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1. Introduction
This report describes the outcomes of Task 4.4, in which HELIX impact models are used to explore a range of
adaptations options with respect to fluvial flooding, agriculture, biodiversity and water resources using the same
high-resolution climate projections as in Deliverable 4.5. In addition, additional projections of impacts on water
resources (excluding adaptation) from the WaterWorld model are also included.
1.1 High resolution climate scenarios utilised
Table 1.1 indicates the scenarios used, following the nomenclature of D4.5, with a reminder of the timescales upon
which they reach the different specific warming levels (SWLs) used in this project. The longer the timescale for
obtaining a particular SWL, the greater the amount of time available to adapt. The description of the climate model
inputs remains as in D4.5. Only ClimaCrop and MaxENT explored the implications of SWL 6.0.
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Table 1.1 Hi-resolution climate simulations explored in each chapter of this report. The table also indicates the
time of reaching specific warming levels of 1.5, 2, 4 and 6°C in each bias corrected forcing from the hi-resolution
climate simulations, driven by different sets of CMIP5 sea surface temperatures. Columns 3 to 7 list the section
numbers of this report and the corresponding impacts model name (see Table 1.2).
Hi-Res. Climate
Model

Driving SSTs

EC-EARTH R1
EC-EARTH R2
EC-EARTH R3
EC-EARTH R4
EC-EARTH R5
EC-EARTH R6
EC-EARTH R7
HadGEM-R1
HadGEM-R3
HADGEM-R2
HADGEM-R6
HADGEM-R8

IPSL-CM5A-LR
GFDL-ESM2M
HadGEM2-ES
EC-EARTH
GISS-E2-H
IPSL-CM5A-LR
HadCM3LC
IPSL-CM5A-LR
HadGEM2-ES
GFDL-ESM2M
IPSL-CM5A-MR
MIROC-ESMCHEM
ACCESS1-0

HADGEM-R9

4
LISFLOOD

5
ClimaCrop

6
MaxENT

7
JULES

8
Waterworld

SWL
1.5

SWL
2.0

SWL
4.0

SWL
6.0

X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X

X

X
X

X
X

X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X

2025
2038
2021
2028
2031
2024
2026
2024
2019
2036
2023
2020

2036
2054
2035
2043
2047
2038
2040
2035
2033
2051
2036
2032

2074
n/a
2075
2090
n/a
2072
2088
2071
2071
n/a
2069
2068

2110
n/a
2112
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

X

X

2026

2040

2081

n/a

2. Methodology
2.1 List of impacts models and their ability to simulate adaptation
Table 1.2 HELIX impacts models and their ability and approach to simulating different types of adaptation, as
applied in this deliverable.
Sector

Model Name and
citation

Impact metrics
reported in this
deliverable

Which adaptation
methods can be
simulated for this
deliverable?

Fluvial flooding

LISFLOOD
(Alfieri et al.
2017)
ClimaCrop (based
on Schlenker &
Lobell, 2010)
MaxENT (Warren
et al. 2013)
JULES (Best et al.
2011)
WATERWORLD
(Mulligan, 2013)

Socioeconomic
impacts of
flooding
Crop Yields

Flood protections
and vulnerability
reduction
Irrigation,
moving crops to
new locations
Natural processes
of dispersal
Change in
vulnerability
None

Agriculture

Biodiversity
Hydrology
Hydrology

Species richness
Water use and
demand
Water balance,
runoff

Treatment of
socioeconomic
development
pathway in this
deliverable
The current
population is
assumed constant
N/A

N/A
SSP2, SSP3 and
SSP5 used
N/A

Table 1.1 also indicates which of these models were applied to which of the high resolution simulations.
2.2 Treatment of adaptation
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Table 2.2 indicates that models in the project approach adaptation in a variety of contrasting ways. They also have
very different ways of considering the effect of development pathways and socioeconomic change upon impacts.
This diversity of approaches provides robustness if common messages are obtained from results, but also means that
a harmonised approach to development pathways and adaptation was not feasible. In this report, impacts are
projected with and without various adaptation measures, in order to indicate the extent to which impacts may be
reduced by adaptation at each SWL. The mean and range of metrics is taken across the climate scenarios explored
for each SWL and used for comparative purposes across the sectors.

3. Fluvial flooding
Quantifying the benefits of adaptation measures is crucial for planning nation-wide coordinated actions for flood risk
reduction in view of future socio-economic dynamics and the potential intensification of the hydrological cycle and of
its extremes (Alfieri et al., 2015b). Current and past research has described extensively the damage reduction
potential of a wide range of adaptation options (ABI, 2003; Arnbjerg-Nielsen and Fleischer, 2009; Kreibich et al.,
2011; Woodward et al., 2011). However, only few studies have quantified the benefits of adaptation strategies
through simulation approaches, especially in view of future climate change. Among these, Poussin et al. (2012) used
a modelling framework to investigate the benefits of spatial zoning, wet and dry flood-proofing on the future flood
risk in the Meuse River. At European level, Rojas et al. (2013) and Jongman et al. (2014) used an ensemble of regional
climate projections to assess the sensitivity of increased flood protection standards and of risk transfer financing on
riverine flood risk throughout the XXI century. In the following, we describe a modeling framework to assess the
impact of river flooding at global scale, which can simulate the effect of implementing adaptation measures for flood
risk reduction, in the form of a reduction of the vulnerability components. In particular, the effect of rising current
protection levels by 20% is compared to private initiatives to reduce the vulnerability such as flood-proofing.
3.1

Data

We used a set of seven climate projections with high concentration scenario (i.e., RCP 8.5) produced with ECEARTH3-HR v3.1 (Alfieri et al., 2017; Hazeleger et al., 2012) by the Swedish Meteorological and Hydrological Institute
(SMHI). Projections are obtained by forcing EC-EARTH3-HR with Sea Surface Temperature (SST) and sea-ice
concentration from independent driving GCMs produced within the Coupled Model Intercomparison Project Phase 5
(CMIP5) listed in Table 1.1. The benefits of downscaling the original models output with EC-EARTH3-HR are to
increase and level out the spatial resolution, from their original grids – different for each forcing model – to 0.35°,
leading to an improved characterization of extreme events and comparable statistics among different models.
Other global datasets on flood hazard, exposure and vulnerability used in this study are briefly described in the
following, while more details are given in the Deliverable D4.4 and in Alfieri et al. (2017). To define inundation depth
and extent for simulated river flood events we make use of the global flood hazard maps developed by Dottori et al.
(2016) for six return periods between 10 and 500 years under present climate conditions. Maps were produced at 30
arc-second resolution (~ 1 km at the equator) with a two-dimensional hydrodynamic model designed to ensure an
accurate representation of flow processes in the river network and in the flood plains.
Population data was taken from the Global Human Settlement Layer (GHSL) Global Population Grids (Freire et al.,
2015; Pesaresi et al., 2013). It includes estimates for the year 2015 and it was derived by upscaling the original
product at 250 m resolution, to 30 arc second resolution.
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Further datasets used in the risk assessment include the FLOPROS (Scussolini et al., 2016) global database of FLOod
PROtection Standards; land use from the GlobCover 2009 (Bontemps et al., 2011); and damage functions by Huizinga
and de Moel (2016). The latter define the relation between inundation depth and the corresponding direct economic
damage per unit surface. Damage functions are defined per sector, including residential, commercial, industrial,
infrastructures and agriculture. Country-specific functions per sector have been derived by multiplying the maximum
unit damage per country by linear step-functions defined at continent level (see Huizinga and De Moel, 2016).
3.2

Methods

We modified the flood risk assessment framework developed by Alfieri et al. (2017) to include the benefits of
adaptation measures from a numerical perspective. It should be noted that population is held constant at 2015
levels. Adaptation measures include two options to reduce the vulnerability to flooding with two options. One is a
public investment to rise flood protection levels along the river network, while the second is a private initiative to
reduce the damage of flooding on properties through measures such as flood-proofing. In this work, we compare
those two options and the benefits of adaptation following a 20% variation in each considered indicator of
vulnerability. The two options are described in the following.
1.2.1

Increase of flood protection levels

It aims at reducing the vulnerability of people and assets to extreme streamflow conditions. It requires limited space
as it normally consists of elevating the river banks, through permanent or temporary barriers, to increase the
maximum streamflow that the watercourse can fully contain and convey downstream without causing damage. This
keeps the flood storage to minimum levels hence the magnitude of the flood peak can remain unchanged for long
river reaches. As a consequence, its implementation (and maintenance) need be homogeneous within each river
basin as local weaknesses would represent preferential triggering points for flooding. In the numerical framework,
we modeled this adaptation measure by increasing the return period of existing flood protections by 20%.
3.2.2

Reduction of vulnerability

It includes all adaptation options which can be modelled through a progressive reduction of the vulnerability,
including the implementation of early warning systems, dry and wet flood proofing, and floating buildings, among
others (see Kreibich et al., 2015; Pappenberger et al., 2015; Strangfeld and Stopp, 2014). In the impact model, the
adaptive measure is implemented through a multiplicative factor of 1-20%=0.8 applied to the damage curves and to
the population density layer. One should note that this measure does not reduce the frequency of flooding events
but rather the consequences of the flooding, hence the reduction in population affected is to be seen as a reduction
of the degree of disruption to the population and their activities.
3.3

Results

Flood impact is quantified in this work through economic damage and population affected. Results are aggregated
over 30-year windows centered on the years of exceeding the three Specific Warming Levels of 1.5, 2, and 4 °C, as
shown in Table 1.1. The private adaptation option through reduction of vulnerability has a linear response on the
consequent flood risk reduction, as the frequency of floods is not changed by such measure. Hence a 20% reduction
in vulnerability generates a 20% risk reduction in all cases. Differently, by rising flood protections the frequency of
floods is usually reduced, in that all floods with return period smaller than the enhanced protections will produce no
damage after adaptation, while larger floods will cause the same impacts as in the no adaptation case. The percountry reduction in flood risk following a 20% rise in flood protections is shown in Figure 3.1. The reduction
compares impact data in case of adaptation with the case of no adaptation for each SWL. Variables most influencing
the risk reduction are the current protection levels, and the statistical distribution of future hydrological extremes at
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SWLs. Average risk reduction is similar for the three SWLs and ranges mostly below 20%. In some cases the simulated
risk reduction reaches 30-40%, particularly in European countries and in few other cases.

Figure 3.1: Average reduction in expected damage (left) and population affected (right) per country at SWLs,
following an increase by 20% of the return period of flood protections.
Figure 3.2 shows the projected changes between flood impacts at SWLs (ensemble averages) and the impacts
simulated for the baseline period (1976-2005). One can see that the assumed increase in flood protection standards
is outweighed by the increase in flood risk, leading in most cases to an overall increase in flood risk. Results suggest
that other adaptation options need to be devised and put into action to retain impact values within current levels or
below. Only in Africa, Oceania and few more countries in America and Eastern Europe, projected changes in flood
risk are mostly offset by the assumed adaptation options, though in some of those cases (in Africa and Eastern
Europe) this is due to a projected decrease in flood risk due to the climatic forcing.
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Figure 3.2: Average change in expected damage (left) and population affected (right) per country at SWLs as
compared to the baseline window 1976-2005, following an increase by 20% of the return period of flood
protections.

As found by Alfieri et al. (2016), projected changes in flood risk following enhancements in the flood protection levels
are heavily affected by the uncertainty in the climate projections. This is confirmed by Figure 3.3 showing the
Coefficient of Variation of the change in flood risk after adaptation, estimated from the ensemble of 7 models.
Uncertainty in impact estimates is large in most world countries, with lower values especially in South America and
Asia. The standard deviation of the ensemble spread is often 5 times larger than the average change or larger. This
suggests that the projected reduction in flood risk shown in Figure 1 can vary considerably within the same RCP,
depending on the specific climatic forcing. On the other hand, decreasing the vulnerability reduces the impact of all
floods without changing their frequency of occurrence, hence the uncertainty in the projected flood risk reduction is
null.
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Figure 3.3: Coefficient of Variation of the change in expected damage (left) and population affected (right) per
country at SWLs, following an increase by 20% of the return period of flood protections.

3.4

Case Study - Flood adaptation in Europe

In a 4°C global warming scenario, the socio-economic impact of river floods in Europe is likely to triple before the end
of the century (Alfieri et al., 2015a). In this section, we show how four different classes of adaptation options can
reduce the future flood risk in Europe to compensate for the impact of climate change. The effect of implementing
four different adaptation measures is simulated in the modeling framework. Measures include the rise of flood
protections, reduction of the peak flows through water retention, reduction of vulnerability and relocation to safer
areas. Their sensitivity is assessed in several configurations under high-end global warming scenarios over the time
range 1976-2100.
3.4.1

Sensitivity analysis of adaptation strategies
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The effect of four adaptation strategies on annual estimates of population affected and expected damage in Europe
is shown in Figure 3.4. Details on how each adaptation measure is implemented in the framework are given by Alfieri
et al. (2016). The ensemble range of three 30-year time slices centered in year 2020, 2050 and 2080 is shown with
color shades, together with their ensemble mean with a solid line. Each graph includes the corresponding average
impact of the same set of simulations over the baseline window 1976-2005. Graphs in Figure 3.4 clearly indicate
increasing flood risk and ensemble spread for time slices further in time, as a combination of increasing hazard due
to climatic change and of socio-economic drivers. The effect of the latter is visibly more pronounced on the expected
damage (Figure 3.4, right column), resulting from a larger growth of the economy as compared to that of population,
as projected in the SSP5. Graphs in Figure 3.4 indicate a non-linear behavior in the risk reduction of the first two
adaptation options, as opposed to a linear trend in the latter two, which leave the flood depth and extent unchanged
while acting on measures to reduce the disruption to population and assets. Past levels of flood impact are unlikely
to be retained by the end of the century if only one adaptation option is implemented.
Risk reduction estimates were then aggregated for each of the 28 countries and of the three future time slices.
Figure 3.5 and Figure 3.6 show the results for Germany, France, UK and Italy, which together contribute to more than
50% of the European population considered in this study. Graphs of 24 more countries are available in the
Supplement material of Alfieri et al. (2016a). Each graph shows, with a horizontal dashed line, the risk reduction
(RRb) needed to retain the relative flood impact of the baseline window 1976-2005. Differently from Figure 3.4, the
horizontal line referring to historical impact data do not include the socio-economic development but only the effect
of climate change. In practice, it represents the risk reduction needed to keep the historical ratio of population
affected and economic damage as compared to the country population and GDP. In most countries, RRb grows in
time due to the increasing flood risk, which implies a continuous effort to improve the adaptation strategy. For
instance, in Germany (DE) in the TS 2020, historical values of flood impact can be retained as long as adaptation
measures are implemented to achieve a risk reduction of 65% (population affected, PA, Figure 3.5) and 61%
(expected damage, ED, Figure 3.6), as compared to the no-adaptation scenario. Regarding population affected, the
risk reduction can be achieved on average with 65% reduction of vulnerability, 80% reduction of the return period of
peak flows, or a 5 to 10-fold increase in the return period of flood protections. One can note that a complete
relocation of people living in the relocation mask would reduce the population affected by only 12%, which is far less
than the target risk reduction. On the other hand, the reduction in expected damage through relocation was always
found larger (e.g., 59% in Germany), suggesting that a considerable proportion of assets is currently located in areas
at risk of flooding. Summary statistics for the other countries can be found in Table S2 and Figure S5 in the
Supplement material of Alfieri et al. (2016a). Also, it is noteworthy that vulnerability reduction measures do not
depend on the climate scenarios and consequently on the frequency of flooding, hence no spread of the climate
scenarios can be seen in Figure 3.5 and Figure 3.6.
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Figure 3.4 Benefits of four adaptation strategies on ensemble annual estimates of population affected (left) and
expected damage (right) in Europe in time slice 2020, 2050 and 2080.
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Figure 3.5 Risk reduction in population affected through different adaptation options. Ensemble projections over 3
time slices are shown for Germany, France, UK and Italy.
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Figure 3.6 Risk reduction in expected damage through different adaptation options. Ensemble projections over 3
time slices are shown for Germany, France, UK and Italy.
Lastly, Figure 3.7 relates the risk reduction of each adaptation measure with the corresponding distribution of the
simulated annual relative impact of floods per country through years 2006-2100. For each measure, the shaded area
encompasses all positive annual impacts from seven ensemble simulations, while the mean impact is shown with a
solid line. In other words, the figure highlights the risk reduction of different adaptation measures on extreme flood
years, for different rates of long-term risk reduction. Germany, France, UK and Italy are shown in Figure 3.7, while all
the other countries are included in the Supplement material of Alfieri et al. (2016a). In Figure 3.7, the first two
adaptation measures give similar results, as they are both focused on reducing the flood threshold exceedances by
either reducing the peak flow or by rising the flood protection level. Relative impact values tend to remain high
suggesting that the risk reduction is achieved mostly through a reduction of the frequency of minor events, while
catastrophic events retain a relatively large impact.
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Figure 3.7 Relative annual flood impact expressed as population affected (left) and expected damage (right) for
different risk reduction factors. Graphs show country aggregated data for Germany, France, UK and Italy.
On the other hand, vulnerability reduction and relocation often show a linear trend decreasing fast with risk
reduction, as they reduce the impact of all events. In Germany, 40% average reduction on the expected damage
through relocation would lead to a worst case scenario with potential annual damages up to 0.7% of the country
GDP. Instead, if the same average risk reduction is obtained by implementing peak flow reduction or rising flood
protections, extreme flood years could yield impacts up to 1.4% of German GDP and 2.4% of its population. Similarly,
smaller countries have higher chance of being hit by widespread floods affecting their entire area, with differences in
potential impact sometimes above 5% of their GDP and population, depending on the chosen adaptation option,
Project 603864
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such as in the case of Croatia and the Netherlands for the population affected, and Austria and Republic of
Macedonia for the expected damage.
3.4.2

Discussion

The results and applicability of the proposed adaptation measures should be considered in light of their inherent
assumptions and limitations. Sensitivity factors approaching 100% reduction of the peak flow and of the vulnerability
(Figure 4 to Figure 6) are unrealistic with technologies currently available. Simulations in the upper range of
sensitivity are shown for completeness of the analysis as well as to show the effect of the climate uncertainty at
different sensitivity levels. In real world applications, peak flow reduction rates rarely exceed 50% (Pasche et al.,
2008; Reinhardt et al., 2011) and tend to decrease with the event magnitude and with the catchment area. With
regard to vulnerability reduction, early warning systems are known to yield profitable cost-benefit ratios
(Pappenberger et al., 2015), though with relatively low risk reduction ratios (Meyer et al., 2012). On the other hand,
structural measures for vulnerability reduction lead to higher risk reduction rates, at the expense of more
considerable investments.
From a numerical viewpoint, it appears that rising flood protections is the only adaptation option that can
compensate for any increase in the flood risk. It has relatively high cost-effectiveness (Fenn et al., 2014) and often
finds little societal resistance in its implementation as it is mostly not associated with land-use changes. However, a
comprehensive analysis of costs and benefits of this adaptation measure should include the following issues, which
are currently not implemented in this simulation framework and are sometimes ignored in practical applications:
·

An additional risk component is due to the probability of failure of the flood protections for event
magnitudes lower than the design standards, as often occurs in flood events (Apel et al., 2006; Serre et
al., 2008; Zurich, 2014).

·

Heightening river dykes reduces the probability of overflowing thus minimizing the floodplain storage
and increasing the magnitude of peak flows downstream.

·

Rising flood protections and the consequent reduction in the frequency of flooding events favors the
loss of flood memory, leading to increasing exposure in flood-prone areas (Di Baldassarre et al., 2015).
This dynamic, usually referred to as “levee effect”, is characterized by potentially long flood-free periods
followed by catastrophic events and large flood losses.

The latter point is supported by the results in Figure 7 showing how, for fixed risk reduction values, rising flood
protections lead to larger socio-economic impacts than in the case of relocation and vulnerability reduction. Past
research has shown that the difficulty and the time of recovery of population and ecosystems increase more than
linearly with the relative impact of events (Me-Bar and Valdez Jr., 2004; Romme et al., 1998), leading the system to a
complete collapse in case of extreme disasters. In this regard, the European Union Solidarity Fund (EUSF) was set up
to support EU member states significantly affected by disasters, to help and speed up the recovery process.
However, Jongman et al. (2014) suggested that the expansion of the EUSF budget to compensate for future large
scale floods is infeasible with the projected increasing trend in flood losses for the current century. In addition, such
compensation mechanism might be a disincentive for governments to undertake active risk reduction efforts. On the
other hand, empirical evidence suggests that recurrent flooding is usually associated with decreasing vulnerability
(Jongman et al., 2015; Kreibich and Thieken, 2009; e.g., Wind et al., 1999), due to the enhanced resilience and coping
capacity acquired by the society during previous events (so-called “adaptation effect”).
A final comment is devoted to the uncertainty of climate projections and their impact on adaptation. The benefits of
methods relying on reducing the exceedance of flood thresholds (i.e., rising flood protections, reducing peak flow)
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heavily depend on the future climate scenario. In some cases, the magnitude of future climate extremes is within a
relatively wide range around that of local flood protections, so that the consequent ensemble range of estimated risk
reduction can be large. Striking examples are those of the UK, TS 2050 (Figure 5), with up to 50% of uncertainty in
the risk reduction, and other examples in the Supplement, such as for Belgium (TS 2020), Denmark (TS 2050), Estonia
(TS 2020), Hungary (TS 2050), Luxemburg (TS 2080) and Netherlands (TS 2080). Uncertainty in risk reduction
consistently decreases in the case of relocation and disappear altogether in vulnerability reduction, as these
measures rely on reducing the consequences of a flooding event, rather than trying to avoid it. In addition, despite
our effort to characterize and possibly minimize the climatic uncertainty, one should be aware of other sources of
uncertainty (e.g., in the hydrological and hydraulic modeling, in the space-time discretization, in the impact model,
among others) which affect complex modeling framework such as the one presented in this work.
3.5

Conclusions

All adaptation measures are focused on reducing one or more of the three components of the risk formula: hazard,
exposure or vulnerability. In this section we showed how four different classes of adaptation options can reduce the
future flood risk to compensate for the impacts of climate change. Research findings suggest that current relative
flood impact levels can be retained or even decreased in the future decades, provided that coordinated and effective
adaptation plans are promptly prepared and put into action.
Under the projected increase in frequency and magnitude of river floods, traditional approaches based only on rising
indefinitely local flood protections are not sustainable in the long term. The combined effect of these two dynamics
is likely to exacerbate the “levee effect” by reducing the frequency of moderate events and exposing the society to
few catastrophic floods, followed by potentially long and painful post-event recovery. We recommend future
adaptation strategies to be based on a combination of different measures working in synergy and optimized at the
level of river basins, rather than through independent actions over selected river reaches. In agreement with
previous research (Di Baldassarre et al., 2015; Zurich, 2014), we have showed that adaptation efforts should give
priority to measures targeted at reducing the consequences of hazardous events, rather than trying to avoid their
occurrence. In particular, relocation and vulnerability reduction measures should be further developed, due to their
two key features of 1) reducing the impacts of all floods without reducing their frequency, thus strengthening the
resilience of societies and ultimately the “adaptation effect”; and 2) reducing the effects of uncertainty in future
climate on the consequent risk reduction due to adaptation measures. Further adaptation measures to reduce the
peak flow should make use of natural retention capacity upstream, while rising flood protections should be seen as
last resort, to compensate for the residual risk in areas where other options cannot be implemented. In the latter
case, best practice in the realization of new structures include 1) the need for gradual and non-catastrophic failure in
case of overload, and 2) building in redundancy, so that a single failure in the system would not compromise the
overall flood risk protection capacity.
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4. Biodiversity

4.1 Methodology
The impact model used for biodiversity is that used in the Wallace Initiative and previously published (Warren et al
2013). For this study we used newly developed models of ~80,000 plants, birds, mammals, reptiles and amphibians
for multiple dispersal scenarios at a spatial resolution of 20km x 20km.
Primary biodiversity data were obtained from the Global Biodiversity Information Facility (GBIF). GBIF facilitates
discovery of data from many datasets worldwide, including newer efforts such as eBird (Cornell Laboratory of
Ornithology, ebird.org), which allows birdwatchers to enter their birding records. While there are still some gaps in
the available data, GBIF provides a source allowing researchers to identify potential patterns of change across the
widest range of species and areas possible. The data were then checked for locational consistency and outliers
(Warren et al. 2013). Bioclimatic models were then developed using the program MaxEnt using a limited set of eight
climate variables in order to minimize potential issues with autocorrelation and to prevent ‘overfitting’ of the
MaxEnt modelled species distributions. A second check for outliers was then performed on the results, erroneous
data (<1%) corrected and the models then re-run.
We used the projected climates and trained models to derive potential future climate space for each species in our
future climate scenarios for SWLs of 1.5°, 2°, 4° and 6° using all of the prepared Helix High Resolution models and
scenarios. For each future projection, we looked at two ‘dispersal’ scenarios (referring to the rates at which species’
ranges shift over time, see below) as a buffer (distance defined by the rate of movement and the number of years
into the future) around this current distribution, given a continuous land surface and allowing dispersal to contiguous
land areas. In this study the dispersal rate refers to the average long-term shift of an entire species’ range (taken
from the published literature of current observed changes and paleoecological changes) taking into account
potential repeated colonization and extinction events until a species’ entire range catches up with the new
‘environmental space’. Most previous studies of this kind only look at two dispersal scenarios – none and full. For this
study we included a zero dispersal rate as one scenario, in common with many previous studies. However, contrary
to many studies, we did not look at a “full” dispersal scenario, where species are allowed to instantly move into the
new available climate space, as we do not feel this is a realistic representation of what actually occurs in nature. The
typical dynamics of range shifts (through multiple dispersal, colonization, extirpation and rescue events), barriers to
movements, lack of instant availability of suitable soils or habitats, as well as lack of a stabilized climate (within the
timeframes of this study) are just some of the factors making a ‘full’ dispersal scenario unlikely within the timeframe
of this study in the absence of assisted movement. Instead, we looked at a ‘realistic’ dispersal scenario per taxa,
based on dispersal rates found in the literature. In these scenarios, we allow species to move to fill their new climate
envelope at the rate specified, provided they do not move across sea or ocean barriers.
The dispersal rates chosen for this study come from a review of the literature (see Warren et al. 2013 for more
details). Based on the literature we chose a realistic dispersal rate of 1.5 km/year for birds and mammals and 0.1
km/year for reptiles, amphibians and plants. The projected velocity of temperature change over the earth’s surface is
estimated to be 0.42km/yr (0.11-0.46 km/yr) for the 2050s, whilst observations over the period 1950-2009 already
show median velocities of 2.7 km/yr (on land) and 2.2 km/yr (in the ocean) over the period 1950-2009. While these
dispersal rates suggests that birds and mammals may be able to keep up with climate change, recent work has found
that even birds are lagging behind the climate change in some areas. Most plants, reptiles and amphibians would lag
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well behind the current climate change velocity. It is important to note that within the time-frames analysed, and at
the spatial resolutions of the models, there is essentially no dispersal in reptiles, amphibians and plants.

4.1.1

Simulations performed

The climate data used to develop the models came from CRU TS 3.22 for developing the models (elevation
interpolated using spline smoothing to 20km x 20km). The Helix High Resolution models were then downscaled to
the same gridded observed climate data set used in all other Wallace Initiative projects. This allows for comparison
with, for example, pattern scaled model data (see end of section). Also as with all of the other Wallace Initiative
results the summaries are presented as the 50th percentile case, but the 10th and 90th percentile summaries are also
available.
4.2 Results
The results presented here look at percent loss of species richness and are presented as a series of maps, and in
tables. For reptiles and amphibians the maps only show the non-dispersal case as there are no obvious differences in
the maps when viewed at this scale. However, the tables show both the dispersal and non-dispersal cases. For birds
and mammals both the no dispersal and realistic dispersal cases are shown. Dispersal capability is one of the
potential autonomous adaptations that species have frequently employed in the past (paleoecological climate shifts),
are presently showing, and are thus expected to be a principle adaptation mode in the future.
However, dispersal can only occur in the presence of suitable habitats and the absences of barriers such as oceans,
rivers (in some cases), roads, cities, and intensive agriculture (except for a selection of species). Dispersal is also not
a ‘community’ concept. Based on paleoecological and current phenological change data we know that species will
respond in a species specific fashion to climate change. Species interactions, which are not modelled, will change –
predators will be decoupled from their prey and be exposed to new prey, pollinators decoupled from their flowers,
etc. For example, in the U.S. the eastern populations of monarch butterfly will largely be decoupled from one of their
main milkweed host food plants (not shown). Thus, with increasing temperatures the likelihood of novel couplings
and novel communities increase with poor understanding of what the consequences may be for ecosystem services
and species survival. So, dispersal as an adaptation option may or may not benefit individual species.
In the maps below the colours range from low impact (green, high percent of species richness remaining) to high
potential impact (red, low percent of species richness remaining). Areas in white have no data (usually no species of
that taxa regularly recorded).

Project 603864

19

4.2.1

Projections of species richness

SWL 1.5°C

SWL 2°C

Fig. 4.1a Projected species richness for plants, excluding adaptation by dispersal.
For plants, the largest impacts at lower temperatures are parts of the Miombo woodlands in Southern Africa, the
central desert regions of Australia, many parts of Russia, parts of Brazil and the boreal/tundra transition zone in
Canada (Fig 4.1a).
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SWL 4°C

SWL 6°C

Fig 4.1b. Projected species richness for plants, excluding dispersal
The regions losing species richness between 1.5° and 2° continue to lose species richness and the overall extent of
the areas increase between 4° and 6° (Fig 4.1b) such that most of the world could see the majority of its plant species
lost or seriously degraded. Globally the average species richness remaining for plants (averaged across all cells) is
shown in the table 4.1 below.
Table 4.1 Species richness remaining for plants, averaged across all grid cells globally.
SWL (°C)
1.5 2
4
6
No Dispersal
77% 70% 49% 36%
With Dispersal 78% 71% 49% 36%
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SWL 1.5°C

SWL 2°C

Fig 4.2a. Projected species richness for reptlies, excluding dispersal
Fig 4.2a shows that the largest impacts at lower temperatures are in the desert regions of Australia and the
desert/Miombo woodland regions of southern Africa (with some large declines in South America).
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SWL 4°C

SWL 6°C

Fig. 4.2b Projected species richness for reptiles, excluding dispersal
The regions losing species richness between 1.5° and 2° continue to lose species richness and the overall extent of
the areas increase between 4° and 6° (Fig 4.2b) such that Australia potentially could see the majority of its reptile
species lost. Globally the average species richness remaining for reptiles (averaged across all cells) is shown in the
table below
Table 4.2 Species richness remaining for reptiles, averaged across all grid cells globally.
SWL (°C)
1.5 2
4
6
No Dispersal
86% 81% 66% 55%
With Dispersal 85% 81% 66% 55%
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SWL 1.5°C

SWL 2°C

Fig 4.3a Projected species richness for amphibians, excluding dispersal
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SWL 4°C

SWL 6°C

Fig 4.3b Projected species richness for amphibians, excluding dispersal
By 6°C, much of Australia, Southeast Asia, the Amazon, key amphibian biodiversity centres in the U.S. and must of
southern Europe are projected to see major potential declines in species richness for amphibians (Fig 4.3b).
Globally the average species richness remaining for amphibians (averaged across all cells) is shown in the Table 4.3
below.
Table 4.1 Species richness remaining for amphibians, averaged across all grid cells globally.
SWL (°C)
1.5 2
4
6
No Dispersal
85% 82% 67% 57%
With Dispersal 85% 81% 66% 56%
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SWL 1.5°C

SWL 2°C

SWL 4°C

SWL 6°C

Fig 4.4 Projected species richness for mammals, including and excluding dispersal
While dispersal, assuming lack of barriers, can offset some of the potential species richness losses there would still
be potential losses, including major losses at higher temperatures. Even the Paris Accords, with dispersal, would
appear to do little to prevent potential losses of species richness in the interior of Australia and southern Africa.
Globally the average species richness remaining for mammals (averaged across all cells) is shown in Table 4.4 below.
Table 4.4 Species richness remaining for mammals, averaged across all grid cells globally
SWL (°C)
1.5
2
4
6
No Dispersal
82% 77% 59% 46%
With Dispersal 100% 100% 93% 75%
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SWL 1.5°C

SWL 2°C

SWL 4°C

SWL 6°C

Fig 4.5 Projected species richness for birds, including and excluding dispersal
While dispersal, assuming lack of barriers, can offset some of the potential species richness losses there would still
be potential losses, including major losses at higher temperatures. Even the Paris Accords, with dispersal, would
appear to do little to prevent potential losses of species richness in parts of the Arctic and southern Africa. Globally
the average species richness remaining for birds (averaged across all cells) is shown in Table 4.5 below.
Table 4.5 Species richness remaining for mammals, averaged across all grid cells globally
SWL (°C)
1.5
2
4
6
No Dispersal
78% 73% 57% 48%
With Dispersal 100% 100% 100% 86%
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4.2.2

Adaptation Potential via Autonomous Adaptation

The maps below show the difference between realistic dispersal species richness loss and no dispersal species
richness loss for mammals and birds at each of the SWLs. In part it shows the importance of corridors as
autonomous adaptation in terms of maintaining overall species richness numbers. However, this is not a measure of
overall intactness of the species communities in the region as it includes both species being lost, and species being
gained. So, an area could show no change which could be either be no change in species composition or it could
mean the number of species lost is offset by the number of species gained. Previous work on species models in parts
of the world suggest the typical future community might contain 50% of its original members with the rest made up
of colonizers (and with potential losses of ecosystem functioning owing to species lost). Areas in blue actually show a
potential increase in species richness meaning that these ecological communities are becoming increasingly novel
over time (Fig 4.6, Fig 4.7).
SWL 1.5°C

SWL 2.0°C

Fig 4.6a Species richness loss avoided by autonomous adaptation by dispersal : mammals
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SWL 4°C

SWL 6°C

Fig 4.6b Species richness loss avoided by autonomous adaptation by dispersal : mammals
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SWL 1.5°C

SWL 2.0°C

Fig 4.7a Species richness loss avoided by autonomous adaptation by dispersal : birds
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SWL 4°C

SWL 6°C

Fig 4.7b Species richness loss avoided by autonomous adaptation by dispersal : birds

Table 4.6 see Fig 4.8 for caption.
SWL
(°C)
1.5
2
4
6

h10

h50

h90

ps10

ps50

ps90

0.76
0.71
0.56
0.5

0.86
0.81
0.66
0.55

0.92
0.88
0.73
0.6

0.78
0.73
0.5
0.38

0.85
0.81
0.62
0.51

0.9
0.88
0.73
0.63
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Most of the modelling done in the Wallace Initiative uses pattern scaling and global temperature time series derived
from UK Government derived AVOID climate change scenarios. A preliminary analysis has been undertaken
comparing results derived with these data, developed for other projects under separate funding, with the results
derived from data produced with the Helix High Resolution climate models. This test looked, globally, at how well
the Helix High-Resolution Climate, when downscaled to the same scale and underlying gridded climate data,
performed against the data produced from pattern scaling in ClimGen with the biodiversity models. The primary
issue that needs to be taken into account in looking at these data is that there are 21 climate model patterns (for 21
different CMIP5 climate models) in the pattern scaling results (PS), but only two different GCMs, with different model
parameterization, in the Helix (H) runs; only one at 6°C (with only 2 parameterizations). We have followed the
methodology that we normally use in running the biodiversity models and present the result for the 50th percentile
of the models, with the 10th percentile (worst 10%) and 90th percentiles (best 10%).
Nevertheless, for amphibians, there is a very good match globally between the two data at lower temperatures,
across all percentiles with a global difference of 1% - 2% difference in species richness change at 1.5°C; 0% - 2% at
2°C; 4% - 6% difference at 4°C; but 3% - 12% difference at 6° (Fig. 4.8). The larger difference at 6°C is driven entirely
by the difference between the 10% of the climate models projecting the greatest loss being higher than the single
model run available for Helix (Table 4.6). If the 10th percentile data are excluded then the difference is only 3% - 4%
globally. At 6°C the 50th percentile is 4% fewer species richness remaining, while the 90th percentile is 3% greater
species richness remaining. This suggests that the results from the EC-Earth model skews more similarly to the lower
impact climates from Pattern Scaling. Spatially, there are few differences with the two different sets of data each
showing greater or lesser impacts in approximately equal numbers of areas as the standard deviations across the
spatial range of the models is virtually identical for a given SWL.

Fig. 4.8 Average global change in species richness remaining across all grid cells for the Helix (h) High-Resolution
model runs versus 21 Pattern Scaled (ps) GCM outputs. 10, 50, and 90 refer to 10th, 50th and 90th percentiles.
There are slight differences in the actual temperatures of the SWLS between h and ps, with the ps slightly higher
(~0.5°C) than h at 4°C and 6°C. If this is taken into account then the values for the 50th percentile are within 1%-2%
of each other across all temperatures.
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4.3

Conclusion

In all taxa studied species richness declines significantly with increasing SWL. The magnitude of these declines varies
geographically and between taxa. Autonomous adaptation by dispersal reduces these impacts for mammals and
birds, but not for plants, amphibians and reptiles. The benefits of this dispersal are not uniformly distributed
geographically. A comparison between the use of pattern scaled climate projections versus the HELIX high resolution
climate models to project impacts on species richness revealed only very small differences. This confirms the validity
of using pattern scaling to project impacts of climate change on biodiversity using this method.
References
Warren, R., VanDerWal, J. Price, Welbergen, J., Atkinson, I., Ramirez-Villegas, J., Osborn, T.J., Jarvis, A., Shoo, L.P.,
Williams, S.E., and Lowe, J. (2013). Quantifying the benefit of early mitigation in avoiding biodiversity loss. Nature
Climate Change 3: 678- 682

5. Agriculture

5.1 Methodology
Yield data
Annual crop yields were downloaded from the Food and Agriculture Organization of the United Nations (FAO, 2016)
for the period 1961-2012 for up to 222 countries. Some national borders – particularly those in the Balkans –
experienced significant changes over this time period. We thus disaggregated yield data of the historical countries
based on the proportional production values. By doing this we assumed that the contribution of any previously
integrated but now autonomous region remained constant over time.
Historical crop growing areas
Global monthly rainfed crop areas for the year 2000 at 5 arc-minute resolution were retrieved from the MIRCA2000
data set (Portmann, Siebert, & Döll, 2010) and aggregated to 0.5 x 0.5 degree resolution by summing the crop area
given in the cells. To ensure that the models were solely trained on data where crops were grown under rainfed
conditions, the historical meteorological data was subset based on the aggregated maps. By using the same maps for
all periods it was assumed that both location and size of crop growing areas remained constant over the historical time
period.
Historical meteorological data
Global gridded datasets of monthly mean temperature and mean precipitation at 0.5 x 0.5 degree resolution were
retrieved from the CRU TS3.22 data set (Harris, Jones, Osborn, & Lister, 2014). For each crop a specific historical
climate set was constructed by limiting the monthly values to the crop growing areas given in the aggregated crop
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growing areas. The resulting values were then used to calculate annual averages resembling the average over the
crop growing season.
Crop yield models
For each of the crops a statistical model was developed linking crop yield with climatic conditions. These models
(ClimaCrop) are a variation of the models developed by Schlenker and Lobell (2010) which have successfully been used
to analyse the effects of climate change on crop yield in Africa. Here the models were extended to the global scale and
a linear mixed model (LMM) approach was used instead of the linear fixed model approach employed by Schlenker
and Lobell.
The models assume that the natural logarithm of crop yield is a function of growing season temperature, precipitation
and time where the relationships are considered to be both linear and quadratic. It is thus assumed that there exist
optimal values for both temperature and precipitation and that deviations from this optimum will reduce yield. By
including a quadratic dependency on time the model accounts for technological advance (Schlenker & Lobell, 2010)
and the mixed model approach accounts of the inter-dependency of entries for the same country.
Simulating increased irrigation as an adaptation strategy
In order to simulate a potential shift from rainfed to irrigated agriculture new future precipitation layers were modified
by setting the projected future value to the average value of the baseline whenever the projected future value was
smaller than the average baseline value. Thus, the future projections will not become any drier than the baseline,
which represents adapting to any drying by installing irrigation. Crop yield was then estimated using the new ‘irrigated’
precipitation layers as input for the crop models. In a post-processing step the irrigated crop yield values were
compared to the values obtained for the rainfed scenario and the values in any cell for which the irrigated values was
less than the rainfed were reset to the rainfed value. Thus, areas already too wet where any further increase in
irrigation would result in a negative effect were reset to rainfed conditions.
Moving crops as an adaptation strategy
One of the main adaptations which has been put forward for dealing with agriculture and climate change is shifting
where crops are grown. As statistical models for yield are, of necessity, limited to areas where the crop has
previously been grown we developed a separate approach, based on the FAO Ecocrop parameters, to determine
where crops may be able to be moved into.
5.2 Projected impacts with/without irrigation
All of the model runs for maize, rice and wheat project global negative impacts of warming at the global scale. Of the
four crops presented here, maize was projected to show the greatest potential impacts with yield losses of 7.33 % at
SWL 1.5 and 22.91% at SWL 4 on average (Table 5.1). Rice and wheat yields were projected to decline by similar
amounts with values between -1.54 % at SWL 1.5 and -8.53% at SWL 4 and -2.96% at SWL 1.5 and -10.31% at SWL 4,
respectively. Soybeans were projected to be the crop least affected by climate change with impacts ranging between
-1.22 % at SWL1 and -4.07 % at SWL 4.
The two model runs performed for SWL 6 (ECEARTH-R1, ECEARTH-R3) show increasing losses with declines by up to
31.82%, 14.62%, 7.34% and 15.68% for maize, rice, soybean and wheat, respectively. However, as only a single Earth
System Model with two runs were run for SWL 6 the range of potential values is smaller with far less uncertainty
captured. This must be kept in mind when comparing these numbers to those of the other SWLs.
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Table 5.1 Projected % changes in crop yield due to climate change alone
1.5
no adapt

1.5
irrigated

2
no adapt

2
irrigated

4
no adapt

4
irrigated

6
no adapt

6
irrigated

% change in
maize yield

-7.33
(-8.82,
-5.82)

-6.95
(-8.42,
-5.44)

-10.80
(-11.76,
-9.75)

-10.43
(-11.35,
-9.35)

-23.27
(-24.69,
-21.49)

-22.91
(-24.24,
-21.12)

-32.11
(32.31,
-31.91)

-31.82
(-32.03,
-31.62)

% change in
rice yield

-1.54
(-2.03,
-1.27)

-1.54
(-2.03,
-2.31)

-2.76
(-3.41,
-2.31)

-2.76
(-3.41,
-2.31)

-8.53
(-9.18,
-7.47)

-8.53
(-9.18,
-7.47)

-14.62
(-15.57,
-13.68)

-14.62
(-15.57,
-13.68)

% change in
soybean yield

-1.22
(-2.45,
0.64)

-0.36
(-1.65,
1.61)

-1.42
(-2.84,
0.40)

-0.61
(-2.04,
1.43)

-4.07
(-5.90,
-1.92)

-3.26
(-4.82,
-1.26)

-8.24
(-8.62,
-7.86)

-7.65
(-7.96,
-7.34)

% change in
wheat yield

-2.96
(-3.84,
-2.07)

-2.42
(-3.27,
-1.51)

-4.35
(-5.08,
-3,64)

-3.81
(-4.49,
-3.05)

-10.31
(-10.91,
-9.29)

-9.71
(-10.41,
-8.71)

-16.24
(-16.26,
-16.21)

-15.68
(-15.68,
-15.67)

The results of the simulated irrigation scenarios suggest that, for SWLs 1.5, 2 and 4, irrigation could offset global
yield losses by an average of 0.37%, 0.83%, 0.56% for maize, soybean and wheat, respectively. Additional water
input for rice, however, is suggested to not have any positive effect at all. This is not an indication that irrigation may
not be beneficial for rice, but that the way rice is grown does not fit easily into a rainfed/irrigated classification. For
SWL 6 the two model runs similarly suggest slight increases by 0.29%, 0.59% and 0.56% for maize, soybean and
wheat, respectively, and no benefits for rice. Since there were only two model runs available for SWL 6 it was not
possible to capture the same uncertainty arising from differences in precipitation as for the other SWLs and the
values should be treated as very conservative estimates.
The following four graphs depict the spatially explicit projections of estimated percentage change in crop yield for
each of the four crops and at each SWL. Areas in which crop yield was estimated to increase are shaded in green,
while areas in which it was estimated to decline are shaded in brown. Those areas in which the crop is not grown are
left grey.
Using the models to project the impacts spatially show that, except for maize, impacts in the tropics appear to be
more severe than in temperate zones (Figures 5.1 to 5.4). In particular, rice and soybean yield in the latter areas
could benefit from some degree of rising temperatures and these increases potentially offset losses occurring in
other regions. Wheat yield, however, appeared to only increase on the rim of the northern distribution and in
scattered areas throughout China, Mongolia and Russia.
Figures 5.5 to 5.7 display the differences between the no adaptation and the ‘irrigated’ scenario. Here it can clearly
be seen that the benefits of irrigation as an offset to drying vary regionally, at levels higher than the global
aggregated values suggest. We found that irrigation in some regions could offset up to 3.37%, 7.14% and 4.22% for
wheat, soybeans and maize, respectively. Central America in particular appears to be a region which could largely
benefit from an increase in irrigation.
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Our results, as listed in table 5.2, indicate that staying below SWL 4 will avoid much of the negative impacts in any
case and that the irrigated 1.5 SWL scenario delivers the best outcome. Based on the runs performed we estimated
that it would be possible to avoid yield decreases of 16.5%, 7.1%, 3.8% and 8% for maize, rice, soybean and wheat,
respectively.
Finally, we estimated the differences between SWL 1.5 and SWL 2, SWL 2 and SWL 4 and SWL 4 and SWL 6. The
spatial results are shown in figures 5.8 to 5.11.
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Figure 5.1 Ensemble means of expected percent changes in wheat yield.
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Figure 5.2 Ensemble means of expected percent changes in maize yield.
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Figure 5.3 Ensemble means of expected percent changes in rice yield.
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Figure 5.4 Ensemble means of expected percent changes in soybean yield.
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Figure 5.5 Ensemble average wheat yield loss (percent) avoided by irrigation.
Project 603864

41

Figure 5.6 Ensemble average maize yield loss (percent) avoided by irrigation.
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Figure 5.7 Ensemble average soybean yield loss (percent) avoided by irrigation.
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Table 5.2 Projected changes in metrics expressed as % difference to the value at SWL4
1.5
no adapt

1.5
irrigated

2
no adapt

2
irrigated

4
no adapt

% maize
impacts
avoided
relative to 4C
no adapt case

16.08
(14.52, 17.03)

16.47
(14.91, 17.49)

12.56
(11.10, 13.83)

12.92
(11.46, 14.25)

0 by definition

0.35
(0.27, 0.44)

% rice
impacts
avoided
relative to 4C
no adapt case

7.05
(6.15, 7.48)

7.05
(6.15, 7.48)

5.84
(4.79, 6.39)

5.84
(4.79, 6.39)

0 by definition

0.00
(0.00, 0.00)

% soybean
impacts
avoided
relative to 4C
no adapt case

2.94
(1.94, 3.89)

3.79
(2.80, 4.93)

2.76
(2.06, 3.50)

3.55
(2.72, 4.48)

0 by definition

0.80
(0.44, 1.14)

% wheat
impacts
avoided
relative to 4C
no adapt case

7.44
(6.21, 7.95)

7.97
(6.76, 8.51)

6.03
(4.86, 6.48)

6.56
(5.42, 7.07)

0 by definition

0.6
(0.42, 0.73)
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Figure 5.8 Ensemble means of expected percent differences in wheat yield between SWLs.
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Figure 5.9 Ensemble means of expected percent differences in maize yield between SWLs.

Project 603864

46

Figure 5.10 Ensemble means of expected percent differences in rice yield between SWLs.
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Figure 5.11 Ensemble means of expected percent differences in soybean yield between SWLs.
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5.3 Moving Crops as an adaptation option
The FAO Ecocrop database holds data for more than 2500 crops including requirements for temperature, rainfall and
soils based upon expert judgement. The Ecocrop modelling approach estimates suitability for crops based on
temperature and precipitation using these requirements. The Ecocrop modelling approach has been implemented in
a number of slightly different ways. Ecocrop modelling is designed to be simpler than other crop models allowing it
to be applied to a wider range of crops and situations. However Ecocrop models, as implemented in R and Diva-GIS,
has aspects that are not well justified.
In summary the Ecocrop modelling approach: 1. calculates a mean of the minimum and maximum crop growth cycle
2. Rounds this mean (up or down) to the nearest number of months to calculate a 'duration' 3. Finds whether there
are 'duration' consecutive months in between the Ecocrop temperature limits 4. Finds whether there is a concurrent
'duration' period where the total precipitation is between the Ecocrop rainfall requirements of the crop.
This is a broad summary of the Ecocrop model as implemented within the R package dismo and with Diva-GIS.
In addition the model uses 'optimal' temperature and precipitation limits specified in FAO Ecocrop to develop an
index of suitability per month, the best month and the value of the index in the best month.
Ecocrop models as implemented in this way have apparently not been well tested against empirical data. For what
is supposed to be a simple modelling approach the method becomes quite tricky and not very transparent.
Firstly it doesn't seem very mechanistic that a mean of the minimum and maximum crop growth cycles is used as one
of the most influential parameters. For example for maize the minimum and maximum crop growth cycles are 65
days and 365 days which round to 3 months and 12 months. The Ecocrop model thus assesses temperatures for a 7
month growth cycle. The figure below shows the minimum and maximum crop growth cycles stored within Ecocrop
for some important crops.

Figure 5.12 Length of crop cycles as obtained from Ecocrop.
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Secondly the crop parameters as specified in the FAO Ecocrop database are necessarily very broad. Whilst they are
based on expert judgement they cannot hope to capture all of the processes that influence the suitability of an area
for a crop. For this reason I feel it may be pushing the method too far to develop a suitability value between 0 and 1.
I note also that there are few data available to test such an index at a global scale. I feel that a more realistic goal
would be to try to predict which areas are definitely not suitable for a crop.
A simpler, more transparent, method potentially allows use of both the minimum and maximum growth cycles and
to develop predictions of which areas are not suitable for a crop.
This new approach is to:
1.

Use the minimum crop growth cycle to assess whether there is a minimum period within the year within
the crop temperature limits that could allow the crop to grow.

2.

Use the maximum crop growth cycle to assess whether there is a period that could allow the crop to get
sufficient water. Trials have shown that using either the maximum crop growth cycle to assess
temperature or the minimum crop growth cycle to assess rainfall leads to the exclusion of unrealistic areas
(e.g. excluding maize from most of Europe).

The plot below for maize shows how assessing temperatures against the maximum growth cycle (temp_min_gmax)
excludes too many areas as does assessing rainfall against the minimum growth cycle (temp_min_gmin). (NB: note
that high temperatures and rainfall do not exclude any areas).

Figure 5.13 Comparison of extent of suitable areas derived using different growth cycles.
The base Ecocrop predictions have some aspects that also look wrong, for example they predict that maize will not
grow in Europe, where it actually does grow.
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Figure 5.14 Base ecocrop maize prediction for current climate.

The new method developed for Helix predicts that a greater proportion of land is potentially suitable. Indeed it may
suggest that too much land is suitable, for example looking at maize predictions in Northern latitudes. However, this
may be due to inadequate soils for growing a particular crop.

Figure 5.14 New method maize prediction for current climate.
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Figure 5.15 Test difference of Climacrop (listed as base) from Mirca (data assessing where crops are actually
grown, globally), Maize. Many of the areas predicted to be able to grow maize and where maize is not grown can
be attributed, at least in part, to soils being unsuitable. However, at least at the subsistence level some level of
soil modification might be possible.

Within the ClimaCrop modelling system the areas of future suitability and areas becoming unsuitable are then
coupled with the projections of yield change to produce maps showing where a crop could potentially be moved to,
soils permitting; where it is currently grown and what the yield changes are projected to be; and the areas becoming
unsuitable.
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Figure 5.16 Coupled projections of wheat suitability and percent changes in wheat yield.
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Figure 5.17 Coupled projections of rice suitability and percent changes in rice yield.
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Figure 5.18 Coupled projections of maize suitability and percent changes in maize yield.
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Figure 5.19 Coupled projections of soybean suitability and percent changes in soybean yield.
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5.4 Discussion
Our results suggest that temperature is the main driver for changes in crop yield in statistical models. As already
noted in Schlenker & Lobell (2010) this can be ascribed to firstly a larger marginal effect of temperature than of
precipitation and secondly to the larger differences in projected temperature changes relative to the changes in
precipitation. This could also be due to farm level technologies/adaptations and farmer adaptations to interannual
variation in precipitation.
The simulation of irrigation as conducted here effectively assumed that the amount of rain which was available in the
baseline period resulted in optimal yield and that any further drying will result in a negative impact. However, there
is the possibility that the baseline conditions were already too wet and thus not at the optimum identified by the
model. It is also possible that many of the areas showing little additional benefit may already be in a moisture deficit
and the amount of irrigation applied does not overcome this deficit, which would be expected to increase over time.
Better spatially explicit data on yields under rainfed/irrigated baseline conditions would likely improve these
statistical models. Finally, as the models are driven heavily by temperature change (see above) then irrigation might
not show the full range of potential benefits. Our simulations thus potentially miss some opportunity that would
arise from letting the conditions become somewhat drier than the baseline and only start the irrigation if conditions
deteriorate below an optimal level.
It appears that rice would not benefit from the irrigation strategy suggested. This might because by firstly, the fact
that, compared to other crops, rice is not really irrigated. It is grown under flooded conditions. These flooded fields
might/or might not be classified as rainfed or irrigated. Secondly, in some areas the climate scenarios are becoming
wetter as the temperature increases. Growth of rice might thus be limited to regions which become wetter and
precipitation levels are thus not reset to baseline levels.
The table of global averages potentially hide the differences in regional impacts and are potentially misleading
regarding the severity of negative effects. Since the aggregated global values presented here were calculated on the
production level assuming static areas of crop harvest for the whole period, they are thus heavily influenced by the
main producing areas and the climatic changes within. Consequently, severe declines in small producing areas can be
masked by mild declines or increases in main producing areas.
The spatial maps presented here must be considered within the limitations and assumptions of the models used to
create them. The data used to develop the models was limited to broad scale national yields and any within-country
heterogeneity arising from differences in existing conditions is thus masked by the country level (Schlenker & Lobell,
2010). This means that spatial differences displayed within countries solely arise from differences in the climatic
conditions, technological advance on the other hand is considered to be homogenous. Benefits or negative impacts
which arise from farmers’ access or lack of access to resources are thus only considered between countries but not
within a country. Finally, the results as presented here, do not allow for large-scale movement of crops to ‘new’
areas where the crop has not been grown (according to the MIRCA data). It would not be possible to calculate yields
in novel areas using this statistical approach. However, a different approach has been applied to show regions that
the crops might be able to move into and this is covered separately.
The crop yield models developed do not include effects of changes in CO2 and the results might thus be more
negative than those of comparable analyses. We excluded CO2 effects for two reasons: Firstly, it is very difficult to
detect the CO2 signal in a statistical analysis because it hardly exhibits any spatial variation and because it is strongly
collinear with temperature and technological advance (Lobell & Asseng, 2017). Secondly, there is evidence that
positive effects of elevated CO2 (eCO2) on crop yield have been overestimated. It has been shown that eCO2 lowers
the nutritional values of crops (Myers et al., 2014; Myers et al., 2015) and recently the decrease in protein content
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has been estimated to significantly increase the global risk for protein deficiency thus potentially offsetting rises in
crop yield (Medek, Schwartz & Myers, 2017).
5.5 Concluding remarks
We developed new statistical models for four major staple crops. The results of projecting these models onto the
different future climate show potential negative impacts of warming on the global scale but that some regional
positive effects, predominantly for temperate zones, occur. However, crop yield will not decrease for all crops by
the same magnitude and particularly for maize the results suggest a far more negative outcome than for the other
crops.
We further showed the potential reduction of climate change impacts by adapting drying rainfed areas through
irrigation. Our findings suggest that the implementation of a system that ensures watering to baseline levels is not
sufficient to retain current global yield levels of staple crops but is able to offset a small amount of the negative
effects in case of wheat, maize and soybean.
The results for the irrigation strategy presented here should be regarded as a coarse guideline to identify regions
which might benefit from additional irrigation. We recommend to consider changing from rainfed to irrigated
agriculture region specific and only after additional fine scale analysis.
By combining projections of yield changes with a novel method to estimate crop suitability we showed that there is a
potential to offset declines in yield by shifting into areas which become more suitable in the future.
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6. Freshwater : a vulnerability based assessment using projections from the
JULES model
6.1 Methodology
Freshwater availability under high end climate change is a key issue of concern (Papadimitriou et al., 2016).
Projection of the relation between water availability and water stress through their complex interactions between
different sectors, the synergies and trade-offs between adaptation and mitigation actions, is a rather challenging task
under the prism of climate change. This “freshwater section” follows a different approach based on a simple and
transparent conceptual framework that has been developed to assess the global vulnerability to freshwater stress.
The RCP8.5 scenario was only considered, as the only one that can provide results of higher end global warming.
However, the RCP8.5 is plausible under only specific socioeconomic assumptions Shared Socioeconomic Pathways
(SSPs) (N.W. Arnell et al., 2011; Moss et al., 2010). Different levels of adaptation to climate change are considered in
the framework, by employing various relevant socioeconomic pathways (SSP3, SSP2 and SSP5). SSP3 was selected as
the scenario of the highest adaptation challenges (closely related to the “no adaptation option” of the current
report) followed by SSP2 as the “middle of the road” corresponding to medium adaptation challenges, and finally
SSP5 as the lowest adaptation challenges scenario.
6.1.1 The vulnerability framework
For the assessment of the global vulnerability to freshwater stress we followed the conceptualization similar to the
one provided by the IPCC Fourth Assessment Report (Parry, 2007), also used in D7.4 for the improved assessment of
freshwater stress at the Pan-European scale. Vulnerability is defined as a function of three major components: the
exposure to climate change, the sensitivity, and the adaptive capacity. The drought vulnerability from different levels
of global warming (+1.5oC, +2oC, +4oC) is then assessed with the use of an index approach accounting for the
exposure, the sensitivity and the adaptive capacity at global scale. The calculations were performed at the spatial
level of about 25,000 Highly Accurate Global Drainage Basins developed by (Masutomi et al., 2009), and used for the
development of the Aqueduct Water Risk Atlas Global Maps (Gassert et al., 2014). The assessment of vulnerability
provides a qualitative view of climate risk rather than explicit predictions of climate change outcomes or impacts.
The various climate, demographic and socioeconomic indicators were brought to a common scale using an
appropriate normalization method. Several normalization methods can be found in literature, each with specific
advantages and disadvantages (Fekete, 2009). The decile normalization was selected for its robustness and
simplicity. Table 6.1 includes the indicators and corresponding expressions of exposure, sensitivity and adaptive
capacity of vulnerability to freshwater stress used in the scoring framework.
Table 6.1: Indicators and expressions of exposure, sensitivity and adaptive capacity of vulnerability to freshwater
scarcity. (Indicators marked in bold [population, GDP, Water demand and Human capital] are employing various
relevant socioeconomic pathways [SSP3, SSP2 and SSP5])

Exposure
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Indicator

Expressed by

Weight

Water availability on average

Relative changes in mean annual runoff
production

1/4

Low flows

Relative changes in 10th percentile runoff
production

1/4
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Duration and severity of extreme
events relevant to water availability
(short and long term droughts)

Sensitivity

Adaptive
capacity

Change in duration of short and long term
meteorological droughts – index based on
Standardised precipitation Index (SPI) of 6
and 48 months temporal scale

1/4

Change in duration of short and long term
hydrological droughts – index based on
Standardised runoff Index (SRI) of 6 and 48
months temporal scale

1/4

Population density

Number of people totally affected by
freshwater stress

1/4

Total withdrawal

Consumptive and non-consumptive use

1/4

Total cropland area

Arable land and permanent crops

1/4

Water Demand sectoral

Gridded dataset of water demand per
sector

1/4

Economic resources available to adapt

GDP per capita (PPP)

1/5

Law enforcement

World Governance Indicators (WGI) World Bank

1/5

Human Capital

Percent of highly educated working
population

1/5

Groundwater Resources

Extent of productive aquifers and inland
water bodies for freshwater storage

1/5

Upstream storage

Water storage capacity available upstream
of a location relative to the total water
supply at that location.

1/5

The resulting indicators for the dimensions of exposure, sensitivity and adaptive capacity were equally weighted by
1/3. Equal weighting was also applied for all sub-indices of each dimension. This standard equal weighting procedure
was chosen for the sake of subjectivity. We finally combine the three indicators of exposure (E), sensitivity (S) and
adaptive capacity (AC) to derive the final vulnerability (V) as follows:

V = E + S – AC

(6.1)

in the context that increased exposure and sensitivity results to higher vulnerability and on the other hand adaptive
capacity anticipates reducing total vulnerability.
6.1.1.1 Exposure
A first indicator of exposure to water stress is freshwater availability. In this study, freshwater availability is described
by the runoff production (Papadimitriou et al., 2016) derived from the hydrological simulations performed with the
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JULES model. The impact model JULES (Joint UK Land Environment Simulator) is used for the simulations of
freshwater availability. A short description of the model follows here and a more detailed description can be found in
HELIX D4.5. JULES is a physically based land surface model, comprised of the following modules: surface exchange of
energy fluxes, snow cover, surface hydrology, soil moisture and temperature, plant physiology, soil carbon and
vegetation dynamics (Best et al. 2011), with the latter being disabled for this application. The meteorological forcing
data required for running JULES are: downward shortwave and long-wave radiation, precipitation rate, air
temperature, wind-speed, air pressure and specific humidity (Best et al. 2011).
The forcing datasets used for this study are the climate model realizations presented in Table 1.1. Climate
simulations that were available within HELIX but did not reach the higher level of examined warming (+4oC) until the
end of the simulation period (2100), were excluded from this analysis. Climate change impacts are examined as
differences between the temporal mean states of a future time-slice, corresponding to a SWL, and the reference
period. It is important to mention that the SWLs are defined with respect to the pre-industrial period while the
reference period corresponds to the recent past. The reference (or baseline) period spans from 1981 to 2010. The
future time-slices are 30-year periods, centering on the year that each SWL is exceeded. An exception had to be
made for two ensemble members (EC-Earth-R4 and EC-Earth-R7), for which the end of the SWL4 time-slice exceeds
the end of the simulation period by four and two years respectively. Thus, the SWL4 time-slices for EC-Earth-R4 and
EC-Earth-R7 are comprised of 26 and 28 years respectively.
A second indicator that is capable to describe the exposure to water stress is the information on low flow regimes
(Prudhomme et al., 2011). While the change in the low flow is also part of the change in the mean runoff production,
it serves for the indication of trends towards more intense or/and often extreme lows in the future hydrological cycle
(Papadimitriou et al., 2016). Additionally to the abovementioned indicators, drought can effectively map the
duration and severity of the extreme meteorological droughts (Stagge et al., 2015) relevant to water availability and
can also facilitate the concept of exposure indicator in the vulnerability assessment framework. Two drought indices
are used for the analysis of drought conditions. The first index used is the standardized precipitation index (SPI)
(Mckee et al., 1993), which is a widely used index for the identification of drought events’ onset, intensity and
duration. The calculation of the SPI is based on time series of precipitation. First the time series are fitted to a
Gamma distribution and then the cumulative probability of precipitation values is estimated. Finally, the cumulative
probability is transformed to a standard normal deviate with zero mean and unit standard deviation (Mckee et al.,
1993). The second index is the standardized runoff index (SRI) (Shukla and Wood, 2008), which follows the SPI
concept and characterizes droughts by assessing modelled runoff time series. Negative values of SPI indicate the
existence of drought conditions. According to the SPI value, drought is grouped into one of four arbitrarily defined
intensity tiers, ranging from “mild” to “extreme” (Mckee et al., 1993). This work was focused on intense drought
conditions, thus only the “severe drought” (-2<SPI<=-1.5) and “extreme drought” (SPI<=-2) categories were
considered. For the assessment of climate change impact on droughts we used the relative versions of SPI and SRI
(Dubrovsky et al., 2009). Relative indices use input data of two time periods. The first period serves as the reference
period and is used for model calibration. The calibrated model is then applied to data of the second time period. This
allows us to assess the drought conditions of the future compared to the benchmark drought conditions of the
baseline period. The relative drought indices were calculated using two periods of temporal aggregation, in order to
capture droughts of different duration. A 6-month period (SRI-6) was employed for the representation of short term
events that mostly correspond to agricultural droughts and a 48-month period (SRI-48) was used to depict long term
drought events that affect the storage of hydrological resources.
6.1.1.2 Sensitivity
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Population density is a first indicator of sensitivity to freshwater stress. A densely populated region is more
susceptible to a water related natural disaster such droughts, as more people will be affected by it per unit area
(Cutter and Finch, 2008; Yohe and Tol, 2002). In this study spatially explicit population scenarios consistent with the
SSPs (Jones and O’Neill, 2016) at the timing of each SWL were calculated at the drainage basin level. A second
sensitivity indicator is the total water withdrawal that can be expressed as the combined information of evaporated
or polluted water losses due consumptive use and not consumed remaining water that is returning to natural water
bodies (Shiklomanov and Rodda, 2004). Additionally, past and future sectoral water demand was included in the
vulnerability analysis. This indicator can express the human stress posed on the available freshwater. Hanasaki et al.,
(2013), used the statistics-based national water withdrawal data for domestic, industrial, and agricultural sectors
from the AQUASTAT database for the reference period. They also used projections of the water demand per sector
from (SHEN et al., 2010) which were incorporated into H08 hydrological model (Hanasaki et al., 2008) to obtain
global scale gridded future projections of water demand for different SSP scenarios (Hanasaki et al., 2013). These
projections were used in the present study to incorporate future changes in the water demand, per socio-economic
scenario. In terms of water use efficiency (mainly for irrigation), SSP5 represents a situation of high efficiency, SSP2
of medium and SSP3 of low efficiency. Finally, agriculture is the consumer of approximately 70% of global freshwater
withdrawals. Total cropland area (including irrigated and rainfed crops) as described in the HYDE 3.2 database
developed by Klein Goldewijk et al., (2016) served as a sensitivity indicator to freshwater shortage. The sensitivity
indicators were equally weighted for the estimation of the sensitivity index.

6.1.1.3 Adaptive capacity
The adaptive capacity refers to the ability of the society and the ability to cope with climate induced water
availability variability and extremes. The first indicator that was adopted is the gross domestic product (GDP) as it is
expressed by the Purchasing Power Parity (PPP). GDP serves as a proxy of the available financial capital that can be
utilized for adaptation actions. The Global dataset of gridded GDP scenarios developed by Murakami and Yamagata
(2016) was used for SSP3 and SSP2 while for SSP5 the data of International Institute for Applied Systems Analysis –
IIASA database were used in combination for the derivation of gridded GDP information. Two additional indicators
were employed for the consideration of the institutional capital that can utilize adaptation measures. First, the Law
enforcement ability reflecting the ability of the government to formulate and implement sound policies and
regulations that permit and promote private sector development (Kaufmann et al., 2010). The data were obtained
from the Worldwide Governance Indicators (WGI- http://info.worldbank.org/). The second indicator considered was
the human capital, expressed in terms of educational level, as it is highly related to the ability to manage
information, in this case, related to water management and/or water policy application. This indicator is the percent
of highly educated workforce as derived by the Global Human Capital Data Sheet 2015, produced by the World
Population Program (POP) including projections for level of educational attainment for all SSPs. The water storage
potential is also an appropriate proxy of adaptive capacity, expressing the ability to retain freshwater for use during a
water shortages. The combined information from two indicators was used. The first was developed based on aquifer
productivity and recharge potential data from the World-wide Hydrogeological Mapping and Assessment Programme
(WHYMAP) for the major groundwater basins of the world. The second is related to artificial upstream storage
potential as derived based on the global reservoir and dam database (Lehner et al., 2011).
6.1.2 Adaptation Challenges – Scenarios
As described previously, the methodology followed for the assessment of adaptation on freshwater vulnerability is
completely different from the other sectors described in this deliverable. Adaptation is treated considering the effect
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of development pathways and socioeconomic changes as parts of the vulnerability framework developed. The
different degrees of adaptation are associated to the level of socioeconomic challenges for adaptation as described
by the IPCC scenario set (O’ Neill et al., 2012). Three SSPs that can be combined with the RCP8.5 high end scenario
were selected. SSP3-RCP8.5 is a scenario with high challenges for adaptation that can be closely compared to a “no
adaptation option” as included in the analysis of the other sectors. SSP2-RCP8.5 is forming a scenario of medium
challenges for adaptation followed by the SSP5-RCP8.5 combination of low adaptation challenges. This information is
fed into the vulnerability model through specific indicators based on detailed socioeconomic projections for the 21st
century according to the SSPs framework. The indicators used in this study are (a) the population density, (b) the
total water demand, (c) the Gross Domestic Product (GDP) and (d) the human capital.
The upper panel of Figure 6.1 illustrate the average (depending on the timing of each SWL reached by each driving
model listed in Table 1.1) projected changes of population at country level for the SSP3. According to the SSP3
scenario and roughly half an additional degree of present warming, global population is expected to increase by 7%
(±8%) according to RCP8.5 rates, while at the levels of +2oC and +4oC an increase by +20% (±17%) and +53% (±10%),
respectively, is foreseen. The largest population increase is expected for the Middle East, East and West Africa and
South Asia countries. In comparison to the high adaptation challenges scenario (SSP3), population increase is
expected to be less for the rest of the plausible adaptation levels. According to the SSP2, 2%, 7% and 30% less
population is expected for the warming levels of +1.5oC, +2oC +4oC, respectively, compared to SSP3 Indicating lower
sensitivity to freshwater stress. Further less population increase is associated to SSP5 mostly for the least and less
developed countries and for the countries in transition. Only for the countries with advanced economies population
is projected to increase for lower levels of adaptation challenges.

Water demand scenarios reflect changes to irrigation extent and efficiency, crop intensity, as well as industrial and
domestic water use. Extensive increase in water use is anticipated for all SSPs that is exacerbated with the increase
of warming (with time). According to SSP3 global water use can be increased by 59% (±13%) at +1.5oC, by 75%
(±29%) at +2oC and by 164% (±19%) at +4oC (Figure 6.2). Only European countries (Denmark, Ireland, Lithuania,
Germany and others) are projected to have decreased water demand compared to the baseline period. Increased
water use leads to higher sensitivity to freshwater stress. SSP2 is associated to less water demand by 33%, 39% and
85% for SWLs of 1.5, 2 and 4oC, respectively. This is due to the lower levels of growth in irrigated area and crop
intensity of SSP2, as well as the higher water use efficiency mainly associated to irrigation technology. Only for
specific countries like Cyprus, Czech Republic, Sweden and others (mostly European and Canada), water use is
assumed to increase compared to SSP3. A similar picture of less water use, but more limited, is associated to SSP5.
This is attributed to similar rates of irrigation area growth and crop intensity but higher water use efficiency.
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Figure 6.1: Population projections based on the level of adaptation challenges and the timing of the SWLs

Figure 6.2: Water demand projections based on the level of adaptation challenges and the timing of the SWLs
Changes in GDP are projected to be more pronounced and highly differentiated among the three SSPs. Global GDP
according to SSP3 is projected to increase by +236% (±80%) by the time reaching the +1.5oC on average, compared to
the GDP of the year 2005. Increase is projected to +340% (±101%) at the +2oC warming level while at +4oC could be
as high as +534% (±66%). Regarding the SSP2 that can be considered as a “business as usual” scenario an even
greater GDP increase is assumed by +265% at SWL1.5, +430% at SWL2 and +924% at SWL4. As for the rapid
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economic development SSP5 scenario high rates of GDP increase are foreseen leading to a world with higher ability
to adapt to high end climate change (Figure 6.3).
The final indicator that was used to describe the level of adaptation challenges is the evolution of human capital
(Figure 6.4). Based on a ranking from 0 to 5 the global average human capital is projected to grow negligibly (by 0.1)
according to SSP3, regardless the warming level, as a result of a pathway of stalled social development. The
assumption of a fragmented world according to SSP3 portrays a regional diversity increasing with the level of
warming (with time) depicting different rates of development (or depletion). Under the medium challenges scenario
(SSP2) the continuation of current development trends result to a significant higher level of human capital with less
regional variation. According to the conventional development scenario (SSP5) the rates of human capital
development are increased expecting to lead to an increase by +0.5 for SWL1.5, +1.0 for SWL2 and +2.1 for SWL4.

Figure 6.3: GDP projections based on the level of adaptation challenges and the timing of the SWLs
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Figure 6.4: Human capital projections based on the level of adaptation challenges and the timing of the SWLs

6.2

Projected impacts

An analysis of changes in mean and low flows at the global scale for different levels of warming is presented in HELIX
D4.5. In summary, projections show increases in mean runoff for the majority of the land surface, with the increase
intensifying for higher SWLs. Regions with decreased projected mean runoff, especially at SWL4, are the
Mediterranean, North Africa, Central America and parts of South America. Model agreement is high (80 to 100%) for
both the positive and negative changes in mean runoff. For low flows, projections show increases for the northern
latitudes and mixed patterns for the rest of the land surface. Reductions in low runoff with 80% to 100% agreement
of the models are projected for the Mediterranean, northern and southern Africa, the Indian Peninsula, Australia,
Central America as well as parts of South America.

Figures 6.5 and 6.6 present the projected changes in drought duration and the respective model agreement derived
based on 6- and 48-month SPI and SRI indices. For short-term extreme droughts, modelled with SPI6 and SRI6 (Figure
6.5), increased drought duration by 10-25% is found for regions of Europe (west Europe and the Mediterranean) at
+4oC of warming and less intense increases (5 to 10%) are found for small areas over north and south America and
Australia. For long-term extreme droughts, modelled with SPI48 and SRI48 (Figure 6.6) increases in drought duration
are more pronounced and apparent even from +1.5oC of warming. Under the highest examined level of warming
(+4oC), the areas with the largest increases in drought duration are the Mediterranean, the north part of South
America and South Africa. Increased drought duration is also projected for regions extended over central North
America, North Africa, the Middle East and Australia. Both short- and long-term SRI drought calculations show
increases of more than 50% in drought duration for the Sahara region. However, this does not mean that the Sahara
region should be regarded as the most affected area, as the large computed increase in drought duration is probably
virtual due to the arid climate of this region and the percent calculation of changes in drought duration.
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Figure 6.5. Ensemble mean change in time extreme drought duration [%] based on 6-month SPI (top) and SRI
(bottom) and agreement of the ensemble members on the sign of change, per warming level.
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Figure 6.6. Ensemble mean change in time extreme drought duration [%] based on 48-month SPI (top) and SRI
(bottom) and agreement of the ensemble members on the sign of change, per warming level.
The calculated exposure, for the baseline period and the time-slices corresponding to different levels of warming,
along with the range in exposure found by the different ensembles members and the exposure change per warming
level compared to the baseline period are present in Figure F6.7. Figure 6.7 shows country level aggregates of
exposure, covering the global domain. At the baseline period, the most exposed regions are Canada, Saharan Africa,
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Russia and Asia. At +1.5oC, exposure is projected to increase over around 32% of the land surface. Increased
exposure is encountered for central North America, Brazil, regions of Europe and Africa, Southeast Asia and
Australia, affecting around 38% of the global population. At +2oC and +4oC of warming, 30% and 26% of the land
surface respectively is affected by increased exposure.
A note should be made here regarding the percent of land area affected by increased/decreased exposure and also
sensitivity and adaptive capacity. The land fraction values stated in the text are derived from basin level spatial
information. Meanwhile, the figures shown here present country level aggregates of the basin level information. Thus,
the calculated fraction of land area under increased/decreased vulnerability components may not directly correspond
to the area affected shown in the respective figure.

Figure 6.7. Country level aggregated exposure representing the ensemble mean (left), exposure range between
the ensemble members (middle) and exposure change per level of warming, compared to the baseline value
(right).

Country level aggregates of calculated sensitivity for the baseline period and changes in sensitivity per SSP and warming
level are shown in Figure 6.8. For all the examined SSPs, sensitivity increases with the level of warming, both in terms
of the land fraction under increased sensitivity and affected population. For example, for SSP3, the fraction of land the
surface (fraction of global population) affected by increased sensitivity rises from 25% (16%) at +1.5oC to 41% (30%) at
+4oC. SSP3, as the scenario with the highest challenges for adaptation, shows the largest increase in sensitivity,
compared to the other two SSPs. SSP5 shows the largest fraction of the land surface where decreased sensitivity is
projected (13% at +4oC), followed by SSP2 (3% at +4oC). A respective ranking stands for the population affected by
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increased sensitivity, with SSP5 showing the smallest number of the three scenarios (20% of global population affected
by increased sensitivity at +4oC), followed by SSP2 (26% at +4oC).

Figure 6.8. Country level aggregated sensitivity of the baseline period (top panel), and changes in sensitivity per
level of warming according to SSP2 (left), SSP3 (middle) and SSP5 (right). The sensitivity values shown represent
the ensemble mean.
Country level information on the changes in adaptive capacity per SSP and warming level are shown in Figure 6.9.
Adaptive capacity increases for the vast majority of the land surface regardless the SSP, with the increase intensifying
as the level of warming increases (as the higher warming level corresponds to a time-period further in the future).
Although the differences between the SSPs are very subtle, calculations of land fraction affected by increased adaptive
capacity reveal that SSP3 exhibits the lowest adaptive capacity in terms of this metric (increased adaptive capacity over
91% of the land surface for SSP3, compared to 99% for SSP2 and SSP5).
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Figure 6.9. Country level aggregated adaptive capacity of the baseline period (top panel), and changes in adaptive
capacity per level of warming according to SSP2 (left), SSP3 (middle) and SSP5 (right). The adaptive capacity values
shown represent the ensemble mean.
Integration of the three vulnerability components (exposure, sensitivity and adaptive capacity) results in the final
assessment of vulnerability, which is presented in Figure 6.10. For the baseline period, the most vulnerable countries
are mainly located in the African and Asian continents. A general observation regarding vulnerability changes, is that
vulnerability decreases for most countries. However, the Mediterranean, regions of Africa, Brazil, and (in some SSP
and warming level combinations) Australia, exhibit increases in freshwater vulnerability. SSP3, the socio-economic
scenario resembling “no-adaptation”, shows a greater fraction of the land surface affected by increased vulnerability
compared to SSP2 and SSP5 (25% for SSP3, compared to 18% and 10% for SSP2 and SSP5 respectively, all referring to
+4oC of warming). A respective ranking stands for the population affected by increased vulnerability, with SSP3 showing
the largest fraction of global population (26% at +4oC), followed by SSP2 (18% at +4oC) and SSP5 (12% at +4oC). An
interesting finding is that, for the same SSP, a smaller fraction of the land surface and the global population experience
increased vulnerability. This behaviour could be attributed to a combination of the increased adaptive capacity at
higher levels of warming, the decreased sensitivity due to increased water use efficiency further in the future and
finally the reduced exposure projected for many regions under +4oC of warming. However, this finding should be
interpreted with caution, as the range of the uncertainty in the projections is higher at +4oC, as it can be observed from
the exposure projections in Figure 6.7.
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Figure 6.10. Country level aggregated vulnerability of the baseline period (top panel), and changes in vulnerability
per level of warming according to SSP2 (left), SSP3 (middle) and SSP5 (right). The vulnerability values shown
represent the ensemble mean.

For most of the world countries freshwater vulnerability is foreseen to decrease (Figure 6.10) and this is a combined
effect of less exposure and/or lower sensitivity and/or higher adaptive capacity. There are also several countries,
especially over the wider Mediterranean region, that are projected to face increased vulnerability regardless the
level of adaptation and the level of warming. This is mostly driven by increased future exposure (Figure 6.7), higher
sensitivity (especially for the southern Mediterranean countries) and the low margin of adaptation potential (mostly
for the north Med countries).
We are using two metrics for reporting the impacts of climate change and level of adaptation at the global scale. The
first is the number of people under increased vulnerability to water resources stress and the second is the fraction of
global land area under the same assumption. It should be noted that the present analysis is based on spatially explicit
population assumptions and thus the global size of population depends on the spatial distribution of population
during the period of crossing the SWL for each model listed in Table 1.1, and according to the associated SSP. Table
6.3 includes the changes in global population and land fraction affected by increased vulnerability to freshwater
stress due to climate change (absolute values of changes). These global mean (across GCMs) projected changes at
SWL1.5/2/4 for different levels of adaptation are also illustrated in Figure 6.11. Despite the globally overall
decreased exposure, more people (about 0.2 billion) are expected to face higher vulnerability solely for the SSP3
scenario at the warming level of +4oC. The number of people affected by increased vulnerability under the SSP3
scenario is expected to be similar, on average (across all runs), for the +1.5 and +2 levels on warming. The fraction of
global land area under increased vulnerability it is decreasing with the increase of global temperature to varying
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degrees depending on the level of adaptation (SSPs). Particularly for the SSP3 scenario, the concurrent increase of
affected population within a smaller area denotes a condensation of people to areas with increased vulnerability
(relevant to the fast urbanization assumption of the SSP5 narrative). The level of adaptation assumed by the different
narratives has a direct effect as described in the two metrics and illustrated in Figure 6.11. Almost 2 billion people
less are foreseen to face higher freshwater vulnerability at a warming level of +4oC as a difference between the
higher (SSP3) and lower (SSP5) adaptation challenges scenarios. Similar patterns of less affected people and smaller
land area fraction are projected with the increase of adaptation level (moving from SSP3 to SSP2 and SSP5) and the
increase of global warming.

Table 6.3 Projected changes in global population and land fraction with increased vulnerability to freshwater
stress due to climate change alone (absolute values of changes).
1.5 high
challenge
to
adaptatio
n (SSP3)

1.5
medium
challenge
to
adaptatio
n (SSP2)

1.5 low
challenge
to
adaptatio
n (SSP5)

2 high
challenge
to
adaptatio
n (SSP3)

2
medium
challenge
to
adaptatio
n (SSP2)

2 low
challenge
to
adaptatio
n (SSP5)

4 high
challenge
to
adaptatio
n (SSP3)

4
medium
challenge
to
adaptatio
n (SSP2)

4 low
challenge
to
adaptatio
n (SSP5)

Population
with
increased
vulnerabilit
y to water
resources
stress (bn)

2.72
(1.94,
3.36)

2.43
(1.83,
2.94)

1.98
(1.31,
2.42)

2.70
(1.64,
4.00)

2.11
(1.33,
3.00)

1.51
(0.92,
2.11)

2.92
(1.72,
4.33)

1.65
(0.85,
2.49)

0.98
(0.49,
1.56)

Fraction of
global land
area under
increased
vulnerabilit
y to water
resources
stress

31%
(24%,
38)

29%
(22%,
36%)

24%
(18%,
31%)

28%
(21%,
35%)

25%
(19%,
32%)

17%
(12%,
25%)

25%
(21%,
28%)

18%
(15%,
22%)

10%
(8%,
13%)
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Figure 6.11 Global mean (across GCMs) projected changes in global population and land fraction under increased
vulnerability at SWL1.5/2/4 for different levels of adaptation

Assuming a warming level of +4oC combined with a future of high challenges to adaptation (SSP3) we can estimate
the “avoided impacts” in terms of mitigation (by comparing the level of warming) and adaptation (comparing the
level of adaptation assumed by SSP2 and SSP5). Table 6.4 and Figure 6.12 describe the global mean % impacts
avoided relative to the SWL4-SSP3 (worst case scenario) for SWL1.5/2/4 and for different levels of adaptation. It has
to be noted, once again, that warming is associated over time in the future and in parallel with the evolution of
population according to the SSP. For example the global population assumed by the SSP3 narrative is approximately
11 billions at SWL4 while for SSP2 and SSP5 is estimated to roughly 9 and 8 billions, respectively. These differences in
projected population are estimated smaller for reduced levels of global warming (8.8bn for SSP3, 8.3bn for SSP2 and
8.0bn for SSP5 at SWL2). Limiting global warming to +2oC or +1.5oC following the SSP3-RCP8.5 scenario could result
to negative impacts (more extent of increased vulnerability by 6% at SWL1.5 at 3% at SWL2) compared to the +4oC
state. This will also result to 7% less people at SWL1.5 and 8% less at SWL2 under increased vulnerability, but bearing
in mind that global population (for SSP3) at SWL1.5 (and SWL2) is 28% (and 19) less compared to SWL4.

Table 6.4 Projected changes in in global population and land fraction with increased vulnerability to freshwater
stress expressed as % of the value at SWL4
1.5 high
challenge
s to
adaptatio
n (SSP3)
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1.5
medium
challenge
s to
adaptatio
n (SSP2)

1.5 low
challenge
s to
adaptatio
n (SSP5)

2 high
challenge
s to
adaptatio
n (SSP3)

2
medium
challenge
s to
adaptatio
n (SSP2)

2 low
challenge
s to
adaptatio
n (SSP5)

4 high
challenge
s to
adaptatio
n (SSP3)

4
medium
challenge
s to
adaptatio
n (SSP2)

4 low
challenge
s to
adaptatio
n (SSP5)
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% of
Population
with
increased
vulnerabilit
y to water
resources
stress

6,7% (12,6%,
22,5%)

16.8% (6.4%,
32.0%)

32.2%
(24.0%,
44.2%)

7,6%
(4,9%,
7,6%)

27.6%
(22.3%,
30.7%)

48.4%
(46.6%,
51.2%)

0% by
definition

43.6%
(50.8%,
42.5%)

66.5%
(71.7%,
64.0%)

Fraction of
global land
area under
increased
vulnerabilit
y to water
resources
stress

-6% (3%, 10%)

-4% (2%, -8%)

1%, (3%,
-3%)

-3% (0%,
-7%)

0% (2%,
-4%)

8% (9%,
4%)

0% by
definition

7% (6%,
7%)

15%
(13%,
15%)

The impact of the different development pathways and socioeconomic changes associated to the SSP narratives is
evident in Figure 6.12. Having in mind the evolution of population through the SWLs (time), according to the
“medium adaptation scenario” (SSP2) 17%, 28% and 44% fewer people could avoid increased freshwater
vulnerability at SWLs of 1.5, 2 and 4oC, respectively, compared to the “worst case” SSP3-SWL4 scenario. At the SWLs
1.5 and 2oC, the benefit of SSP2 overcomes the differences from uneven population increase rates between SSP3 and
SSP2. This is also depicted in the reduced (by 0.3% at SWL2 and by 8% at SWL4) land fraction with increased
vulnerability to freshwater stress. The amelioration of increasing vulnerability if stronger for the SSP5 scenario.
Especially comparing at the same level of global warming (+4oC) and the same level of exposure, a 7% of global land
area for SSP2 and 15% for SSP5 could avoid increase in freshwater vulnerability as a result of socioeconomic and
technological developments (improved water efficiency, higher GDP and human capital). This could have a direct
impact of avoiding increased vulnerability for 44% and 67% more people according to SSP2 and SSP5, respectively.
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Figure 6.12 Global mean (across GCM) % impacts avoided relative to 4oC high adaptation challenges case (for
1.5/2/4 and for different levels of adaptation).
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7. Freshwater : Waterworld Model
7. 1 Methodology
WaterWorld (Mulligan, 2013), is a fully distributed, process-based hydrological model, developed and maintained by
AmbioTEK CIC and King's College London, that utilises remotely sensed and globally available datasets for to support
hydrological analysis and decision-making globally, with a particular focus on ungauged and/or data-poor
environments. WaterWorld is a policy-support system (PSS) enabling modelling application and scenario analysis to
users without specific technical or hydrological capacity and is has a web browser-based interface available at
www.policysupport.org/waterworld, The model (version 2) currently runs on either 10 degree tiles at 1-km2
resolution or 1 degree tiles at 1-ha resolution. It simulates a hydrological baseline as a mean for the period 19502000 and can be used to calculate hydrological scenarios of climate change, land use change, land management
options, impacts of extractives (oil & gas and mining) and impacts of changes in population and demography as well
as combinations of these. The model is ‘self parameterising’ (Mulligan, 2013) in the sense that all data required for
model application anywhere in the world is provided. However, if users have better data than those provided, it is
possible to upload these as GIS files. Results can be viewed visually within the web browser or downloaded as GIS
maps. The model’s equations and processes are described in more detail in Mulligan and Burke (2005) and Mulligan
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(2013). The model is not routinely calibrated to observed flows as it is designed for hydrological scenario analysis and
use in ungauged basins. Calibration is inappropriate under these circumstances (Sivapalan et al. 2003). Moreover, it
is assumed that if a physically-based model is capable of reproducing current conditions based only on physical
relationships, it is likely it would continue to do so under scenario conditions since the physical relationships would
remain the same (Mulligan, 2013).
Version 2 of the WaterWorld model contains a snow and ice module capable of simulating the processes of melt
water production, snowfall and snowpack. The model component is based on a full energy-balance for snow
accumulation and melting based on Walter et al., (2005) with input data provided globally by the the SimTerra
database (Mulligan, 2011) upon which the model relies. Initial monthly snow cover is based on MODIS snow cover
data and snowfall is assumed to occur where precipitation occurs at ground level temperature below 0°C. Changes in
meltwater production and snowpack as a result of climate change are based on changes in temperature and
precipitation for scenario conditions. Increased temperature leads to less precipitation falling as snow and more
snowmelt. Increased precipitation can lead to more snowfall. Glaciers are represented by the World Glacier
inventory of WGMS and NSIDC (2012) whose water equivalent are added to the snowpack water equivalent.
Here we used the "Change input maps" functionality of WaterWorld (v2.92) to connect WaterWorld with a database
of HELIX high resolution climate output for global land areas at 10km spatial resolution for baseline and timeslices for
each member of the ensemble. Results focus on water balance, (rainfall+fog+snow minus actual evapotranspiration)
and water stress (percentage of water demand that is unavailable or contaminated; it is therefore a function of
population, water quantity and water quality). WaterWorld calculates actual evapotranspiration based on the actual
remotely sensed local vegetation. Local water balance is negative where the actual evapotranspiration is greater
than the local rainfall. In these cases higher evapotranspiration than rainfall is sustained by (a) surface or subsurface
flows from upstream (b) groundwater stores (c) irrigation or water transfers.
WaterWorld uses the Human Footprint on Water Quality (HFWQ) as an index to describe water quality. This is the
percentage of water in a pixel that may be polluted from in- pixel or upstream sources. The seasonality in these
variables is also examined using the Walsh and Lawler (1981) seasonality index which provides an assessment of
seasonality as follows:
We calculate areas of land in which this index increases (becomes more seasonal) and decreases (becomes less
seasonal).
All climatic and other variables not provided by the scenario were assumed to remain at their 2010 levels. These
include cloud cover, solar radiation, vegetation cover, land use, population. At the scale of this study changes in
these are likely to have minor impacts on the national and global scale assessments made, though population and
agricultural change will clearly have impacts on the demand side of any water resources assessment. All
assessments were made on gridded climate data at 10km resolution and then aggregated to countries or major
basins for analysis and display. Percent of land areas and human populations that experience positive and negative
changes are calculated on a per 10 km pixel basis, with population data according to Landscan (2011).
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7.2 Projected impacts without adaptation
Since WaterWorld is calibrated to remotely sensed vegetation cover observations, currently installed irrigation
schemes are reflected in the future projections. Future adaptation schemes are not reflected in the model and
hence the results presented here reflect only the status quo as far as adaptation is concerned.

Figure 8.1: Change in global average annual total water balance (mm/yr) for each R forcing model due to climate
change alone (no population projection) compared to baseline

Water balance shows a complex response to the higher rainfall and temperature (Figure 8.1). For R3 HADGEM, the
water balance is similar to the baseline for 1.5 but the effects of higher temperatures cause a decrease in water
balance for the 2 and 4 scenarios. However, for R6 HADGEM and R9 HADGEM, the water balance is lower compared
to the baseline and for R8 HADGEM, the wetter model, the water balance increases compared to the baseline. R1
EC-EARTH has similar global water balances for 1.5 and 2 but increases for 4. R4 EC-EARTH water balances increases
for 1.5 then decreases for 2 and 4 scenarios. Overall, five models show an increase in water balance, one little
change, and three a decrease.

Project 603864

79

Figure 8.2: Change in global average annual water stress (%) for each R forcing model due to climate change alone
(no population projection) compared to baseline

Global average mean water stress (Figure 8.2) is fairly constant for all scenarios, with the exception of R3 Hadgem
which shows lower stress for 2 degrees than the 1.5 degrees and 4 degrees scenarios. R3 also shows a similar trend
in water balance in the previous figure.

Figure 8.3 shows the change from the baseline of mean annual total water balance for Africa. Generally the changes
show a drying Africa, in particular R4 EC-EARTH (the driest) and R6 Hadgem and EC-EARTH. R8 Hadgem shows
significant wetting, and in Figure 4 R8 Hadgem shows a coincident decrease in water stress. Other scenarios show a
general increase in stress in Africa.
Figure 8.5 gives the results for water balance in South Asia. Generally the mean annual water balance will
significantly increase in this area, with the exception of R6 EC-EARTH which shows a small decrease. Figure 8.6
shows the the change in mean annual water stress. Most scenarios show a decrease in water stress, with the
exception of R6 EC-EARTH which shows increasing water stress in this area.
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Figure 8.3 Africa: Change (scenario - baseline) in mean annual total water balance (mm/year) due to climate
change alone for SWL 1.5, 2 and 4°C (no population projection)

Figure 8.4 Africa: Change (scenario - baseline) in mean annual water stress(%) due to climate change alone (no
population projection) for SWL 1.5, 2 and 4°C
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Figure 8.5 South Asia: Change in mean annual total water balance (mm/year) from the baseline due to climate
change alone (no population projection) for SWL 1.5, 2 and 4°C

Figure 8.6 South Asia: Change in mean annual water stress from the baseline due to climate change alone (no
population projection) for SWL 1.5, 2 and 4°C
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Figure 8.7 Europe: Change in mean annual total water balance (mm/year) relative to the baseline due to climate
change alone (no population projection) for SWL 1.5, 2 and 4°C

Figure 8.8 Europe: Change in mean annual total water stress (%) relative to the baseline due to climate change
alone (no population projection) for SWL 1.5, 2 and 4°C
Figure 8.7 and 8.8 shows the change in water balance and water stress compared to the baseline for EC-EARTH
scenarios in Europe. For these scenarios the water balance increases and the water stress decreases.
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Figure 8.9 shows a series of global maps (at country-scale resolution) on the spatial distribution of the impacts on
water balance due to climate change alone, no population projection. Figure 8.10 shows the mapped results for
water stress, again with country scale resolution. Results are given for R3 Hadgem, R4 EC-EARTH and R7 EC-EARTH
and spatially averaged over country boundaries. For each scenario, the effects on each country differ from scenario
to scenario, but generally African countries are mostly drier and southern Asia is wetter.

R3 Hadgem

Positive changes (wetter than baseline run)

Negative changes (dryer than baseline run)

Change in
water
balance
relative to
baseline
SWL 1.5°C

SWL 2°C

SWL 4°C
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R4 ECEARTH

Positive changes (wetter than baseline run)

Negative changes (dryer than baseline run)

SWL
1.5°C

SWL
2°C

SWL
4°C
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R7 ECEARTH

Positive changes (wetter than baseline run)

Negative changes (dryer than baseline run)

SWL
1.5°C

SWL
2°C

SWL
4°C

Figure 8.9 Changes in Mean Annual Total Water Balance averaged over Country boundaries classes
(positives/negatives) mm/year.
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R4 ECEARTH
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run)
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run)
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R7 ECEARTH

Positive changes (more water stress than
baseline run)

Negative changes (less water stress than baseline
run)

SWL
1.5°C

SWL 2°C

SWL 4°C

Figure 8.10 Changes in Annual total water stress index (% of demand unavailable or contaminated) averaged over
country boundaries classes (positives/negatives) (fraction).
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7.3 Concluding remarks
The scenarios produce increased temperature but also significantly higher rainfall (especially for EC Earth);
hydrologically this results in a tendency towards an increase in global water balance (as the rainfall effect is greater
than the enhanced evaporation driven by the warming), and thus a reduction of mean water stress to current
population magnitudes and distributions. The effects on each country differ within a scenario and from scenario to
scenario, but generally African countries become mostly drier and southern Asia countries become wetter. Some
scenarios have more distinct impacts in some geographies, for example R6 EC-EARTH alone produces a drying effect
in South East Asia, and R8 HADGEM alone produces a wetting effect in Africa.
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Summary and Conclusions
Although adaptation potential has been identified in all sectors explored, climate change risks cannot be eliminated
using the approaches explored in this deliverable. The estimated potential for adaptation to reduce impacts varies
between sectors. A comparison of this potential across sectors in this project is not warranted because of the very
different methods used to estimate the adaptation potential, meaning that such a comparison would be internally
inconsistent. However, a general picture emerges that larger amounts of adaptation would be required to address
the risks associated with levels of warming at the higher SWL of 4 or 6 degrees than the lower ones at 1.5 or 2
degrees; and the efficacy of adaptation varies widely between the sectors. In planning investments in adaptation, a
hedging strategy catering for the uncertainties in the amount of adaptation likely to be required would be useful,
due to uncertainties in future levels of warming, uncertainties in projections of regional climate and its impacts
(particularly precipitation-related ones) associated with those levels of warming, as well as uncertainties in estimates
of adaptation potential.
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