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Summary

This report describes an assessment of the global-scale impacts of climate change under
three different potential temperature pathways through the 215t century. These pathways
reach peaks of 2°C, 3°C and 4°C above pre-industrial values by 2100. Impacts are
represented by indicators covering the water resources, river flooding, coastal flooding,
agricultural, environmental and health (heat) sectors, and population and economic growth
are assumed to develop along the same ‘middle of the road’ trajectory under all three climate
futures.

If global average temperature was to increase by 4°C by 2100, at the end of the century
approximately 2 billion people would be exposed to increased water resources stress, an
additional 180 million people would be exposed to river flooding each year, and an extra
40,000 people would be flooded per year in coastal floods even after adaptation. If coastal
zones do not adapt to sea level rise this figure could increase to up to 36 million per year.
More than 8 billion people would be exposed to heatwaves per year. An additional 650
thousand km? of cropland would be affected by drought, and global average maize
productivity would be reduced by around 30%. Nearly 60% of plant species would see a
reduction in their climatically-suitable habitat area of more than 50%, along with more than
30% of mammal species. There is, however, a wide range around these numbers, due to
uncertainty in how regional rainfall and temperature changes in the future, and the numbers
generally represent exposure to impact rather than actual losses because some adaptation
will take place (at a cost).

If the increase in global average temperature was to be limited to 2°C by 2100, then these
impacts at the end of the century would be reduced — with the proportional effect varying
between indicators depending on the shape of the relationship between change in global
average temperature and local impact. Only around 10-25% of the impacts on exposure to
water resources stress and drought exposure would be reduced, but between 30 and 50% of
the impacts on river and coastal flooding would be avoided, and 55-65% and 65-75% of
impacts on plant and mammal habitat loss would be avoided respectively. Between 65 and
80% of the reduction in average maize yield would be avoided, but the most dramatic effect
would be on exposure to heatwaves, which would be reduced by between 80 and 85%. The
proportional difference between the 2°C and 4°C pathways is more robustly estimated than
the actual impacts or the absolute impacts avoided. Even a 2°C world increases exposure to
climate risks compared to the situation with no climate change, which would need to be
addressed through adaptation.

A climate pathway that reaches 3°C by 2100 has approximately half of the effect of the 2°C
pathway, but the difference between the two varies between sectors.

Media interest

Estimates of the impacts of climate change under different temperature pathways will
potentially be of interest to the media. The approach involves significant caveats, which are
explained in the report, so the actual impacts should be taken as indicative.
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NERC results

Some of the results presented in this report are based on the development of global-scale
impact models funded by the NERC QUEST-GSI project.
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1. Introduction

This report presents assessments of the global-scale impacts of climate change under
pathways of change in global mean surface temperature reaching 2, 3 and 4°C above pre-
industrial levels by 2100, assuming the same socio-economic scenario. Section 2 presents
an overview of the methodology and describes the temperature projections and associated
climate and sea level rise scenarios. Section 3 describes briefly the impact indicators used,
and Section 4 presents narrative descriptions of potential impacts under the three climate
pathways. Section 5 concludes by highlighting the most important caveats. The assessment
draws largely from data produced by the AVOID1 project (Arnell et al., 2013) and the NERC
QUEST-GSI project (Arnell et al., 2014).

2. Overview of methodology

2.1 General approach

The assessment is based on indicators representing impacts on the water, river flooding,
coastal flooding, agricultural, environment and health sectors. In each case, impacts are
estimated using a spatially-explicit impacts model (typically at a spatial resolution of 0.5°
longitude x 0.5° latitude for the terrestrial impacts) run with climate and sea level rise
scenarios and the same set of socio-economic assumptions. Impacts are aggregated to the
regional and global scale. All the models — as outlined in Section 3 — have been used in
previous global-scale assessments.

2.2 Climate projections

Figure 2.1 shows the change in global mean surface temperature, atmospheric CO-
concentration and global average sea level rise under the three climate pathways.

The 4°C pathway is represented by the SRES Alb emissions scenario: more precisely, it is
the median estimate of the change in temperature as simulated by a probabilistic version of
the MAGICC energy balance model (Lowe et al., 2009), as used in CCC (2008). The
probabilistic MAGICC model samples from a range of plausible parameters representing
climate sensitivity, ocean diffusivity and the strength of the carbon cycle feedback.

The 2°C pathway is represented by the AVOID1 Alb-2016-5-L emissions scenario, which
has emissions peaking in 2016 and declining thereafter at 5% per year. Again, the
temperature pathway is the median estimate from the probabilistic MAGICC model. This
emissions scenario was used to represent a 2°C pathway in CCC (2008).

The 3°C pathway! is represented by a temperature trajectory based on an emissions
scenario produced as part of the AMPERE project and included in the IPCC AR5 Working
Group 3 data base (Clarke et al., 2014). Specifically, the trajectory is based on the

! Provided by Dr Dan Bernie, Met Office Hadley Centre
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AMPERE3_RefPol_CEback emissions scenario (Kriegler et al., 2015), and the temperature
pathway is again the median estimate from the probabilistic MAGICC model.

CO, concentration

800
700 /
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W0 _______,_._.--""-__
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ppmy

Global mean surface temperature Global mean sea level rise

C relative to pre-industrial

]

Figure 2.1 CO:; concentrations, global mean surface temperature change and global
mean sea level rise change (assuming median uncertainty assumptions in the
components of sea-level rise) under the climate pathways. See text for
explanation of the differences between the sea level scenarios

For each of the three temperature pathways, spatial climate scenarios defining changes in
relevant weather variables (mean monthly temperature, precipitation, humidity and net
radiation) were constructed by rescaling patterns produced from CMIP3 climate models
(Meehl et al., 2007a; Osborn et al., 2015) to match the change in global mean surface
temperature. Up to 21 different climate models were used to construct spatial climate
scenarios at a spatial resolution of 0.5x0.5° in order to characterise the uncertainty in
projected impacts due to uncertainty in changes in climate at a place. Climate scenarios are
then constructed by adding the scaled changes to a baseline 1961-1990 climatology (CRU
TS3.1: Harris et al., 2014) to produce perturbed 30-year time series.

The CMIP3 climate models were run in the early 2000s, and assessed in the fourth IPCC
assessment report in 2007. The CMIP5 intercomparison (Taylor et al., 2012) used the next
generation of climate models incorporating refined representations of physical processes,
additional complexities and, often, higher spatial resolutions. However, Knutti & Sedlacek
(2013) showed that the spatial patterns of change in temperature and precipitation were very
consistent between the CMIP3 and CMIP5 ensembles (accounting for differences in forcing
scenarios), and that local model spread did not change much between the CMIP3 and
CMIP5 ensemble. It can therefore be expected that whilst the use of CMIP5 patterns rather
than CMIP3 patterns could give a different indication of the range of potential impacts at a
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place, the difference in estimated impacts between the two ensembles will be small
compared with the range across the CMIP3 ensemble?.

The sea level rise scenarios include both the effects of thermal expansion as simulated by
MAGICC and the net contribution from melting glaciers and ice sheets, following the method
of Meehl et al. (2007b). For ice caps and glaciers, area-volume scaling was undertaken, and
for ice sheets a surface mass balance equation was applied using climate model outputs of
ice sheet dynamics from Gregory & Huybrechts (2006). Uncertainty is represented by using
the 10™, 50" and 90™ percentiles from the uncertainty associated with ice melt and thermal
expansion. Note that the trajectory of change in sea level under the 3°C pathway is different
to that under the other two pathways because the assumed evolution of forcings before 2000
is different. This means that the estimated 3°C pathway sea level rise impacts are lower than
those under the 2°C pathway until the 2080s.

2.3 Socio-economic assumptions

The future impacts of climate change are dependent not only on changes in climate, but also
on how the world’s economy and society change. This assessment considers impacts under
one socio-economic scenario, which defines change in national population (rural and urban,
and by age category) and GDP. The SSP2 scenario (Schweitzer & O’'Neill, 2013)3
summarised in Figure 2.2 represents a medium estimate of future population (Samir & Lutz,
2014; 2015) and GDP (Dellink et al., 2015). The figure also shows, for comparison,
population and GDP per capita under the other four SSPs. Regional population and GDP per
capita are shown in Figure 2.3. The rate of change in GDP per capita through the 21t
century varies between regions (the growth by 2050 is slowest in Africa), but by 2100 current
regional differences are reduced under SSP2. GDP is here only used in the coastal flood
impact indicator (Section 3.4). In this assessment, the national-scale SSP data are
downscaled to the 0.5x0.5° resolution.

Global population Global GDP

Millions
GDP/capita (2005 USS)

Figure 2.2 Global population and per capita GDP under the SSP2 socio-economic
scenario

2 This has been demonstrated for water resources and river flood indicators (Arnell & Lloyd-Hughes,

2014)
3 Downloaded from: https://secure.iiasa.ac.at/web-apps/ene/SspDb



AVOILC

2

Regional population: SSP2

2500

2000

1500

Millions

1000

500

0

Figure 2.3

Canada I

=2010 =2050 =2100

o
R T
2 = &8 £
g z
8 £
: 3

Millions

120000

100000

80000

60000

40000

20000

Regional GDP per capita: SSP2

Meso-America
South America

= 2010 =2050 =2100

Regional population and per capita GDP in 2010, 2050 and 2100 under the
SSP2 socio-economic scenario



AVOID?2

3. Indicators of impact

3.1 Overview of indicators

The global-scale impact indicators are summarised in Table 3.1. The indicators are
aggregated to the regional and global scales.

Sector Indicator
Water Numbers of people living in water-stressed watersheds
(<1000m?®/capital/year)

Numbers of people living in water-stressed watersheds exposed to a
change (increase or decrease) in water stress

Average annual number of people exposed to droughts

River floods Average annual flood risk

Average annual number of people exposed to river floods

Coastal floods Expected annual number of people flooded, with different levels of
adaptation

Average annual capital cost of coastal flood protection from dike
building

Agriculture Area of cropland with change (increase or decrease) in suitability for
cropping

Average annual area of cropland exposed to droughts

Productivity of spring wheat, maize and soybean

Environment Area becoming climatically unsuitable for more than 75% of
plant/animal species (“areas of concern”)

Proportion of species losing more than 50% of their habitat area due
to climate change

Health Average annual population exposed to heatwaves

Average annual population exposed to increased heat stress (with
two different thresholds)

Change in labour capacity

Number of frost-days

3.2 Water sector

Impacts of climate change on water resources are characterised by the numbers of people
living in water-stressed watersheds, and the numbers of people living in watersheds where
average annual river runoff decreases (increased exposure to water resources stress) or



AVOID?2

increases (decreased exposure to stress) significantly. See Gosling & Arnell (2013) for more
detailed results and a discussion on comparisons with other global studies. A water-stressed
watershed is defined as having average annual runoff less than 1000 m3/capita/year (Arnell
et al., 2011; Gosling & Arnell, 2013), and a ‘significant’ change in runoff is greater than the
standard deviation of 30-year average annual runoff, which varies between 5 and 10%. River
runoff at the 0.5x0.5° scale is simulated using the MacPDM.09 global hydrological model
(Gosling & Arnell, 2011; Arnell & Gosling, 2013).

Drought frequency for each 0.5x0.5° cell is estimated by calculating the 12-month
standardised precipitation index (SPI) from the monthly precipitation time series (McKee et
al., 1993): it therefore represents precipitation drought, rather than agricultural or water
resources drought. A ‘drought’ is defined as a month with an index of less than -1.5, which
occurs around 6% of the time. The SPI is first calibrated for each cell from the baseline
1961-1990 precipitation, and then applied with the same calibrated parameters with the
perturbed precipitation series and the frequency of months with an index of less than -1.5
calculated. The SPI is currently recommended as the standard indicator for the
characterisation of meteorological drought (Hayes et al., 2011). The impacts of drought are
represented by the average annual number of people living in grid cells experiencing drought
events.

Both of these indicators represent exposure to impact rather than ‘actual’ impact, because
they do not incorporate the effects of current or future management interventions and
adaptations.

3.3 River flood risk

The impacts of climate change on river flooding are represented by two indicators, both
based on flood frequency distributions estimated from the river runoff simulated using
MacPDM.09 at the 0.5x0.5° resolution. The first indicator is a representation of average
annual flood loss, estimated by combining the grid-cell flood frequency distribution with a
generalised loss function, weighting by the numbers of people living in floodplains within the
grid cell, and summing over the region and globe (Arnell & Gosling, 2014). The indicator
assumes no protection against flooding — but assumes also that there are no losses in
events with a return period in the baseline of less than 20 years — so does not directly
represent real-world flood losses. It can be interpreted as representing the sum of losses
and investment in protection. The floodplain areas are based on the UN PREVIEW GIS data
base (preview.grid.unep.ch), and are assumed not to change over time. They were produced
by a combination of historical experience and generalised hydraulic modelling, so represent
‘large’ (not precisely defined) floodplains.

The second indicator is the average annual number of people living in major floodplains
affected by flood events greater than the baseline 30-year flood. This is estimated from the
parameters of the flood frequency distribution as estimated at each site under baseline and
future climates. Again, it does not account for flood protection so does not represent the
numbers of people actually flooded and is a measure of exposure to impact. This index is
similar in principle to that used by Hirabayashi et al. (2013), although calculated in a different
way.

10
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3.4 Coastal flood risk

Changes in coastal flood risk are calculated using the Dynamic Interactive Vulnerability
Assessment (DIVA) model (Vafiedis et al., 2008; Hinkel & Klein, 2009; Hinkel et al., 2013;
2014), which combines changes in sea level with estimates of vertical land movement to
determine local sea level rise. For this projection, DIVA model 5.1.1 is used, updating
previous results presented in Arnell et al. (2013) and Brown et al. (2013). DIVA incorporates
coastal protection (sea dikes), and two assumptions are made in this analysis. ‘Evolving
protection’ assumes that protection levels increase as population and wealth increases in the
flood-prone areas, but sea level rise due to climate change is not taken into account.
‘Enhanced protection’ assumes that protection levels increase not only as socio-economic
conditions change, but also in response to sea level rise experienced so far (although not in
anticipation of future sea level rise). The difference between the two can be interpreted as
representing the effects of adaptation to climate change. The cost of adaptation is
represented by the annual capital costs of dike building (creating new dikes or raising
existing dikes) under enhanced protection. Coastal flood risk is characterised by the
expected annual number of people flooded. Note that this indicator is slightly different to the
river flood indicator because (i) it accounts for assumed levels of protection and (ii) it
considers all return period floods.

3.5 Agriculture

The impacts of climate change on agriculture are represented by changes in the suitability of
existing cropland for cropping, changes in exposure to drought events, and changes in the
productivity of three major crop types. Effects on suitability are based on changes in
Ramankutty et al.’s (2002) generalised crop suitability index, which defines suitability based
on soil properties, growing degree days and the availability of water to plants. The index is
calculated at a spatial resolution of 0.5x0.5°, over the area currently used for crop production
(Ramankutty et al. 2008); changes in suitability in areas that are currently not cropped are
not considered. The impacts of changes in meteorological drought characteristics are
indexed by the average annual area of cropland exposed to severe drought, as defined by
an SPI of -1.5 under the baseline climate (section 3.2).

Changes in the productivity of three example crops - spring wheat, maize and soybean (all
both irrigated and rain-fed) - are estimated using the GLAM global crop model (Challinor et
al., 2004; Osborne et al., 2012), which includes changes in both climate and CO.
concentration. Maize and wheat are the major food staple crops (with rice), and soybean is
widely used both for human consumption and for animal feed (it has the sixth highest global
production of all staple crops). Three varieties are simulated for each crop for each grid cell.
The variety with the highest yield is selected, along with the optimal planting date, both of
which can change with climate. In this way, the crop model explicitly incorporates some
autonomous adaptation. Regional average yield for each crop is estimated by weighting the
GLAM simulations of yield with current cultivated rain-fed and irrigated areas (Portmann et
al., 2010). Potential increases in the area which can be cultivated are not considered. Crop
productivity projections are based on just five climate models, and are available for the 2°C
and 4°C pathways only. The crop productivity projections do not take into account
productivity gains due to improved breeding and farming practices, and impacts of climate

11
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change are expressed as a percentage change from productivity under the 1961-1990
baseline climate.

3.6 Environment

Impacts on terrestrial ecosystems are characterised by the area two indicators. The first is
the area which becomes climatically unsuitable for more than 75% of species assessed
(“areas of concern”: Price et al., 2013), and the second is the proportion of species losing
more than 50% of their climatically-suitable habitat area due to climate change (Warren et
al., 2013). The indicators are calculated separately for plants and animals, and also for
amphibia, birds, mammals and reptiles (Price et al., 2013; Warren et al., 2013). The
indicators are based on MaxEnt bioclimatic models which predict the probability of species
occurrence at the 0.5x0.5° scale from climate and other site data (Warren et al., 2013):
models are available for almost 50,000 animal and plant species, most of which have
extensive ranges (Warren et al., 2013). The analysis assumes that species can move to new
climatically-favourable grid cells, at a realistic dispersal rate informed by paleoecology and
historical evidence (Warren et al., 2013), and therefore incorporates adaptation to climate
change.

Impacts under the 3°C temperature pathway are estimated by interpolation between impacts
calculated under 2.8°C, 4°C and other pathways (Warren et al., 2013), principally to capture
the dispersal rates in the species (see Warren et al., 2013 for more detail). The ecosystem
indicators were calculated (Warren et al., 2013; Price et al., 2013) from seven climate
models.

3.7 Health

The impacts of climate change on health are represented by three indicators relating to the
direct effects of high temperatures: both were used in the Royal Society (2014) Resilience to
Extreme Weather report, although are implemented differently here. A third indicator
represents cold events.

The first indicator describes the change in the regional number of “people-heatwave events”,
defined as the average annual number of heatwave events times the number of people
affected by each event (the Royal Society report used the numbers of people over 65 rather
than total population). A heatwave event occurs if there are more than five consecutive days
where the warm season daily minimum temperature exceeds the baseline (1961-1990)
mean daily warm season minimum temperature by more than 5°C (Royal Society, 2014).
Over time and with no change in climate, the number of “people-heatwave events” will vary
with change in population which, as shown in Figure 2.3, differs considerably between
regions. In some regions population reduces after the middle of the 215t century, so the
exposure reduces.

The second indicator is based on the Wet Bulb Globe Temperature (WBGT), a widely-used
measure of environmental heat stress. A value of 25°C is typically taken to be the upper
threshold at which heavy labour can be conducted at 100% efficiency (Royal Society, 2014;
Dunne et al., 2013), and a value of 32°C represents a threshold for the suspension of any
labour (it is often used, for example, to cancel major sporting events: Willett & Sherwood,
2012) . Here, the impact of climate change is characterised by calculating the regional

12
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number of ‘population-heat stress events’, defined as the average annual number of days
that the WBGT exceeds 25°C or 32°C, multiplied by exposed population. Note that this is
different to the heatwave indicator, which is based on the number of events rather than just
days. During the 215t century, the number of population-heat stress events changes with
both climate change and population.

The third indicator represents change in the capacity for physical labour. Dunne et al. (2013)
developed a simple relationship between WBGT and labour capacity, and this relationship is
used here to characterise the effects of climate change on labour capacity. As in Dunne et
al. (2013), regional and global averages of labour capacity are calculated by weighting each
grid cell value by cell population in 2010%.

There is no similar system of thresholds that link cold temperatures to human health. Cold
spells are therefore represented by the average annual number of frost days, defined as
days with a minimum temperature below 0°C. As with labour capacity, regional and global
averages are calculated by weighting each grid cell value by cell population in 2010.

The heatwave and frost-day indicators are calculated for each grid cell from daily minimum
temperatures. WBGT is calculated from daily average temperature and humidity. Time
series of daily temperature and vapour pressure for each grid cell were produced simply by
interpolating monthly temperature and humidity (Section 2.2) to produce a smooth annual
cycle. WBGT is estimated from temperature and humidity using the approximations used by
Dunne et al. (2013).

4 Calculating weights separately for each year using that year's population has a small effect on the
global average, which varies slightly between different population scenarios because they have
different distributions of population growth between countries

13
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4. Impacts under different pathways

4.1 Introduction

This section summarises the impacts of climate change over time under the three climate
pathways. It also provides an overview of the impacts that would be avoided if global
average temperature followed a 2°C or 3°C pathway, relative to the 4°C pathway, alongside
an overview of the additional impacts that would be incurred if climate followed a 4°C
pathway rather than one curbed by climate mitigation policy.

The focus is on the global-scale impacts of climate change; there is, of course, considerable
regional diversity in impact and many global-scale impacts are strongly influenced by
changes in specific regions.

Data showing global-scale impacts are presented in an accompanying spreadsheet.

4.2 Impacts over time

Figure 4.1 shows the trajectory of global-scale impacts over time under the three pathways.
For most of the indicators the plots show the median and 10" to 90" percentile ranges
across the climate model patterns (assuming all are equally plausible). For the spring wheat,
maize and soybean indicators the three values plotted are the minimum, median and
maximum across the five climate models, and for the biodiversity indicators the three values
are the minimum, median and maximum across seven climate models. For the coastal
indicators, the low and high range come from the 10% and 90% ice melt uncertainty and
thermal expansion (Section 2.2). Figure 4.2 shows the range in impacts at the global scale
by 2100 under the three temperature pathways. The box-whisker plots show the 10t 25,
50t, 751 and 90™ percentile values across all climate model patterns, assuming each pattern
is equally plausible (but only the minimum, median and maximum for the biodiversity, crop
productivity and coastal indicators). Most of the indicators are expressed as absolute values,
and Figures 4.1 and 4.2 therefore show the indicator in the absence of climate change as a
solid black line (Figure 4.1) or a black dot (Figure 4.2).

The median and range is calculated independently for each indicator. No one plausible
scenario (for a given temperature pathway) would produce impacts at the upper, median or
lower levels across all indicators because of correlations between impacts in different
sectors. For example, it is unlikely that one individual climate future would produce both a
large increase in exposure to water resources stress and a large increase in river flood risk.

It is important to note that the socio-economic projection used in this analysis assumes
global population stabilises after around 2050, with decreases in South and East Asia after
then offset by increases in sub-Saharan Africa in particular (see Section 2.3).

Climate change decreases water availability in some water-stressed regions but increases
it in others, so the overall net effect is for relatively little change in the total numbers of
people living in water-stressed watersheds. However, there are very substantial regional
variations in the numbers of people moving into and out of water-stressed conditions, with
the vast majority of those apparently becoming less-stressed living in South and East Asia.
There is also a wide uncertainty range across the 21 different spatial patterns of change in —
particularly — precipitation, especially in South and East Asia.

14
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There is a clear signal towards an increase in both the global numbers of people exposed to
drought and river flooding events (although not necessarily in the same place), and an
increase in average annual flood risk.

A greater proportion of existing cropland (approximately 14 million km?) would see a
reduction in suitability for agriculture than would see an improvement: by 2100 almost half
of cropland sees a reduction in suitability under the 4°C pathway. There is a clear signal
towards an increase in the average annual area of cropland affected by drought. The global
average productivity of spring wheat, soybean and maize decreases®, with the pattern over
time for maize reflecting the competing effects of changes in temperature and water
availability (this reduction in global average productivity might be offset to a certain extent by
the prospect of crops being grown in new areas of cropland).

The numbers of people exposed to heatwaves and heat stress increase substantially
through the 21st century under the 3°C and 4°C climate pathways — with particularly large
increases for high heat stress thresholds - and global average labour capacity declines.
The number of frost days also declines.

Increased protection against coastal flooding with increasing wealth (“evolving protection”)
means that the numbers of people affected in coastal floods would decline through the 21t
century, but this would offset by the effects of sea level rise particularly with the higher
temperature pathways®. Adaptation to experienced sea level rise (“enhanced protection”)
reduces the number of people affected by coastal floods very significantly, but at cost of
approximately $12-$16 billion/year around the middle of the 215t century under the 4°C
pathway (compared with annual costs of around $5 billion/year in the absence of climate
change).

Finally, under all climate pathways the areas of plant and animal habitats that become
climatically unsuitable for more than 75% of species increases through the 21t century
with climate change. Under the 4°C pathway, over 50% of plant species are projected to lose
more than 50% of their climatically-suitable habitat, alongside a higher proportion of
amphibian and a lower proportion of birds, mammals and reptiles.

5 Assuming no secular changes in productivity, due for example to technological or plant breeding
developments

6 Note that the 10" percentile impact under the 30C pathway is slightly lower than that under the 20C
pathway: this is due to the different rate of change in sea level under these two pathways, as shown
in Figure 2.1.

15
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4.3 Geographic variation in risk

Figures 4.3 to 4.10 illustrate the impacts for a number of indicators in 2100 under the 4°C
pathway, for two illustrative climate models. The maps emphasise the geographic variability
in the impact of climate change. Although only two climate model patterns are shown, the
comparisons between the two show that the differences in impacts between different climate
model scenarios is generally not due to differences in where the impacts occur, but in their
magnitude.

The water resources stress maps (Figure 4.3) show the locations of watersheds that would
be water-stressed in the absence of climate change (the numbers of people affected, of
course, vary considerably between watersheds). The water-stressed watersheds around the
Mediterranean and in the Middle East, and in central and southern North America, tend to
see an increase in stress, whilst the water-stressed watersheds in South and East Asia see
a reduction in stress under one model and an increase with the other (illustrating the strong
variability).

Most of the people exposed to an increased frequency of river flooding (Figure 4.4) are in
South and East Asia — and a comparison with Figure 4.3 highlights the observation that
there is a correlation between impact indicators. The areas with a reduction in water stress in
Figure 4.3 are often those with an increase in exposure to flood risk in Figure 4.4.

Figures 4.5 to 4.7 show changes in spring wheat, soybean and maize yields respectively
(over currently cropped areas). Spring wheat yields increase in higher latitude areas
(northern North America and Russia) primarily due to longer growing seasons, and in parts
of East Asia due to greater precipitation. However, elsewhere yields reduce. Soybean yields
decrease in most places apart from at the current climate margins. Maize yields decrease
virtually everywhere, except in parts of East Asia.

Figures 4.8 and 4.9 show exposure to heat-stress, using WBGT thresholds of 25°C and 32
°C respectively. By 2100 under the 4°C pathway, heat-stress with the 25°C threshold
increases substantially across virtually all of Africa and South America, South and East Asia,
the Middle East, the eastern half of the United States, and in southern Europe. With the
higher 32°C threshold, the impacts of climate change are largely confined to South Asia.

Figure 4.10 shows the distribution of the number of frost-days, showing very substantial
reductions across western and central Europe, much of the eastern United States and parts
of north east China.
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Figure 4.3 Effect of climate change on exposure to water resources stress by 2100,
under two climate models: 4°C pathway
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Figure 4.4 Effect of climate change on change in river flood risk by 2100, under two
climate models: 4°C pathway
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Figure 4.5 Effect of climate change on spring wheat yields by 2100, under two climate
models: 4°C pathway
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Figure 4.6 Effect of climate change on soybean yields by 2100, under two climate
models: 4°C pathway
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Figure 4.7 Effect of climate change on maize yields by 2100, under two climate models:
4°C pathway
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Figure 4.9 Number of days that WBGT>32: baseline and projections for 2100 under two
climate models: 4°C pathway
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Figure 4.10 Number of frost days: baseline and projections for 2100 under two climate
models: 4°C pathway
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4.4 Impacts avoided by limiting climate change

Limiting the rise in global mean temperature to 2°C would avoid or delay some of the
impacts of climate change that would occur if the global mean temperature were to rise to
4°C. Similarly, limiting the rise to 3°C would avoid some of the impacts expected under the
4°C pathway. These avoided impacts could be expressed in absolute terms, but such
numbers would be strongly influenced by the assumed socio-economic projection and
uncertainty in the pattern of regional impacts due to differences between climate models
would result in large absolute ranges. However, expressing avoided impacts in percentage
terms reduces — to a large extent — the effect of uncertainty in future socio-economic
conditions and reduces — to a lesser extent — the effect of climate model uncertainty.

In principle, limiting climate change can have several different effects on the magnitude of
impacts. Most obviously, impacts can be reduced from the level under un-mitigated climate
change; at the most extreme, limiting climate change may reduce climate impacts to lower
than the levels experienced without climate change. On the other hand, limiting climate
change can reduce the beneficial effects of climate change, such as decreases in exposure
to water resources stress. Finally, limiting climate change can in some circumstances mean
that the beneficial effects of climate change are greater than they would be with un-mitigated
climate change. All of these cases can be seen with the indicators considered here.

Figure 4.11 shows the percentage of impacts that would occur in 2100 under the 4°C
pathway that would be avoided if temperatures followed a 2°C or 3°C pathway: note that
these are not cumulative impacts, but the snapshot of impacts in 2100. The proportion of
impacts that are avoided by keeping climate change to 2°C or 3°C varies between sectors
and indicators. For some indicators keeping the rise in global mean temperature to 2°C
avoids up to 80% of the impacts that would have occurred if temperatures would have risen
to 4°C, but for others only avoids around 20% of the impacts. The effect of climate policy on
avoided impacts depends essentially on the shape of the damage function relating impact to
temperature change: climate policy has relatively little effect if the damage function has a
decreasing gradient, but has a large effect if the gradient increases with temperature.

If climate change follows the 4°C pathway, approximately 3000 km? of cropland would see
an improvement in suitability for agriculture (Figure 4.1). However, this total falls slightly
through the second half of the 215t century as in some places the beneficial effects of
increased temperatures are offset by reduced precipitation, or the beneficial effects of
increased precipitation are offset by increased temperatures. If climate change were limited
to 3°C or 2°C, then these offsets would be delayed. Under lower rates of climate change the
amount of cropland with an improvement in suitability therefore continues to increase
through the 215t century (albeit slowly). Limiting climate change therefore increases the
beneficial effects of climate change, and this is shown in Figure 4.11 by the negative avoided
benefits.
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4.5 Impacts incurred if climate policy targets are exceeded

The other way of looking at the effect of climate policy on the impacts of climate change is to
assess the extra impacts that would occur if the climate policy were not implemented. Figure
4.12 shows the percentage change in impacts in 2100 under the 4°C pathway, compared
with the impacts under a 2°C or 3°C pathway (again the impacts are in 2100, not
accumulated). As with the avoided impacts, there is considerable variation between the
indicators and the extra impacts may be many times those of the impacts which would arise
if climate followed the 2°C pathway in particular.
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5.

Overview of caveats

There are a number of caveats with the assessment, which necessarily mean that the
numbers presented are to be regarded as indicative of the potential impacts under the three
temperature pathways. The differences between the pathways are more robust than the
absolute values under the individual pathways.

The key caveats are:

The climate scenarios representing the changes in climate under the different
pathways of change in temperature through the 21st century were produced by
pattern-scaling outputs from global climate models. Pattern-scaling assumes that
there is a linear relationship between global temperature change and local climate
change (which varies from place to place). This assumption may be least reasonable
for the pathway with the lowest increases in temperature.

The climate scenarios are based on the CMIP3 generation of climate models, and it
is assumed here that all are equally plausible.

The sea level rise projections assume that sea level rise is uniform. Uncertainty in
sea level rise projections is here characterised only by uncertainty in the overall
magnitude of the rate of total sea-level rise. Due to differential steric changes (e.qg.
thermosteric or halosteric) and circulation, plus ice melt which can result in
gravitational changes due to the shifting ice mass, the magnitude of sea-level rise in
different parts of the ocean will vary.

The indicators presented in this report are calculated from one impact model per
sector. Different models have the potential to produce different impacts from the
same climate scenario (as shown in the ISI-MIP project: Warzsawski et al., 2014),
and adding impact model uncertainty would likely increase the range in potential
impacts. However, it is not necessarily the case that different impacts models would
produce different differences between the three temperature pathways.

The impact indicators mostly represent exposure to impact rather than actual
impacts, as they do not take into account either current management interventions or
future adaptation (the coastal flood indicator is a notable exception). For most
sectors, adaptation is context-specific and conceptually difficult to incorporate
credibly into generalised impacts models.

The estimated impacts under all three temperature pathways assume one socio-
economic scenario (SSP2). Actual impacts would of course be different under
different socio-economic scenarios, and so therefore would be the absolute impacts
avoided by reducing the amount of climate change. However, the proportion of
impacts avoided by reducing the amount of climate change is much less sensitive to
assumed socio-economic scenarios (Arnell et al., 2015).
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