2081-2100 glacier runoff values are as large
as during the historical period, with higher values at end of the century only in January
and February (Figure 2.2.10). These higher values are driven by increased amount of
liquid precipitation during winter (Figure 2.2.11).
The RCP 4.5 scenario, instead, exhibits an increase in glacier runoff by the end of the
21st century going from 1.4 to 1.9 times the historical values depending on the glacier
size (Figure 2.2.10) with the largest increase for large Alpine glaciers. Both components
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of glacier runoff, namely ablation and liquid precipitation, display higher values by the
end of the century compared to present-day values (Figures 12 and 13).
The increase in winter values is mainly driven by the intensification of liquid
precipitation in the months between November and April during the 21st century. The
RCP 4.5 2081-2100 liquid precipitation values are between 1.7 and 2.4 times larger
compared to the baseline (Figure 2.2.11).

Figure 2.2.10: Seasonal cycle of the total runoff over glaciers in 2081-2100 as
represented by glacier models forced by RCMs following different
scenarios((RCP2.6/RCP4.5/ RCP8.5 as green/blue/red line , respectively) compared
to 1986-2005 historical period (black line). Units are in 10-6 mm/s. First row shows
the timeseries for small Alpine glaciers (initial length of 1000 m); second row for
medium Alpine glaciers (initial length of 4000 m); third row for large Alpine
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glaciers (initial length of 10000 m). The first column reports the values for the
North Alps sub-region, while South Alps sub-region is displayed in the second
column.

Figure 2.2.11: same as Figure 2.2.10 but for liquid precipitation over glacier areas
only. Note that the same y-axis of Figure 2.2.10 has been used to facilitate
comparison.
Enlarged summer (May to October) values are mainly influenced by variations in
glacier summer ablation, which is expected to increase during the 21st century under a
RCP 4.5 scenario up to two times compared to the baseline (Figure 2.2.12).
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The RCP 8.5 scenario exhibits the largest increase in glacier runoff with values up to
three times the ones observed during the historical period (Figure 2.2.10). The largest
increase occur during winter when the relative increase compared to historical values
amounts to four times (Figure 2.2.10) deriving from variations in liquid precipitation
(Figure 2.2.11). Summer ablation also increases with values about 1.4, 2.1, and 2.5
times the historical ones for small, medium and large Alpine glaciers, respectively
(Figure 2.2.12).
In general, the largest increase in glacier runoff and its components is simulated to
occur in the North Alps sub-region during the 21st century. However, the South Alps
sub-region exhibits the largest absolute values of glacier runoff, ablation and liquid
precipitation (Figures 11, 12, and 13). Besides, the ablation season is also simulated to
lengthen by the end of the century (Figure 2.2.12).
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Figure 2.2.12: same as Figure 2.2.10 but for ablation only. Note that the same yaxis of Figure 2.2.10 has been used to facilitate comparison.

2.3 CT3 - disappearance of Arctic summer ice (CMCC)
The evolution of summer Arctic sea ice in the next decades is of particular economic,
ecological and climatic relevance. Not only local changes are expected once multi-year
ice will disappear, but also changes in weather patterns at lower latitudes are expected.
In the present chapter we build on CMIP5 (Taylor et al. 2012) and CMIP6 (Eyring et al.
2016) General Circulation Model results to discuss the timing expected for September
sea ice cover in the Northern Hemisphere. Also, CMIP5 downscaled results, such as the
one resulting from the EURO-CORDEX (Jacob et al. 2014) effort are used to verify
potential abrupt changes of climate conditions over Europe.
2.3.1 Evaluation of CT3 occurrence within the current century
Sea ice abrupt changes under the past climate have been found in CMIP5 simulations,
and are mainly associated to the feedback between sea ice and open ocean convection
(Lenderink and Haarsma, 1996). The dependence of sea ice cover on deep water
formation also explains the long residence times of the sea ice regimes between decades
and centuries (Drijfhout et al. 2015). The evolution of summer Arctic sea ice in the next
decades is of particular economic, ecological and climatic relevance. Not only local
changes are expected once multi-year ice will disappear, but also changes in weather
patterns at lower latitudes are expected. In fact, the recent warming played a significant
role in arctic sea-ice melting: the Arctic region has warmed more than twice as fast as
the global average - a phenomenon known as Arctic amplification - and a growing
number of studies argue that recent extreme winter weather is related to Arctic
amplification.
The information on projection of Arctic sea ice extent is obtained based on CMIP5 fully
coupled general circulation models (GCMs). Most of the CMIP5 models project
September sea ice extent lower than 106 Km2 within the current century under RCP8.5
scenario, with an averaged timing at around 2070. On the other hand, only few of them
project sea ice disappearance within the current century following the RCP4.5 scenario,
in fact the averaged timing happens at around 2150. Instead, under the RCP2.6 there is
neither evidence of sea ice disappearing within the current century, nor in the next
century (Hezel et al. 2014). Within the aforementioned GCMs, the ones projecting
summer arctic sea ice full melting within the current century - in the different
considered scenarios - that are also used to provide boundary conditions for the EUROCORDEX dynamical downscaling effort are selected for the present analysis. Figure
2.3.1 shows modelled projections of Arctic sea ice extent as from two CMIP5 GCMs
also used to provide boundary conditions for EURO-CORDEX downscaling purposes.
As a first case study, CNRM-CM5 model suggests that the defined “disappearance”
threshold will be reached in 2052 under RCP4.5 forcing and in 2046 under RCP8.5
conditions.
In addition to the CMIP5 based analysis, useful to investigate relative downscaled
results from EURO-CORDEX (see next chapter) we also investigated the timing of
September sea ice disappearing under the new CMIP6 scenarios (the relative EURO-
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CORDEX downscaling is undergoing but still not available). We considered 8 CMIP6
models as from table 2.3.1 and four future scenarios (O’Neill et al. 2016). CMIP6
introduced a parallel approach for developing new community scenarios, followed by an
integration phase. One of the parallel tracks was the production of climate model
projections based on the four RCPs as part of CMIP5 (Taylor et al., 2012). The other
track developed alternative future societal development pathways (the SSPs) and
emissions and land use scenarios based on them, generated with Integrated assessment
Models (IAMs). The integration phase brings together the climate simulations and SSPbased societal futures to carry out integrated analysis.
The SSPs were developed over the last several years as a community effort and describe
global developments leading to different challenges for mitigation and adaptation to
climate change. These comprise five alternative narratives that describe the main
characteristics of the pathways in qualitative terms (O’Neill et al., 2015) as well as
quantitative descriptions for key elements including population, economic growth and
urbanization. In short, the SSPs describe alternative evolutions of future society in the
absence of climate change or climate policy. SSPs 1 and 5 envision relatively optimistic
trends for human development, with substantial investments in education and health,
rapid economic growth, and well-functioning institutions. However, SSP5 assumes an
energy intensive, fossil based economy, while in SSP1 there is an increasing shift
toward sustainable practices. SSPs 3 and 4 envision more pessimistic development
trends, with little investment in education or health, fast growing population, and
increasing inequalities. In SSP3 countries prioritize regional security, whereas in SSP4
large inequalities within and across countries dominate, in both cases leading to
societies that are highly vulnerable to climate change. SSP2 envisions a central pathway
in which trends continue their historical patterns without substantial deviations. These
CMIP6 simulations allow integrated analyses - such as the one performed here in terms
of sea ice extension time evolution - to be carried out using climate simulations based
on the latest versions of climate models, for a larger set of concentration pathways
based on the most recent versions of IAMs.
Model
acronym

Extended model name

Institute (Country)

CESM2WACCM
CESM2

Community Earth System Model2 with active chemistry module
Community Earth System Model2

National
Center
for
Atmospheric Research (USA)
National
Center
for
Atmospheric Research (USA)

Gettelman et al. 2019

IPSL-CM6ALR

EC-Earth Consortium model-3Interactive Vegetation

Institute Pier Simone LaPlace
(France)

Boucheret et al. 2018

INM-CM4-8

Institute
for
Numerical
Mathematics CM4.8 model

Volodin et al. 2019

INM-CM5-0

Institute
for
Numerical
Mathematics CM5.0 model

Institute
for
Numerical
Mathematics,
Russian
Academy
of
Science,
Moscow (Russia)
Institute
for
Numerical
Mathematics,
Russian
Academy
of
Science,
Moscow (Russia)

MRI-ESM2-0

Meteorological
Research
Institute- Earth System Model 2-0

Meteorological
Institute (Japan).

Yukimoto et al. 2019

NorESM2-

Norwegian

Norwegian
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LM

Institute LM model

Institute (Norway)

NorESM2MM

Norwegian
Meteorological
Institute MM model

Norwegian
Meteorological
Institute (Norway)

Oyvind et al. 2020

Table 2.3.1: CMIP6 models involved in the disappearance of September Arctic Sea
Ice investigation.

Figure 2.3.1: CMIP5 modeled September sea ice extent time series. Units are [106
Km2].
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Figure 2.3.2: CMIP6 modeled September sea ice extent time series. Results are
based on 7 CMIP6 models (thin lines) and ensemble average is shown as thick line.
Upper left panel refers to SSP126 scenario. Upper right panel refers to SSP245 scenario.
Lower left panel refers to SSP375 scenario and Lower right panel refers to SSP585
scenario. Units are [106 Km2].

Figure 2.3.2 shows the time series of the September sea ice extent as from CMIP6
models under the four CMIP6 scenarios taken from the climate – socioeconomic
pathways matrix (Figure 2.3.3): SSP126, SSP245, SSP375 and SSP585. These 4
scenarios are part of the first set of simulation planned within CMIP6 and are now
available for downloading from the Earth System Grid Federation System
(https://esgf.llnl.gov/). The number of considered CMIP6 models and scenarios is
consistent with the ESGF availability at the end of February 2020.

Figure 2.3.3: SSP-RCP scenario matrix illustrating ScenarioMIP simulations.
Same as Figure 2 O’Neill et al. 2016. Each cell in the matrix indicates a combination
of socioeconomic development pathway (i.e., an SSP) and climate outcome based on a
particular forcing pathway that current IAM runs have shown to be feasible (Riahi et al.,
2016). Dark blue cells indicate scenarios that will serve as the basis for climate model
projections in Tier 1 of ScenarioMIP; light blue cells indicate scenarios in Tier 2. An
overshoot version of the 3.4Wm‐2 pathway is also part of Tier 2, as are long-term
extensions of SSP5-8.5, SSP1-2.6 and the overshoot scenario, and initial condition
ensemble members of SSP3-7.0. CMIP5 RCPs, which were developed from previous
socioeconomic scenarios rather than SSPs, are shown for comparison.
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Figure 2.3.4: CMIP6 modeled September sea ice extent time series: ensemble
average. This figure puts together the results from figure 2.3.2, just considering
ensemble averages from each scenario. Units are [106 Km2].
Consistently with CMIP5 projections, most of the CMIP6 models project a September
sea ice extent lower than 106 Km2 within the current century under the SSP585 scenario
(the one comparable to the CMIP5 RCP8.5), with an average timing at around 2070 (see
figure 2.3.4 red line). Similar results are found following the SSP370 (figure 2.3.4,
magenta line). Another interesting feature emerging from these CMIP6 projections is
that the disappearing of the September sea ice seems to be more model dependent than
scenario dependent, with 50% of models showing the disappearing of September Arctic
sea ice within the middle of the current century (figure 2.3.2). Notably, new generation
models are not that consistent with the corresponding previous CMIP5 version: as an
example the Russian INM model was well in line with other CMIP5 projections (see
figure 2 of Stroeve et al. 2012) , while in CMIP6 the two versions of this model (INMCM4.8 and INM-CM5.0) are the ones suggesting no melting within the current century
under all of the considered scenarios. Anyway, the CMIP6 multimodel average
confirms that under SSP585 we will reach the September sea ice disappearing at around
2070, similarly to CMIP5 projections and under SSP370 at around 2080. The
aforementioned results must be reinterpreted once the number of simulations,
corresponding to each scenario, will increase enough to be comparable to the CMIP5
sample size.
2.3.2 Climate Information useful for CT3 impact studies
The knowledge of the timing of disappearance of Arctic sea ice is important since this
will cause loss of habitat, directly impacting polar bears, seals and walruses, which use
the ice for foraging, reproduction and resting, and also for people who use ice for
hunting, travel and other activities. On the other hand Arctic sea ice disappearing also
impact positively the economic development because it offers many new and faster
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routes from east to west, saving 40 percent off transportation time and fuel costs
compared with shipments via the Suez Canal.
This is something that also will be reflected in the provision of new invaders to the
Arctic as well as to northern ports. Mosquitoes and forest beetles are expected to
survive hidden in cargo, for example. Hearty marine organisms, such as mussels and
barnacles, will likely tag along as larvae in ballast tanks or in niche areas on vessel
hulls. When new species flourish in a new environment they can become harmful,
damaging local ecosystems and threatening native plants and animals, much as the
Japanese vine known as kudzu has overrun the southern U.S. Economic costs associated
with new pests have been significant—for example, the influx of zebra mussels into the
Great Lakes has been estimated at $1 billion annually (Smith et al. 2013, Eguiluz et al.,
2016).
In addition to these direct impacts induced by the sea ice disappearing tipping point,
there are other potential links to the general circulation over Europe that we tried to
verify based on high resolution (about 11 km) dynamically downscaled results through
EURO-CORDEX.
There are different possible dynamical mechanisms through which Arctic amplification
may influence mid-latitude weather, including extreme weather: storm tracks, jet stream
and planetary waves (Cohen et al. 2014). The link between reduced Arctic sea ice and
cold continental winters is currently the most studied link between Arctic amplification
and mid-latitude severe weather patterns (Wallace et al. 2014) thus we mainly focus on
the investigation of changes in the winter climate associated to free ice conditions over
the Arctic basin. As already mentioned we define the “disappearance” of arctic sea ice
based on the threshold of 106 Km2 for the September sea ice extension, defined as the
sum of the sea ice covered areas of each grid cell, where sea ice fraction is greater than
15% of the total area (Massonet et al. et al. 2012). The absence of sea ice over the
Arctic generates warmer and more moist air masses over the Arctic and nearby
continents. A warming Arctic also reduces the temperature difference with the midlatitudes, which has consequences for circulation patterns in the atmosphere. The theory
goes that these changes contribute to an increase in unusual and extreme weather across
the North America, Europe and Asia especially during winter (Kug et al. 2015, Cohen et
al. 2014). Observed reductions in autumn–winter Arctic sea ice, especially in the
Barents and Kara seas, are in fact correlated with strengthened anticyclonic circulation
anomalies over the Arctic Ocean, which tend to induce easterly flow and cold air
advection over northern Europe (Cohen et al. 2014).
The identification of the timing of occurrence of September free ice conditions (an
extension lower than 106 km2) within the different considered CMIP5 scenarios has
been investigated together with associated changes in terms of averaged and extreme
temperature, precipitation and wind velocity conditions over Europe as from EUROCORDEX downscaled results, compared to the present period. One of the EUROCORDEX RCMs that has been forced by boundary conditions provided by CNRMCM5 (CCLM4.8.17) has been selected to investigate potential abrupt changes in
extreme climate events over Europe around the aforementioned dates. Two ten year
periods are compared: 2052:2061 versus 2042:2051 under RCP4.5 and 2046:2055
versus 2036:2045 under RCP8.5, based on the disappearance dates found in the relative
scenarios. The analysis focuses on the 10 years following the free ice conditions and is
compared to the previous 10 years climate.
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No significant changes are found in terms of precipitation and extreme precipitation;
also averaged 10 meter wind and extreme wind conditions do not appear to change
significantly across the “melting date”. On the other hand, to highlight the potential
link between reduced Arctic sea ice and cold continental conditions suggested by
literature, focusing on minimum daily temperature, we found that the extreme cold
conditions (here represented as the 5th percentile of the distribution of daily minimum
temperature values within a year) are subject to a more pronounced increase (Figure
2.3.5) than what is found looking at the median (Figure 2.3.6) conditions (here
represented as 50th percentile of the distribution of daily minimum temperature values
within a year). Similar results are obtained using the minimum annual value instead of
the 5th percentile (not shown). On average, the positive temperature tendency is related
to the well known climate change signal, but to better highlight the potential role of sea
ice melting conditions in modulating the extremely cold winter conditions over Europe,
we clustered the European domain in meridional bands covering the following latitudes:
30N-40N, 40N-50N,50N-60N,60N-70N. Figure 2.3.7 shows time series of the
minimum values of minimum daily temperature averaged over the northern band (60N70N): a less pronounced positive tendency is found in both scenarios (RCP4.5 upper
panel and RCP8.5 lower panel) once the September sea ice disappearance is reached
(2052 in RCP4.5 and 2046 in RCP8.5).
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Figure 2.3.5: 5th percentile of daily min temperature as represented by
CCLM4.8.17 Regional Climate Model, forced with CNRM-CM5 boundary
conditions. Differences in the averages of the 10-y period annual values after and
before the sea ice melting disappearance (lower than 106 km2) indicated in figure
2.3.1, dashed red lines. Units are [oC].
This is not the same focusing on moderate events, such as the median values (Figure
2.3.8) where the tendency seems to be more constant across the whole period in both
scenarios. Similar results are obtained using averaged daily temperature instead of
minimum daily temperature values: Figure 2.3.9 shows that a similar variation in the
tendency of averages over the 60N-70N band is obtained for both scenarios, compared
to what is shown in Figure 2.3.7.
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A less pronounced effect is found focusing on the other defined bands (down to 30N,
not shown), making northern Europe the most prone region to the aforementioned
induced CT3 effect on winter cold extremes.

Figure 2.3.6: 50th percentile (median) of daily min temperature as represented by
CCLM4.8.17 Regional Climate Model, forced with CNRM-CM5 boundary
conditions. Differences in the averages of the 10-y period annual values after and
before the sea ice melting disappearance (lower than 106 km2) indicated in figure
2.3.1, dashed red lines. Units are [oC].
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Figure 2.3.7: Averages between 60N and 70N over European domain (land only) of
the annual minimum of daily min temperature as represented by CCLM4.8.17
Regional Climate Model, forced with CNRM-CM5 boundary conditions. Arrows
indicate the year of September Arctic sea ice disappearance. Units are [oC].

Figure 2.3.8: Averages between 60N and 70N over European domain (land only) of
the annual median (50th percentile) of daily min temperature as represented by
CCLM4.8.17 Regional Climate Model, forced with CNRM-CM5 boundary
conditions. Arrows indicate the year of September Arctic sea ice disappearance.
Units are [oC].
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Figure 2.3.9: Averages between 60N and 70N over European domain (land only) of
the annual minimum of daily averaged temperature as represented by
CCLM4.8.17 Regional Climate Model, forced with CNRM-CM5 boundary
conditions. Arrows indicate the year of September Arctic sea ice disappearance.
Units are [oC].
In addition to the analysis on the potential effects of the CT3 on single atmospheric
parameters we also verified potential associated changes in atmospheric circulation in
terms ‘blocking’. The term ‘blocking’ refers to a class of weather systems in the
middle to high latitudes. Common characteristics of blocking conditions are persistence,
quasi-stationarity and obstruction of the usual westerly flow and/or storm tracks. Blocks
often reverse the zonal flow such that net easterly winds are seen in some part of the
blocked region. By disrupting the usual westerly flow for an extended period such as a
week or even longer, these events are often associated with regional extreme weather,
such as severe cold in winter or severe high temperature in summer. In the regions
where blocking typically occurs, the prevailing oceanic westerly flow and associated
winds provide warmth in winter and chill in summer and when these winds are
obstructed during blocking, the result is therefore a winter cold extreme and hot extreme
during summer. Blocking also has strong hydrological impacts, most obviously with dry
conditions in the anticyclonic region contributing to droughts. In contrast, regions
adjacent to the block can experience extreme rainfall due to the persistent deflection of
synoptic storms along the same path (Woollings et al., 2018). We first investigated the
time evolution of the annual number of blocking days (Scherrer et al. 2006) over
Europe, between 12o West and 45o East as represented by the CNRM-CM5 GCM, to
verify potential abrupt changes associated to the defined September melting date (year
2046 under RCP8.5 and year 2052 under RCP4.5). As from figure 2.3.10 no abrupt
changes are found in correspondence of the melting dates. This is also confirmed
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focusing on the blocking day counting during winter only (December to February,
Figure 2.3.11).

Figure 2.3.10: number of annual blocking days (zonal average between 12W and
45E) in CNRM-CM5 CMIP5 simulations.

Figure 2.3.11: number of DJF (December to February) blocking days (zonal
average between 12W and 45E) in CNRM-CM5 CMIP5 simulations.
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This is also confirmed looking at CMIP6 simulations, based on MRI-ESM2-0 model
results (expected September melting date in SSP585 at around 2045) over the same
region (12oE-45oW, not shown) and also over different domains (0oE 40oE and 300oE
350oE) to average the number of blocking days (see Figure 2.3.12): no abrupt changes
emerge in 2045. No abrupt changes are also confirmed by CESM2-WACCM model
(expected melting date in SSP585 at around 2045, same as for MRI-ESM2-0) as shown
in Figure 2.3.13.

Figure 2.3.12: number of annual blocking days (zonal average between 12W and
45E) in MRI-ESM-2 CMIP6 SSP585 simulation.
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Figure 2.3.13: number of annual blocking days (zonal average between 12W and
45E) in CESM2-WACCM CMIP6 SSP585 simulation.
Summarizing we do not expect abrupt changes in atmospheric circulation associated to
the Arctic sea ice melting, but we can expect that this condition could be reached within
the current century, at least following the worst RCP8.5 or SSP585 scenarios.
Therefore, more regions in the Arctic will become less dangerous for navigation.
Increased access has already resulted in a significant expansion of Arctic shipping
activity (Dawson et al., 2014), especially, during September, the ice coverage is at a
minimum, allowing the highest levels of shipping activity. From an economic
perspective, the navigational distance between East Asia and Europe via the Arctic
Northeast Passage is 30-40% shorter than the present route via the Suez Canal, 40-50%
shorter than the Panama Canal route and 50-60% shorter than the route around the Cape
of Good Hope. New seaports along the Arctic coastline will become more important
due to the increasing Arctic shipping, while the transit seaports (e.g. Singapore) along
the traditional southern routes through the Suez Canal or around the Cape of Good
Hope will become less important, especially during the northern hemispheric summer
season (Zhang et al. 2019).

2.4 CT4 - Slowdown of Thermohaline circulation (PWA)
The Atlantic Meridional Overturning Circulation (AMOC) - also referred to as the
Atlantic thermohaline circulation (THC) – plays an important role in the climate system
by transporting heat northwards in the Atlantic.
A potential tipping point involves the Collapse of the Atlantic Meridional Overturning
Circulation, potentially triggered if sufficient freshwater enters the North Atlantic to halt
density driven deep water (NADW) formation (Lenton et al., 2008: Levermann et al.,
2012), with much of the literature citing the potential role of melting Greenland ice
cover. Indeed, large and rapid reorganisations of the ocean currents may have occurred
in the past (Rahmstorf, 2002; Clement and Peterson 2008), and this circulation could
weaken as the climate warms and the surface waters of the North Atlantic become less
dense. This tipping point is considered to have the potential for self-amplification, when
an initial reduction of the circulation reduces salinity transport to the north and further
weakens the circulation.
The possible slowdown in the thermohaline circulation (THC) as a consequence of
climate change has particular relevance to the regional climate in the North Atlantic,
including the Eastern Seaboard of USA and Western Europe. Major changes resulting
are anticipated to be higher sea level rise (USA) and colder temperatures throughout the
year: the Nordic Seas could be about 8ºC cooler, and northern Europe could be several
degrees cooler than at present (Levermann et al., 2012). In addition to these regional
changes, the global climate system would be significantly altered.
2.4.1 Evaluation of CT4 occurrence within the current century
The task has undertaken a literature review to assess likelihood of occurrence within the
next century, and to assess the potential probability (or likelihood) under different RCPSSP combinations. This approach is used, because the relationships between climatic
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variables and THC behaviour are not yet well-defined; rather, they remain to a large
extent speculative in the literature. For this reason, almost all information has been
assessed using expert elicitation, rather than using climate models (as CTP1,2 and 3).
Earlier work (Lenton et al, 2008) characterised the tipping element for the THC as a 100
year gradual change, which could occur with possible global warming of 3–5°C.
Kriegler et al (2009) used a Delphi-type expert elicitation method to derive potential
probability intervals for a selection of tipping extremes, including THC collapse. The
authors allocated corridors for the triggering of events for a low (0.5 to 2ºC) medium
(2–4 °C), and high global mean temperature change (above 4 °C) relative to year 2000
levels. The corridors for THC – denoted as CMOC – are presented in figure 2.4.1. This
shows the significant increase in the likelihood assigned by experts above 4ºC (right),
which would be similar to the current RCP8.5, as compared to the low temperature
corridor (under 2ºC) which would be similar to the current RCP2.6.

Figure 2.4.1. Subjective probabilities for THC (denoted CMOC). Source Kriegler
et al. 2009.
Levermann et al. (2012) updated the probability of tipping elements, focusing on
Europe. They identified the Atlantic thermohaline circulation (THC) tipping point as
one of the major risks for Europe. However, they concluded that the processes and
potential amplification pathways are particularly complex for this effect, and there is no
clear picture or consensus on the risk of a future THC collapse. They cite a large range
based on subjective probabilities for triggering a breakdown within this century from
0% to 90%).
The IPCC 5th Assessment Report (Stocker et al, 2013) reported that although many
more model simulations have been conducted since AR4, under a wide range of future
forcing scenarios, projections of the AMOC behaviour have not changed. They report
that it remains very likely that the AMOC will weaken over the 21st century, but the
chance of abrupt transition or collapse in the 21st century for the scenarios considered
(high confidence) very unlikely. For an abrupt transition of the AMOC to occur, the
sensitivity of the AMOC to forcing would have to be far greater than seen in current
models, or would require meltwater flux from the Greenland ice sheet greatly exceeding
even the highest of current projections. Although it cannot be excluded entirely, it is
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unlikely that the AMOC will therefore collapse. There is low confidence in assessing
the evolution of AMOC beyond the 21st century because of limited number of analyses
and equivocal results.
A very detailed analysis was undertaken in another Horizon 2020 project, HELIX
(High-End cLimate Impacts and eXtremes) (HELIX, 2015). This updated the expert
elicitation of Kriegler et al (2009) presented above. They defined the collapse of the
AMOC as the shutdown of Labrador Sea convection and >80% reduction in deep water
overflow across the Greenland-Scotland ridge. The results are presented for specific
warming levels, rather than the RCP-SSP combination, but in broad terms there is a
read across between the 2ºC stabilisation scenario (and RCP2.6) and the 4ºC warming
level (RCP8.5). The results are reproduced in table 2.4.1.
.

virtually certain = 0.99-1, very likely = 0.9-1, likely = 0.66-1, about as likely as not = 0.33-0.66, unlikely
= 0-0.33, very unlikely = 0-0.1, exceptionally unlikely = 0-0.01

Table 2.4.1 Hazard rates and tipping probabilities for five tipping events under
different scenarios, and likelihoods under different scenarios. Source HELIX, 2015
This concludes that the chance of a tipping point for AMOC this century is very
unlikely (for the equivalent of the RCP2.6 scenario) and unlikely for a scenario similar
to the RCP8.5 scenario. The probabilities do not change much in the next century.
However, a much higher likelihood is attached to a 6ºC scenario in the next century,
where the expert elicitation reports the likelihood being as likely as not.
A recent paper (Sgubin et al, 2017) has estimated the probability of rapid North Atlantic
cooling (subpolar North Atlantic (SPG)) could be higher: this cooling might
significantly affect the climate of the Northern Europe. The implication is the chance of
an NA abrupt cooling in the coming century is not negligible however they still
consider the chance of a complete AMOC collapse is negligible. Since the local SPG
convection is part of the large-scale overturning circulation system, an interruption of
SPG deep-water formation does weaken the AMOC. A convection collapse in the SPG
would have impacts on the surrounding regions, with temperature and precipitation
representing an important hazard for many economic sectors. The derived information
(from literature) on the chance to have a SPG abrupt cooling will be indicated for
different dates and used as an input for the impact chain described in 4.5.
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Most recently, the IPCC Special Report on the Ocean and Cryosphere in a Changing
Climate (IPCC, 2019: Collins et al., 2019) has summarised the literature in this area. It
reports that observations indicate that the Atlantic Meridional Overturning Circulation
(AMOC) has weakened relative to 1850–1900 (medium confidence), but there is
insufficient data to quantify the magnitude of the weakening, or to properly attribute it
to anthropogenic forcing due to the limited length of the observational record.
It undertook additional evaluation and analysis of AMOC variations in the CMIP5
database. The AR5 assessment of a very unlikely AMOC collapse was confirmed,
although one model did show such a collapse (defined as a decrease larger than 80%
relative to present day) before the end of the century for RCP8.5 scenario. The decrease
of the AMOC was assessed to be -11 ± 14%, likely range in 2081–2100 relative to
present day (2006–2015) for RCP2.6 scenario and -32 ± 14% for RCP8.5 scenario. This
is shown in figure 2.4.2 (Figure 6.8 of Collins et al., 2019).

Figure 2.4.2: Atlantic Meridional Overturning Circulation (AMOC) changes at
26ºN as simulated by 27 models. Source Collins et al., 209 (IPCC SROCC): The
dotted line shows the observation-based estimate at 26ºN (McCarthy et al. 2015b) and the thick
grey/blue/red lines the multi-model ensemble mean. Values of AMOC maximum at 26ºN (in units 106
m3 s–1) are shown in historical simulations (most of the time 1850–2005) followed for 2006–2100 by a)
Representative Concentration Pathway (RCP)2.6 simulations and b) RCP8.5 simulations. In c) and d), the
time series show the AMOC strength relative to the value during 2006–2015, a period over which
observations are available. c) shows historical followed by RCP2.6 simulations and d) shows historical
followed by RCP8.5 simulations. The 66% and100% ranges of all-available CMIP5 simulations are
shown in grey for historical, blue for RCP2.6 scenario and red for RCP8.5 scenario.

Based on this, the SROCC reports that the AMOC is projected to weaken in the 21st
century under all RCPs (very likely). The rates and magnitudes of these changes will be
smaller under scenarios with low greenhouse gas emissions (very likely), so lower
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under RCP2.6 as compared to RCP8.5. However, it reports that a collapse is very
unlikely (medium confidence). Based on CMIP5 projections, by 2300, an AMOC
collapse is as likely as not for high emissions scenarios and very unlikely for lower ones
(medium confidence). Nevertheless, a substantial weakening of the AMOC remains a
physically plausible scenario.
2.4.2 Climate Information useful for CT4 impact studies
The literature review approach has been extended to look at the potential impacts of
AMOC collapse. There have been a number of studies that have used global integrated
assessment models (IAMs) to assess the potential impacts of such an event.
The DICE model was used to look at AMOC collapse in several studies. The original
Nordhaus and Boyer (2000) analysis reported that such an event could lead to a
permanent loss of 30% of global GDP, but this analysis is highly speculative.
Mastrandrea and Schneider (2004) updated this with the same model, estimating a
similar maximum range. Later IAM modelling runs that include risk aversion to these
events find that the optimal policy mix includes much greater and earlier mitigation
action (Cai et al., 2015: Lontzek et al., 2015).
Link and Tol (2011) undertook some analysis with the FUND model, but reach
fundamentally different conclusions. Their analysis found that a THC shutdown (albeit
only looking at temperature) has an offsetting effect on the underlying warming trend.
The maximum national impact of a shutdown of the THC is therefore reported to be of
the magnitude of a few per cent of GDP, but the average global impact is much smaller.
The PESETA II study (JRC, 2014) undertook analysis of the potential economic costs
of tipping points, including THC, but focused only on sea level rise and found modest
projected increases.
The HELIX study looked at AMOC impacts (Helix, 2016). This used a scenario of
forcing a high resolution Earth system model into a collapsed AMOC state directly, and
comparing to a counter-factual. Output from these simulations are also used to force a
hydrodynamical model to compare storm surge levels (SSLs) between control and
AMOC off runs and their implications for coastal flooding and hence impacts on human
settlements and infrastructure. The result shows that the absence of the large net flow of
heat into the North Atlantic in the AMOC off run has the direct impact of a large
cooling in temperatures in this region. In the AMOC run, temperatures fall across all
seasons but during European winters the cooling is greatest. The lower temperatures are
amplified by the expansion of sea-ice. The large change in temperatures in the region
also produce a strengthening in wind speed particularly across the UK in winter. In
contrast, summers in western Europe were calmer. Projected impacts of AMOC
collapse include damaging reductions in plant productivity including crop yields over
Europe, a marked drying across Northern Hemisphere sub-Saharan Africa, and a
collapse of the Indian Summer Monsoon negatively impacting agricultural production.
The analysis also looked at additional storm surges, but found only modest differences
compared to the baseline analysis.
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The IPCC SROCC (2019) reports that any substantial weakening of the AMOC is
projected to cause a decrease in marine productivity in the North Atlantic (medium
confidence), more storms in Northern Europe (medium confidence), less Sahelian
summer rainfall (high confidence) and South Asian summer rainfall (medium
confidence), a reduced number of tropical cyclones in the Atlantic (medium
confidence), and an increase in regional sea level along the northeast coast of North
America (medium confidence).
Recent meta analysis of climate damage estimates (Howard and Sterner, 2017) report
that when catastrophic impacts (tipping points) – albeit all tipping points and not just
AMOC are included in estimates of the social cost of carbon (the marginal cost of an
extra tonne of carbon emitted, as assessed by global economic integrated assessment
models), the damages increase by 4 to 5 fold.

3. Socio-economic tipping points within the XXI century
In this chapter we investigate the nine COACCH socio-economic tipping points (Table
2). For each of them the investigation methodology is detailed and the potential
occurrence within the current century is evaluated, together with the verification of the
relative climate conditions leading to the tipping point within the scenario matrix.

3.1 ST1 - Welfare impacts of migration (PWA)
Migration - in which climate change is a potential contributory factor - is identified as a
potentially significant consequence of climate change that needs to be considered in
both mitigation and adaptation policy decisions. In this study we define a migration
tipping-point as the point in time, following a previous ten-year period, when a
significant proportion of the local or regional population have migrated from the area
for a substantial, non-seasonal, period. The ten-year time limit is imposed in order to
capture the fact that the migration is linked directly or indirectly with projected changes
in climatic variables, and that it is identified as a relatively sudden effect. We define a
significant proportion of the population as one that will make a material difference to
the economic and social character of the area, e.g. more than 20% of the population in a
five-year period. We define a substantial period as one likely to be longer than six
months. The literature provides a wide range of quantitative estimates of numbers of
migrants in various world regions in response to a variety of climatic variables and
weather events, including periods of low precipitation leading to drought. At the same
time, there is a significant literature that argues that climatic variables may not be
dominant factors in determining decisions to migrate, (Adams and Kay, (2019)) or that
migration results only indirectly from climate change as a consequence of climateinduced conflict (Selby et al. (2017)).
3.1.1 Identification of climate conditions leading to ST1 occurrence
There are a number of pathways through which climate change could lead to the
migration tipping point identified above. Tipping points such as these may well be
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important this century and we rely on climate data already available; we do not
undertake analysis using climate data for periods beyond 2100. In doing so, we
undertake a thorough literature review in order to identify the key climate variables
likely to trigger or exacerbate patterns of migration. The key variables include rainfall
patterns and sea-level rise. Analysis is focussed on North Africa and the Middle East
from which areas migration to Europe is most likely to originate, as well as migration
from one area in Europe to another area in Europe. We also synthesise analysis that is
observation-based. As a result of the analysis being literature-based, climate data used is
determined by that literature. Principal data-sets that we use to generate indicative
quantitative estimates of migration are those for heatwaves, using the Heat Wave
Magnitude Index (HWMId; Dosio et. al. (2018)) – and those for drought, using the
Standardized Precipitation Evaporation Index (SPEI; Naumann et. al., 2018). On the
basis of these data sets, in Table 3.1.1 we provide an indicative summary of the annual
probability of a migration-associated weather event for 2050 across Europe and North
Africa. North Africa is included since it has historically been a primary source of
immigrants to Europe. The table differentiates the probability estimates on the basis of
latitude, finding that Southern Europe and North Africa are more likely to suffer
increases in probabilities in migration than Northern Europe. The estimates presented in
the table are derived from our impressionistic interpretation of the data presented in
Dosio et al. (2018) and Naumann et al. (2018). Specifically, the changes in probabilities
of drought events as characterised by Naumann et al., and heatwaves by Dosio et al. in
Southern Europe and North Africa are applied to the functional relationships between
rainfall & temperature anomalies, and probability of migration, identified in Marchiori
et al. (2012). The data on projected climate variables presented in the Dosio et al and
Naumann et al studies are interpolated across the RCP scenarios presented in Table
3.1.1 in order to generate these results. The climate-migration functional relationships
given in Marchiori et al are spatially extrapolated to incorporate the Southern and
Northern European regions.

RCP4.5-SSP2

RCP8.5-SSP3

RCP2.6-SSP1

RCP8.5-SSP5

RCP6-SSP2

RCP2.6-SSP2

Northern
1-5
5-10
0-1
5-10
5-10
0-1
Europe
Southern
10-20
20-30
5-10
15-25
15-25
1-5
Europe
North
15-25
25-35
10-15
20-30
20-30
5-10
Africa
Table 3.1.1: Subjective Annual Probabilities of a migration-associated weather
event for 2050 based on Region of Origin % change compared to 1971-2000
baseline
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3.1.2 Verification of the occurrence of the climate conditions within the
current century
Using historical evidence on the potential population-migration relationships, we make
first estimates of the potential scale – i.e. the number of people moving from a given
location - of such migration patterns. These estimates are to be reported in D3.4. The
scope considers non-SLR as well as SLR-induced migration and include extra-EU to
EU, as well as intra-EU, population movements. Whilst it is impossible to empirically
verify future effects, estimates made of such impacts are grounded in the direct and
indirect empirical relationships identified in historically observed time periods between
climatic variables and migration patterns. Specifically, verification is based on the
climate anomaly (rainfall & temperature) – migration relationship described by
Marchiori et al. (2012), using annual data for the historical period, 1960-2000, for 39
African countries.

3.2 ST2 - Finance for high-risk EU regions (PWA)
There is an increasing recognition that the economic costs of climate change could be
very large, and that these could have potential impacts on financial markets, and that
further, failure to account for climate risks in investment decisions could lead to large
economic and financial impacts. This has been investigated with a literature review (as
part of WP3, Deliverable 3.4).
Large-scale climate hazards already affect sovereign credit ratings, and in turn the cost
of debt and cost of capital, and in extreme cases these can be a direct cause of sovereign
defaults (ICBS and SOAS, 2018). The major rating agencies have already identified that
climate change will be a global mega-trend impacting sovereign creditworthiness in the
future. These are unlikely to be large issues for Europe, and rating agencies identify the
greatest downgrade risks from climate change for small island states, due to less
diversified economies and geographies, lower incomes, and lower fiscal flexibility.
Climate change is also likely to affect the insurance sector, and the literature indicates
increased premiums in countries with projected increases in natural hazard risk (South
Pole Group, 2016). The literature also identifies rising unaffordability of premiums and
increased numbers of uninsured assets (this links to another ST in COACCH below).
This is projected to affect the public finances when climate events actually occur,
leading to higher government expenditure or greater debt. Several studies have reviewed
these risks and consider that the risks for Europe are low.
There is some early literature on the issues above, i.e. the impact on government,
companies and insurers, might feed to financial portfolios, investment returns and
financial market stability. While the evidence base is small, recent studies have
identified the potential value at risk from climate change for the total global stock of
manageable assets are extremely large (EIU, 2015). Other studies report that climate
change risks could impact investment returns, and bonds, finding higher risks for
emerging market equities and sovereign bonds.
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The findings of the literature review suggest it is possible that climate change could lead
to large socio-economic tipping points for countries and in the financial markets. This is
possible through a number of direct and indirect pathways, either individually or in
combination.
At the country level, this could include the following tipping points and mechanisms:
 A very major economic shock from climate change, or a high level of annual
economic costs, would result in a major downgrade in sovereign creditworthiness
(to switch a country to a very low rating, e.g. CCC or junk status), or even a
sovereign default. For example (Moody’s 2016a) report that Hurricane Ivan in 2004,
which resulted in damages of over 200% of GDP, was the direct cause of Grenada’s
subsequent debt restructuring. In a case where future climate change continually
increases annual country economic costs, this effect could effectively also trigger a
tipping point that could be irreversible. These reductions in ratings lead to an
incremental cost on government-issued debt, and in turn the cost of private debt and
the cost of capital.
 A major insurance market collapse. This is covered in the later ST7.
 A major disinvestment in assets and equities and / or major capital flight. The
impact of high economic costs, affecting company revenues and balance sheets
(from the combination of higher losses, higher costs, etc.), as well as impact on
Government revenues and expenditure, lead in turn to the reduced invest climate
attractiveness for a particularly country, region or sector, and at a tipping point a
major de-investment. There has been some indicative modelling of the impact of
climate change on asset classes (Mercers, 2015), which finds likely impacts,
although this has not looked at high temperatures and tipping points. However, a
tipping point is likely to arise at the point where normal commercial returns become
unviable (i.e. where the internal rate of return goes below typical investment
minimum thresholds), or where the financial markets move out of a particular asset
class or investment portfolio, due to the investment returns.
3.2.1 Identification of climate conditions leading to ST2 occurrence
There are a number of pathways through which climate change could lead to the
financial tipping points above, and these will vary between the RCP-SSP combinations.
The analysis of this ST will be based on the economic costs estimated from the sectoral
climate model assessments (WP2) in COACCH and especially the macro-economic
assessment (D2.6). It will also investigate the use of the integrated assessment
modelling results from WP4. This will allow analysis of the likelihood – albeit most
likely in qualitative terms – of the tipping point being passed under the COACCH
scenarios (and RCP-SSP combinations).
As the task uses the outputs of other tasks directly, there is not a need to consider
explicitly the climate conditions leading to the occurrence, as these are captured already
in other tasks, which have themselves used the climate model output in COACCH.
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Finally, it is noted that the climate and socio-economic tipping points described in
COACCH WP3 (i.e. ST1 – 10) might themselves be a trigger for large-scale financial
tipping points, especially at the country to regional scale.
3.2.2 Verification of the occurrence of the climate conditions within the
current century
As highlighted above, the analysis of WP2 and WP4 outputs will form the basis for
considering major financial tipping points, but this will be complemented with semiquantitative analysis and consultation with financial and investment stakeholders from
the COACCH co-design process (notably EIB and rating agencies).

3.3 ST3 - Food/water (IIASA)
Global warming can increase the intensity and likelihood of extreme events that in turn
can exacerbate impacts on crop yields. Climate change and extreme weather events lead
to short‐term variability and shocks to agricultural supply, impacting the entire food
system and posing threats to food security. Furthermore, instability in the food system
may disturb other systems such as energy and water. Studies into the interdependent
demand and supply relationships in these systems require a framework that can take
stock of both the climate‐induced deviations between expected and observed prices and
yields, the impacts on the food commodity market, as well as different adaptation
mechanisms that may serve as market stabilization policies, such as storage and
different trade‐liberalization mechanisms.
The food and water tipping point develops a non‐stationary model for market
stabilization policy design, aimed to analyze the impact of climate‐induced yield shocks
on market stability. For the assessment of the effectiveness of trade policies and
stockholding options in reducing price spikes and improving food availability, shortfalls
in production based on realistic weather events have been quantified. The identification
and verification of climate conditions leading to ST3 occurrence is based on shortfalls
in production through the RCP-GCM framework.
Recent advances in the field of attribution of extreme events in the context of climate
change can help scientists answer questions about the extent to which climate change
may influence the probability of occurrence of specific types of extremes, such as
heatwaves, cold spells, floods or droughts. As event attribution capabilities continue to
improve, the outcomes of global circulation models (GCMs) could help in defining all
four moments of the statistical distribution of climatic variables, which can then be used
to infer the attributes (e.g., frequency, intensity) of extreme events. For COACCH,
lower-probability higher-impact extreme events; i.e., realisations of the empirical
cumulative distribution function (CDF) or draws from simulated CDF’s of climatic
variables or indices that lie on the tails and have a significant effect on crop yields
(Stephenson, 2008). Subsequently, we can analyse the frequency of return of these
extremes (verification of the occurrence).
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3.3.1 Identification of climate conditions leading to ST3 occurrence
The analysis of climate change impact requires mobilizing different models and tools,
each of those looking at different systems and informing on how these respond to
changes in their environmental variables (see Figure 3.3.1). First, trajectories of GHG
emissions define different level of radiative forcing, and the impact of these on
temperature and precipitation patterns are studied via General Circulation Models
(GCMs). Second, the change in temperature and precipitation patterns, as well as the
atmospheric concentration in CO2, are used as input in the biophysical model related to
crop growth EPIC. The productivity impact of these models is last integrated into
economic models, in the case of this study, GLOBIOM.

Figure 3.3.1. Climate change impact modelling chain for agriculture, forestry and
fisheries in COACCH
Different climate scenarios result in different probabilities and magnitudes of weather
variability. To analyse their effects on the agricultural sector, we first need to quantify
the impact of such climate variabilities on crop yields, using process-based crop models
or econometric approaches. In our analysis, we choose to rely on a global
implementation of process-based models, based on a gridded representation of climate
and agronomic condition at global scale, also referred to as Global Gridded Crop
Models (GGCM).
Process-based crop models simulate the effect of a wide range of exogenous variables
such as weather, plant genotypes, environmental factors and management styles on
plant growth, by representing key processes affecting plant biochemistry and exchange
with its environment. They were initially developed for the purpose of field-level
cropping decisions but have been increasingly used to analyse climate change impacts at
larger scale. Especially in the last two decades, crop models have been tailored more to
the inclusion of environmental and management indicators, such as temperature, CO2,
and ozone, allowing them to analyse crop and management options under different
climate patterns (Hatfield et al. 2011; Pathak and Wassmann 2009). In this study, we
use results from the crop-based model Environmental Policy Integrated Climate Model
(EPIC). EPIC uses dynamic simulation based on development and growth processes
using water, temperature, heat, oxygen, nitrogen, phosphorus, bulk density and
aluminum stress as inputs. It uses the following daily climate variables as input:
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Minimum temperature, maximum temperature, precipitation, relative humidity, wind
speed. As output, it produces information on plant growth, crop yield, tillage, wind and
water erosion, runoff, soil density, and leaching, water and fertilizer requirement, and
actual yields under management systems, including irrigation (Williams, 1995;
Izaurralde et al. 2006).
For the major crops grown with a focus on production in Europe (rapeseed, rye, rice,
soybeans, sugar beet, sunflower, corn, potato, winter wheat and barley), EPIC model
data based on Euro-Cordex data is available from different climate scenarios,
originating from the combination of 3 representative concentration pathways (RCPs;
RCP2.6, RCP4.5, RCP8.5) and 4 general circulation models (GCMs; HadGEM2-ES,
EC-EARTH, REMO2009_MPI-ESM-LR, IPSL_WRF33_CM5A). All data is analyzed
for three different time slices: 2030s (2016-2045), 2050s (2035-2065) and 2070s (20552085) which are compared against the historic baseline of the 2000s (1986-2015).
For each baseline (GCM and RCP combination), an annual growth rate is computed for
each crop and country to describe the climate-induced change in productivity on
average conditions based on D2.2. In addition to these, the inter-annual variation in crop
yields is also analyzed by comparing each of the years in the 30-year time slice to the
mean yield level of that time slice.
The EPIC runs supply a broad set of simulations, but for a robust analysis of extreme
events, the sample is too small and also problematic to analyze as distributions are
subject to trends (caused by trends in climate variables and atmospheric CO2
concentrations) and different biases between models, crops and regions (Rosenzweig et
al., 2014) and the inability to represent the full range of representative climate change
projections within a small set of climate models (McSweeney and Jones, 2016). Also,
the strong differences in climate patterns between GCMs (McSweeney and Jones, 2016)
and yield responses between crop models (Rosenzweig et al., 2014; Müller et al., 2015)
complicate the comparison of individual cases.
As the focus is on the extremes and inter-annual variability, we select from every
combination of GCM x GGCM, and for each time slice, one year that represents the
mean conditions (median year) as well as extremes in that 30-year time period (min
anomaly).
To allow for an attribution of impacts for shocks in individual crops, the sampling of
these 3 study years is based on the min and median case for all crops weighted by their
area. In the economic analysis, only specific years will be used that represent
anomalously poor/good conditions as well as average, i.e. yield anomalies of individual
crops are not combined from different years, only the sampling can be based on
individual crops or their aggregate. We here only consider simulations with explicit
accounting for CO2 fertilization.
3.3.2 Verification of the occurrence of the climate conditions within the
current century
To verify the occurrence of climate conditions within the current century, we analyse
the climate impacts on yields along the axes of RCPs, time dimensions, and
geographical dimensions. Next to that, we analyse whether significant differences on
yields are likely caused by temperature stress or water stress. Temperature and water
stress are defined as the number of days in the growing cycle that the daily temperature
fluctuations or precipitation is either too high or too low for the crop to properly grow.
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Figure 3,3,2 shows the density plots of average crops, corn and wheat for the period
2000-2100 at the NUTS-2 level per RCP. Only minor deviations along the lines of the
RCPs can be observed. One slightly interesting finding is that in the case of corn
(middle three plots), lowest yields are observed under RCP4.5. This deviation in yields
is mostly due to a higher number of days with temperature stress. However, the density
plots do not show high enough yield changes for a likely socio-economic tipping point
to occur at this scale.
When we break-up the climate impacts on yields by time period, as is done in Figure
3.3.3 for corn, we again do not see a clear picture. There is on average a higher number
of days with temperature stress for corn in the short term than in the long term, leading
to a slightly shifted distribution, with a higher density of lower yields in the short term.
However, also here, the magnitude of the shift in distributions would likely not be
enough for a socio-economic tipping point in the food sector to occur.
When we organize the climate impacts on yields by geographical zone in Europe, a
clearer picture emerges (see Figure 1.3.4). Especially the Southern part of Europe, and
to a lesser extent the Eastern part of Europe can be prone to socio-economic tipping
points induced by yield losses due to climate stressors. The underlying stressors are
however different. For the Southern part of Europe, this is mostly related to water stress,
where for the Eastern part of Europe, this is mostly related to temperature stress.
Figure 3.3.5 and Figure 3.3.6 show the pattern of Figure 1 at a more detailed level.
From Figure 3.3.5, it can be seen that, where Northern European countries may benefit
from climate change in their corn production, Southern European countries will lose.
This pattern occurs for both RCP4.5 and RCP8.5 and in the short, medium and long
term. Additionally, Figure 3.3.6 shows that in RCP8.5, regions in Eastern Europe will
experience agricultural losses in wheat. However, these are not as strong as those
experienced in the Southern part of Europe.
The conditions for large yield losses, that can lead to socio-economic tipping points are
therefore most likely to occur in the Southern part of Europe. Moreover, they are mostly
linked to climate stressors related to water stress. They can however occur along the
entire RCP-space and in the short, medium and long term.
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Figure 3.3.2 Density plots of average crops (top three panels), corn (middle three
panels) and wheat (bottom three panels) for the period 2000-2100 at the NUTS-2
level per RCP.
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Figure 3.3.3 Density plots of corn in three time slices, those around 2030, 2050 and
2070 for RCP4.5 at the NUTS-2 level.
.

Figure 1.3.4 Density plots of corn (top three graphs) and wheat (bottom three
graphs) by geographical zone (East, North, South and West) for RCP4.5 at the
NUTS-2 level.
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Figure 3.3.5 Fraction of yield change for corn in RCP8.5 around 2030, 2050 and
2070 for RCP4.5 (top three panels) and RCP8.5 (bottom three panels)

Figure 3.3.6 Fraction of yield change for wheat in RCP8.5 around 2030, 2050 and
2070 for RCP4.5 (top three panels) and RCP8.5 (bottom three panels)
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3.4 ST4 - Coastal migration (GCF)
Mean and extreme sea-levels are projected to rise substantially during the 21st century
(see D2.3 and CT1 above). Such substantial SLR will trigger different human responses
ranging from adapting in situ through increasing coastal protection or retreating from
the coastal floodplain. In particular coastal retreat and the associated migration of
people has received increasing attention in the literature and media, with accelerated
sea-level rise and increased coastal flooding potentially displacing millions of people
from coastal areas (Hauer 2017, Hauer et al. 2019, Hino et al. 2017, DeConto and
Pollard 2016, Nerem et al. 2018). A recent Worldbank study, for example, conjectures
that by 2050 140 million people could migrate due to water stress, crop failure and sea
level rises in Sub-Saharan Africa, South Asia and Latin America alone (Rigaud et al.
2018). A forthcoming study by COACCH researchers estimates that even under costbenefit optimal protection decisions globally 17 to 72 million people will have to
migrate from coastal areas during 21st century (Lincke and Hinkel, forthcoming).
In this study we explore possible coastal migration scenarios for the EU using the
COACCH scenario matrix. We distinguish three migration-related effects that could
lead to tipping of socio-economic systems (we focus on the EU here):
1. Coastal migration within EU countries. Lack of coastal protection might lead to
coastal migration from unprotected areas. While small-scale coastal migration
might be societally accepted as a strategy to manage coastal areas under rising
sea-levels, large-scale coastal migration might lead to undermining the trust of a
society into its leaders to be able to deal with rising sea-levels.
2. Coastal migration in other regions targeting the EU. Here, our analysis is
focussed on North Africa and the Middle East1 from which areas migration to
Europe is most likely to originate. In the past, migration from these regions
caused political turbulences in the EU.
3. Coastal migration in other regions destabilizing regions with possible global
negative effects. We do a global analysis with a focus focusses on South, SouthEast and East Asia, where large scale coastal migration could have cross-border
implications. For instance, large scale coastal migration in Bangladesh might be
international migration and could thus effect its neighbouring countries.

Of course, we can not predict any level of migration that will lead to the tipping of
socio-economic systems. As a tipping point is defined as: “a threshold at which small
quantitative changes in the system trigger a non-linear change process that is driven by
system-internal feedback mechanisms and inevitably leads to a qualitatively different
state of the system, which is often irreversible” (Milkoreit et al., 2018, p.11), a complete
integrated model of the society would be necessary to analyse these kind of thresholds .

1

The so called MENA-region consits from 19 countries that are generally considered part of it:
Algeria, Bahrain, Egypt, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Libya, Morocco, Oman, Palestine,
Qatar, Saudi Arabia, Syria, Tunisia, United Arab Emirates, and Yemen.
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For each of these effects we assess two threshold values chosen by expert judgement.
We will analyse below, if these threshold values can be reached in the climate
conditions of the COACCH scenarios, based on the methodology described in D2.3.We
assume a reactive migration here: People migrate in the moment in which the elevation
they are placed on falls below the annual flood level. We assume that at this time their
places become uninhabitable.
Coastal migration within EU countries
Here we have chosen thresholds of 0.1 and 0.05 percent annual coastal migration of
total population. To tip the system these thresholds need to be crossed over a longer
time period, in our case we define a tipping point for a country if the average annual
coastal migration relative to the countries population in one of our three time periods
(2030s, 2050s, 2080s) crosses the threshold. The 0.1 percent might seem low but it
would imply about 8,000 coastal migrants every year in Germany and about 6,000 every
year in France and Italy. Such a constant stream of coastal migrants might have severe
consequences as the population could loose trust in the ability of a country to deal with
changing conditions (here: rising sea-levels).
Coastal migration in the MENA Region
The 2015 refugee crisis clearly defined a tipping point for the EU. While the number of
asylum applications was between 200,000 and 400,000 until 2013, it increased up to 1.3
million in 20152. About 53 percent of the applications came from three MENAcountries: Syria, Afghanistan, Iraq3. Although the high number of refugees from Syria
has been caused by the civil war in Syria, some authors describe a heavily discussed
relationship between this war and anthropogenic climate change (Selby et al., 2017).
The political crisis that followed showed the weakness of some EU institutions like the
Schengen agreement and the Dublin regulation. The rise of nationalist parties in the
following years (partly) originated in this crisis. Due to the small distance to Europe the
MENA region will probably remain one of the main origins of refugees targeting EU
countries. Addition coastal migration in this region could increase the number of
migrants targeting the EU and thus lead to another refugee crisis.
Here we use the thresholds of 100,000 and 200,000 annual coastal migrants in the
MENA region. Such a constant stream of coastal migrants might have severe
consequences within the region, but also for Europe if we assume that the majority of
these people targets the EU countries.
Global coastal migration
In the same way migration in the MENA region affects the EU, global migration could
lead to instabilities of regions and countries, which in turn, in a globalized world, might
lead to large-scale negative consequences. For instance, there has been concern about

2

https://ec.europa.eu/eurostat/statistics-explained/index.php/Asylum_statistics
https://ec.europa.eu/eurostat/documents/2995521/7203832/3-04032016-AP-EN.pdf/790eba01381c-4163-bcd2-a54959b99ed6
3
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the Rohingya population in Myanmar migrating to Bangladesh (Rahman, 2010), and in
the 2017 Rohingya crisis in Myanmar (Beyrer, 2017) in fact that migration occurred.
Here we use the thresholds of one million and two million annual coastal migrants
globally. Such a constant stream of coastal migrants might have severe consequences
within countries or regions, although the number is relatively small compared to the 70
million global refugees at the moment4.
3.4.1 Identification of climate conditions leading to ST4 occurrence
Coastal migration within EU countries
On EU-level we focus on the cases without adaptation as under a Business-as-usual
adaptation as defined in Deliverable D2.3 only little migration, mainly from rural areas,
occurs. Business-al-usual means that protection will be maintained, but not raised with
rising sea-levels. For some countries this could already lead to significant relative
migration, in the 2030s, but only under high-end sea-level rise. However, only for a few
countries migration numbers cross the thresholds defined above. The higher threshold
of 0.1 percent annual migration could be crossed by Gibraltar (Figure 3.4.1), while the
lower threshold could be in addition be crossed by Cyprus and by Malta (Figure 3.4.2).
In the 2050 there are already four countries crossing the higher threshold (Aaland5,
Denmark, Gibraltar, Latvia) and eight (Cyprus, Spain, Great Britain6, Ireland, Italy,
Lithuania, Malta, Portugal) more crossing the lower threshold under high-end SLR. On
the low end, only three countries (Gibraltar, Italy, Malta) cross the low threshold under
RCP 2.6, and only Gibraltar crossed the high threshold in the 2050s. In the 2080s the
situation is similar to the 2050s. Three countries (Aaland, Denmark, Gibraltar) cross
the higher threshold under high-end sea-level rise while eight countries (in addition to
the three before Denmark, Germany, Finland, Great Britain and Latvia) cross the lower
threshold. Under RCP 2.6 again only Gibraltar is above the lower threshold and no
country above the high threshold.
For many countries and scenarios annual coastal migration in the 2050s is higher than
in the 2080s. This is because there is often an initial migration peak in a certain location
in the first year when the existing protection does not protect population any more. For
Belgium and the Netherlands migration is zero. Both countries are very well protected
today, and under our model this protection is effective until the end of the century, even
if protection infrastructure is not raised further and even under high-end SLR.

4

https://www.unhcr.org/figures-at-a-glance.html
In our model we usually treat self-governing territories as countries, because these are often
small islands that warrant to be treated separately from a sea-level rise point of view.
6
We still consider Great Britain as part of the EU here as COACCH startet before Great Britain
left.
5
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Fig. 3.4.1: Average annual coastal migration relative to national population of EU
countries over the three time periods defined by COACCH. Only countries with a
non-zero coastal migration are shown. The color of the cells indicate if the
migration threshold of 0.1 percent of total population is reached.
Although the thresholds we defined here are rather small, for most countries they can
only be crossed when high-end SLR occurs (which can only occur as a consequence of
a high-end SLR contribution from the ice-sheets of Greenland and Antartica– see
climate tipping poit CT1). Even if EU countries fail to adapt, under lower SLR
scenarios only a few countries are expected to have notable relative migration. Those
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countries have large proportions of coastal populations without the high protection
standards of the Netherlands or Belgium.

Fig. 3.4.2: Average annual coastal migration relative to national population in the
EU countries over the three time periods defined by COACCH. Only countries
with non-zero coastal migration are shown. The color of the cells indicate if the
migration threshold of 0.05 percent of total population is reached.
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Coastal migration in the MENA Region
Annual coastal migration in the MENA region is shown in Figure 3.4.3. There are five
main contributing countries. Egypt and Iraq have high migration due to the low lying
lands in the Nile and the Euphrates deltas (Figure 3.4.4). The migration in Kuwait, the
United Arab Emirates and Saudi-Arabia originates from coastal urban areas of Kuwait
City, Abu Dhabi, Dubai, Jeddah and Dammam.
The threshold of 200,000 coastal migrants could be reached only in the scenarios
without adaptation. In these scenarios also the urban coastal areas are not protected
beyond today's existing protection. This leads to significant migration in Kuwait, the
United Arab Emirates and Saudi-Arabia from the 2050s onwards. It should be noted
that under the no adaptation scenario the 200,000 people threshold could be reached
also under RCP 2.6 in the 2050s and the 2080s. As in the EU case before, for many
scenarios annual coastal migration in the 2050s is higher than in the 2080s because of
high initial migration numbers after the current protection fails.

Fig. 3.4.3: Annual coastal migration in the MENA region and in the main countries
contributing to it (United Arab Emirates, Egypt, Iraq, Kuwait, Saudi-Arabia). The
bars and error bars in the first two columns of the panel show the average and the
uncertainty over the SSPs connected with these two RCPs.
The threshold of 100,000 people is reached also under the Adaptation scenario, but not
for RCP 2.6. Under the Adaptation scenario, contributions from Kuwait, the United
Arab Emirates and Saudi-Arabia are almost zero as the urban areas will be protected
under these assumptions. Large contributions from Egypt and Iraq remain, as the two
big deltas defining these contribution include a lot of rural areas that are likely not to be
protected.
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Fig. 3.4.4: Two of the hotspots of future coastal migration in the MENA region
could be the Nile delta (upper picture) and the Euphrates delta (lower picture).
The colored area shows the area below 10m and the color decodes the elevation:
the darker the green, the lover the elevation. The Nile delta includes the city of
Alexandria, but not Cairo. The Euprathes delta includes the city of Basra. Both
deltas also include a lot of rural areas so that a complete protection of the deltas
with dikes is unlikely.
However, coastal migration in the MENA region does not seem to become a major
contribution to the overall migration in this region. Today, there are already large
numbers of migrants from this region targeting the EU (there have been 612,685 asylum
applications in the EU in 2019, and 153,670 or 25 percent of them came from people
from Afghanistan, Syria or Iraq)7, but most countries do not have large coastal
populations. In addition, the coasts are rather step in most MENA countries and there
are no other big river deltas than the two mentioned.

7
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Global coastal migration
On global scale most of the sea-level rise impacts are expected to occur in South, Southeast and East Asia. This is also the case for coastal migration: Under every scenario of
the COACCH scenario matrix Asian migration contributes most to the global migration
numbers (Figure 3.4.5). The thresholds of one respectively two million annual coastal
migrants can only be reached in the no adaptation scenarios. However, under the no
adaptation assumption there could be more than one million migrants under each RCP
and in each time period. Two million annual global coastal migrants could be reached
under RCP 4.5, RCP 6.0, RCP 8.5 and high-end SLR in the 2050. Because of the initial
peak effect described above for RCP 4.5, RCP 6.0 and RCP 8.5 migration numbers fall
below the two million threshold in the 2080s, while for high-end SLR it stays above this
threshold in the 2080s.

Fig. 3.4.5: Average annual coastal migration globally and in the main contributing
countries . In addition average annual migration in Asia (South, South-east and
East Asia) is shown. The bars and error bars in the first two columns of the panel
show the average and the uncertainty over the SSPs connected with these two
RCPs.
3.4.2 Verification of the occurrence of the climate conditions within the
current century
From our analysis it becomes apparent that tipping points of coastal migration can within the
current century mainly occur if countries fail to protect themselves against rising mean and
extreme sea-levels . The latter is, however, an implausible scenario for most densely populated
coastal region, because coastal protection is widely practised today and economically beneficial
(Oppenheimer et. al. 2019; Lincke and Hinkel 2018; Hinkel and Nicholls, 2020). This holds
especially true for EU countries, where high coastal protection levels exist currently. On global
level coastal migration stays below one million people per year even under the high-end SLR
form climate tipping point CT1, if protection is successful. However, if the world fails to
protect, high coastal migration is possible also under the relative moderate SLR of RCP2.6 and
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RCP4.6. While EU countries do not account for much of this coastal migration, they can be
affected by migration that is targeting the EU, for instance from the MENA region.

3.5 ST5 - Adaptation to accelerating sea level rise (DELTARES)
About one third of the Netherlands is located below sea level, with the lowest point
currently located at –6.7 m. Compared to international standards the flood protection
standards in The Netherlands are very high. Most of the coastline is protected against a
1:4,000-year storm surge, and the most urbanized part (roughly corresponding to the
provinces North- and South-Holland) is protected against a 1:10,000-year storm surge
(Kind, 2014). To maintain these protection levels in the face of sea level rise and
climate change enhanced river discharges the Dutch Delta program was established. In
this national policy for adaptation to climate change, adaptive policy pathways have
been designed consisting of short-term investments, that are currently being
implemented, and mid- and long-term options, that depending on speed of sea level rise
will be implemented later.
The government has installed a signal group of experts that is periodically monitoring
changes in climate, resulting, hazards, progress in implementation and science. This
signal group has noticed that the current adaptation plans may fall short under the more
extreme sea level rise scenarios that are increasingly being published (see section 2.1,
CT1). This raised the question: are current ways of protecting the Netherlands
sufficient, or is a large reconfiguration of flood protection strategy required? Is there a
need for different types of infrastructure that are more adaptable and robust? Is there a
need for a spatially risk differentiated approach or even a managed retreat from certain
areas? Obviously, the implementation of a retreat strategy would imply a socioeconomic tipping point for the abandoned regions. But even the mere fact that this
option is increasingly considered as a serious option, can be seen as sea level rise
induced socio-economic tipping point (Van Ginkel et al., 2020).
In the scientific literature, there are different ways in how people speak about tipping
caused by sea level rise. For example, Hinkel et al. (2018) speak about bifurcating
coastal futures in the 21st century: “Urban and richer areas will continue to have
engineered coasts with higher and higher defences, radically altered landscapes and
possible catastrophic consequences in the case of defence failure. Whereas rural and
poorer areas will struggle to maintain safe human settlements and will eventually retreat
from the coast. Such retreat is likely to involve massive social conflict, forcing societies
to address difficult questions concerning transfer payments, compensation and liability
for loss and damage.” (p.576) The Dutch Delta is a clear example of a rich urbanized
coastal Delta, with a highly engineered coastal defence system (Haasnoot et al., 2018).
As Hinkel et al. point out, a defence failure may have possible catastrophic
consequences. Also, some of the proposed adaptation strategies may cause a radically
different landscape.
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Depending on the adaptation strategy followed, the new landscape may develop into
one of the archetypical extremes of the solution space that are sketched in figure 3.5.1
(Haasnoot et al., 2019, 2020b). In the protect-closed strategy, the entire coastline is
protected with a closed system of flood defences and that the river water must be
pumped out since the sea level will exceed river water levels. In the protect-open
strategy, the entire coastline is protected with a system of flood defences, but the river
mouths remain open, enabling a natural river discharge to the sea but requiring an
extensive update of river flood defences. In the advance strategy, new land in front of
the coast is reclaimed which is integrated with a new system of flood defences. In the
accommodate strategy, strategic parts of the country are elevated but there is retreat
from other parts.

Figure 3.5.2 Extremes of the solution space for coping with extreme sea level rise in
the Dutch Delta (Haasnoot et al., 2019)
In the pathways towards these extremes of the solution space, there are several
examples of climate-change induced socio-economic tipping points (SETPs). Earlier,
we have argued that different types of SETPs should be distinguished (Van Ginkel et
al., 2020): socio-economic impact tipping points where “a state shift occurs in the socioeconomic structure due to autonomous climate change and inaction or insufficient
action from the human side” (p. 6) and SETPs in terms of transformational response to
climate change, where “the socio-economic structure is deliberately and fundamentally
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altered, or planned to be altered, by human action, in anticipation or response to
(potential) impacts” (p. 6). To understand which types of SETPs may occur in the Dutch
Delta, let us first consider the typical characteristics of this case study, in the light of the
SETP characteristics identified in Deliverable 3.1 and during the COACCH stakeholder
consultation (Van Ginkel et al. 2020).
The mechanism through which the impact of sea level rise is felt is the typical chance
process of probabilistic storm surge perturbations on top of a gradual (but possibly
accelerating) trend of sea level rise. Given the very high flood protection standards that
are currently in place, tipping points for the Dutch Delta are most probable in extreme
sea level rise scenarios. These are not so much dependent on the RCP but rather on
uncertainty about non-linear ice-sheet dynamics, which is described as a climate tipping
point (CT1) in section 2.1 of this deliverable. On top of this sea level rise trend, the
stochastic process of extreme storm surge is impacting the likelihood of an SETP. For
example, the perception of flood risk, which can be a trigger for socio-economic
change, is influenced by the chance process of coincidental recurring unfavourable
storm surge conditions, such as near-misses or flood events. This means that the trigger
for a tipping point is possibly more strongly dependent on the coincidental realisation of
weather conditions causing storm surges than on a particular climate scenario. Also, the
role of co-determining socio-economic drivers such as economic welfare should not be
neglected. These can possibly be related to SSPs. Finally, it should be noted that
implementing large-scale flood protection measures typically takes decades of
preparation (Haasnoot et al., 2020a). Extreme sea level rise scenarios project a rate of
sea level rise which is unprecedented in recent human history, implying that the rate of
sea level rise, rather than the absolute magnitude of change, could become a limiting
factor.
Which types of socio-economic tipping points could occur to the Dutch Delta?
 Adaptation tipping point. This is the point where a certain flood protection
measure, or a portfolio of actions, does no longer meet a formal or informal
performance threshold (Kwadijk et al., 2010, Haasnoot et al. 2013). Adaptation
tipping points may, but do not necessarily, coincide with SETPs. For example, if
no incremental adaptation measures are available when flood protection fails,
one may need to switch to a radically different adaptation strategy (such as
managed retreat). This can be considered an SETP in terms of transformational
response to climate change. However, in many cases, an adaptation tipping will
not necessarily lead to a socio-economic tipping point, because incremental
adaptation (without significant socio-economic impact) may still be possible.
Adaptation tipping points qualify as SETPs when they correspond to an abrupt,
non-linear reconfiguration of the socio-economic system (Van Ginkel et al.,
2020).
 Socio-economic impact tipping point. For example, if flood protection fails and
a large-scale flood disaster occurs, the Delta may not recover to the original
state. In the direct aftermath of a disaster, many citizens will be displaced and
not everybody will return after the event. This has happened to the city of New
Orleans, which did not return to the original state after Hurricane Katrina
(DeWaard et al., 2016). However, an impact SETP may also result from
voluntary migration out of regions with high flood risk. This may happen well
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before an actual event strikes, for example because of increasing concerns about
the state of the flood protection.
Socio-economic response tipping point. Whereas the cause of the previous ‘impact’
tipping point was unplanned and autonomous change beyond control of the government,
it is also possible that a rapidly changing, transformational response is causing an
SETP. An example is the accommodate strategy of Figure 3.5.1, in which the
government would enforce a managed retreat from regions with economic stagnation
and population decline. Some characteristics of such a transformational response to
worsening environmental conditions can be seen in Indonesia’s capital Jakarta, where
severe land subsidence and floods made the national government decide to relocate the
capital.
3.5.1 Identification of climate conditions leading to ST5 occurrence
To identify under what conditions SETPs may occur in the Dutch Delta, we develop a
stepwise approach to identification and impact analysis of SETPs (Figure 3.5.2). We
illustrate this approach by applying it to a stylized case for the Rotterdam City and Port.
We work with a stylized case because we are interested in the coupled biophysical and
socio-economic mechanisms that could lead to tipping point behaviour and not so much
in precise forecasting of the regional economy. The study area was chosen because it is
exposed to flood risk from both the river and the sea, it contains the busiest port of
Europe (by number of containers and tonnes of cargo shipped), it contributes
significantly to the Dutch Gross Domestic Product, it is partly located below sea level
and it is protected by a highly engineered flood defense.
The stepwise approach is outlined in Figure 3.5.2. In step 2-4, one can take a ‘narrative’
(qualitative) or ‘model-based’ (quantitative) approach to describing the system, defining
the SETP and exploring tipping point occurrence over the uncertainty space. In a
narrative-approach, one describes the system and its relevant mechanisms in a
qualitative way, for example on the basis of narratives of stakeholders who are
knowledgeable about the current system and understand how it may develop over time.
Such an approach was used in Deliverable 3.1 and illustrated for the cases of ski resorts,
farmland abandonment and impacts of sea level rise in Van Ginkel et al. (2020). The
narrative-approach can be complemented by a model-based approach, where the model
relations are described with the help of mathematical model. Possible model approaches
are agent-based modelling, system-dynamic modelling, analysis of time series or
equilibrium models (Filatova et al., 2016). For Deliverable 3.4, we seek to move beyond
the narrative approach and use a model-based approach to estimate the impact of socioeconomic tipping points and create understanding in the mechanisms that may cause
them.
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Figure 3.5.3 Outline of the stepwise approach for identification and impact
analysis of climate change induced socio-economic tipping points
Step 1. System delineation
We spatially demarcate our system as the Rotterdam City and Port (Figure 3.5.3).
Temporally, we explore the future of the city up till 2200. Sectoral, we focus on the
state of the flood protection infrastructure, the development of the real estate market in
the face of increasing flood risk, household decisions to stay in the area or to migrate
and the role of the government in implementing measures to upgrade flood protection
infrastructure or to influence the real estate market.

Figure 4.5.3 Rotterdam City and Port Area © OpenStreetMap Contributors (2020)
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Step 2. System description
We schematize the system along the dimensions of eXternalities (X), policy Levers (L),
model Relations (R) and performance metrics (M) (Lempert, Popper and Bankes, 2005).
Externalities are external factors that are important for the development of the
Rotterdam City and Port. The most important externalities are scenarios for high-end
sea level rise (see section CT1), socio-economic developments according to the SSPs as
well as independent socio-economic developments that may decrease the competitive
position of the port and the local economy. Policy levers are actions that can be taken by
national and local governments to alter the system. The most import policy lever is the
ability of the government to implement flood protection measures, at a certain cost and
with a certain lead-time. Model relations are mathematical descriptions of the systemdynamic and agent-based behaviour of the system. Some of the relations captured in our
stylized case are captured by the following modules:
 a storm surge generator module which generates random (and transient) storm
surge series on top of a gradual sea level rise trend - this module simulates how
storm surge water levels may change under scenarios for climate change and ice
sheet melting;
 a flood impact module that compares the storm surge levels with the flood
protection level in place, and calculates damage in case of a flood - this module
simulates how the actual flood risk may change under the climate change
scenarios while accounting for the policy interventions;
 a risk and risk perception module, which models the objective development of
flood risk in the area as well the risk perception of citizens - this module
captures how the risk perception may alter the socio-economic structure of the
region;
 a stylized real estate market, where the value of real estate fluctuates as a
function of demand for houses f(regional economy, risk perception) - this
module translates risk perception and the economic projections into changes to
the real estate market in the region;
 and a governmental adaption module, which simulates adaptation decisions of
the government for different possible strategies - this module represents the
possible policy interventions in the system.
There are several metrics to evaluate system performance:
 the state of the flood protection infrastructure;
 the value of real estate in the city;
 the damage caused by actual flood events;
 and the number of people deciding to leave the city.
Step 3. Tipping point definition
According to our exploration of different possible tipping point definitions, the tipping
point is defined as:
 an adaptation tipping point for the flood protection infrastructure of the city,
where it does no longer meet formal performance objectives;
 a point where the flood protection strategy is radically transformed (an abrupt
shift from management regime A into an entirely regime B upon a gradual
increase of risk);
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a sudden drop in the value of real estate in the city (an abrupt shift from a real
estate value A to a significantly lower real estate value B upon a gradual
decrease of demand for houses upon a gradual increase of flood risk or damage);
 an abrupt occurrence of significant flood damage in the city (an abrupt shift
from A ‘floods never happen’ to B ‘floods are a serious concern because they
happened in recent history’);
or a sudden drop in number of inhabitants of the city (an abrupt shift from a population
A to a significantly smaller population B upon gradual biophysical change).
3.5.2 Verification of the occurrence of the climate conditions within the
current century
Step 4: Exploratory modelling
In this step, the outcome space spanned by climate, sea level rise and socio-economic
change (RCPs and SSPs) is explored to identify the occurrence of tipping points. Since
this deliverable focusses on the tipping point likelihood in the RCP/SSP space, and not
on the socio-economic impact of tipping point occurrence (which is the topic of
Deliverable 3.4) we will here focus on the first tipping point definition of step 3, which
are adaptation tipping points for the flood protection system of Rotterdam. For the other
example of SETPs (as listed above), it is not possible to separate the identification of
tipping point likelihood from modelling the socio-economic impact, because you can
only determine if the SETP happened from examining the socio-economic impact. The
SETPs happening from coupled climate and socio-economic dynamics will be
addressed in Deliverable 3.4.
Concerning adaptation tipping points, consider the Maeslant storm surge barrier, which
is an important ‘sea door’ into the Rotterdam Port, which under normal conditions is
open. Under current conditions, the barrier closes only once in ten years, but this closure
frequency increases with rising sea level. Figure 3.5.4 shows how the closing frequency
of the Maeslant barrier increases as a function of sea level rise. Two indicative ‘critical’
thresholds for the barrier can be distinguished. From an economic perspective: if the
barrier has to close once per year, shipping starts to become significantly impacted. This
point is reached at a sea level rise of 0.75 m. From an engineering perspective: if the
barrier has to close three times per year, the constructive limits are reached. This point
is reached at a sea level rise of 1 m. (Haasnoot et al., 2020a).

Figure 3.5.4 Closing frequency of the Maeslant Barrier (Haasnoot et al., 2020a)
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When are these 0.75 m and 1 m sea level rise thresholds reached in the RCP space?
Under a high-end sea level rise scenario, which includes the MICI and MISI
mechanisms (CT1, table 3), such as proposed by Le Bars et al. (2017) which are derived
from Antarctica simulations of DeConto and Pollard (2016), the adaptation tipping
points for the Maeslant Barrier are as indicated in Figure 3.5.5. Under RCP4.5, the
earliest exceeding of the 0.75 m threshold is around 2070 (median 2089), and the
exceeding of the 1.0 m threshold is around 2085 (median 2098). Under RCP8.5, the
0.75 m threshold could be first exceeded around 2065 (median 2075) and the 1 m
threshold around 2070 (median 2083).

Figure3.5.5 Earliest occurrence of adaptation tipping points for the Maeslant
Barrier under RCP4.5 and RCP8.5, including high-end sea level rise (Le Bars et
al., 2017)
Under the SROCC scenarios for sea level rise in the 21st century (IPCC, 2019), the
adaptation tipping points will occur later (Figure 3.5.6). Under RCP2.6, both thresholds
would not be exceeded in this century. Under RCP4.5, the 0.75 m threshold is just not
exceeded in the 21st century, because the upper bound is 0.72 m sea level rise by 2100.
Under RCP8.5, the 0.75 m threshold is exceed in 2081 for the upper bound, in 2094 for
the median and not in this century for the lower bound. The 1 m threshold is exceeded
in 2095 for the lower bound, and not in the century for the median and upper bound.
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Figure 3.5.6 Occurrence of adaptation tipping points for the Maeslant Barrier
under RCP2.6, RCP4.5 and RCP8.5 in the SROCC sea level rise scenarios (IPCC,
2019)
Following this exploration of adaptation tipping points for the Maeslant storm surge
barrier, let us now consider one difficulty for designing new flood protection measures
under a scenario with extreme sea level rise. Figure 3.5.7 shows how the functional
lifetime of new flood protection measures may drastically decrease over the course of
this century. A typical upgrade of coastal protection with 0.5 m lasted for about 65 years
in 1995, but will only last for about 10 years by the end of this century under RCP8.5.
Given that projects of this size have typical lead-times in the order of 30 years, the time
required for preparing these measures might become a limiting factor. The typical
incremental adaptation might no longer be sufficient; once a measure is implemented,
the functional lifetime is already nearly over. Preparations of new measures need to start
well before the old measures are realized. Of course, it is possible to upgrade the flood
protection with larger increments, but the associated investments are much larger and
will be harder to justify given the large uncertainty surrounding the sea level rise
projections. (Haasnoot et al., 2020a)
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Figure 3.5.7 Strong decrease of functional lifetime of incremental flood risk
adaptation measures (protecting against an additional + 0.5 m sea level rise) in an
extreme sea level rise scenario for the 21st century (Haasnoot et al., 2020)
A consequence of the decreasing effectiveness of incremental flood risk measures is that
the likelihood of transformation adaptation measures will increase. In other words:
climate-change induced socio-economic tipping points in terms of transformational
response will become more likely when an extreme sea level rise scenario unfolds.
Step 5: Impact analysis
In this step, the impacts of SETP occurrence will be described in more detail. This is
first done within the system boundaries: Rotterdam City and Port. However, it also
possible to examine what the consequences of a tipping point for Rotterdam could mean
for the wider Dutch economy. If one suspects that the more local SETP may scale to an
SETP on a wider scale as well, once could repeat the step-wise approach on larger
system-level.
Step 6: Action identification
In the sixth step, the possible actions for interference in the system and monitoring of
the system are identified. For example, one important variable to monitor is the degree
of ice-melting of the West Antarctic Ice Sheet.
Step 7: Decision support
In the last step, the lessons learned are translated to concrete recommendations for
decision makers. Having included different adaptation strategies as policy levers in our
model, we can reflect on how turning one of these levers may increase or decrease the
likelihood of an SETP.
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3.6 ST6 - Network disruptions due to flooding of roads (DELTARES)
In this chapter the results are described for a first level analysis of the socio-economic
tipping point for trade disruption due to flooding of critical links in the road network
(STP6). As described in deliverable 3.1 (van Ginkel et al. 2018) COACCH stakeholders
have shown strong interest in the failure of critical infrastructures, in particular in the
wider economic consequences of such failures through network effects. Within the full
scope of COACCH we therefor develop a modelling cascade starting with climate
hazards having direct impacts on roads, but also interrupting the network function of the
roads, in connecting regions leading to different types of socio- economic impacts.
Depending on the magnitude and non-linearity of this socio-economic response to the
climate hazards, the impacts can be considered as a socio-economic tipping point.

Figure 3.6.1 Illustration of flood hazard modelling affecting the European road
network
Our application is on flood impacts on critical links within the transport infrastructure
network, but the modelling approach can be applied to other climatic hazards (e.g.
landslides in Alpine regions) or other types of networks (e.g. electricity, drinking water,
internet) as well. We build further upon the direct impact modelling for the European
road network, in which a comprehensive flood model was defined for Europe, resulting
in models for flood depth and flood damages for different return periods ranging from
1/5 to 1/500 years (see COACCH deliverable 2.3 (Lincke et al 2018). Some results of
this effort are shown in Figure 3.6.1.
There are many ways and many scales at which the disruptions of networks can be
analysed and there is a clear pitfall of introducing too much complexity in the analysis.
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We therefore, propose a three-level approach that is geared to assess potential tipping
point behaviour:
1. At the first most abstract level we look at the overall connectivity of the road
network and how it changes as floods disrupt critical links. This idea is based
upon the recent lifeline report (Hallegatte et al. 2019) of the World Bank in
which, for a few selected countries, the loss of a general network performance
metric was assessed by randomly taking out an increasing number of road
segments. The analysis basically gives an indication of the resilience of the
networks in different countries. In this COACCH deliverable we have extended
this method by only disrupting those segments that can be flooded. We start the
analysis on a country level, for Austria. There is a potential for the occurrence of
tipping points when a combination of a limited flood events leads to a
disproportional disruption of the network. This is further elaborated in section
3.6.1. Given the mountainous character of the country it is expected that
disruption of a few critical connections can have a large effect by the absence of
many alternative routes.
2. The next level is linking the analysis of disruption of roads to an analysis of real
traffic and trade data between economic regions. Again, this analysis will be
first done for Austria.
3. Finally, an even more specific analysis for a specific industry with supply chains
across Europe will be done. For this purpose, car manufacturing in the region
around the city of Graz is chosen. Car manufacturing is chosen as it depends, for
a large part, on just in time delivery which will be already critically hampered by
relatively short disruption periods.
In this report the conditions under which a potential tipping point, as defined under level
1, may occur are further elaborated (section 3.6.1) and verified (section 3.6.2).
Verification includes an assessment of the likely occurrence of the tipping points under
current and future climate change scenarios. Level 2 and 3 tipping points will be
presented in deliverable 3.3 of the COACCH project. The full set of analysis will
provide good assessment of the potential for socio-economic tipping points in Europe.
The next section introduces the network analysis fundamentals, establishes the basecase for no-disruption and analyses the flood disruptions with definition of tipping
points for Austria.
It is demonstrated why and how network analysis applies to find tipping points in
potential loss of functionality (% of disruption of optimal routes between NUTS-3
origin-destination pairs). This loss of functionality is most important for the road
stretches with the highest density of optimal routes connecting NUTS-3 regions. In
addition, it is also demonstrated how the stochastic analysis can be used to find black
swan events (very disruptive but with potentially very low probability of occurrence
(Nafday 2009)).
The method developed presents a scalable approach that can be extended to multiple
hazards, multiple countries, aggregation levels (from NUTS-3-NUTS-2) and other
transport modalities (i.e. multimodal transport networks can be represented with the
same methodology).
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3.6.1 Identification of climate conditions leading to ST6 - a network
performance analysis
The identification of tipping points for transport networks is based on the disruption of
the service provided by the network. To this end, the connectivity between identified
origins and destinations is assessed with and without disruption. The deterioration of the
level of service and its consequences form the ground to defining the tipping points.
• Regional connectivity: Austrian connectivity at NUTS-3 level
A scalable approach for representing the transport connectivity of different regions has
been developed. This is based on the identification of trade Origin-Destination (OD)
pairs for the NUTS classification (see 3.6.3 Supplementary material). In order to
develop and test a scalable approach that can deal with the problem size of European
wide trade flows and economic impacts, a case-study was implemented for Austria
based on the NUTS-3 regions. Figure 3.6.2 shows the national borders of Austria and
the subdivision of Austria in NUTS-3 regions. There are 35 NUTS-3 regions in Austria.

Figure 3.6.2 Austrian borders and its 35 NUTS-3 regions on a satellite background.
For each of the 35 NUTS-3 regions we assume the central point to represent the
consolidated generation and destination of traffic and trade for the region. The nonordered combination of any two NUTS centroids forms the OD-pairs analysed in the
approach. This results in a total of 595 OD-pairs for Austria, assuming bi-directional
roads.
Having located all OD-pairs within the road network, the 595 optimal routes between
all pairs can be identified for both the situations with and without disruption.
• Base-case: connectivity without disruption

P

Page 76

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
This analysis sets the stage for the definition of the tipping points. It defines the baseline
performance against which the disruption of network service is assessed.
Two metrics were studied to support the analysis based on time and distance-weighted
graphs (see Section 3.6.3 for introduction to the network analysis). Optimal routes in
each case minimize, respectively, the travel time (fastest route) and travel distance
(shortest route) between all OD-pairs. The details of the results in each case and of a
comparative analysis are discussed in the supplementary material (Section 3.6.3). There
is an evident correspondence between the time-optimized most used roads and the
higher volumes of freight transport. No such evidence exists when comparing distanceoptimized routes. Taking this into consideration, the choice for the pilot case-study
relies on using travel time minimization as the criterium for route optimization, for both
the base-case and the flood disruption scenario. As such, subsequent analyses performed
for the Austrian case-study, if no other statement is made, consider time-based graphs,
assuming users will opt for routes that minimize travel time. -case and the flood
disruption scenario. As such, subsequent analyses performed for the Austrian casestudy, if no other statement is made, consider time-based graphs, assuming users will
opt for routes that minimize travel time.
• Flood disruption in Austria
As introduced in Section 3.6 fluvial flood hazard maps for multiple return periods are
available for Europe. The identification of tipping points for transport disruption is
based on these maps and the methodology is illustrated for Austria.
In particular, the pilot case analyses the potential disruption of connectivity of NUTS-3
regions in Austria, for a hazard return period of 100 years. A threshold of 50 cm is
defined as the water depth from which a road section will be impassable. Figure 3.6.3
identifies the 498 ‘micro floods’ impacting the case study road network.
The following subsections analyse how the connectivity of the Austrian case-study,
represented by the 595 optimal routes between NUTS-3 regions, can be affected by any
one of the 498 ‘micro-floods’ as well as possible combinations.
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Figure 3.6.3 ‘Micro-flood events’ intersecting the road network in Austria for
1/100 years return period: micro-floods in multiple colours and country borders in
in red. Note that these 1/100 events stem from different historical flood events and
for a large part are uncorrelated, i.e. are not very likely to happen at the same time
(RT << 1/100).
Stochastic Approach
As discussed, the case-study analyses the disruption impact of flooding on the 595
optimal routes connecting the 35 NUTS-3 regions. The initial analysis performed
consists of a stochastic assessment for the 498 ‘micro-floods’. This analysis aims at a
first insight on the performance of the road network for multiple flood events, even if
some have low correlations.
This type of analysis also allows the comparison between the performance of road
networks in different countries, in a similar approach as used by the World Bank in their
report “Lifelines: The Resilient Infrastructure Opportunity” (Hallegatte 2019). The
methodology here proposed further introduces the link to the hazard disruption, making
a concrete link with the physical triggering condition. Furthermore, the proposed
methodology is flexible and depending of the hazard dataset, highly correlated flood
events or compound events can be the focus of future analyses.
For the stochastic analysis in the Austrian pilot study, there are 498! =
4.890327959x101128 possible combinations of micro-floods. Thus, an exhaustive
analysis of all combinations was not performed. Instead, 1000 samples were considered
for each case of simultaneous impact of 2 to 496 floods. In both cases of 1 and 497
simultaneous flood events there are 498 possible combinations. The simultaneous
impact of all the 498 floods can be represented by one calculation. The result of this
approach is shown in Figure 3.6.4.
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The results indicate an increase of the median number of disrupted routes, as the
number of simultaneous floods increases. That is expected, as progressively larger flood
extents will decrease the redundancy of the available network.
Nonetheless, significant variations exist, with multiple outliers extending beyond the
boxplot whiskers.

Figure 3.6.4 Boxplot representation of the disruption of the optimal routes between
NUTS-3 regions in Austria. In the y-axis the percentage of the 595 routes that are
disrupted. In the x-axis (logarithmic scale) the number of simultaneous ‘microfloods’ (a set of combinations in the x-axis are omitted from the chart due to the
representation scale of the report). The boxplot is the result of 1000 samples for
each combination of flood events, except for 1, 497 and 498 simultaneous floods
where exhaustive sampling is conducted. Box indicates the median, 25th and 75th
percentiles (respectively Q2, Q1 and Q3). Whiskers indicate ‘minimum’ (Q1 1.5*IQR) and ‘maximum’ (Q3 + 1.5*IQR) where IQR=Q3-Q1. Outliers to
‘minimum’ and ‘maximum’ are represented as points. Red stars indicate selection
of two cases for further illustration in Figure 3.6.5 and Figure 3.6.6.
There are cases for which the optimal routes are not disrupted by the floods or the roads
disrupted have a low density of optimal routes, thus resulting in an overall low
disruption of the network. Figure 3.6.5 illustrates such an example, for a case of 5
simultaneous ‘micro-floods’ with minimal disruption to the NUTS-3 connectivity.
Conversely, Figure 3.6.6 illustrates a case of 5 simultaneous ‘micro-floods’ with
maximal disruption. In this case, multiple roads with high density of optimal routes are
disrupted.
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Figure 3.6.5 Example of a combination of 5 simultaneous ‘micro-floods’
corresponding to minimal disruption.

Figure 3.6.6 Example of a combination of 5 simultaneous ‘micro-floods’
corresponding to maximal disruption.
The fact that the optimal routes are disrupted can be further detailed in terms of the
quality of alternatives. Figure 3.6.7 shows that in Austria, on average, the number of
disrupted routes without possible alternatives increases with the number of
simultaneous ‘micro-flood’ events. The steepness of this increase and the quality of
existing alternatives, as measured by additional connecting times, can be compared
between multiple countries in order to assess the general performance of the network for
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fluvial flooding and, analogously, for other triggers. Additionally, identifying the flows
of goods and people associated with each route and the consequences of delays to those
flows allows for the quantification of the disruption impacts.
Note that the average excess times depicted in Figure 3.6.8 represent aggregated values,
per O-D pairs, for all the calculations in the stochastic analysis. They allow one to
identify connections with, on average, the worst quality of alternatives. A direct relation
to tipping points is not possible since the average values mask the tipping points and the
unavailability of alternatives is not represented.

Figure 3.6.7 Availability vs unavailability of alternative routes for flood disruption.
Orange line shows the average percentage of disrupted routes per number of
simultaneous ‘micro-flood’ events. Blue line shows the average number of
disrupted routes that do not have a possible alternative, per number of
simultaneous ‘micro-flood’ events.
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Figure 3.6.8 Average extra time for connecting NUTS-3 regions in Austria,
considering all calculations performed for the stochastic analysis. Both axes list the
NUTS-3 regions in Austria.

Finding tipping points for the connectivity
As discussed in the previous section, it is expected that the flood combinations that
disrupt the roads with the highest density of optimal routes will also correspond to the
highest disruptions. Figure 3.6.9 identifies the corridor located in Austria that is shared
by the highest number of optimal routes. This is a stretch of the European road E60 in
NUTS-3 regions AT121 (Mostviertel-Eisenwurzen) and AT123 (Sankt Pölten) and it
also corresponds to the corridor of the Austrian road network with the largest volume of
freight transport (see supplementary material in 3.6.3).
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Figure 3.6.9 Road segment in Austria with the highest density of optimal routes
connecting NUTS-3 regions.
A further analysis compares the results of the stochastic analysis with a selected subset
containing only the combinations of ‘micro-floods’ that disrupt the E-60 road stretch
with the highest optimal route density. This comparison is illustrated in Figure 3.6.10. It
can be observed that both the average disruption and its lower bound are higher in the
subset filtered for the E-60 disruption, as expected. What is additionally shown is that
the upper bound of the disruption is coincident in both cases, except minor exceptions.
This indicates that the disruption of the main corridor dominates the overall disruption.
The occurrence of tipping points is thus identified as the combinations of flood events
that: disrupt the main Austrian corridor for optimal routes between NUTS-3 regions;
and that additionally cause a significantly high overall disruption of the optimal routes
between NUTS-3 regions. The reasoning being that both the main corridor is disrupted,
and low-quality alternatives will be provided by the functioning network.
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Figure 3.6.10 Comparison of optimal route disruption between the stochastic
approach and its subset disrupting the E60 corridor with the highest density of
optimal routes between NUTS-3 regions8.
Based on this definition of tipping points, its identification is related with the upper
bound of disruption in Figure 3.6.10. Considering the steep increase at the beginning of
the curve, and assuming that a tipping point is reached before reaching a 50% disruption
of the 595 optimal routes, then an analysis of tipping points should focus on the lefthand side of the curve. This means that even a small number of simultaneous ‘microfloods’ can lead to the trade tipping points.
In fact, the pilot case-study in Austria provides detailed insight into tipping points by
analysing two cases:
- Case 1: The most disruptive combinations of simultaneous floods for 1, 2, 3, 4
and 5 ‘micro-floods’
- Case 2: Multiple correlated ‘micro-flood’ events disrupting the main link
Case 1 provides an indication of what are floods that are very disruptive albeit with
potentially very low probability of occurrence (‘black swan type of events’ see Nafday
(2009)). The baseline for defining the tipping point is the disruption level.
There are four ‘micro-floods’ disrupting the critical E60 corridor in Austria (Figure
3.6.11). Following the methodology proposed in case 1, the results of the stochastic
approach were filtered for combinations of simultaneous floods that include at least one
of these four floods with a focus on the lower number of simultaneous ‘micro-floods’
(Figure 3.6.10; left). It is observed that, in addition to the main trade corridor disruption,
an overall disruption of 25%-50% of all optimal connections between NUTS-3 regions
can result from as low as 1 to 5 simultaneous ‘micro-floods’. The specific flood
combinations that can lead to these tipping points are illustrated in Figure 3.6.1 to
Figure 3.6.20.
8

In reality, the maximum disruption observed for three simultaneous floods should be equal or larger than
the disruption observed for two simultaneous floods. The slight decrease observed in Figure 3.6.10 (left)
is explained by the sampling (1000 samples) applied to represent the combinations of floods from the 498
set, due to the sheer size of the problem.
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Figure 3.6.11 Visualization of ‘micro-floods’ disrupting the critical E60 corridor in
Austria.

Figure 3.6.12 Case 1 Tipping points: one ‘micro-flood’ disrupting the critical
corridor and in total 26% of optimal routes for the country connectivity.
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Figure 3.6.13 Case 1 Tipping points: two simultaneous ‘micro-floods’ disrupting
the critical corridor and in total 43% of the optimal routes for the country
connectivity.

Figure 3.6.14 Case 1 Tipping points: distance between the two simultaneous
‘micro-floods’ disrupting the critical corridor and in total 43% of the optimal
routes for the country connectivity (Figure 3.6.13). Background identifies the all
potential ‘micro-floods’ in Austria.
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Figure 3.6.15 Case 1 Tipping points: three simultaneous ‘micro-floods’ disrupting
the critical corridor and in total 39% of the optimal routes for the country
connectivity.

Figure 3.6.16 Case 1 Tipping points: distance between the three simultaneous
‘micro-floods’ disrupting the critical corridor and in total 39% of the optimal
routes for the country connectivity (Figure 3.6.15). Background identifies all the
potential ‘micro-floods’ in Austria.
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Figure 3.6.17 Tipping points: four simultaneous ‘micro-floods’ disrupting the
critical corridor and in total 44% of the optimal routes for the country
connectivity.

Figure 3.6.18 Case 1 Tipping points: distance between the four simultaneous
‘micro-floods’ disrupting the critical corridor and in total 44% of the optimal
routes for the country connectivity (Figure 3.6.17 ). Background identifies all the
potential ‘micro-floods’ in Austria.
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Figure 3.6.19 Tipping points: five simultaneous ‘micro-floods’ disrupting the
critical corridor and in total 47% of the optimal routes for the country
connectivity.

Figure 3.6.20 Case 1 Tipping points: distance between the five simultaneous
‘micro-floods’ disrupting the critical corridor and in total 47% of the optimal
routes for the country connectivity (Figure 3.6.19). Background identifies all the
potential ‘micro-floods’ in Austria.
Case 2 provides an insight on correlated flood events (of potentially higher probability
of occurrence than in Case 1) that are disruptive. The baseline for finding the tipping
point is a combination of the disruption to the most important corridor with the hazard
physical model.
A 20 km threshold radius is applied from the centroids of the four flood events
intersecting with the main corridor (E-60) to find spatially correlated floods (Figure
3.6.21). In total 20 flood events are identified, including the selected flood events that
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intersect with the main corridor. An analysis was performed (Figure 3.6.22) to assess
the overall disruption of the simultaneous occurrence of these twenty events. It was
found that: overall, 26% of the optimal routes for the country connectivity at NUTS-3
level is disrupted and that alternatives exist for all the disrupted optimal routes.

Figure 3.6.21 Flood events spatially correlated (within a 20 km radius) to the four
flood events disrupting the main corridor.
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Figure 3.6.22 Case 2 Tipping points: twenty spatially correlated ‘micro-floods’
simultaneously disrupting the area of the critical corridor and in total 26% of the
optimal routes for the country connectivity.
Interesting is how the disruption level of these 20 floods of Case 2 compare with the 5
flood events of Case 1. In Figure 3.6.23, a dot represents the Case 2 analysis in context
with the stochastic analysis and the Case 1 approach (top dotted line from 1 to 5
combinations of flood events). It can be observed that while Case 2 represents an
extensive flood concentrated in an area of the country, and affecting the E60 critical
corridor, its disruption overall is on par with the disruption of a single ‘micro-flood’
disruption in Case 1.
The methodologies applied in both cases have different starting points for the search of
events leading to tipping points and can be combined to find both very disruptive events
and events that are disruptive and with, potentially, a higher probability of occurrence.
The results of the analysis, in terms of quality of connectivity under disruption
(alternative travel times and unavailable alternatives) can be combined with traffic or
trade volumes for impact quantification.

Figure 3.6.23 Comparison of optimal route disruption between the stochastic
approach, its subset disrupting the E60 corridor with the highest density of
optimal routes between NUTS-3 regions and the optimal route disruption by the
twenty ‘micro-floods’ in a 20 km buffer from the floods.
3.6.2 Verification of the occurrence of the climate conditions within the
current century
In section Errore. L'origine riferimento non è stata trovata. we identified two
ipping points:
1. The most dramatic random combination of 1-5 micro-floods, disrupting
Austria’s main transport corridor, the E60 and in addition a largest possible
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share of all inter-NUTS3 connections, reaching maximum 47% disruption of the
total network. This type of event would likely be very disruptive for the Austrian
society and economy as transportation would not be possible for many days and
the very low number of possible detour routes would likely to be severely
congested. There is no check on the spatial correlation of the flood events
causing this disruption
2. Up to 20 spatially correlated flood events causing a similar impact as under case
1. Now the maximum disruption is 26%.
In this paragraph arguments are presented that provide better insight in the verification
of these events, i.e. can they happen in the current and future climate uncertainty space
and with what likelihood? To derive this information ideally, we should go back to the
historical hydrological data that underpin the selected flood events to identify what
floods indeed did occur simultaneously as a result of a major synoptic weather event.
However, this is a complicated analysis that still does not answer the question on the
likelihood of non-observed combinations of flood events. Therefore, as a first proxy we
assume that the spatially correlated 1/100 events in reality could have been caused by a
single synoptic weather pattern. Therefore, we assume the likelihood of the clusters
identified under tipping points case 2 as in the same range of probability as the single
1/100 event under the current climate.
For the case 1, tipping point clusters of events (black swan) we can simply not attach a
probability and we can only consider the likelihood of individual events.
Figure 3.6.24 to Figure 3.6.28 identify the shift in return periods for all the ‘microflood’ events (areas of influence) of the network tipping points Case 1 under climate
change as projected by the different RCM’s and for both RCP 4.5 and 8.5.

Figure 3.6.24 Case 1 Tipping points (one ‘micro-flood’): Shift in return period for
the 1:100 year event ‘micro-flood’ events
The figures show that there is no clear signal on how the return periods of the 1/100
flood events will shift, as both increases to 1/1000 as well as decreases to 1/10 years are
among the projections. It would therefore be better to assess these shifts for a more
robust sample of floods for the whole of Alpine Austria.
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Figure 3.6.25 Case 1 Tipping points (two ‘micro-floods’): Shift in return period for
the 1:100-year event ‘micro-flood’ events
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Figure 3.6.26 Case 1 Tipping points (three ‘micro-floods’): Shift in return period
for the 1:100-year event ‘micro-flood’ events
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Figure 3.6.27 Case 1 Tipping points (four ‘micro-floods’): Shift in return period
for the 1:100-year event ‘micro-flood’ events
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Figure 3.6.28 Case 1 Tipping points (five ‘micro-floods’): Shift in return period for
the 1:100-year event ‘micro-flood’ events.
3.6.3 Supplementary material
• NUTS classification
As defined by the European Union (https://ec.europa.eu/eurostat/web/nuts/background)
:
The NUTS (”Nomenclature of territorial units for statistics”) classification is a
hierarchical system for dividing the economic territory of the EU for the purpose of:
 The collection, development and harmonisation of European regional statistics
 Socio-economic analyses of the regions
 NUTS 1: major socio-economic regions
 NUTS 2: basic regions for the application of regional policies
 NUTS 3: small regions for specific diagnoses
 Framing of EU regional policies

Figure 3.6.29 NUTS classification (from
https://ec.europa.eu/eurostat/web/nuts/background)
• Austrian Road Network
The road network considered for the Austrian case-study is depicted in Figure 3.6.30 It
is based on the OpenStreetMap (OSM) dataset used in COACCH Deliverable 2.3
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(Lincke et al. 2018) for the calculation of direct physical flood damages. The road
network extends beyond the country borders in order to represent the fact that part of
optimal routes between two points in Austria can be located in neighbouring countries.
Included in the network are the roads located in the NUTS-3 regions bordering Austria.
OSM aims to globally classify all local road conditions with the same terminology, see
Table 3.6.1. The network analysis performed includes roads classified as motorway,
trunk, primary and secondary.

Figure 3.6.30 Road network considered for the connectivity of Austrian NUTS-3
regions. Austria border in red.

Classification
Motorway

A restricted access major divided highway, normally with 2 or
more running lanes plus emergency hard shoulder. Equivalent
to the Freeway, Autobahn, etc.
Trunk
The most important roads in a country's system that aren't
motorways.
Primary
The next most important roads in a country's system. (Often
link larger towns.)
Secondary
The next most important roads in a country's system. (Often
link towns.)
Tertiary
The next most important roads in a country's system. (Often
link smaller towns and villages)
Table 3.6.1 OSM road classification (incomplete based on
https://wiki.openstreetmap.org/wiki/Key:highway)
• Methodology for the identification of O/D Pairs – Austrian case-study
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Technically, the definition of O/D Pairs is implemented according to the following
steps. For each of the 35 regions, the geometric centroid is identified (Figure 3.6.31).
For each centroid, the closest road network point was determined (Figure 3.6.32) and a
new network vertex is created. For each new vertex, the road segment where the vertex
is located is identified and split in two if the vertex does not correspond to an already
existing endpoint.

Figure 3.6.31 Schematic delimitation of Austria NUTS-3 regions and respective
geometric centroids.

Figure 3.6.32 Example of the correspondence of NUTS-3 regions centroids to
closest vertices.
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• Introduction to the network analysis
In order to assess the transport network service, an abstract representation of the
physical network is used. The methodology implements a graph representation of the
infrastructure network (Wilson 1986). The approach considers weighted graphs, in
which each edge of the graph has an associated weight, such as distance or time, and
implements the shortest path Dijkstra (1959) algorithm to find the path (sequence of
edges from the graph) between any given two vertices within the graph. Note that
following commonly used nomenclature, the vertices can also be designated in this
document by nodes.
This representation of the network and the implementation of the Dijkstra algorithm
allows the assessment of the optimal routing between any points (vertices) in the
network based on the considered graph weight. Thus, based on the redundancy of the
network for different scenarios of disruption, the deterioration of service can be
evaluated by assessing extra time or distance, or both, in comparison to the base-case.
Note that this representation of the network through graphs is an abstract representation
of real (road, electricity, telecommunications, etc.) networks and can be extended to
other network domains.
This allows, for example, the representation of supply chains or multimodal
transportation networks combining multiple waterborne and/or land transport modes. In
such cases, the edges and nodes can be modelled in terms of costs or time and transfers
could be attributed as weights in the graph nodes.
This representation of the network is also scalable geographically, for replication in
another European country, or for the assessment of multi-country transport corridors.
- Defining metrics for connectivity assessment
• Distance-weighted graphs
A basic criterium for choosing the preferred route connecting any 2 NUTS-3 regions’
centroids is the minimization of the detour distance, as this information is geometrical
and directly available, independently of whether the network graph is obtained from
shapefiles or OSM.
The Dijkstra (1959) algorithm was implemented to define the optimal routes
minimizing the distance for any two NUTS-3 centroids. Table 3.6.2 shows a sample of
the results’ table. The results are illustrated in Figure 3.6.33 for the NUTS region
AT130, where Vienna is located.
The heatmap in Figure 3.6.34 identifies the route distance for all distance-optimized
routes between all OD-pairs in Austria.
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Origin
NUTS-3
Region
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130

Destination
NUTS-3
Region
AT321
AT222
AT125
AT315
AT341
AT113
AT342
AT123
AT112
AT311
AT332
AT124
AT333
AT127

Distance-Optimal Route [List of
ordered nodes in the path from Origin
to Destination]
[6188421688,..., 345881,…]
[6188421688,...,345881,…,]
[6188421688,...,394096,…,]
[6188421688,...,590,…]
[6188421688,...,590,…]
[6188421688,...,345881,…]
[6188421688,...,590,…]
[6188421688,...,158,…,]
[6188421688,...,1823172740,…]
[6188421688,...,590,…]
[6188421688,...,590,…]
[6188421688,...,394638,…]
[6188421688,...,345881,…]
[6188421688,...,345881,…]

Length
[m]
279172
225785
57976
239761
565019
139259
612564
64797
66192
245397
450985
112334
402264
22086

Table 3.6.2 Sample results for distance-based optimal routes without disruption.

Figure 3.6.33 Optimal connection distance without disruption from NUTS region
AT130 to all other NUTS-3 regions in Austria.
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Figure 3.6.34 Optimal connection distance without disruption between all NUTS-3
regions in Austria.
• Time-weighted graphs
The network graph can be weighted with measures other than distance. The
implementation of time minimization as the criterium for choosing the best alternative
routing is also done in this project. Average speeds are assumed depending on the road
type and available information in the OSM dataset. The underlying assumptions are
discussed in this supplementary material section.
Analogously to the previous case, the Dijkstra algorithm was implemented to define the
optimal routes minimizing the travel time between any two NUTS-3 centroids. Table
3.6.3 shows a sample of the results’ table. The results are illustrated in Figure 3.6.35 for
the NUTS region AT130, where Vienna is located.
The heatmap in Figure 3.6.36 identifies the route time for all travel time-optimized
routes between all OD pairs in Austria.
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Limitations of the time-optimized implementation include:
- Simplifications assumed for determination of speeds (subsequently discussed in
this supplementary material section)
- Congestion consideration not implemented.
- Travel time at intersections not implemented.

Origin
NUTS-3
Region
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130
AT130

Destination
NUTS-3
Region
AT321
AT222
AT125
AT315
AT341
AT113
AT342
AT123
AT112
AT311
AT332
AT124
AT333
AT127

Time-Optimal Route [List of
ordered nodes in the path
from Origin to Destination]
time [s]
[6188421688,...,345881,…]
10057
[6188421688,...,345881,…]
7404
[6188421688,...,61154285,…]
3208
[6188421688,...,15953,…]
8309
[6188421688,...,15953,…]
19136
[6188421688,...,345881,…]
5518
[6188421688,...,15953,…]
20832
[6188421688,...,15953,…]
2599
[6188421688,...,1618897,…]
2692
[6188421688,...,15953,…]
7834
[6188421688,...,15953,…]
15414
[6188421688,...,61154285,…]
4424
[6188421688,...,345881,…]
15714
[6188421688,...,345881,…]
1091

Table 3.6.3 Sample results for travel time-based optimal routes without disruption.

Figure 3.6.35 Optimal connection time without disruption from NUTS region
AT130 to all other NUTS-3 regions in Austria.
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Figure 3.6.36 Optimal connection time without disruption between all NUTS-3
regions in Austria.
• Comparison of distance- and time-weighted graphs: making a choice for the
Austrian case-study
In general, the complexity of the problem increases significantly with an increasing
number of OD-pairs and that implies that visualization of the results becomes
increasingly difficult. We compare the results of both distance- and time-weighted
graphs with the aid of aggregated visualizations of the output and make a choice on the
criteria that best represents the real choice for optimal routing. This is key as the same
criteria will be assumed to assess the quality of alternative routing during disruptions
and thus assess the impacts and identification of tipping points.
For the connectivity of the centroids of the Austrian NUTS-3 regions’ Figure 3.6.37
shows:
- on the left, in red, the set of roads that are used by preferred paths that minimize
distance between OD-pairs;
- on the right, in yellow, the set of roads that are used by preferred paths that
minimize time between OD-pairs;
- In blue, in both maps, the motorways (OSM classification)
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Figure 3.6.37 does not identify the individual optimal route for each OD-pair because
some segments are shared by many of the optimal routes. However, comparing both
maps in Figure 3.6.37, it is observed that the distance-optimized routes (in red) use a
larger number of non-motorway segments and the time-optimized routes use a smaller
number of non-motorway routes.

Figure 3.6.37 Optimal routes connecting all the Origin-Destination pairs of NUTS3 regions centroids: routes minimizing connection distance (left) and routes
minimizing connection time (right); motorways depicted in blue.
The actual distribution of the number of routes per road is better observed in maps
depicting the density of optimal routes using a given road segment (Figure 3.6.38 and
Figure 3.6.39) . The density of optimal routes through motorways increases for timebased approaches, as expected. In fact, a detailed analysis of the differences indicates
that 98% of best paths changes when going from distance-based routing to a time-based
one.
Comparing both the distance-optimized routes (Figure 3.6.38) and the time-optimized
routes (Figure 3.6.39) with preliminary results of road freight transport volumes (Figure
3.6.40), there is an evident correspondence in the time-optimized most used roads and
the higher volumes of freight transport. No such evidence exists when comparing
distance-optimized routes. Taking this into consideration, the choice for the pilot casestudy relies on using travel time minimization as the criterium for route optimization,
for both the base case and the flood disruption scenario.
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Figure 3.6.38 Optimal route density for the minimization of connection distances
between NUTS-3 centroids.

Figure 3.6.39 Optimal route density for the minimization of connection times
between NUTS-3 centroids.
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Figure 3.6.40 Preliminary results indicating road freight transport volumes (traffic
modelling by Traffix).
• Average speed: general considerations and implementation for the Austrian
case-study
While defining the optimal routes by time minimization does not involve additional
complexity, several issues arise when defining the speed used for the calculation of
connecting times.
Speed limits will vary along a link connecting two nodes. This can be because speed
limits in motorways are not constant or because a link can go through urban areas where
a decrease in the permissible road speed is implemented. Speed limits will also vary for
heavy and light vehicles and can even be different for transit and freight, meaning that
the extra time associated with detours will, in reality, depend of the vehicle type. In
some cases, additional variations may exist, such as day and night variations in the
imposed speed limits. For the Austrian case, official speed-limits are documented in a
governmental
portal
(https://www.help.gv.at/Portal.Node/hlpd/public/content/6/Seite.0633001.html),
also
shown in this supplementary material.
Independently of the reason, the extents corresponding to the different speed limits are
not clearly identified in the graphs. Nonetheless, assumptions for average values of
speed need to be made in order to assess the optimal connectivity in terms of travel
time.
For the project the following was implemented:
 For each entry in the road database with information on the speed, use the
average of the values associated with that segment (more details on the
assumptions discussed below).
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 Calculate average speeds in the study area, per road classification (Motorway,
Primary, Secondary, Trunk, Links Motorways, Links Primary, Links Secondary,
Links Trunk) based on the available data.
 For each entry in the road database without information on the speed, assume
the average speeds calculated above.
The resulting average speed for each road type is shown in Table 3.6.4.

Road Types (OSM classification)
['trunk_link', 'primary_link']
['motorway', 'trunk']
['motorway_link', 'primary']
['trunk_link', 'trunk']
['secondary', 'primary_link']
['motorway_link', 'trunk_link']
['primary', 'primary_link']
['secondary_link', 'primary_link']
['motorway_link', 'primary_link']
['secondary', 'trunk_link']
['motorway', 'primary']
['secondary', 'primary']
['motorway_link', 'trunk']
['motorway_link', 'secondary_link']
['motorway_link', 'motorway']
['secondary', 'living_street']
['motorway', 'trunk_link']
['primary', 'trunk_link']
['motorway_link', 'primary', 'motorway']
['primary', 'trunk']
['secondary', 'primary', 'primary_link']
['secondary', 'motorway']
['secondary', 'motorway_link']
['trunk_link', 'primary_link', 'trunk']
['secondary', 'secondary_link']
['motorway_link',
'primary',
'primary_link']
['secondary', 'trunk']
secondary_link
motorway_link
secondary
motorway
trunk_link
trunk

P

Average
[km/h]
50
101
65
87
61
90
71
60
62
62
99
66
92
50
98
40
77
90
50
79
50
65
59
55
63

Speed

63
68
63
83
62
119
74
97
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primary
68
primary_link
64
Table 3.6.4 Average speed assumed per road type (OSM classification)
A sample of the input data can be observed in Table 3.6.5 Note that even for OSM road
segments with available speed, the choice is not straightforward as multiple speeds can
be attributed to the same road stretch. In addition to the causes mentioned before, there
are also simplifications applied to the road by the algorithm that creates the graph from
OSM. The fact that these simplifications are made to merge segments that have multiple
road type assignments also contributes to having multiple speed limits road.
As a result of all contributing factors, a clear distinction of which speed is allowed for
what length of what segment is not available. The approach followed in this case-study
is to assume an average speed, implying equal lengths for each speed limit within a road
stretch.
OSM
attribute: OSM
attribute:
highway
maxspeed
['motorway', 'primary'] ['60', '130', '90']
['motorway', 'primary'] ['60', '130']
['motorway', 'primary'] 50
['motorway', 'primary'] 60
['motorway', 'primary'] 80
['motorway', 'primary'] 120
['motorway', 'primary'] 120
['motorway', 'primary'] nan
['motorway', 'primary'] 60
['motorway', 'primary'] 120
['motorway', 'primary'] ['80', '50']
['motorway', 'primary'] ['80', '50']
Motorway
['60', '80', '130', '100']
Motorway
130
Motorway
130
Motorway
60
Motorway
['60', '80']
Motorway
['80', '130', '100']
Motorway
120
Motorway
120
Table 3.6.5 Sample data of the OSM road categories and maximum speed
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– Official speed limits in Austria
Mopeds
Motorised
Moped cars

In towns Outside towns Expresswa Motorwa
bicycles
ys
ys

Mopeds
Motorised
Moped cars

~
~
28 mph –
bicycles 28 mph [45 km/h]
[45 km/h
]

–

~
62 mph ~ 62 mph ~ 80 mph
Motor
bikes ~
Motor vehicles with a permissible 31 mph [100 km/h]
[100 km/h] [130 km/h
maximum weight of up to 3.500 kg [50 km/h
]
]
Motor vehicles with a permissible
maximum
weight
of
up
to 3.500 kg with a light trailer
text
(categoryGerman
B
driving
licence)

~
~
62 mph ~ 62 mph ~ 62 mph
31 mph [100 km/h]
[100 km/h] [100 km/h
[50 km/h
]
]

Motor vehicles with a permissible
maximum
weight
of
up
to 3.500 kg with all trailers if the
total weight of both vehicles does
not exceed 3.500 kg (categoryGerman
text
B driving licence)

~
~
50 mph ~ 62 mph
~ 62 mph
31 mph [80 km/h]
[100 km/h] [100 km/h
[50 km/h
]
]

Motor vehicles with a permissible
maximum weight of up to
3.500 kg with all trailers which
correspond with those mentioned in
the data sheet of the vehicle
(categoryGerman text BE
driving
licence)

~
~
44 mph ~ 50 mph ~ 50 mph
31 mph [70 km/h]
[80 km/h] [80 km/h]
[50 km/h
]

Motor vehicles with a permissible
maximum
weight
exceeding
3.500 kg – also when using a
trailer
text
(categoryGerman
C
driving
licence)

~
~
44 mph ~ 50 mph ~ 50 mph
31 mph [70 km/h]
[80 km/h] [80 km/h]
[50 km/h
]

Omnibuses (except
buses)
Motor

P

vehicles

articulated ~
~
31 mph [ 50 mph [80 k
50 km/h] m/h]
and

trailers ~

~
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with spike tyres

Motor vehicles
with snow chains

31 mph [80 km/h]
[50 km/h
]
and

[100 km/h] [100 km/h
]

trailers ~
~
31 mph
31 mph [50 km/h]
[50 km/h recommended
]
recomme
nded

~ 31 mph
[50 km/h]
recommend
ed

~ 31 mph
[50 km/h]
recommen
ded

Towing with a rope, a bar, a ~
~
25 mph
towing dolly or a salvage crane
25 mph [40 km/h]
[40 km/h
]

~ 25 mph
[40 km/h] t
o
the
next
junction

~ 25 mph
[40 km/h]
to the next
exit

Table 3.6.6. Official Speed Limits in Austria (Source:
https://www.help.gv.at/Portal.Node/hlpd/public/content/6/Seite.0633001.html)

3.7 ST7 - Collapse of insurance markets for extreme weather risks
(VU)
Insurance uptake can decline when natural disaster risk increases as a result of climate
change. Here we examine impacts of climate change on flood insurance markets in
particular. Such problems with declining update of flood insurance mainly arise in
voluntary flood insurance markets, when risk-based premiums become unaffordable or
exceed perceived benefits of flood insurance, which are related to risk perceptions. Such
a process may be exacerbated by climate change as this can cause risk-based premiums
to rise sharply in certain areas, while flood risk perceptions and the related benefits from
insurance are underestimated, as is often the case for low-probability- high-impact risk
(Kunreuther & Pauly, 2004). In a worst case scenario, the lack of insurance uptake can
result in a collapse of the flood insurance market in certain areas, which has been
referred to in the literature as posing limits on the use of insurance as an instrument to
adapt to climate change (Klein et al., 2015). Such a collapse can also be interpreted as a
climate induced socio-economic tipping point, which is defined as “a climate induced,
abrupt change of an established socio-economic system’s functioning into a new
functioning of fundamentally different quality” (van Ginkel et al., 2018).
The objective of this analysis is to examine the occurrence of a potential socioeconomic tipping point for flood insurance under future climate scenarios that results
from unaffordability of flood insurance or a willingness-to-pay for coverage that is
lower than the risk-based premiums, which both would cause a low market penetration
rate. This is done by projecting developments in unaffordability of flood insurance and
market penetration in EU countries for future periods up to 2080 under different
scenarios of climate change. Since the particular tipping point we investigate arises due
to disappearing demand, this inquiry is limited to EU-countries where flood insurance
uptake is voluntary.
Model description
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The analysis of this study uses the “Dynamic Integrated Flood Insurance” (DIFI) model
developed by Hudson et al. (2019). This partial equilibrium model combines a spatially
explicit flood risk module with an insurance sector and a consumer behavior module in
order to determine the consequences of increasing flood risk for various stylized flood
insurance arrangements in the EU, using criteria that encompass economic efficiency
and equity. In explaining the methodology we follow the sequence of the DIFI model,
starting with estimating the expected annual damage (EAD) in the flood risk module,
which is used to determine premiums in the insurance sector module, after which
unaffordability and uptake of insurance is assessed in the consumer behavior module.
Flood risk module
For this analysis we apply DIFI model version 2.0 (Tesselaar et al., 2020), which uses
socio-economic and flood risk data from the GLOFRIS model cascade (Ward et al.,
2017; Winsemius et al., 2016), enabling the use of multiple combinations of climate and
socio-economic scenarios in projecting future flood risk. An extensive validation
exercise of the GLOFRIS model has been performed in Ward et al. (2017), where it is
shown that the overall performance of the model is adequate and, for example, closely
matches the LISFLOOD model. As is common in flood risk models, flood hazard is
combined with exposure and vulnerability to derive the flood risk. GLOFRIS calculates
flood hazard on a scale of 30”x 30” (arcseconds), for the years 2010, 2030, 2050 and
2080. Each of these years is representative of a 40-year interval of climatic data,
calculated as the mean over this period, which is meant to reduce variability in climate
data and instead capture trends of climate change. For 2010, the mean is taken over the
period 1960-1999, for which climatic data is obtained from the EU-WATCH project
(Weedon et al., 2011). For future estimations the mean is taken from 40-year periods
around the specific years, for which climatic data is obtained from the ISIMIP project
(Hempel et al., 2013), which uses meteorological simulations from the CMIP5 global
circulation models (GCMs). The GCMs are forced using Representative Concentration
Pathways (RCPs) 2.6, 4.5, 6.0 and 8.5, in order to capture a range of possible
greenhouse gas concentrations for future periods.
The calculated flood hazard maps are overlaid with maps of urban density in order to
project the impact a certain inundation can have. For 2010, this map is obtained from
the HYDE database (Klein Goldewijk et al., 2011), while for future periods the urban
density and population growth is derived from the 2UP-model (Huijstee et al., 2018),
which uses SSP scenarios for socio-economic forecasting. The economic value of
exposed assets is determined based on national GDP per capita in 2010 (van Vuuren et
al., 2007), which is also adjusted for future periods based on the SSP scenarios. The
RCP-SSP combinations we apply in this study of flood-insurance market tipping points
include: RCP2.6-SSP1; RCP2.6-SSP2; RCP4.5-SSP2; RCP6.0-SSP2; RCP8.5-SSP5.
We take the average over the GCMs, in order to reduce biases that may occur from
these models (Rojas et al., 2012).
The extent of damage that a flood of a certain size can cause to urban areas is dependent
on the vulnerability of the built environment. In GLOFRIS this aspect is accounted for
by using global flood depth-damage functions, which are taken from Huizinga et al.
(2017).
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For the current and future flood risk projections, flood damage data is calculated for the
following return periods: 2; 5; 10; 25; 50; 100; 250; 500; 1000 years. Flood protection
measures from the FLOPROS dataset are used (Scussolini et al., 2016) in order to
determine whether a peak-flow associated with a certain return-period can cause the
flooding of land. For this, a damage probability curve is fitted based on a power-law
function, which takes the form: 𝐿 = 𝜏1 + 𝜏2𝑝𝜏 (Hudson et al., 2019). Using a Monte-Carlo
approach, which draws random return-periods per region and compares it to protection
standards in place, the annual expected loss and variance of losses is simulated. If the
drawn return period exceeds the protection standard, the flood is assumed to inflict
damage, whereas if the protection standard exceeds the water level of the return period,
there will be no damage caused by the flood.
3

Finally, the flood risk module of the DIFI model focusses on households facing high
risk of flooding, namely those who live in an area that can be inundated by a flood
which occurs on average once in 100 years, as these are households for whom flood
insurance coverage is most relevant (Hudson et al., 2019). Furthermore, we aggregate
the results for 1/100 year flood zones to the NUTS2-level.
Insurance sector module
The expected annual loss and volatility of losses are converted into insurance premiums
for the voluntary flood insurance system, based on premium setting rules which are
derived in Hudson et al. (2019) and based on Paudel et al. (2012) and Paudel et al.
(2015). Specific features of this market include risk-based premiums, voluntary uptake
and a private reinsurer. EU countries allocated to this insurance system are: Austria;
Netherlands; Germany; Finland; Italy; Portugal; Luxembourg; Greece; Poland; Czech
Republic; Slovakia; Slovenia; Croatia; Bulgaria; Latvia; Estonia; Lithuania. The
remaining EU-countries have flood insurance systems with mandatory uptake for
households, or uptake that is a mortgage requirement, which prevents the demand for
flood insurance from disappearing. As this flood insurance tipping-point is caused by
diminishing demand for coverage, which can only occur in a voluntary insurance
market, we limit the description of premium setting rules to this market structure.
The voluntary insurance premium setting rule is described in the formula (3.7.1) below.
The premium is determined on NUTS2-level, which is denoted by subscript j at time t.
The modelled voluntary insurance market structure has a co-insurance style deductible,
where the insurer covers the insured damage (𝐿̅𝑗,𝑡 (𝑝)) subtracted by the deductible
(𝐷̅𝑗,𝑡 (𝑝)), which is 15% in the stylized voluntary insurance market. Besides the annual
expected loss captured in 𝐿̅𝑗,𝑡 (𝑝), the insurer has to cover the volatility of covered risk,
which can be high for low-probability high-impact events such as riverine flooding.
This is captured by 𝑟 ∗ 𝜎0<𝑎<99.8, where r is a risk aversion parameter of insurers and
𝜎0<𝑎<99.8 is the variance of risk within the range that is considered insurable (Paudel et al.,
2015). The premium is then multiplied by a loading-factor (1 + 𝜆̇𝑐,𝑡 ), which captures the
administrative costs for insurers and the profit margin that private insurers seek. For
more details on how these loading factors are estimated we refer to the appendix of
Hudson et al. (2019). Finally, the top 15% of an insurer’s risk portfolio is transferred to
the private reinsurance market. Although the exact values differ, the premium setting
rules for private reinsurers are essentially the same as those described for the private
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insurer, which is why we chose to capture it concisely in 𝜋̅𝑗,𝑡 𝑅𝑅. More details concerning
the calculation process of premiums can be found in Hudson et al. (2019).
̅𝑗,𝑡 (𝑝)) + 𝑟 ∗ 𝜎0<𝑎<99.8 ) + 𝜋̅𝑗,𝑡 𝑅𝑅
𝜋̅𝑗,𝑡 = (1 + 𝜆̇𝑐,𝑡 ) (𝐸 (𝐿̅𝑗,𝑡 (𝑝) − 𝐷

(3.7.1)

Consumer behavior module
The estimated premiums for the voluntary insurance market structure are then used to
determine unaffordability and market penetration of insurance. The consumer behavior
module consists of a modeled loop that represents a household’s decision with respect
to flood insurance uptake and the implementation of risk reduction measures. For each
region, this loop is performed 10,000 times in order to minimize randomness bias, and
is then rescaled to the actual population located in 100 year flood zones. The household
level risk reduction that is simulated in the DIFI model is not of interest for this study,
however, the implementation of these measures reduces the final premiums charged by
insurers and, therefore, can reduce unaffordability and increase the uptake of insurance.
For more details concerning the simulation of this process we refer to the original DIFI
article by Hudson et al. (2019).
The modeled decision process of purchasing insurance for a household is illustrated in
formula (3.7.2) below. A household will insure against flood risk if it’s expected utility
of insuring (𝐸(𝑈)2,𝑖,𝑗,𝑡,𝑠 ) is greater than not insuring (𝐸(𝑈)1,𝑖,𝑗,𝑡,𝑠 ), as long as the premium
(𝜋𝑖,𝑗,𝑡,𝑠 ) is equal to or smaller than the poverty adjusted income (𝐼𝑛𝑐𝑜𝑚𝑒𝑖,𝑗,𝑡 ) minus the
national poverty line (𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒𝑐,𝑡 ), which is set at 60% of median income. If this is not
the case, the household will not insure.
𝑖𝑛𝑠𝑢𝑟𝑒
𝑖𝑓 𝐸(𝑈)1,𝑖,𝑗,𝑡,𝑠 < 𝐸(𝑈)2,𝑖,𝑗,𝑡,𝑠 𝑠. 𝑡. 𝜋𝑖,𝑗,𝑡,𝑠 ≤ 𝐼𝑛𝑐𝑜𝑚𝑒𝑖,𝑗,𝑡 − 𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒𝑐,𝑡
𝑈={
𝑛𝑜𝑡 𝑖𝑛𝑠𝑢𝑟𝑒 𝑖𝑓 𝐸(𝑈)1,𝑖,𝑗,𝑡,𝑠 ≥ 𝐸(𝑈)2,𝑖,𝑗,𝑡,𝑠 𝑜𝑟 𝜋𝑖,𝑗,𝑡,𝑠 > 𝐼𝑛𝑐𝑜𝑚𝑒𝑖,𝑗,𝑡 − 𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒𝑐,𝑡

(3.7.2)
The expected utility of insuring 𝐸( 𝑈2,𝑖,𝑗,𝑡,𝑠 ) and not insuring 𝐸(𝑈1,𝑖,𝑗,𝑡,𝑠 ) for household i is
determined following equation (3.7.3). The expected utility function shows a
logarithmic relationship, which is often used to depict risk averse behavior (Wakker,
2008). The expected utility is calculated over income (𝑊𝑖,𝑗,𝑡 ) subtracted by the subjective
risk of flood damage (𝛾𝑖,𝑗 𝐿𝑖,𝑗,𝑡 (𝑝)), where (𝛾𝑖,𝑗 ) represents a flood risk misperception
parameter, which is randomly drawn from a distribution that is based on survey data.
For more details on this procedure, we refer to Hudson et al. (2019). The expected
utility of insuring is calculated over the income (𝑊𝑖,𝑗,𝑡 ) minus the deductible in case of
flood damage (0.15𝛾𝑖,𝑗 𝐿𝑖,𝑗,𝑡 (𝑝)) and subtracted by the insurance premium (𝜋𝑖,𝑗,𝑡,𝑠 ).
̃
𝑝=𝑃𝑆

𝑖,𝑗
𝐸(𝑈1,𝑖,𝑗,𝑡,𝑠 ) = ∫0
𝑝𝑙𝑛(𝑊𝑖,𝑗,𝑡 − 𝛾𝑖,𝑗 𝐿𝑖,𝑗,𝑡 (𝑝)) 𝑑𝑝
𝐸(𝑈) = {
̃ 𝑖,𝑗
𝑝=𝑃𝑆
𝐸( 𝑈2,𝑖,𝑗,𝑡,𝑠 ) = ∫0
𝑝𝑙𝑛(𝑊𝑖,𝑗,𝑡 − 0.15𝛾𝑖,𝑗 𝐿𝑖,𝑗,𝑡 (𝑝) − 𝜋𝑖,𝑗,𝑡,𝑠 )𝑑𝑝

(3.7.3)

At the end of the modeled loop, we have an estimate of the degree of unaffordability of
insurance and the demand for coverage per NUTS2 region.
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3.7.1 Identification of climate conditions leading to ST7 occurrence
As defined earlier, a tipping-point can occur for flood insurance markets when
willingness-to-pay for coverage does not increase sufficiently to match rising premiums
due to climate change, resulting in a market penetration that is close to zero (at least
below 10%). The flood insurance penetration rates, simulated in the DIFI model, are
laid out in Figure 3.7.1 below for three points in time; 2010; 2050; and 2080; as well as
for three RCP-SSP combinations. The remaining scenarios that are assessed are
excluded from the figure to save space, and because the development of penetration
rates in these scenarios fall within the shown range of results. The penetration rates are
shown for current insurance market structures, which entails that countries that maintain
uptake requirements are shown to have fixed penetration rates over time, where
countries with a solidarity market structure (i.e. France, Spain, Belgium, Romania) have
100% insurance uptake, and semi-voluntary or public-private insurance structures (i.e.
Ireland, UK, Sweden, Finland, Hungary) are considered to have a penetration rate of
80%. The remaining countries show declining penetration rates over time, which
becomes increasingly severe in panels D-F and panels G-I, which show sequentially
higher flood risk scenarios. The largest declines of insurance uptake is projected for
regions in Portugal, Croatia, Bulgaria and Poland, where in 2080 almost none of the
households in high-risk areas obtain insurance coverage. Although slight differences of
insurance uptake can be observed between the flood risk scenarios, the regions where
uptake is expected to diminish show similar outcomes over the scenarios, which may
indicate that this outcome will occur with a high probability. In other regions, market
penetration rates range between 20% and 60%.
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Figure 3.7.1: Flood insurance market penetration rates under current insurance
arrangements under scenarios of climate and socio-economic change; RCP2.6SSP1 (panels A-C); RCP4.5-SSP2 (panels D-F); RCP8.5-SSP5 (panels G-I); and
for the years 2010 (left); 2050 (middle); 2080 (right).
Table 3.7.1, below, shows the amount of NUTS2 regions per flood risk scenario and per
country where an insurance tipping-point is projected to occur. The country name is
followed by two numbers, the left number states the amount of NUTS2 regions where a
tipping-point is expected, and the number on the right gives the total amount of NUTS2
regions in that country. The presented regions are where insurance uptake in 2010 is
above 20%, which in 2080 is projected to decline to below 10%. Importantly, the
criteria used here are meant to illustrate our definition of a tipping-point, and are not
meant to represent a threshold used in literature. In the regions where an insurance
tipping-point is projected, the demand for coverage by households reduces to such a low
level that the purpose of insurance, which is to financially protect its policyholders
against flood risk, is no longer met, making households more financially vulnerable to
damage caused by flooding. In Figure 3.7.1, above, it can be seen that more regions are
projected to have penetration rates close to nothing, however, regions where insurance
uptake is already low in 2010 and do not experience a large reduction as a result of
climate change, do not qualify as tipping-point regions.
In Table 3.7.1 most tipping-point regions are projected under RCP4.5-SSP2 (10
regions), which may seem surprising, as the high-end climate change scenario RCP8.5SSP5 (9 regions) is also considered. However, SSP5 projections predict a future with
high income growth compared to SSP2, which reduces unaffordability of insurance and,
therefore, can trigger a higher penetration rate. RCP2.6-SSP1 predict the lowest amount
of tipping-point regions (5 regions), which is the expected outcome as this is a low
climate change scenario combined with an optimistic socio-economic scenario. Despite
small differences between scenarios, the results shown in Table 3.7.1 are quite robust to
variations in climate- and socio-economic change. Furthermore, it can be seen that
Eastern European regions are overrepresented in the table, which indicates that the most
significant problems with low insurance uptake are found there. This is explained by a
combination of a high rise in riverine flood risk in these regions (Alfieri et al., 2015), as
well as relatively low economic growth rates compared to Western European regions.

RCP4.5-SSP2

P

RCP2.6-SSP1

RCP8.5-SSP5

RCP6-SSP2
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Croatia (1/2)

Croatia (1/2)

Croatia (1/2)

Croatia (1/2)

Croatia (1/2)

Bulgaria (1/6)

Bulgaria (1/6)

Bulgaria (1/6)

Bulgaria (1/6)

Bulgaria (1/6)

Czech (1/8)

Poland (2/16)

Poland (6/16)

Poland (5/16)

Poland (5/16)

Poland (6/16)

Portugal (1/5)

Portugal (1/5)

Portugal (1/5)

Portugal (1/5)

Portugal (1/5)

Table 3.7.1: Regions where a tipping-point in flood insurance occurs by 2080, per
scenario. The first number in brackets gives the amount of regions where a
tipping-point is projected, while the second number gives the total amount of
NUTS2 regions in that country.
The tipping-point regions identified in Table 3.7.1 are where flood insurance markets
are expected to collapse due to disappearing demand for coverage, resulting from rising
costs of insurance due to climate change. Because flood insurance markets may cease to
exist in these regions, while the risk of flooding is expected to increase, households will
become more financially vulnerable to flood damage. Instead of formal insurance
arrangements, households will have to rely on possibly less reliable sources of funding,
such as compensation by governments, which can be dependent on political motives, or
private savings, which can be insufficient due to misperception of risk. The
identification of these problems for future scenarios substantiates the need for reforms
of flood insurance systems. For example, insurance purchase requirements can prevent
the demand for flood insurance from collapsing, while higher cross-subsidization of risk
between risk groups can increase affordability. Also, replacing a private- with a public
reinsurer can suppress the costs of reinsurance. Although these reforms can be
especially urgent for the identified tipping-point regions, for other regions they may also
be beneficial.
3.7.2 Verification of the occurrence of the climate conditions within the
current century
From Table 3.7.1 it becomes apparent that the tipping point of a collapse of flood insurance
markets can occur within the current century at a local scale under all RCP climate scenarios.
Nevertheless, the occurrence of the local scale tipping point depends on the combination of the
RCP-SSP scenario. The tipping point occurs in most regions under scenario combination
RCP4.5-SSP2, and in the least regions under RCP2.6-SSP1. This implies that greenhouse gas
mitigation policies that limit changes in climate conditions are a way to reduce the occurrence
of the tipping points, but do not fully prevent them from occurring. The most severe climate
scenario RCP8.5 combined with SSP5 does not result in more occurrences of tipping points than
RCP4.5-SSP2. This effect is not driven by climate change, but is caused by the higher income
growth in SSP5 compared to SSP2, which alleviates problems with the affordability of
insurance.

3.8 ST8 - Climate induced economic shocks (VU)
Understanding the combinations of climate conditions that lead to socio-economic
tipping points is a complex task due to the underlying uncertainty in the climate and
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socio-economic systems. Here we use an integrated assessment model which estimates
the aggregate economic impacts of climate change using reduced form damage
functions, in order to get insights into the occurrence of high climate induced economic
damages at the local level. Exceeding such thresholds of high damages can signal that a
socio-economic tipping point is reached and an economic shock from climate change
may occur. In particular, we aim to examine where, when, and under which climate
conditions such damages occur in Europe.
This analysis makes use of the integrated assessment model CLIMRISK (Estrada, 2016,
2018; Estrada & Botzen, 2018). CLIMRISK (version 1.0) is an integrated assessment
model for the evaluation of the economic impacts and risks of climate change. The
model output at a sub-national spatial resolution is much more detailed than existing
IAMs which typically estimate the economic impact of climate change at a global scale
or divide the world in several large regions. For instance, the well-known RICE model,
which is the regional version of the global DICE model, estimates climate impacts for
12 regions of the world (Nordhaus, 2017). The CLIMRISK model has a spatial
resolution of 0.5ºx0.5º. Results on maps are depicted on this 0.5ºx0.5º resolution for
Europe. The model is composed of four interlinked modules to produce socioeconomic
and emissions scenarios (1), probabilistic climate projections (2), and estimate the
economic impacts (3) and uni- and multivariate risk measures (4).
CLIMRISK is designed to support decision making by providing a broader view of the
potential consequences of climate change under different reference and mitigation
policy scenarios than current climate-economy IAMs. Recognizing that the estimates of
economic impacts alone would hardly provide an adequate representation of the risks of
climate change, CLIMRISK integrates a variety of climate, socioeconomic and damage
projections to produce uni- and multivariate, dynamic risk measures. All these estimates
are provided at a detailed spatial resolution to give a better representation of exposure,
hazard, risks and damages to inform decision-makers on the global, regional, and
subnational scales. CLIMRISK is also designed to provide a broad representation of
uncertainty from climate and economic impact projections.
The regional damage functions originally developed in the RICE model are also used in
CLIMRISK, with newly improved estimates (Nordhaus, 2017). These regional damage
functions encompass a broad range of economic impacts. Following the RICE model,
the impact functions take into account the losses suffered by major economic sectors
such as agriculture but also the cost of sea-level rise, adverse impacts on health, nonmarket damages and catastrophic damages (Nordhaus, 2014). Although CLIMRISK
makes use of the RICE model damage function estimates for different regions, it adds
two key features. Firstly, grid cell level damage functions are derived from the regional
ones by using spatial pattern scaling techniques. Secondly, the urban heat island (UHI)
effect is incorporated into the model to account for relatively higher local temperatures
in urban areas. Namely, highly urbanized areas such as cities and megacities develop
local temperatures, typically higher than that of the particular geographic region, due to
urban activity, population density and pollution .
The climate projections in the CLIMRISK model are generated using the MAGICC
version 6 software (Meinshausen et al., 2011). MAGICC is a reduced-complexity model
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of climate change, widely used in the research community to project future climate
impacts The MAGICC temperature projections represent the difference in annual mean
temperatures with respect to 1900. In CLIMRISK, we impose a triangular probability
distribution for the climate sensitivity parameter in MAGICC. This particular
distribution is centered around a lower limit of 1.5ºC, an upper limit of 4.5ºC and a
mean value of 3ºC for climate sensitivity (Pachauri et al., 2014). The triangular
distribution of temperatures is the source of uncertainty in the model and by
representing it using a probability distribution the IAM is able to produce estimates that
encompass the likely ranges of change commonly found in the literature (Stocker et al.,
2013).
In this socio-economic tipping point analysis, we consider the following conditions as
relevant economic shocks:
1. A loss of €1 billion in (2015 PPP) at the local level (0.5ºx0.5º)
2. A 5% annual loss of GDP at the local level (0.5ºx0.5º)
3. A “Very High” Multivariate Risk Index (MVRI), which means that at the local
level a threshold of 4ºC or more in annual temperatures is exceeded, annual
precipitation declines with at least 10%, and economic impacts exceed 5% of
local GDP.
Next to the above mentioned risk measures, the CLIMRISK model can also produce an
alternative risk measured labelled time of emergence of impacts (ToEI). The TOEI is
another measure of the year in which severe climate impacts are exceeded, much like
the above mentioned risk measures. However, the TOEI relates climate impacts to
severe economic shocks previously experienced by a particular country. In this way, the
socio-economic tipping point is country-dependent and represents a climate shock
causing unprecedented economic damage. For the purposes of this report, the threshold
value for ToEI is set at the 90th percentile of past economic shocks.
Even though the above mentioned thresholds are subjective, they can be linked to
significant impacts in a variety of systems: an increase of 4ºC or more in regional
annual temperatures suggests severe impacts on a wide range of ecosystems and
biodiversity (Fischlin et al., 2007); the threshold of at least 10% reduction in annual
precipitation highlights regions that are likely to experience drier conditions during this
century; a decrease of at least 5% in GDP per year constitutes a considerable deviation
from expected growth and entails important socioeconomic challenges; a climate shock
exceeding past economic shock experience could bring the economy out of the state of
natural business cycle variability and cause unforeseen market effects.

Time of emergence of impacts (ToEI)
The methodology of time of emergence of climate impacts used in this paper is based
on the methodology of time of emergence of climate signals (Mora et al., 2013) where
the background climate variability is calculated using historical (observed) temperatures
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and the future climate signal (modelled) is based on scenario-dependent temperature
projections.
We collected past economic output data (real GDP) and calculated the year-to-year log
difference of GDP calculated for each country in order to make the economic output
growth/decay time series stationary. We label annual economic output growth/decay
rates as economic shocks in our model as they occur once per year and determine the
next year’s output level. In other words, they “shock” the economy into the next year’s
level of output, a simplification of the real world process of economic growth.
The historic GDP estimates are derived from the Maddison Database (Bolt, Inklaar, de
Jong, & Luiten van Zanden, 2017). The latest version of this database at the time of this
report is 2018 and covers 169 countries and the period up to 2016. However, the data
for most countries is available starting in year 1950, providing a period of 66 years for
modern historic GDP variability required for the computation of the time of emergence
of extreme climate impacts. The Maddison database contains data for the period 19502016 for 140 countries whereas the other 29 countries have data starting after year 1950.
The time of emergence of impacts is made by comparing the distribution of past
economic shocks with the projected climate damages generated through CLIMRISK.
The climate damage depends on the random draw of mean annual temperatures from the
MAGICC model distribution. The process is repeated with 500 random draws of mean
annual temperatures for the period 2010 – 2100. We formally define the average first
year of exceeding the specified number of standard deviations across all simulation runs
as the expected time of emergence of catastrophic climate change exceeding past GDP
fluctuations.
3.8.1 Identification of climate conditions leading to ST8 occurrence
The maps below provide estimates of the four risk factors linked with economic shocks:
a loss of €1 billion (2015 PPP), a loss of more than 5% annual GDP, the realization of
MVRI and the time of emergence of impacts (ToEI). The results are available for the
following climate and socio-economic scenario combinations:
 RCP 2.6 – SSP1
 RCP 4.5 – SSP2
 RCP 6.0 – SSP2
 RCP 8.5 – SSP5
The threshold of high economic losses of €1 billion at the local level is exceeded in
many areas already before the mid-century. As climate change in CLIMRISK is
measured with respect to preindustrial climate, many states in Europe have already
experienced the €1 billion threshold in climate damages, particularly in central and
western Europe. Stricter mitigation policies (e.g. RCP 2.6 and RCP 4.5) could help
delay the damages to well after year 2080, but this would still not prevent the damage
occurring in high-exposure areas of north-western Europe..
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Figure 3.8.1: Dates of climate damages exceeding €10 million (2015 PPP)
Whether or not the absolute damage threshold of €1 billion is experienced partly
depends on the local GDP exposure, since areas with a high exposure are more likely to
experience high climate change damages. However, such richer areas are also better
equipped to handle such losses. This is accounted for in the next indicator of a shock,
which examines whether a threshold of climate change damages relative to local GDP
exposure is exceeded that is set at 5% of GDP.
In Figure 3.8.6, we can see that economic impacts exceeding 5% of GDP are expected
to occur in Europe by 2100 only under the RCP8.5 – SSP5 scenario, in the northern
parts where temperature increase is expected to be the largest. Some areas in central
Europe could experience such high damages towards the very end of the century (after
2090) in case no mitigation policies are put in place.
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Figure 3.8.6: Dates of exceeding climate damage equivalent to 5% annual GDP.
The MVRI measures the year and the probability of occurence of several risk factors
which are assumed that, if appearing jointly, could significantly destabilize the global
climate and economy. The MVRI results are presented in Figure 3.8.3 where it is
apparent that Europe would not be affected by the combined effects of annual mean
temperature increase, annual mean precipitation decrease and relative climate damage.
However, under the RCP 8.5 scenario, such effects could occur towards the end of the
century (2095) and would be completely mitigated through the RCP 6.0, RCP 4.5, and
RCP 2.6 climate scenarios.
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Figure 3.8.7: Date of exceeding the MVRI thresholds of climate damage equivalent of 5% GDP,
temperature increase of 4°C and precipitation decrease of 10%.

The time of emergence of impacts (ToEI) in Europe is expected to occur past year 2100
in case of strict climate mitigation policy, as plotted in Figure 3.8.4. However, this
threshold can be exceeded in Italy, Austria and parts of Scandinavia after 2060 in the
case of RCP8.5 – SSP5 policymaking without a stringent climate agreement. This
implies that under this scenario climate change damages exceed the 90th percentile of
past GDP fluctuations, meaning climate change impacts exceed severe historical GDP
shocks.
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Figure 3.8.8: Time of emergence of impacts (TOEI) measures the year in which
climate impacts resemble previously experienced catastrophic economic impacts
(90th percentile).
3.8.2 Verification of the occurrence of the climate conditions within the
current century
The results presented above illustrate several methods in which climate induced
economic shocks can be measured. The occurrence of the various risk factors defined
above is verified by running CLIMRISK probabilistically for 500 times and calculating
the probability of the given risk factor emerging in any particular cell. For example, a
very high probability estimate indicates that irrespective of climate uncertainty the
likelihood of a particular risk factor occurring is high.
Depending on the chosen method, the severity of shocks varies.
When an absolute monetary threshold is imposed, in our case €1 billion (2015 PPP), we
can see that some areas in Europe could have already experienced climate-induced
damages with respect to preindustrial times (Figure 3.8.5). Even though this measure is
useful to policymakers as it provides an absolute estimate of climate damages, it does
not put them into the perspective of the affected economy (GDP). In addition, it does
not tell us anything about exceeding climate change thresholds and is, therefore, a
simplistic proxy for an economic tipping point.
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Figure 3.8.9: Probability of climate damages exceeding €1 billion (2015 PPP)
When absolute climate damage is expressed in terms of annual GDP, climate change
impacts can more readily be compared across cells to measure climate impacts
inequality relative to GDP exposure. The disadvantage of this approach is the loss of an
absolute monetary estimate. Therefore, the combination of both absolute and relative
measures can be informative about the impacts of climate change. Figure 3.8.6 presents
the probability of climate damages exceeding 5% of annual GDP across all runs. The
figure illustrates that by following the Paris Climate Agreement (RCP 2.6), the
probability of exceeding 5% GDP in climate damages are not expected to occur during
the current century in Europe. In contrast, the RCP 8.5 scenario could lead to a high
probability (over 40%) of exceeding this threshold across western Europe, Scandinavia
and outside the EU in Turkey.
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Figure 3.8.6: Probability of exceeding climate change damage equivalent to 5%
annual GDP by the end of the century.

The multi-variate risk index (MRVI) combines the climate and economic shock factors
into a single joint time and probability of occurrence estimate. The advantage of such a
measure is that several extreme shocks are pooled together. The disadvantage is the
inability to distinguish between the severity of individual factors due to their pooling.
The probability of MRVI occurrence for different scenario combinations is plotted in
Figure 3.8.7 and the advantages of climate mitigation can clearly be seen in southern
Europe; whereas northern Europe is not expected to cross the MVRI threshold in the
current century, southern Europe is expected to do so with around 50% probability with
no climate mitigation policy in place (RCP 8.5). This effect can be neutralized in the
current century by employing a climate mitigation policy
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Figure 3.8.7: Probability of exceeding the MVRI thresholds of climate damage
equivalent of 5% GDP, temperature increase of 4°C and precipitation decrease of
10%.

Finally, the time of emergence of impacts (ToEI) is an estimate of the year in which
climate impacts are expected to exceed severe past economic shocks (90th percentile).
This estimate provides a viable alternative to the relative impact estimate of climate
damage exceeding 5% of annual GDP. The main advantage of ToEI over 5% GDP is
that it is using a country-specific measure of shock severity rather than imposing a
uniform threshold of 5% GDP. In order to validate the occurence of ToEI, we estimate
the probability of realization of ToEI within the current century (Figure 3.8.8). As can
be seen, without climate mitigation, many highly developed areas in Europe (eg.
Germany, Spain, UK, Italy etc.) are expected to have a high probability of climate
change damages exceeding past GDP shocks (Figure 3.8.9).
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Figure 3.8.8: Probability of climate impacts exceeding previously experienced
catastrophic economic impacts (90th percentile).
In summary, we presented four different climate shock factors for various climate and
socio-economic scenario combinations. The considered scenarios include RCP 2.6 –
SSP1, RCP 4.5 – SSP2, RCP 6.0 – SSP2 and RCP 8.5 -SSP5. When the risk threshold is
expressed in absolute monetary terms, it is highly likely that some parts of Europe have
already exceeded €1 billion in climate damages when compared to preindustrial times,
irrespective of the scenario combination used. However, when climate damage is
expressed in terms of European productivity (%GDP), it appears that severe damages
exceeding 5% annual GDP would occur at the end of the century only under the RCP
8.5 scenario. Temperature and precipitation thresholds should also be considered when
evaluating climate impacts and the MVRI presents itself as a useful indicator of joint
climate and economic thresholds being exceeded. According to MVRI results, southern
Europe is expected to be affected the most, but only under the RCP 8.5 scenario. Once
more stringent climate mitigation policy is imposed, the MVRI threshold is never
exceeded in the current century. Finally, ToEI is presented as a novel measure of
climate impacts relative to past economic shock experience. ToEI results help us
identify countries where severe past economic shocks are a match for future climate
change impacts and the results indicate that several European economic powerhouses
(Germany, Spain, UK, Sweden etc.) could be seriously affected, partly due to relatively
small historical GDP shocks and partly due to substantial climate impacts.
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3.9 ST9 – Electricity system failures (UniGraz)
In 2019 two world regions observed failures of power systems that were unforeseen in
kind, severity and geographic extension, in both cases co-triggered by extreme climate
events: California and Australia. ST9 research analyses corresponding challenges for
Europe. The European power supply is optimized for an environment that is vastly
different from the new challenges due to climate change, and the catastrophes in
Australia and California offer new insights. Breakdowns of power stations have turned
more likely (and will further in the future) due to both climate events themselves (more
intense and more frequent climate events such as in particular heat and drought on both
the demand side (thermal power plants and nuclear power plants lacking cooling water),
but also on the demand side due to air conditioning peak demands), but also induced by
observed and expected climate policy and respective economic considerations, in
particular increasing stranded asset risks for thermal power plants and thus induced lack
of maintenance. For the supply system, in addition, failure of transmission lines and
regional electricity grid will turn more likely due to more intense storms and more
frequent and more destructive fires.
The analysis of the climate change induced socioeconomic tipping point of electricity
system failures is an indicator-based analysis, identifying the change in climate risks
fostering supply and demand challenges that could trigger electricity system failures.
3.9.1 Identification of climate conditions leading to ST9 occurrence
Characterization of tipping point
Reliable supply with electricity is a basic necessity of life. Due to the high complexity
of the European electricity system, but also its size, minor and mostly brief power
interruptions are common, as can be seen from power grid reliability indicators, e.g.
Martínez-Anido et al. (2012). However, some interruptions of supply affect a large
number of the population and can last for days. Bompard et al. (2013) give a definition
of “major blackouts”. The affected population must be larger than 1000 inhabitants; the
duration must be longer than 1 h and the affected population times the duration must be
larger than 1,000,000 inhabitant-hours. They state that “by the criteria, 133 blackouts
happened during the period from 1965 to 2011 have been selected as the representatives
of major historic blackouts.” 93 of these have natural causes, see Table 3.9.1. Their
frequency might change due to climate change.

Climate change challenges for the electricity system
There is a broad literature analyzing potential impacts from climate change on the
electricity system. The European Environment Agency (2017) analyzes the vulnerability
of the European energy infrastructure. This agency expects increasing impacts from
windstorms, heat waves, drought and flood. Behrens et al. (2017) anticipate difficulties
for thermoelectric generation due to lack of cooling water, i.e. for power plants using
coal, gas, nuclear or biofuels. They report present difficulties in 47 water basins and
predict an increase of this number to 54. Cronin et al. (2018) review trends and gaps in
climate change impacts on power plants with hydro, wind, solar, wave, bioenergy,
fossil/nuclear fuels and additionally transmission and pipelines.
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Windstorm
20
Rainstorm/thunderstorm 14
Blizzard
11
Cyclonic storm
10
Ice storm
8
Cold storm
6
Heat wave
6
Drought
1
Flood
1
Hailstorm
1
Wildfire
1
Avalanche
0
Total
93
Table 3.9.1. List of weather-related major blackouts from Bompard et al. 2013.
Their analysis corresponds well to the causes listed in Table 3.9.1 as they analyze
temperature, precipitation, windiness, cloudiness, heatwaves and droughts, extreme
winds, extreme precipitation and floods. They also learned that results in future
scenarios are highly dependent on the climate models. Mima and Criqui (2015) analyze
changes in energy consumption for heating and cooling in Europe in the residential and
tertiary sectors, according to different levels of climate change. A main result is that
electricity consumption will decrease in winter due to higher temperatures which
decrease demand for heating. Consumption will increase in summer due to growing use
of air conditioning. They also expect a decrease in thermoelectric generation in summer
due to lower efficiency of the plants caused by higher temperatures of cooling water.
Actually, these changes might be welcome for the European energy system because at
present the average total European load (of all 27 EU countries that are connected
through the European grid) is about 20% higher in winter than in summer (based on
data from Entso E, calculated from moving average) so that climate change would
flatten the annual load curve.
The present very rapid transformation of the European energy system should diminish
some impacts anticipated from climate change because most generation from fossil fuel
will end within the next 20 years in Europe (policy induced). Some of the analyzed
impacts surveyed above can no longer occur when the respective fossil power plants
will have been decommissioned.
The robustness of the grid, however, remains a major topic because the grid will not be
removed; instead the European Union is active to transform it into a European
Supergrid (MacLeod et al. 2015). Ebinger and Vergara (2011) analyze climate impacts
on the energy transportation infrastructure for electricity, oil and gas and foresee
problems from strong storms, for example.
Renewable energy generation might also be affected by climate change; a topic that is
analyzed in COACCH D2.4 and by several authors in the literature. For example, the
efficiency of most photovoltaic panels decreases slightly with increasing temperatures.
Wind power might suffer from extreme winds or lack of wind.
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None of these studies foresees a dramatic increase of major blackouts caused by climate
change. This view is not correct as is demonstrated by the large fires throughout
Australia and in large parts of California in the years 2017, 2018 and 2019. These fires
caused numerous major and often very-long lasting major blackouts, far bigger than the
ones in the list by Bompard et al. (2013). Whereas Bompard et al. (2013) list only one
major blackout from wildfires (Table 3.9.1), Australia and California experienced
dozens of such events in the last three years. Additionally, Californian utilities often
switched off the electricity supply in very large areas to prevent new fires resulting from
short circuits caused by tree limbs falling on local electricity distribution lines and
poles. Deliberate fire-prevention blackouts are a new form of major blackouts; a policy
that was applied by most Californian utilities and affected millions of people in large
areas in California. As an example, PG&E had to shut off electricity for half a million
people at the end of October 2019 (Johnson, 2019). A blackout affecting half a million
people and lasting for one day is connected to an index value (12 million), which is
twelvefold the minimum value (1 million) suggested by Bompard for characterization of
major blackouts. Both, the large wildfires and the preemptive shutting-off of electricity
are mostly unforeseen major new threats to electricity supply. In Australia and
California other factors contributed to the sudden rise in number and severity of
blackouts. For example, according to several reports, “Australia’s ageing fleet of coal
and gas-fired power plants are becoming increasingly unreliable and inefficient,
suffering break downs at least twice a week on average” (Vorrath 2020). In addition,
Australia’s grid often becomes overloaded in heat waves due to high electricity demand
and breaks down (Reuters 2018).
The challenge for the European electricity system
Europe might also be at risk to experience large wildfires comparable to those in
California and Australia if climate change brings meteorological conditions that are
comparable to the present situation in those two regions. This is, for example, stated by
Turco et al. (2018), “The observed trend towards warmer and drier conditions in
southern Europe is projected to continue in the next decades, possibly leading to
increased risk of large fires. … the burned area is robustly projected to increase, ranging
from ~40% to ~100% across the scenarios.”
Hence Europe should strive to learn lessons quickly from both, California and Australia.
As is demonstrated by the sudden and unexpected nature of eruptions of large wildfires,
time for preparation may be very short.
In their respective summer, both Australia and California have higher average
temperatures than Europe. However, Europe will experience more than 2°C of warming
even if the Paris goal is achieved (COACCH 2019) and will get closer to these high
temperatures. Europe has had many wildfires in the last three years (EUSTAFOR, 2019;
EFI , 2018; European Commission, 2018; Tidey, 2019). One result of the COACCH
project (see D2.3) is that the that the burned area in Europe could more than double
under the RCP8.5 scenario compared to the present-day. Here, climate change is one
reason, among the many more factors especially forest management can also increase or
decrease the likelihood of forest fires (FAO, 2010; Corona et al., 2015; EFI, 2018;
European Environment Agency, 2019).
Factors contributing to the risk for wildfires
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A well-established tool for calculation of imminent risks for wildfires are the fire risk
indices. A group of scientists has analyzed the importance of the components of the
Australian McArthur Forest Fire Danger Index (FFDI) with respect to the large fires in
Queensland, Australia, in 2018 (Lewis et al. 2020). The FFDI is based on fuel moisture
content, daily temperature, relative humidity, and wind speed. In Queensland, Australia,
the FFDI increased considerably in the last week of November 2018. By the end of
November 130 bushfires in Queensland had caused significant damage and burned
nearly 3/4 million hectares. Lewis et al. (2020) decomposed the FFDI to find out factors
with particular relevance. They found that seasonal rainfall was below average over the
antecedent spring period by between 20% and 80%, in most regions down by 60%,
which likely favored drier soil moisture conditions. Dry fuel burns more readily. During
the period from 24-29th November 2018 the maximum temperature was 5°C or more
above average temperatures for this period. These are major factors that supported the
multiple large fires in Queensland. Lewis et al. (2020) also emphasize that several more
factors contributed to the emergence of major fires. Remarkably slight rainfall preceded
the fires but did not prevent the fuel from catching fire.
The importance of precipitation far below average to allow for wildfires is evident,
because if fuel is very wet it will not burn. But how important is temperature, what is
the role of temperature? In 2019 Sweden did have unprecedented wildfires. It would be
easy to say that these are a consequence of higher temperatures due to climate change.
However, Spain had higher temperatures than Sweden already in year 1900 but did not
have such unprecedented fires. Why then should temperature above average be of any
importance? An explanation is given by the exponential relationship between
temperature and evaporation. Basically, this relationship says that a small increase in
temperature causes a much stronger increase in evaporation. More specifically, in forest
ecology it is well known that both evaporation and evapotranspiration increase
exponentially with temperature. In other words, a slight increase in temperature causes
fuel to dry much faster. Also, extended periods of dryness may cause diseases of trees
so that forest fires become more likely. As the term “global warming” implies, forests
globally are affected by higher temperatures with correspondingly much higher values
of evaporation and evapotranspiration. There are also predictions for increase in
precipitation in some areas. Necessary for healthy forests might possibly be an
exponential increase in precipitation to offset the effect of higher temperature.
Summary: Climate conditions contributing to ST9 occurrence
On the side of climate risks the two event constellations increasing risk most
substantially are heatwaves and droughts/dry periods preceding them, both through
direct impacts and through disastrous consequences such as major wildfires. The
analysis below thus focuses on their further development in Europe at levels increasing
the risk of electricity system failures. For heatwaves inducing forest fires, we can now
build upon the experience in Queensland, which showed that a period of six days with
temperatures of about 5°C above average started the fires. Preconditions for forest fires
are dry periods before, in Queensland the fuel was dried before the fires started through
by seasonal rainfall anomalies, with precipitation in some regions down to 20% and in
most regions to less than 60%.
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3.9.2 Verification of the occurrence of the climate conditions within the
current century
Taking forward the findings of recent work such as Lewis et al. (2020) and the
discussed preconditions for forest fires, we produce a spatially-explicit indicator of
increasing forest fire risk in Europe for the current century. We focus on the two
climatological factors elaborated above, extreme heat and extended periods of dryness,
and provide an indication of how these two components may combine to increase the
risk of fire hazard in the future. Our work emphasizes not the overall risk or probability
of a fire, as we focus solely on precipitation and temperature, but rather we highlight to
what degree these changing conditions may increase the underlying risk as the century
progresses.

Method
Construction of the indicator of increasing future fire risk utilizes modelled precipitation
and temperature data to identify at grid level the occurrence of long periods of drought
and heatwaves in the future. Broadly speaking, we assess climate model outputs to
determine the co-existence (for each year) of periods of dry days lasting 60 days or
longer and heat waves 5°C above average temperatures lasting for a period of six days
or longer. Given the incidence of both of these factors in a given year, we rank the
severity of the increase in risk (e.g. low, moderate, high increase) based on the
comparison of the drought conditions to the average historical (1970-2000) precipitation
levels; droughts with higher decreases in precipitation compared to the average
naturally lead to a higher category of risk increase. The index is constructed via use of
three core inputs – provided by climate model outputs, see Table 3.9.2 for model-RCP
combinations used – future cumulative dry days, average daily (modelled) historic
precipitation, and excessive heat periods.
Climate model
RCP 2.6 RCP 4.5 RCP 8.5
REMO2009
X
X
X
SMHI-RCA4
X
X
X
KNMI
X
X
Table
3.9.2:
Climate
model-RCM
combinations

We begin by calculating the
intensity of future dry periods as
compared to modelled levels for
1970-2000. First, the number of
cumulative dry days per month are
calculated, where a dry day is
classified as having less than 1mm
of rainfall. To identify potential drought periods of larger than 60 days, we derive a
three-month rolling sum of cumulative dry days for each grid cell, which we implement
to capture the possibility of a drought beginning in the middle of a month, and
progressing 60 days until the middle of the third month. After identifying months with a
rolling sum of greater than 60 days, we compare the maximum precipitation which
occurs during that time period with historic average precipitation for the same time
period. As the cumulative dry day index sets an upper bound on daily precipitation, we
conservatively assume that a location receives this maximum each day.
As we are interested in comparing future monthly drought conditions to the past, we
calculate the average precipitation over a 60 day period using the average daily
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modelled temperature for each day of the year over a 30 year period, from 1970 to 2000
(e.g. January 1st, 1970, 1971…). It is important to note that we calculate this based on
modelled precipitation for the time period in question, in order to maintain consistency
in comparing future and past rainfall levels. To ease the computational burden, we focus
on the 60 day drought threshold, producing a 60 day rolling sum from the daily data,
and extract the value for the middle of each month. This produces two gridded datasets
of similar monthly dimensions, future drought precipitation and historic precipitation,
for the 60 day drought threshold period.
The intensity of future drought events is expressed as the percentage reduction in
precipitation compared to historic averages:
𝐷𝑟𝑜𝑢𝑔ℎ𝑡 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

𝐻𝑖𝑠𝑡𝑜𝑟𝑖𝑐 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 − 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 𝑑𝑢𝑟𝑖𝑛𝑔 𝑑𝑟𝑜𝑢𝑔ℎ𝑡
𝐻𝑖𝑠𝑡𝑜𝑟𝑖𝑐 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙

This produces three conditions:
 Intensity is less than zero: This indicates that while there is a drought, the rainfall in
the drought condition is higher than the sum of historic average values for the same
period of the year.
 Intensity between 0 and 1: Indicates the severity of a drought whose rainfall is less
than the historic average. This represents the percentage decrease from the historic
precipitation level.
 Intensity equal to 1: Indicates that no drought occurs.
We aggregate the monthly drought severity into a yearly value for each cell by taking
the maximum value (between 0 and 1) of all months in the year, in cases where more
than one drought event occurs. This results in a yearly indicator of drought severity (or
absence of drought).
Incorporating heat waves into the indicator is a simpler matter; using a yearly heat wave
duration index, which indicates consecutive days where maximum temperatures are 5°C
above the daily maximum temperature from a reference period (Frich et al. 2002), we
qualify the drought severity index produced above. As heat is the second precondition
for fire, we assume that in years with less than six consecutive heat wave days, there
will be no increase to fire risk. Thus the heat wave index masks the drought index; cells
with no heat wave have a drought index multiplied by zero, while cells with a heatwave
in the year are multiplied by 1, thus retaining their value.
The final step is to classify this combined indicator into severity of future increasing
risk. The levels are as follows:
1. No risk; as no drought occurs in that cell for the year.
2. Low risk: the drought index shows that a drought occurs, but precipitation does
not fall below historic average levels in that time period.
3. Moderate risk: A drought occurs in the year which results in up to 30% less
precipitation, compared to the past.
4. High risk: As above, a drought occurs with between 30 and 60% less
precipitation than the past
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5. Very high risk: A drought with 60 to 90% reduction in precipitation
6. Extreme risk: A drought with over a 90% reduction in precipitation compared to
historical levels.
Results
As mentioned above; we apply our algorithm for determining future fire risk increases
to outputs from three models covering RCP 4.5 and 8.5, and two models for RCP 2.6.
Figure 3.9.1 illustrates the increasing severity of modelled future droughts and their
possibility to increase fire risk, broken down by RCP and model. The figure illustrates
the percentage of land area in Europe which is classified as ranging from no increased
risk to extreme increase. As the century progresses, models seem to suggest that
conditions will diverge; areas with no risk (and thus no drought or heatwave) become
larger over time, but areas predicted to see a low increase in risk decrease over time,
while higher risks become more prevalent towards the end of the century. Figure 3.9.2
shows the same chart, but this time focused on categories of moderate to extreme risk.
Here the increasing areas of high and very high risk are much more discernible,
especially under an RCP 8.5 scenario.
To illustrate the increased risk index spatially, we find the average maximum value
between all applicable models for 30 year periods, as shown in Figure 3.9.3, which
shows both how effects are likely stronger under a RCP8.5 scenario as compared to 2.6,
as well as the concentration of high risk in southern European regions.

Figure 3.9.1: Increasing future drought risk – percentage of total land area
classified at a given level of likely increasing risk. Results of a combined indicator
of heatwave and drought severity for three models and three RCPs.

P

Page 135

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space

Figure 3.9.2: Increasing future drought risk – percentage of total land area
classified as having a moderate or higher increased risk.
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Figure 3.9.3: The average of all models’ maximum fire index value for the time
periods 2011-2040, 2041-2070, and 2071-2100, for all RCPs. Note: only two models
were used for RCP 2.6, and three for RCP 4.5 and 8.5.
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Figure 3.9.3 also illustrates to an extent the divergence in future risk. Observing first the
early time period to later century, there is a general trend of moving to the extremes;
areas which see a moderate or high increased risk early in the century may exhibit less
risk later on, while areas currently in the highest risk levels maintain or increase their
risk into the future.
Discussion
While the indicator presented above does provide a first indication of areas likely to
experience increasing drought risk in the future, and the extent of that increase, based on
emerging research and observation of recent extreme events, it remains an indicator
focused on climate conditions – the focus of Deliverable 3.2. We do not yet consider
land cover types (the potential fuel sources for fires) or socio-economic considerations
which have an outsized influence on future exposure and vulnerability – for the thus
extended analysis, building upon the here derived climate indication, see Deliverable
3.4. Additionally, due to the sheer size of the model data involved, and the
corresponding computational demands, our index is produced at a rough temporal
resolution, and abstracts from reality in e.g. assuming a three month rolling sum to find
droughts larger than 60 days in duration. However, even at such a coarse resolution,
there is a clear trend towards heightened fire risk, especially in southern and western
Europe, which will continue on and grow stronger towards the end of the century, and
appears robust to model and RCP assumptions. Areas of no risk may initially increase,
but this divergence is balanced by the increase of areas with high risk; which in an RCP
8.5 world rise from just above 5% in 2050 to over 10% of all land area by 2100, with a
more marked increase occurring after the year 2070.

4. Conclusion (lead: CMCC)
4.1 Summary of the Climate Tipping (CT) points analysis
In this chapter the main results obtained based on the analysis performed on the four
climate tipping points are summarized.
-Regarding the CT1 on Global Sea Level Rise, the analysis confirms that while the
uncertainty in sea-level rise stemming from the melting of glaciers and ice caps and
from thermal expansion of the ocean water can be quantified reasonably well and has no
tipping point characteristics, estimates of the contribution to sea-level rise from the
melting of the polar ice sheets varies widely reflecting the tipping point potential of icesheet collapse. The main conclusion is that based on the actual knowledge of the
different mechanisms behind the potential abrupt contribute to SLR from ice-sheet
collapse, it is not possible to give a measure of ice sheet instability occurrence within
the current century. Anyway, despite the uncertainty in ice-sheet response, we can state
that in RCP2.6 and RCP4.5 high end SLR of more than 1.0 m is extremely unlikely
within the current century, same as for RCP8.5 until 2050. However, it is about as likely
as not that high end SLR will occur until 2100. Notably a SLR of more than 1.0 m
might trigger tipping points in the human responses and this is something considered in
CT4 section.
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-Regarding the CT2 on Alpine glaciers disappearing, the observed trend in glaciers
retreat seems to be consistent with modelled results based on Glacier Evolution Models
and simplified glacier models, forced by general circulation model outputs and regional
climate model outputs consistent with different future scenarios. Based on Glacier
Evolution Models, considering 10% of the current cover as a threshold to define the
Alpine glacier disappearing, only in RCP8.5, few ensemble members suggest that the
threshold could be reached within 2100. On the other hand an averaged reduction of
80% / 60% is expected for the end of the century following the RCP4.5 / RCP2.6
scenario. On the other hand, based on the simplified glacier model the we also used to
quantify changes in runoff associated to glacier melting, the most pronounced melting is
expected lower than 80%, and for small glaciers in the southern Alps only. The RCP 8.5
scenario exhibits the largest increase in glacier runoff with values up to three times the
ones observed during the historical period. The largest increase occur during winter
when the relative increase compared to historical values amounts to four times deriving
from variations in liquid precipitation. Summer ablation also increases with values
about 1.4, 2.1, and 2.5 times the historical ones for small, medium and large Alpine
glaciers, respectively. In general, the largest increase in glacier runoff and its
components is simulated to occur in the North Alps sub-region during the 21st century
under the RCP8.5 scenario.
- Regarding the CT3 on the disappearance of Arctic summer ice, following the
canonical approach of a 106 km2 threshold for the September Arctic ice extent to define
the tipping point we extended findings from the literature review, mainly based on
CMIP5 results, based on new available CMIP6 projections. Consistently with CMIP5
projections, the CMIP6 ensemble average (based on 7 models) shows a September sea
ice extent lower than 106 Km2 within the current century under the SSP585 scenario (the
one comparable to the CMIP5 RCP8.5), with an average timing at around 2070. Similar
results are found following the SSP370. Another interesting feature emerging from
these CMIP6 projections is that the disappearing of the September sea ice seems to be
more model dependent than scenario dependent: 50% of the considered models shows
the disappearing of September Arctic sea ice within the middle of the current century
independently from the scenario. More reliable results will be available once the
number of CMIP6 scenarioMIP simulations will be comparable to the CMIP5 one.
Anyway, we investigated potential changes in the atmospheric circulation associated the
pre and post September sea ice disappearing, both in terms of averages and extremes,
for temperature, wind and precipitation. No statistically significant changes have been
found based on EURO-CORDEX projections at 11 km of horizontal resolution, on wind
and precipitation. Only a reduction in the trend of minimum daily temperatures at high
latitudes (north of 60oN) has been found in few models corresponding to the melting
date. Since this is consistent with potential changes in atmospheric blocking conditions
changes, we investigated systematically, in both general circulation model results and
regional climate model results under CMIP5 scenarios and also new general circulation
model results based on CMIP6 scenarios. No significant changes have been found in
atmospheric blocking associated to the date of melting in all of the considered
simulations and scenarios. Summarizing we do not expect abrupt changes in
atmospheric circulation associated to the Arctic sea ice melting, but we can expect that
this condition could be reached within the current century, at least following the worst
RCP8.5 or SSP585 scenarios. From an economic perspective, the navigational distance
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between East Asia and Europe via the Arctic Northeast Passage is 30-40% shorter than
the present route via the Suez Canal, 40-50% shorter than the Panama Canal route and
50-60% shorter than the route around the Cape of Good Hope. New seaports along the
Arctic coastline will become more important due to the increasing Arctic shipping,
while the transit seaports along the traditional southern routes through the Suez Canal or
around the Cape of Good Hope will become less important, especially during the
northern hemispheric summer season.
- Regarding the CT4 on the slowdown of the thermohaline circulation in the Atlantic
basin, based on a deep literature review it results very likely that the AMOC will
weaken over the 21st century, but the chance of abrupt transition or collapse in the 21st
century for the scenarios considered (high confidence) very unlikely. For an abrupt
transition of the AMOC to occur, the sensitivity of the AMOC to forcing would have to
be far greater than seen in current models, or would require meltwater flux from the
Greenland ice sheet greatly exceeding even the highest of current projections. Although
it cannot be excluded entirely, it is unlikely that the AMOC will therefore collapse even
in the worst emission scenario. Recent studies estimated the probability of rapid North
Atlantic cooling (subpolar North Atlantic (SPG)) could be higher, significantly affecting
the climate of the Northern Europe. The implication is the chance of an NA abrupt
cooling in the coming century is not negligible and since the local SPG convection is
part of the large-scale overturning circulation system, an interruption of SPG deep-water
formation does weaken the AMOC. A convection collapse in the SPG would have
impacts on the surrounding regions, with temperature and precipitation representing an
important hazard for many economic sectors. The derived information (from literature)
on the chance to have a SPG abrupt cooling will be used as an input for the impact
chain.

4.2 Summary of the Socio-economic Tipping points (ST) analysis
In this chapter the main results obtained based on the analysis performed on the nine
socio-economic tipping points are summarized.
- In the first ST, the ST1 on welfare impact of migration, migration has been considered
as a potentially significant consequence of climate change that needs to be considered in
both mitigation and adaptation policy decisions. In this study a migration tipping-point
is defined as the point in time, following a previous ten-year period, when a significant
proportion of the local or regional population have migrated from the area for a
substantial period. Using historical evidence on the potential population-migration
relationships, we make first estimates of the potential scale – i.e. the number of people
moving from a given location - of such migration patterns. These estimates are to be
reported in D3.4. The scope considers non-SLR as well as SLR-induced migration and
include extra-EU to EU, as well as intra-EU, population movements. Whilst it is
impossible to empirically verify future effects, estimates made of such impacts are
grounded in the direct and indirect empirical relationships identified in historically
observed time periods between climatic variables and migration patterns.
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- Concerning ST2 on finance for high risk EU regions, the literature review suggests
that it is possible that climate change could lead to large socio-economic tipping points
for countries and in the financial markets. This is possible through a number of direct
and indirect pathways, either individually or in combination. At the country level the
following potential tipping points and/or mechanisms have been identified: A very
major economic shock from climate change, or a high level of annual economic costs,
would result in a major downgrade in sovereign creditworthiness, or even a sovereign
default mechanisms; A major insurance market collapse (see also ST7); A major
disinvestment in assets and equities and / or major capital flight. The analysis of this ST
is based on the economic costs estimated from the sectoral climate model assessments
(WP2) in COACCH and especially the macro-economic assessment (D2.6). It will also
investigate the use of the integrated assessment modelling results from WP4. This will
allow analysis of the likelihood – albeit most likely in qualitative terms – of the tipping
point being passed under the COACCH scenarios (and RCP-SSP combinations).
- Regarding the ST3 on Food and Water, since climate change and extreme weather
events lead to short‐term variability and shocks to agricultural supply, impacting the
entire food system and posing threats to food security, output provided by general
circulation models, regional climate models and crop models has been used to compute
crop annual grow rate based on different model/scenario combination, compared to a
reference period. Process-based crop models simulate the effect of a wide range of
exogenous variables such as weather, plant genotypes, environmental factors and
management styles on plant growth, by representing key processes affecting plant
biochemistry and exchange with its environment. In this study, we use results from a
crop-based model based on development and growth processes using water,
temperature, heat, oxygen, nitrogen, phosphorus, bulk density and aluminum stress as
inputs. Crops considered are: rye, rice, soybeans, sugar beet, sunflower, corn, potato,
winter wheat and barley. In the following economic analysis, only specific years will be
used that represent anomalously poor/good conditions as well as average. We also
combined historical data on weather parameters and crop yields with EPIC-based
estimates of crop yields in the period from 1970 to present and from 2020 to 2100, for
different combinations of SSP-RCP scenarios, at the resolution of 1sq. km grid. Density
plots of average crops for different scenario have been provided at the NUTS-2 level.
Only minor deviations along the lines of the RCPs can be observed. One slightly
interesting finding is that in the case of corn (middle three plots), lowest yields are
observed under RCP4.5. This deviation in yields is mostly due to a higher number of
days with temperature stress. However, the density plots do not show high enough yield
changes for a likely socio-economic tipping point to occur at this scale. When we
organize the climate impacts on yields by geographical zone in Europe, a clearer picture
emerges. Especially the Southern part of Europe, and to a lesser extent the Eastern part
of Europe can be prone to socio-economic tipping points induced by yield losses due to
climate stressors. The underlying stressors are however different. For the Southern part
of Europe, this is mostly related to water stress, where for the Eastern part of Europe,
this is mostly related to temperature stress.
The conditions for large yield losses, that can lead to socio-economic tipping points are
therefore most likely to occur in the Southern part of Europe. Moreover, they are mostly
linked to climate stressors related to water stress. They can however occur along the
entire RCP-space and in the short, medium and long term.

P

Page 141

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space

- Regarding ST4 on coastal migration, we verified that large scale coastal migration
within EU-countries only occurs under a combination of high-end SLR (as described in
CT1) and failure to take appropriate protection measures. However, even under these
assumptions only for a very few countries coastal migration numbers could be large
enough to trigger a socio-economic tipping point. The analysis assumes that the
Netherlands and Belgium continue to protect successfully, but tipping point ST5
explores aprupt changes in the adaptation system of the Netherlands.
In the MENA region, which is one of the main origins of migration into EU, coastal
migration will be rather low compared to the migration numbers we already have there.
The low coastal migration even under the assumption that there will be no further
protection is due to the geographical setting of the region (mainly steep coasts) and the
low number of coastal megacities. A EU-level tipping point similar to the the refugees
crisis in 2015 can not be caused by coastal migration from teh MENA region.
Globally, high coastal migration is possible if no further protection measures are taken.
The main contribution to global migration comes from the South-, South-East- and
East-Asia region, but tipping points by potential coastal migration there remains
speculative.
- The ST5 on adaptation to accelerating sea level rise is focusing on the Dutch Delta.
This ST might happen in case of flood protection failure and large-scale flood disaster
occurrence: the Delta may not recover to the original state. In the direct aftermath of a
disaster, many citizens will be displaced and not everybody will return after the event.
However, an impact ST may also result from voluntary migration out of regions with
high flood risk. This may happen well before an actual event strikes, for example
because of increasing concerns about the state of the flood protection. To identify under
what conditions ST may occur in the Dutch Delta, we develop a stepwise approach to
identification and impact analysis of potential STs. We illustrate this approach by
applying it to a stylized case for the Rotterdam City and Port. For the tipping point
likelihood in the RCP/SSP space we selected, within a bunch of tipping points identified
associated to the current exploration, the adaptation tipping point for the flood
protection infrastructure of the city, where it does no longer meet formal performance
objectives. Concerning adaptation tipping points, consider the Maeslant storm surge
barrier, which is an important ‘sea door’ into the Rotterdam Port, which under normal
conditions is open. Under current conditions, the barrier closes only once in ten years,
but this closure frequency increases with rising sea level. From an economic
perspective: if the barrier has to close once per year, shipping starts to become
significantly impacted. This point is reached at a sea level rise of 0.75 m. From an
engineering perspective: if the barrier has to close three times per year, the constructive
limits are reached. This point is reached at a sea level rise of 1 m. When are these 0.75
m and 1 m sea level rise thresholds reached in the RCP space? Under a high-end sea
level rise scenario, which includes the MICI and MISI mechanisms (CT1), the
adaptation tipping points for the Maeslant Barrier are reached under RCP4.5, at around
2070 (median 2089), and the exceeding of the 1.0 m threshold is around 2085 (median
2098). Under RCP8.5, the 0.75 m threshold could be first exceeded around 2065
(median 2075) and the 1 m threshold around 2070 (median 2083). Under the SROCC
scenarios for sea level rise in the 21st century (IPCC, 2019), the adaptation tipping
points will occur later. Under RCP2.6, both thresholds would not be exceeded in this
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century. Under RCP4.5, the 0.75 m threshold is just not exceeded in the 21st century,
because the upper bound is 0.72 m sea level rise by 2100. Under RCP8.5, the 0.75 m
threshold is exceed in 2081 for the upper bound, in 2094 for the median and not in this
century for the lower bound. The 1 m threshold is exceeded in 2095 for the lower
bound, and not in the century for the median and upper bound.
-Fousing on the ST6 on Network disruptions due to flooding of roads, a first level
analysis of the socio-economic tipping point for trade disruption due to flooding of
critical links in the road network has been done. We develop a modelling cascade
starting with climate hazards having direct impacts on roads, but also interrupting the
network function of the roads, in connecting regions leading to different types of socioeconomic impacts. We build further upon the direct impact modelling for the European
road network, in which a comprehensive flood model was defined for Europe, resulting
in models for flood depth and flood damages for different return periods ranging from
1/5 to 1/500 years. It is demonstrated why and how network analysis applies to find
tipping points in potential loss of functionality (% of disruption of optimal routes
between NUTS-3 origin-destination pairs). The method developed presents a scalable
approach that can be extended to multiple hazards, multiple countries, aggregation
levels (from Nuts3-Nuts2) and other transport modalities. The identification of tipping
points for transport networks is based on the disruption of the service provided by the
network focusing on the Austrian connectivity as an example at NUTS-3 level. To this
end, the connectivity between identified origins and destinations is assessed with and
without disruption. We identified two tipping points: i) The most dramatic combination
of 1-5 micro-floods, disrupting Austria’s main transport corridor, the E60 and in
addition a largest possible share of all inter-NUTS3 connections. This type of event
would likely be very disruptive for the Austrian society and economy as transportation
would not be possible for many; ii) up to 20 spatially correlated flood events causing a
similar impact as under case i). Our results show that there is no clear signal on how the
return periods of the 1/100 flood events will shift, as both increases to 1/1000 as well as
decreases to 1/10 years are among the projections. It would therefore be better to assess
these shifts for a more robust sample of floods for the whole of Alpine Austria.
- In ST7 chapter , relative to the Collapse of insurance markets for extreme weather
risks, we examine the occurrence of a potential socio-economic tipping point for flood
insurance under future climate scenarios that results from unaffordability of flood
insurance or a willingness-to-pay for coverage that is lower than the risk-based
premiums, which both would cause a low market penetration rate. The analysis is
performed through a partial equilibrium model, the Dynamic Integrated Flood Insurance
(DIFI) model, combining a spatially explicit flood risk module with an insurance sector
and a consumer behavior module. The calculated flood hazard maps are overlaid with
maps of urban density in order to project the impact a certain inundation can have. For
the current and future flood risk projections, flood damage data is calculated for the
following return periods: 2; 5; 10; 25; 50; 100; 250; 500; 1000 years. The largest
declines of insurance uptake is projected for regions in Portugal, Croatia, Bulgaria and
Poland, where in 2080 almost none of the households in high-risk areas obtain
insurance coverage. Most tipping-point regions are projected under RCP4.5-SSP2 (10
regions), which may seem surprising, as the high-end climate change scenario RCP8.5SSP5 (9 regions) is also considered. However, SSP5 projections predict a future with
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high income growth compared to SSP2, which reduces unaffordability of insurance and,
therefore, can trigger a higher penetration rate. RCP2.6-SSP1 predict the lowest amount
of tipping-point regions (5 regions), which is the expected outcome as this is a low
climate change scenario combined with an optimistic socio-economic scenario.
Moreover, the most significant problems with low insurance uptake are found in eastern
Europe. This is explained by a combination of a high rise in riverine flood risk in these
regions, as well as relatively low economic growth rates compared to western European
regions. The tipping-point regions identified are where flood insurance markets are
expected to collapse due to disappearing demand for coverage, resulting from rising
costs of insurance due to climate change.
- Regarding ST8 on Climate induced economic shocks, we use an integrated assessment
model which estimates the aggregate economic impacts of climate change using
reduced form damage functions, in order to get insights into the occurrence of high
climate induced economic damages at the local level. Exceeding such thresholds of high
damages can signal that a socio-economic tipping point is reached and an economic
shock from climate change may occur. This investigation has been done for the whole
Europe based on an integrated assessment model named CLIMRISK with a spatial
resolution of 0.5o. In this socio-economic tipping point analysis, we consider the
following conditions as relevant economic shocks: i) A loss of €1 billion in (2015 PPP)
at the local level (0.5ºx0.5º); ii) A 5% annual loss of GDP at the local level (0.5ºx0.5º);
iii) A “Very High” Multivariate Risk Index (MVRI), which means that at the local level
a threshold of 4ºC or more in annual temperatures is exceeded, annual precipitation
declines with at least 10%, and economic impacts exceed 5% of local GDP.
Economic impacts exceeding 5% of GDP are expected to occur in Europe by 2100 only
under the RCP8.5 – SSP5 scenario, in the northern parts where temperature increase is
expected to be the largest. Some areas in central Europe could experience such high
damages towards the very end of the century (after 2090) in case no mitigation policies
are put in place. The MVRI results highlights that Europe would not be affected by the
combined effects of annual mean temperature increase, annual mean precipitation
decrease and relative climate damage. However, under the RCP 8.5 scenario, such
effects could occur towards the end of the century (2095) and would be completely
mitigated through the RCP 6.0, RCP 4.5, and RCP 2.6 climate scenarios. The time of
emergence of impacts in Europe is expected to occur past year 2100 in case of strict
climate mitigation policy. However, this threshold can be exceeded in Italy, Austria and
parts of Scandinavia after 2060 in the case of RCP8.5 – SSP5 policymaking without a
stringent climate agreement.

- Analysis of ST9 on electricity system failure is informed by the experience in two
world regions, California and Australia, who recently observed failures unforeseen in
kind, severity and geographic extension, and in both cases co-triggered by extreme
climate events. ST9 research analyses corresponding challenges for Europe. Recent
analysis (Lewis, 2020) identifies the two event constellations increasing risk most
substantially to be heatwaves and droughts/dry periods preceding them, both through
direct impacts and through disastrous consequences such as major wildfires. Focusing
on the latter we produce a spatially-explicit indicator of increasing risk in Europe for the
current century, and provide an indication of how these two event climate constellations
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may combine to increase the risk of fire hazard in the future. More specifically, we
assess climate model outputs to determine the co-existence (for each year) of periods of
dry days lasting 60 days or longer and heat waves 5°C above average temperatures
lasting for a period of six days or longer. We rank the severity of the increase in risk
(e.g. low, moderate, high increase) based on the comparison of the drought conditions to
the average historical (1970-2000) precipitation levels. We analyse outputs from three
climate models covering RCP 4.5 and 8.5, and two models for RCP 2.6. Results suggest
that conditions will diverge as the century progresses; areas with no risk (and thus no
drought or heatwave) become larger over time, but areas predicted to see a low increase
in risk decrease over time, while higher risks become more prevalent towards the end of
the century. The increasing areas of high and very high risk concentrate in southern
Europe, with increasing exposure present in all scenarios, but especially under an RCP
8.5 scenario. Results further indicate a divergence in future risk. Observing first the
early time period to later century, there is a general trend of moving to the extremes;
areas which see a moderate or high increased risk early in the century may exhibit less
risk later on, while areas currently in the highest risk levels maintain or increase their
risk into the future. Overall, we find a clear trend towards heightened fire risk,
especially in southern and western Europe, which will continue on and grow stronger
towards the end of the century, and appears robust to model and RCP assumptions.
Areas of no risk may initially increase, but this divergence is balanced by the increase of
areas with high risk; which in an RCP 8.5 world rise from just above 5% in 2050 to over
10% of all land area by 2100, with a more marked increase occurring after the year
2070.

P

Page 145

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space

5. References

Alfieri, L., Feyen, L., Dottori, F., & Bianchi, A. (2015). Ensemble flood risk assessment
in Europe under high end climate scenarios. Global Environmental Change, 35, pp.
199-212. https://doi.org/10.1016/j.gloenvcha.2015.09.004
Bakker, A.M.R., Wong, T.E., Ruckert, K.L. and Keller, K. (2017): Sea-level projections
representing the deeply uncertain contribution of the West Antarctic ice sheet.
Scientific Reports 7, 3880 . https://doi.org/10.1038/s41598-017-04134-5
Bamber, J.L., Oppenheimer, M., Kopp, R.E., Aspinall, W.P., Cooke, R.M., 2019. Ice
sheet contributions to future sea-level rise from structured expert judgment. Proc
Natl Acad Sci USA 116, 11195–11200. https://doi.org/10.1073/pnas.1817205116
Bassis, J. N. and Walker C. C. (2011): Upper and lower limits on the stability of
calving glaciers from the yield strength envelope of ice. Proceedings of the Royal
Society A: Mathematical, Physical and Engineering Sciences 468 (2140), pp 913931. https://doi.org/10.1098/rspa.2011.0422
Beyrer, C., Kamarulzaman, A. (2017): Ethnic cleansing in Myanmar: the Rohingya
crisis and human rights. The Lancet, 390(10102), pp 1570-1573.
https://doi.org/10.1016/S0140-6736(17)32519-9
Bolt, J., Inklaar, R., de Jong, H., & Luiten van Zanden, J. (2017). Rebasing Maddison:
New Income Comparisons and the Shape of Long-Run Economic Development. In
Madison Project Working paper 10.
Bonanno R., C. Ronchi, B. Cagnazzi, A. Provenzale (2013): Glacier response to current
climate change and future scenarios in the northwestern Italian Alps. Reg. Environ.
Change, DOI 10.1007/s10113-013-0523-6.
Boucher, Olivier; Denvil, Sébastien; Caubel, Arnaud; Foujols, Marie Alice (2018).
IPSL IPSL-CM6A-LR model output prepared for CMIP6 CMIP. Version
YYYYMMDD[1].Earth
System
Grid
Federation.
https://doi.org/10.22033/ESGF/CMIP6.1534
Cai, Yongyang, Kenneth L. Judd, Timothy M. Lenton, Thomas S. Lontzek, and Daiju
Narita (2015). Environmental tipping points significantly affect the cost−benefit
assessment of climate policies. PNAS April 14, 2015 112 (15) 4606-4611; first
published March 30, 2015 https://doi.org/10.1073/pnas.1503890112
Church, J.A., Clark, P.U., Cazenave, A., Gregory, J.M., Jevrejeva, S., Levermann, A.,
Merrifield, M.A., Milne, G.A., Nerem, R.S., Nunn, P.D., Payne, A.J., Pfeffer, T.,
Stammer, D., Unnikrishnan, A.S., (2013). Sea level change, in: Stocker, T.F., Qin,
D., Plattner, G.K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex,

P

Page 146

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
V., Midgley, P.M. (Eds.), Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, pp. 1137–1216.
Ciccarelli N., von Hardenberg J., Provenzale A., Ronchi C., Vargiu A., Pelosini R.
(2008): Climate variability in north-western Italy during the second half of the 20th
century. Glob Planet Chang 63:185–195.
Clark, P. U., Shakun, J. D., Marcott, S. A., Mix, A. C., Eby, M., Kulp, S., Levermann,
A., Milne, G. A., Pfister, P. L., Santer, B. L., Schrag, D. P., Solomon, S., Stocker
T. F., Strauss, B. H., Weaver, A. J., Winkelmann, R., Archer, D., Bard, E.,
Goldner, A., Lambeck, K., Pierrehumbert, R. T. and Plattner G.-K. (2016):
Consequences of twenty-first-century policy for multi-millennial climate and sealevel
change.
Nature
Climate
Change
6,
pp
360–369.
https://doi.org/10.1038/nclimate2923.
Cohen, J., Screen, J. A., Furtado, J. C., Barlow, M., Whittleston, D., Coumou, D., Jones,
J. (2014). Recent Arctic amplification and extreme mid-latitude weather. Nature
Geoscience, 7(9), 627-637. https://doi.org/10.1038/ngeo2234
Collins M., M. Sutherland, L. Bouwer, S.-M. Cheong, T. Frölicher, H. et al., 2019:
Extremes, Abrupt Changes and Managing Risk. In: IPCC Special Report on the
Ocean and Cryosphere in a Changing Climate [H.-O. Pörtner, et al. (eds.)]. In press
De Winter, R. C., Reerink, T. J., Slangen, A. B. A., de Vries, H., Edwards, T., and van de
Wal, R. S. W (2017): Impact of asymmetric uncertainties in ice sheet dynamics on
regional sea level projections, Nat. Hazards Earth Syst. Sci., 17, pp 2125–2141.
https://doi.org/10.5194/nhess-17-2125-2017
Dijkstra, E.W. A note on two problems in connexion with graphs. Numer. Math. 1, 269–
271 (1959) doi:10.1007/BF01386390.
DeConto, R. M. and Pollard, D. (2016): Contribution of Antarctica to past and future
sea-level rise. Nature 531, pp 591–597. https://doi.org/10.1038/nature17145.
DeWaard, J., Curtis, K.J. & Fussell, E. Population recovery in New Orleans after
Hurricane Katrina: exploring the potential role of stage migration in migration
systems. Popul Environ 37, 449–463 (2016). https://doi.org/10.1007/s11111-0150250-7
Dewi Le Bars D. L., Drijfhout, S. and de Vries, H. (2017): A high-end sea level rise
probabilistic projection including rapid Antarctic ice sheet mass loss.
Environmental Research Letters 12 (4).
Drijfhout S., Bathiany S., Beaulieu C., Brovkin V., Claussen M., Huntingford C.,
Scheffer M., Sgubin G., Swingedouw D. , 2015: Catalogue of abrupt shifts in

P

Page 147

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Intergovernmental Panel on Climate Change climate models. Proceedings of the
National Academy of Sciences, doi:10.1073/pnas.1511451112.
Economist Intelligence Unit (2015) The Cost of Inaction the value at risk from climate
change.
Available
at
https://eiuperspectives.economist.com/sites/default/files/The%20cost%20of%20ina
ction_0.pdf
Edwards, T. L., Brandon, M. A., Durand, G., Edwards, N. R., Golledge, N. R., Holden,
P. B., Nias, I. J., Payne, A. J., Ritz, C. and Wernecke, A. (2019): Revisiting
Antarctic ice loss due to marine ice-cliff instability. Nature 566, pp 58–64.
https://doi.org/10.1038/s41586-019-0901-4.
Estrada, F. (2016). Analisis de metodologias, variables, requerimientos y justificacion
del enfoque y modelo para la estimacion de los costos economicos del cambio
climatico. Final Report. National Institute of Ecology and Climate Change
(INECC) and United Nations Development Programme (UNDP).
Estrada, F. (2018). Estimacion de los costos economicos de cambio climatico para
Mixico a nivel estatal y pais bajo distintos escenarios de cambio climatico.
National Institute of Ecology and Climate Change (INECC) and United Nations
Development Programme (UNDP).
Estrada, F., & Botzen, W. J. W. (2018). Economic impacts and risks of climate change
and benefits of current climate negotiations. Working paper.
European commision (2013): Regulation (EU) No.604/2013 of the European Parliament
and of the Council of 26. June 2013 establishing the criteria and mechanisms for
determining the Member State responsible for examining an application for
international protection lodged in one of the Member States by a third-country
national
or
a
stateless
person.
https://eur-lex.europa.eu/legalcontent/EN/ALL/?uri=CELEX:32013R0604
Favier, L., Durand, G., Cornford, S. L., Gudmundsson, G. H., Gagliardini, O., GilletChaulet, F., Zwinger, T., Payne A. J. and Le Brocq A. M. (2014): Retreat of Pine
Island Glacier controlled by marine ice-sheet instability. Nature Climate Change 4,
pp 117–121. https://doi.org/10.1038/nclimate2094
Eguíluz, V. M. et al. 2016: A quantitative assessment of Arctic shipping in 2010–2014.
Sci. Rep. 6, 30682; doi: 10.1038/srep30682.
Eyring, V., Bony, S., Meehl, G. A., Senior, C., Stevens, B., Stouffer, R. J., and Taylor,
K. E., 2016: Overview of the coupled model intercomparison project phase 6
(CMIP6) experimental de 5 sign and organisation, Geosci. Model Dev. Discuss., 8,
10539-10583, doi:10.5194/gmdd-8-10539-2015.
Feyen, L., Dankers, R., Bódis, K., Salamon, P., & Barredo, J. I. (2012). Fluvial flood
risk in Europe in present and future climates. Climatic Change, 112(1), pp. 47-62.

P

Page 148

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Fischlin, A. et al. (2007). Ecosystems, their properties, goods and services. Contribution
of Working Group II to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, UK: Cambridge University Press.
Frieler, K., Lange, S., Piontek, F., Reyer, C. P. O., Schewe, J., Warszawski, L., …
Yamagata, Y. (2017). Assessing the impacts of 1.5°C global warming - Simulation
protocol of the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP2b).
Geoscientific Model Development, 10, pp. 4321-4345.
Favier, L., Durand, G., Cornford, S. L., Gudmundsson, G. H., Gagliardini, O., GilletChaulet, F., Zwinger, T., Payne A. J. and Le Brocq A. M. (2014): Retreat of Pine
Island Glacier controlled by marine ice-sheet instability. Nature Climate Change 4,
pp 117–121.
Fischer, A., Olefs, M. and Abermann, J. (2011): Glaciers, snow and ski tourism in
Austria’s
changing
climate,
Ann.
Glaciol.,
52(58),
89–96,
doi:10.3189/172756411797252338.
Gettelman, A., Hannay, C., Bacmeister, J. T., Neale, R. B., Pendergrass, A. G.,
Danabasoglu, G., et al., 2019: High climate sensitivity in the Community Earth
System Model Version 2 (CESM2). Geophysical Research Letters, 46.
https://doi.org/10.1029/2019GL083978.
Grinsted, A., Jevrejeva, S., Riva, R.E.M. and Dahl-Jensen, D. (2015): Sea level rise
projections for Northern Europe under RCP8.5. Climate Research, 64(1), pp 1523. https://doi.org/10.3354/cr01309
Grossmann, W., Grossmann, I., Steininger, K.W. (2015), Solar electricity supply
isolines of generation capacity and storage, Proceedings of the National Academy
of Sciences (PNAS) 112(12): 3663-3668; doi: 10.1073/pnas.1316781112
Haasnoot, M, F. Diermanse, J. Kwadijk, R. de Winter, G. Winter, 2019, Strategieën
voor adaptatie aan hoge en versnelde zeespiegelstijging. Een verkenning. Deltares
rapport 11203724-004
Haasnoot, M., Kwakkel, J. H., Walker, W. E., & ter Maat, J. (2013). Dynamic adaptive
policy pathways: A method for crafting robust decisions for a deeply uncertain
world. Global Environmental Change, 23(2), 485–498.
https://doi.org/10.1016/j.gloenvcha.2012.12.006
Haasnoot, M., Kwadijk, J., van Alphen, J., Le Bars, D., van den Hurk, B., Diermanse,
F., van der Spek, A., Essink, G. O., Delsman, J., & Mens, M. (2020a). Adaptation
to uncertain sea-level rise; how uncertainty in Antarctic mass-loss impacts the
coastal adaptation strategy of the Netherlands. Environmental Research Letters,
15(3), 034007. https://doi.org/10.1088/1748-9326/ab666c
Haasnoot, M., Biesbroek, R., Lawrence, J., Muccione, V., Lempert, R., & Glavovic, B.
(2020b). Defining the solution space to accelerate climate change adaptation.

P

Page 149

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Regional Environmental Change, 20(2), 1–5. https://doi.org/10.1007/s10113-02001623-8
Hallegatte, Stephane; Rentschler, Jun; Rozenberg, Julie. 2019. Lifelines: The Resilient
Infrastructure Opportunity. Sustainable Infrastructure;. Washington, DC: World
Bank. © World Bank. https://openknowledge.worldbank.org/handle/10986/31805
License: CC BY 3.0 IGO.
Hanzer, F., Förster, K., Nemec, J. and Strasser, U. (2018): Projected cryospheric and
hydrological impacts of 21st century climate change in the Ötztal Alps.
Hatfield, J. L., Boote, K. J., Kimball, B. A., Ziska, L. H., Izaurralde, R. C., Ort, D., ... &
Wolfe, D. (2011). Climate impacts on agriculture: implications for crop
production. Agronomy journal, 103(2), 351-370.
Hauer, M.E. (2017): Migration induced by sea-level rise could reshape the US
population landscape. Nature Climate Change 7(5), pp 321-325.
https://doi.org/10.1038/nclimate3271
Hauer, M.E., et al. (2019): Sea-level rise and human migration. Nature Reviews Earth &
Environment, pp 1–12. https://doi.org/10.1038/s43017-019-0002-9
Hempel, S., Frieler, K., Warszawski, L., Schewe, J., Piontek, F., 2013. A trendpreserving bias correction &ndash; The ISI-MIP approach. Earth Syst. Dyn.
https://doi.org/10.5194/esd-4-219-2013
HELIX (2015) Deliverable: 10.1 Characterisation of the social impacts and economic
costs of passing tipping points in the climate system in 2C, 4C and 6C scenarios
over different time horizons with different levels of adaptation. Version 1.0. 2015.
Available from https://helixclimate.eu/
HELIX (2016) Deliverable: 10.2 Combination of impacts information with assessment
of likelihood of different climate tipping points to produce first comprehensive risk
assessment of climate tipping points under different scenarios. Version 1.0.
Available from https://helixclimate.eu/
Hezel, P. J., Fichefet, T., and Massonnet, F. (2014): Modeled Arctic sea ice evolution
through 2300 in CMIP5 extended RCPs, The Cryosphere, 8, 1195-1204,
https://doi.org/10.5194/tc-8-1195-2014 (Austria) simulated using a physically
based approach, Hydrol. Earth Syst. Sci., 22, 1593–1614, doi:10.5194/hess-221593-2018.
Hock, R. (2003): Temperature index melt modelling in mountain areas, Journal of
Hydrology, 282, 104-115, doi: 10.1016/S0022-1694(03)00257-9
Hinkel, J., Church, J. A., Gregory, J. M., Lambert, E., Le Cozannet, G., Lowe, J., et al.
(2019). Meeting user needs for sea level rise information: A decision analysis
perspective. Earth's Future, 7, 320– 337. https://doi.org/10.1029/2018EF001071

P

Page 150

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Hinkel, J., Aerts, J. C. J. H., Brown, S., Jiménez, J. A., Lincke, D., Nicholls, R. J.,
Scussolini, P., Sanchez-Arcilla, A., Vafeidis, A., & Addo, K. A. (2018). The ability
of societies to adapt to twenty-first-century sea-level rise. Nature Climate Change,
8(7), 570–578. https://doi.org/10.1038/s41558-018-0176-z
Hinkel, J., Nicholls, R.,J. (2020). Responding to sea level rise. The Bridge 50(1), pp 50–
58. https://www.nae.edu/228938/Responding-to-Sea-Level-Rise
Hino, M., Field, C.B., Mach, K.J. (2017): Managed retreat as a response to natural
hazard
risk. Nature Climate Change 7(5), pp 364-370. https://doi.org/10.1038/nclimate3252.

Horton, B. P., Rahmstorf, S., Engelhart, S. E. and Kemp, A. C. (2014): Expert
assessment of sea-level rise by AD 2100 and AD 2300. Quaternary Science
Reviews 84(15), pp 1-6.
Howard, P.H., Sterner, T. Few and Not So Far Between: A Meta-analysis of Climate
Damage Estimates. Environ Resource Econ 68, 197–225 (2017).
https://doi.org/10.1007/s10640-017-0166-z
Hudson, P., Botzen, W. J. W., Aerts, J. C. J. H. (2019). Flood Insurance Arrangements
in the European Union for Future Flood Risk under Climate and Socioeconomic
Change. Glob. Environ. Chang doi.org/10.1016/j.gloenvcha.2019.101966
Hudson, P., De Ruig, L. T., De Ruiter, M. C., Kuik, O. J., Botzen, W. J. W., Le Den, X.,
Persson, M., Benoist, A., Nielsen, C. N. (2019). An Assessment of Best Practices
of Extreme Weather Insurance and Directions for a More Resilient Society.
Environmental Hazards DOI: 10.1080/17477891.2019.1608148
Huijstee, J. van, Bemmel, B. van, Bouwman, A., Rijn, F. van, 2018. Towards an Urban
Preview: Modelling future urban growth with 2UP. PBL Netherlands
Environmental Assessment Agency, The Hague. Retrieved from:
https://www.pbl.nl/en
Huizinga, J., Moel, H. de, Szewczyk, W., 2017. Global flood depth-damage functions.
Methodology and the database with guidelines. EUR 28552 EN. doi:
10.2760/16510
Huss, M. and Hock, R. 2018: Global-scale hydrological response to future glacier mass
loss, Nat. Clim. Chang., 8, 135–140, doi:10.1038/s41558-017-0049-x.
ICBS and SOAS (2018). Climate Change and the Cost of Capital in Developing
Countries. Available at http://unepinquiry.org/publication/climate-change-and-thecost-of-capital-in-developing-countries/
IPCC, 2019: Summary for Policymakers. In: IPCC Special Report on the Ocean and
Cryosphere in a Changing Climate [H.- O. Pörtner, D.C. Roberts, V. Masson-

P

Page 151

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, M. Nicolai, A.
Okem, J. Petzold, B. Rama, N. Weyer (eds.)]. In press.
Izaurralde, R. C.; Williams, J. R.; McGill, W. B.; Rosenberg, N. J. & Jakas, M. C.
(2006), 'Simulating soil C dynamics with EPIC: Model description and testing
against long-term data', Ecological Modelling 192(3-4), 362-384.
Jacob, D. et al (2014): EURO-CORDEX: new high-resolution climate change
projections for European impact research Reg. Environ. Change 14 563
Jackson L.P. and Jevrejevaa, S. (2016): A probabilistic approach to 21st century
regional sea-level projections using RCP and High-end scenarios. Global and
Planetary Change 146, pp 179-189.
JRC (2014). Climate Impacts in Europe The JRC PESETA II Project. Science and
Policy Report by the Joint Research Centre of the European Commission. EUR
26586 EN. ISBN 978-92-79-36833-2 (PDF)
Klein, R. J. T., Midgley, G. F., Preston, B. L., Alam, M., Berkhout, F. G. H., Dow,
K., … Thomas, A. (2015). Adaptation opportunities, constraints, and limits. In
Climate Change 2014 Impacts, Adaptation and Vulnerability: Part A: Global and
Sectoral Aspects.
Klein Goldewijk, K., Beusen, A., Van Drecht, G., De Vos, M., 2011. The HYDE 3.1
spatially explicit database of human-induced global land-use change over the past
12,000
years.
Glob.
Ecol.
Biogeogr.
https://doi.org/10.1111/j.14668238.2010.00587.x
Kopp, R. E., Horton, R. M., Little, C. M. Mitrovica, J. X., Oppenheimer, M.
Rasmussen, D. J., Strauss, B. H. and Tebaldi, C. (2014): Probabilistic 21st and
22nd century sea‐level projections at a global network of tide‐gauge sites. Earths
Future, 2(8), pp 383-406.
Kopp R. E., DeConto, R. M., Bader, D. A., Hay, C. C., Horton, R. M., Kulp, S.,
Oppenheimer, M., Pollard, D. and Strauss, B. H. (2017): Evolving Understanding
of Antarctic Ice‐Sheet Physics and Ambiguity in Probabilistic Sea‐Level
Projections. Earths Future, 5(12), pp 1217-1233.
Kotlarski, S., Jacob, D., Podzun, R. et al. Clim Dyn (2010): Representing glaciers in a
regional climate model, doi: https://doi.org/10.1007/s00382-009-0685-6
Kunreuther, H., Pauly, M., 2004. Neglecting disaster: Why don’t people insure against
large
losses?
J.
Risk
Uncertain.
https://doi.org/10.1023/B:RISK.0000009433.25126.87
Kunreuther, H., & Pauly, M. (2004). Neglecting disaster: Why don’t people insure
against large losses? Journal of Risk and Uncertainty, 28(1), pp. 5-21

P

Page 152

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Kug, Jong-Seong. et al. (2015) Two distinct influences of Arctic warming on cold
winters over North America and East Asia, Nature Geoscience,
doi:10.1038/ngeo2517.
Kwadijk, J. C. J., Haasnoot, M., Mulder, J. P. M., Hoogvliet, M. M. C., Jeuken, A. B.
M., van der Krogt, R. A. A., van Oostrom, N. G. C., Schelfhout, H. A., van Velzen,
E. H., van Waveren, H., & de Wit, M. J. M. (2010). Using adaptation tipping
points to prepare for climate change and sea level rise: a case study in the
Netherlands. Wiley Interdisciplinary Reviews: Climate Change, 1(5), 729–740.
https://doi.org/10.1002/wcc.64
Lempert, R. J., Popper, S. W., & Bankes, S. C. (2005). Shaping the Next One Hundred
Years: New Methods for Quantitative, Long-Term Policy Analysis
Lenderink G., Haarsma R.J. (1996): Modeling convective transitions in the presence of
sea ice. J Phys Oceanogr 26(8):1448–1467
Lenton, T.M., Held, H. Kriegler, E.. Hall, J.W., Lucht, W., Rahmstorf S. and
Schellnhuber H.J. (2008). Tipping elements in the Earth’s climate system,
Proceedings of the National Academy of Sciences USA 105(6), 1786–1793.
Le Bars D., Drijfhout, S. and de Vries, H. (2017): A high-end sea level rise probabilistic
projection including rapid Antarctic ice sheet mass loss. Environmental Research
Letters 12 (4). https://doi.org/10.1088/1748-9326/aa6512
Levermann, A., Peter U. Clark, P. U., Marzeion, B., Milne, G. A., Pollard, D., Radic, V.
and Robinson, A. (2013): The multimillennial sea-level commitment of global
warming. Proceedings of the National Academy of Sciences 110 (34), pp 1374513750. https://doi.org/10.1073/pnas.1219414110
Levermann, A., Peter U. Clark, P. U., Marzeion, B., Milne, G. A., Pollard, D., Radic, V.
and Robinson, A. (2013): The multimillennial sea-level commitment of global
warming. Proceedings of the National Academy of Sciences 110 (34), pp 1374513750.
Levermann, A., Bamber, J. L., Drijfhout, S., Ganopolski, A., Haeberli, W., Harris, N. R.
P., … Weber, S. (2012). Potential climatic transitions with profound impact on
Europe. Climatic Change, 110(3–4), 845–878. https://doi.org/10.1007/s10584-0110126-5
Lincke, D., Hinkel, H., van Ginkel, K., Jeuken, A., Botzen, W., Tesselaar,
M.,Scoccimarro, E., Ignjacevic, P. (2018). D2.3 Impacts on infrastructure, built
environment, and transport Deliverable of the H2020 COACCH project
Lincke, D., Hinkel J. (2018): Economically robust protection against 21st century sealevel
rise.
Global
Environmental
Change
51,
pp
67-73.
https://doi.org/10.1016/j.gloenvcha.2018.05.003.

P

Page 153

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Lincke, D., Hinkel J. (forthcomming): Coastal migration due to 21 st century sea-level
rise.
Link, P Michael and Tol, Richard S J (2011) Estimation of the economic impact of
temperature changes induced by a shutdown of the thermohaline circulation: An
application of FUND. Climatic Change, 104 (2). pp. 287-304.
Lontzek, T., Cai, Y., Judd, K. et al. Stochastic integrated assessment of climate tipping
points indicates the need for strict climate policy. Nature Clim Change 5, 441–444
(2015). https://doi.org/10.1038/nclimate2570
Massonnet, F., Fichefet, T., Goosse, H., Bitz, C. M., Philippon-Berthier, G., Holland,
M. M., and Barriat, P.-Y. (2012): Constraining projections of summer Arctic sea
ice, The Cryosphere, 6, 1383-1394, https://doi.org/10.5194/tc-6-1383-2012.
Mastrandrea, M.D., and Schneider, S.H. (2005). Probabilistic assessment of
“dangerous” climate change. Science 23 Apr 2004: Vol. 304, Issue 5670, pp. 571575 DOI: 10.1126/science.1094147
McSweeney, C. F., and Jones, R. G.: How representative is the spread of climate
projections from the 5 CMIP5 GCMs used in ISI-MIP? (2016), Climate
Services, 1, 24-29, https://doi.org/10.1016/j.cliser.2016.02.001.
Meinshausen, M., Smith, S. J., Calvin, K., Daniel, J. S., Kainuma, M. L. T., Lamarque,
J., … van Vuuren, D. P. P. (2011). The RCP greenhouse gas concentrations and
their extensions from 1765 to 2300. Climatic Change, 109(1), 213–241.
https://doi.org/10.1007/s10584-011-0156-z
Mengel, M., Levermann, A., Frieler, K., Robinson, A., Marzeion, B., and Winkelmann,
R. (2016): Future sea level from observations and commitment. Proceedings of the
National Academy of Sciences Mar 2016, 113(10), pp 2597-2602.
https://doi.org/10.1073/pnas.1500515113
Mengel, M., Nauels, A., Rofelj, J., Schleussner, C.-F. (2018): Committed sea-level rise
under the Paris Agreement and the legacy of delayed mitigation action. Nature
Communicationsvolume 9, Article number: 601.
Mercer (2015). Investing in a Time of Climate Change. www.mercer.com/ri/climatechange-study
Milkoreit, M., Hodbod, J., Baggio, J., Benessaiah, K., Calderón-Contreras, R., Donges,
J.F., Mathias, J.-D., Rocha, J.C., Schoon, M., Werners, S.E., 2018. Defining
tipping points for social-ecological systems scholarship—an interdisciplinary
literature review. Environ. Res. Lett. 13, 033005. https://doi.org/10.1088/17489326/aaaa75

P

Page 154

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Milner, A. M., Khamis, K., Battin, T. J., Brittain, J. E., Barrand, N. E. and Olafsson, S.
(2017): Glacier shrinkage driving global changes in downstream systems, Proc.
Natl. Acad. Sci. U. S. A., 114(37), 9770–9778, doi:10.1073/pnas.1619807114.
Moody’s Investors Service (2016). Understanding the Impact of Natural Disasters:
Exposure to Direct Damages Across Countries, 28 November 2016.
https://www.eenews.net/assets/2016/11/30/document_cw_01.pdf
Mora, C., Frazier, A. G., Longman, R. J., Dacks, R. S., Walton, M. M., Tong, E. J., …
Giambelluca, T. W. (2013). The projected timing of climate departure from recent
variability. Nature, 502(7470), 183–187. https://doi.org/10.1038/nature12540
Müller, C., Elliott, J., Chryssanthacopoulos, J., Deryng, D., Folberth, C., Pugh, T. A.
M., and Schmid, E.: Implications of climate mitigation for future agricultural
production, Environmental Research Letters, 10, 125004, 10.1088/17489326/10/12/125004, 2015.
Nauels, A., Rogelj, J., Schleussner, C.F., Meinshausen, M. and Mengel, M. (2017):
Linking sea level rise and socioeconomic indicators under the Shared
Socioeconomic Pathways.
Environmental Research Letters 12(11).
https://doi.org/10.1088/1748-9326/aa92b6
Nerem, R. S., Beckley, B. D., Fasullo, J. T., Hamlington, B. D., Masters, D. and
Mitchum, G. T. (2018): Climate-change–driven accelerated sea-level rise detected
in the altimeter era. Proceedings of the National Academy of Sciences 115 (9), pp
2022-2025. https://doi.org/10.1073/pnas.1717312115
Nordhaus, W.D., Boyer, J., 2000. Warming the World. Models of Global Warming.
MIT Press, Cambridge, Massachusetts, USA.
Nordhaus, W. D. (2014). A question of balance: Weighing the options on global
warming policies. Yale University Press.
Nordhaus, W. D. (2017). Revisiting the social cost of carbon. Proceedings of the
National Academy of Sciences, 114(7), 1518–1523.
https://doi.org/10.1073/pnas.1609244114
O'Neill, B. C., Tebaldi, C., van Vuuren, D. P., Eyring, V., Friedlingstein, P., Hurtt, G.,
Knutti, R., Kriegler, E., Lamarque, J.-F., Lowe, J., Meehl, G. A., Moss, R., Riahi,
K., and Sanderson, B. M.: The Scenario Model Intercomparison Project
(ScenarioMIP) for CMIP6, Geosci. Model Dev., 9, 3461-3482, doi:10.5194/gmd9-3461-2016, 2016.
Oppenheimer, M., Glavovic, B., Hinkel, J., Wal, R. van de, Magnan, A.K., AbdElgawad, A., Cai, R., Cifuentes-Jara, M., Deconto, R.M., Ghosh, T., Hay, J., Isla,
F., Marzeion, B., Meyssignac, B., Sebesvari, Z., 2019. Sea Level Rise and
Implications for Low Lying Islands, Coasts and Communities, in: Special Report
on the Ocean and Cryosphere in a Changing Climate.

P

Page 155

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Oerlemans, J. (2011): Minimal Glacier Models. Igitur, 2nd print edition, Utrecht
Publishing & Archiving Services, Universiteitsbibliotheek Utrecht, the
Netherlands.
Øyvind S. et al.. 2020: The Norwegian Earth System Model, NorESM2 - Evaluation of
the CMIP6 DECK and historical simulations. Geoph. Model Dev.
https://doi.org/10.5194/gmd-2019-378
Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R.,others.
(2014). Climate change 2014: synthesis report. Contribution of Working Groups I,
II and III to the fifth assessment report of the Intergovernmental Panel on Climate
Change. Ipcc.
Pathak, H., & Wassmann, R. (2009). Quantitative evaluation of climatic variability and
risks for wheat yield in India. Climatic change, 93(1-2), 157.
Patro, E. R., De Michele, C. and Avanzi, F. (2018): Future perspectives of run-of-theriver hydropower and the impact of glaciers’ shrinkage: The case of ItalianAlps,
Appl. Energy, 231, 699–713, doi:10.1016/J.APENERGY.2018.09.063.
Paudel, Y., Botzen, W. J. W., A.J.C.J.H., 2012. A Comparative study of public-private
catastrophe insurance systems: Lessons from current practices. Geneva Pap. Risk
Insur. Issues Pract. 37, 257–285. https://doi.org/10.1057/gpp.2012.16
Paudel, Y., Botzen, W.J.W., Aerts, J.C.J.H., Dijkstra, T.K., 2015. Risk allocation in a
public-private catastrophe insurance system: An actuarial analysis of deductibles,
stop-loss, and premiums. J. Flood Risk Manag. 8, 116–134.
https://doi.org/10.1111/jfr3.12082
Paul, F., Frey, H., Le Bris, R. (2011): A new glacier inventory for the European Alps
from Landsat TM scenes of 2003: challenges and results, Annals of Glaciology, 52
(59), 144-152.
Peano, D., Chiarle, M. and Von Hardenberg, J. (2016): A minimal model approach for
glacier length modeling in the western Italian Alps, Geogr. Fis. Dinam. Quat., 39
(1), 69-82, doi: 10.4461/GFDQ.2016.39.7
Perrette, M., Landerer, F., Riva, P., Frieler, K. and Meinshausen, M. (2013): A scaling
approach to project regional sea level rise andits uncertainties. Earth System
Dynamics, 4(1), pp 11-29. https://doi.org/10.5194/esd-4-11-2013
Rahman, U. (2010): The Rohingya Refugee: A Security Dilemma for Bangladesh.
Journal of Immigrant & Refugee Studies. 8(2), pp 233-239.
https://doi.org/10.1080/15562941003792135.
Rahmstorf S. (2002) Ocean circulation and climate during the past 120,000 years.
Nature 419(6903):207–214. doi:10.1038/nature01090.

P

Page 156

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Rahmstorf, S., Box, J., Feulner, G., Mann, M., Robinson, A., Rutherford, S.,
Schaffernicht, E. (2015): Exceptional twentieth-century slowdown in Atlantic
Ocean
overturning
circulation.
Nature
Climate
Change
(online)
[DOI:10.1038/nclimate2554]
Reeh, N. (1991): Parameterization of melt rate and surface temperature on the
Greenland Ice Sheet. Polarforschung, 5913, 113-128.
Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill, B. C., Fujimori, S., …
Tavoni, M. (2017). The Shared Socioeconomic Pathways and their energy, land
use, and greenhouse gas emissions implications: An overview. Global
Environmental Change, 42, pp. 153-168.
Rigaud, K.K., et al. (2018): Groundswell: preparing for internal climate migration,
World Bank, Washington, DC, USA, Technical report
Rignot, E., Mouginot, J., Morlighem, M., Seroussi, H. and Scheuchl, B. (2014):
Widespread, rapid grounding line retreat of Pine Island, Thwaites, Smith, and
Kohler glaciers, West Antarctica, from 1992 to 2011. Geophysical Research Letters
41, pp 3502-3509. https://doi.org/10.1002/2014GL060140
Rojas, R., Feyen, L., Bianchi, A., & Dosio, A. (2012). Assessment of future flood
hazard in Europe using a large ensemble of bias-corrected regional climate
simulations. Journal of Geophysical Research Atmospheres, 11, D17109.
Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A. C., Müller, C., Arneth, A., Boote, K.
J., Folberth, C., Glotter, M., Khabarov, N., Neumann, K., Piontek, F., Pugh, T. A.
M., Schmid, E., Stehfest, E., Yang, H. & Jones, J. W. (2014), 'Assessing
agricultural risks of climate change in the 21st century in a global gridded crop
model intercomparison', Proceedings of the National Academy of Sciences 111(9),
3268-3273.
Schaeffer, M., Hare, W., Rahmstorf, S. and Vermeer, M. (2012): Long-term sea-level
rise implied by 1.5 °C and 2 °C warming levels. Nature Clim Change 2, pp 867–
870. https://doi.org/10.1038/nclimate1584
Scherrer, S.C., Croci‐Maspoli, M., Schwierz, C. and Appenzeller, C. (2006), Two‐
dimensional indices of atmospheric blocking and their statistical relationship with
winter climate patterns in the Euro‐Atlantic region. Int. J. Climatol., 26: 233-249.
doi:10.1002/joc.1250
Scussolini, P., Aerts, J. C. J. H., Jongman, B., Bouwer, L. M., Winsemius, H. C., De
Moel, H., & Ward, P. J. (2016). FLOPROS: an evolving global database of flood
protection standards. Natural Hazards and Earth System Sciences, 16, pp. 10491061.

P

Page 157

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Selby, J., Dahi, O. B., Fröhlich, C., Hulme, M. (2017): Climate change and the Syrian
civil
war
revisited.
Political
Geography,
61,
pp
232-244.
https://doi.org/10.1016/j.polgeo.2017.05.007.
Sgubin G. , Didier Swingedouw, Sybren Drijfhout, Yannick Mary, Amine Bennabi.
(2017) Abrupt cooling over the North Atlantic in modern climate models. Nature
Communications, 2017; 8 DOI: 10.1038/ncomms14375.
Slangen, A.B.A., Carson, M., Katsman, C.A., van de Wal, R.S.W., Köhl, A.,
Vermeersen, L.L.A. and Stammer, D. (2014): Projecting twenty-first century
regional sea-level changes. Climatic Change 124, pp 317–332.
https://doi.org/10.1007/s10584-014-1080-9
Smith L.C. and S. R. Stephenson, 2013: New Trans-Arctic shipping routes navigable by
midcentury PNAS https://doi.org/10.1073/pnas.1214212110
South Pole Group (2016). Final report Potential Impact of Climate Change on Financial
Market Stability Zurich, 21 Oktober 2016. South Pole Group. Report to the
German
Federal
Ministry
of
Financehttps://yoursri.com/medianew/download/20161021-bmf-final-english.pdf
Stewart, E. J., Wilson, J., Espiner, S., Purdie, H., Lemieux, C. and Dawson, J. (2016):
Implications of climate change for glacier tourism, Tour. Geogr., 18(4), 377–398,
doi:10.1080/14616688.2016.1198416.
Stocker, T.F., et al. (2013): Technical Summary. In: Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin,
G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and
P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA.
Stroeve et al. 2012: Trends in Arctic sea ice extent from CMIP5, CMIP3 and
observations.
Geophysical
Research
Letters
39(16):16502-.
DOI:
10.1029/2012GL052676.
Taylor K. E., Stouffer R. J. and Meehl G. A. (2012): An overview of CMIP5 and the
experiment design Bull. Am. Meteor. Soc. 93 485–98.
van der Knijff, J. M., Younis, J., & de Roo, A. P. J. (2010). LISFLOOD: A GIS-based
distributed model for river basin scale water balance and flood simulation.
International Journal of Geographical Information Science, 24(2), pp. 189-212.
Tesselaar, M., Botzen, W. J. W., Aerts, J. C. J. H. (2020). Impacts of Climate Change
and Remote Natural Catastrophes on EU Flood Insurance Markets: An Analysis of
Soft and Hard Reinsurance Markets for Flood Coverage. Atmosphere, 11, 146;
doi:10.3390/atmos11020146

P

Page 158

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
Van Ginkel, K, Jeuken, A., Haasnoot M., Botzen, W., Tesselaar, M., Hunt, A., Watkiss,
P., Cimato, F., Steininger, K., Bachner, G., Troeltzsch, J., Lincke, D., Hinkel, J.,
Boere, E., Sainz de Murieta, E., Scoccimarro, E., Bosello, F. (2018). D3.1
Operationalizing socio-economic and climate tipping points. Deliverable of the
H2020 COACCH project.
van Ginkel, K. C. H., Botzen, W. J. W., Haasnoot, M., Bachner, G., Steininger, K. W.,
Hinkel, J., Watkiss, P., Boere, E., Jeuken, A., de Murieta, E. S., & Bosello, F.
(2020). Climate change induced socio-economic tipping points: review and
stakeholder consultation for policy relevant research. Environmental Research
Letters, 15(2), 023001. https://doi.org/10.1088/1748-9326/ab6395

van Vuuren, D.P., Lucas, P.L., Hilderink, H., 2007. Downscaling drivers of global
environmental change: Enabling use of global SRES scenarios at the national and
grid levels. Glob. Environ. Chang. https://doi.org/10.1016/j.gloenvcha.2006.04.004
Volodin, Evgeny; Mortikov, Evgeny; Gritsun, Andrey; Lykossov, Vasily; Galin, Vener;
Diansky, Nikolay; Gusev, Anatoly; Kostrykin, Sergey; Iakovlev, Nikolay;
Shestakova, Anna; Emelina, Svetlana (2019). INM INM-CM4-8 model output
prepared for CMIP6 ScenarioMIP. Version YYYYMMDD[1].Earth System Grid
Federation. https://doi.org/10.22033/ESGF/CMIP6.12321
Ward, P. J., Jongman, B., Aerts, J. C. J. H., Bates, P. D., Botzen, W. J. W., DIaz Loaiza,
A., … Winsemius, H. C. (2017). A global framework for future costs and benefits
of river-flood protection in urban areas. Nature Climate Change, 7, pp. 642-646.
Wakker, P. P. (2008). Explaining the Characteristics of a Power (CRRA) Utility Family.
Health Econ. 17, 1329-1344. DOI: 10.1002/hec.1331
Wallace, J. M., Held, I. M., Thompson, D. W. J., Trenberth, K. E. & Walsh, J. E. (2014)
Global warming and winter weather. Science 343, 729–730.
Weedon, G.P., Gomes, S., Viterbo, P., Shuttleworth, W.J., Blyth, E., Österle, H., Adam,
J.C., Bellouin, N., Boucher, O., Best, M., 2011. Creation of the WATCH Forcing
Data and Its Use to Assess Global and Regional Reference Crop Evaporation over
Land
during
the
Twentieth
Century.
J.
Hydrometeorol.
https://doi.org/10.1175/2011jhm1369.1
Welling, J. T., Arnason, Y. and Olafsdottir, R., 2015: Glacier tourism: a scoping review,
Tour. Geogr., 17(5), 635–661.
Williams, J. R. (1995). The EPIC Model. Computer Models of Watershed Hydrology.
V. P. Singh, Water Resources Publications, Highlands Ranch, Colorado: 909-1000.
Winsemius, H.C., Aerts, J.C.J.H., Van Beek, L.P.H., Bierkens, M.F.P., Bouwman, A.,
Jongman, B., Kwadijk, J.C.J., Ligtvoet, W., Lucas, P.L., Van Vuuren, D.P., Ward,

P

Page 159

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space
P.J., 2016. Global drivers of future river flood risk. Nat. Clim. Chang.
https://doi.org/10.1038/nclimate2893
Winsemius, H. C., Van Beek, L. P. H., Jongman, B., Ward, P. J., & Bouwman, A.
(2013). A framework for global river flood risk assessments. Hydrology and Earth
System Sciences, 17, pp. 1871-1892
WGMS (1998): Fluctuations of Glaciers 1990-1995 (Vol. VII). Haeberli, W. , Hoelzle,
M., Suter, S. and Frauenfelder, R. (eds.), IAHS (ICSI) / UNEP / UNESCO, World
Glacier Monitoring Service, Zurich, Switzerland: 296 pp.
WGMS (2005): Fluctuations of Glaciers 1995-2000 (Vol. VIII). Haeberli, W., Zemp,
M., Frauenfelder, R., Hoelzle, M. and Kääb, A. (eds.), IUGG (CCS) / UNEP /
UNESCO, World Glacier Monitoring Service, Zurich, Switzerland: 288 pp.
WGMS (2008): Fluctuations of Glaciers 2000-2005 (Vol. IX). Haeberli, W., Zemp, M.,
Kääb, A., Paul, F. and Hoelzle, M. (eds.), ICSU (FAGS) / IUGG (IACS) / UNEP /
UNESCO / WMO, World Glacier Monitoring Service, Zurich, Switzerland: 266
pp.
Wong, T.E., Bakker, A.M.R. and Keller, K. (2017): Impacts of Antarctic fast dynamics
on sea-level projections and coastal flood defense. Climatic Change 144, pp 347364. https://doi.org/10.1007/s10584-017-2039-4
Woollings T. et al., 2018: Blocking and its Response to Climate ChangeCurrent Climate
Change Reports, doi: 10.1007/s40641-018-0108-z.
Yukimoto, Seiji; Koshiro, Tsuyoshi; Kawai, Hideaki; Oshima, Naga; Yoshida, Kohei;
Urakawa, Shogo; Tsujino, Hiroyuki; Deushi, Makoto; Tanaka, Taichu; Hosaka,
Masahiro; Yoshimura, Hiromasa; Shindo, Eiki; Mizuta, Ryo; Ishii, Masayoshi;
Obata, Atsushi; Adachi, Yukimasa, 2019: MRI MRI-ESM2.0 model output
prepared for CMIP6 CMIP. Version YYYYMMDD[1].Earth System Grid
Federation. https://doi.org/10.22033/ESGF/CMIP6.621
Zhang, Z., Huisingh, D., & Song, M. (2019). Exploitation of Trans-Arctic Maritime
Transportation.
Journal
of
Cleaner
Production,
212.
https://doi.org/10.1016/j.jclepro.2018.12.070
Zekollari H., Huss M.,3, Farinotti D., (2018): Modelling the future evolution of glaciers
in the European Alps under the EURO-CORDEX RCM ensemble. The Cryosphere
Discuss., https://doi.org/10.5194/tc-2018-267

P

Page 160

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

D3.2 Tipping point likelihood in the SSP/RCP space

P

Page 161

Version 2.1

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.

