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In assessing the risk of clim
ate change, the im

m
ediate questions for any country anyw

here in the w
orld are: 

H
ow

 serious is the threat? H
ow

 urgent is it? H
ow

 should w
e prioritise our response, w

hen w
e have so m

any 
other pressing, national objectives - from

 encouraging econom
ic recovery to protecting our people around 

the w
orld? These are all im

portant questions, and w
e can only truly answ

er them
 if w

e assess the risk in full. 

In the past, w
hen assessing the risk of clim

ate change, w
e have tended to take an approach that is, perhaps, 

too narrow
 - or incom

plete. In public debate, w
e have som

etim
es treated it as an issue of prediction, as if 

it w
ere a long-term

 w
eather forecast. O

r as purely a question of econom
ics - as if the w

hole of the threat 
could be accurately quantified by putting num

bers into a calculator. O
ften, too, w

e have not fully assessed 
the indirect or system

ic risks, such as those affecting international security – even though, as the U
K

’s first 
national clim

ate change risk assessm
ent found, these could be far greater than the direct risks like coastal 

flooding. Assessing the threat of clim
ate change today dem

ands a m
ore coordinated, m

ore sophisticated, 
m

ore holistic approach.

Taking a holistic approach to risk m
anagem

ent goes to the heart of w
hat the Foreign and C

om
m

onw
ealth 

O
ffice does. It is an approach that applies as m

uch to clim
ate change as to, for exam

ple, preventing the 
spread of nuclear w

eapons. E
arlier this year, I addressed a m

eeting of the Perm
anent Five m

em
bers of the U

N
 

Security C
ouncil to discuss nuclear disarm

am
ent and non-proliferation. Assessing the risk around this vital 

area of security depends on understanding inter-dependent elem
ents, including: w

hat the science tells us is 
possible; w

hat our political analysis tells us a country m
ay intend; and w

hat the system
ic factors are, such as 

regional pow
er dynam

ics. 

The risk of clim
ate change dem

ands a sim
ilarly holistic assessm

ent. So, to understand its full extent, w
e m

ust: 
first, take into account countries’ plans and policies, w

hich together affect the future of global em
issions; 

second, understand the science of how
 our clim

ate m
ay change; third, consider how

 clim
ate change could 

affect the com
plex system

s of the global econom
y and international security. 

Finally, w
e m

ust also m
ake a judgm

ent about how
 w

e value the risk. In other w
ords, how

 m
uch do w

e care 
about the effects of clim

ate change? H
ow

 im
portant is it that w

e act to avoid them
? W

hat probability of their 
occurrence can w

e tolerate? For clim
ate change, as for nuclear proliferation, the answ

ers to these questions 
are not easily expressed in econom

ic term
s. They depend in part on how

 w
e value hum

an life – both now, and 
in the future. D

ecisions on national security usually have im
plications for the budget, but they can rarely be 

reduced to sim
ple equations of cost and benefit. That is w

hy it is im
portant that w

e are open and honest about 
any value judgm

ents w
e m

ake, so that these can be subject to public debate.

Just as our assessm
ent of the risk needs to be holistic, so too does our response. R

esponding to the risk of 
clim

ate change w
ill dem

and technological innovation, financial investm
ent and political leadership. E

ach of 
these elem

ents m
ust be brought together to produce a response that is both proportionate and effective. 

W
e are beginning to see som

e positive progress. Technological innovation has dram
atically cut the costs of 

renew
able energy, increasing its share of global energy investm

ent. In turn, m
ore and m

ore countries are 
taking policy steps to reduce their em

issions and the Paris conference at the end of this year presents an 
opportunity to scale up our global response. 

H
ow

ever, lest w
e becom

e com
placent, w

e m
ust rem

em
ber that in one w

ay, clim
ate change differs from

 
any other subject of diplom

atic negotiation: it is governed by a physical process. A process w
here the 

risk increases over tim
e, and w

ill continue to do so until w
e have entirely dealt w

ith its cause. That is w
hy 

leadership is so im
portant – to forge ahead, to drive m

om
entum

 and to show
 the w

ay for others to follow. 

Form
er B

ritish Prim
e M

inister M
argaret Thatcher show

ed just that kind of leadership in her early recognition 
of the nature and scale of the risks of clim

ate change. In 1989, she told the U
N

 G
eneral Assem

bly that rather 
than being the lords of all w

e survey, “w
e are the Lord’s creatures, the trustees of this planet, charged 

today w
ith preserving life itself – preserving life w

ith all its m
ystery and all its w

onder. M
ay w

e all be 
equal to that task.”

I am
 delighted that experts from

 the U
K

, U
S, C

hina and India have w
orked together to produce this report, 

w
hich m

akes those risks even clearer. As w
e consider its findings, let us rem

em
ber those w

ords from
 a 

quarter-century ago. Let us determ
ine to be both proportionate and effective in our response. Let us show

 
that w

e are, indeed, equal to the task before us. 
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A clim
ate change risk assessm

ent m
ust consider at least three areas: the future pathw

ay of global em
issions; 

the direct risks arising from
 the clim

ate’s response to those em
issions; and the risks arising from

 the 
interaction of clim

ate change w
ith com

plex hum
an system

s. E
ach of these areas contains large uncertainties. 

From
 our assessm

ent, w
e draw

 the follow
ing conclusions about the m

ost significant risks. 
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• 
C

urrent policies and plans for m
ajor countries and regions are, in aggregate, consistent w

ith a m
edium

 
to high em

issions pathw
ay, w

ith em
issions continuing to increase over the next few

 decades. 

• 
The technological challenges to achieving a low

 em
issions pathw

ay are substantial, and are not being 
adequately addressed at present. W

ithout an acceleration of innovation in energy technology and energy 
system

s – including w
ind and solar w

ith storage, nuclear, biofuel, petroleum
-free passenger transport, 

carbon storage, and large-scale energy efficiency – the likelihood of follow
ing a pathw

ay in w
hich 

em
issions fall rapidly and approach zero by late in the century is very low. 

• 
H

igh em
issions pathw

ays in w
hich em

issions continue to increase throughout the century cannot be 
ruled out, given the potential for extraction of large new

 coal reserves, as w
ell as oil shale and m

ethane 
hydrates. 

• 
The clim

ate responds to cum
ulative em

issions, so any pathw
ay that does not bring em

issions close to 
zero w

ill result in risk continually increasing over tim
e. 
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• 
For any em

issions pathw
ay, a w

ide range of global tem
perature increases is possible. O

n all but 
the low

est em
issions pathw

ays, a rise of m
ore than 2°C

 is likely in the latter half of this century. O
n 

a m
edium

-high em
issions pathw

ay (R
C

P6
1), a rise of m

ore than 4°C
 appears to be as likely as not by 

2150. O
n the highest em

issions pathw
ay (R

C
P8.5), a rise of 7°C

 is a very low
 probability at the end of 

this century, but appears to becom
e m

ore likely than not during the course of the 22
nd century. A rise of 

m
ore than 10°C

 over the next few
 centuries cannot be ruled out.

• 
H

um
ans have lim

ited tolerance for heat stress. In the current clim
ate, safe clim

atic conditions for 
w

ork are already exceeded frequently for short periods in hot countries, and heat w
aves already cause 

fatalities. In future, clim
atic conditions could exceed potentially lethal lim

its of heat stress even for 
individuals resting in the shade. The probability of exposed individuals experiencing such conditions in 
a given year starts to becom

e significant for a global tem
perature rise of around 5°C

, and could exceed 
50%

 for a global tem
perature rise of around 7°C

, in hot areas such as northern India, southeastern 
C

hina, and southeastern U
SA. 

• 
C

rops have lim
ited tolerance for high tem

peratures. W
hen critical thresholds are exceeded, yields m

ay 
be drastically reduced. The probability of crossing such thresholds in a given year, for studied exam

ples 
of m

aize in the M
idw

estern U
S and rice in southern C

hina, appears to rise from
 near zero at present, to 

becom
e increasingly significant w

ith global tem
perature rise of m

ore than 2°C
, and in the w

orst cases to 
reach som

ew
here in the region of 25%

 (m
aize) and 75%

 (rice) respectively w
ith global tem

perature rise 
of around 4-5°C

.B
iophysical lim

its on the extent to w
hich such tolerance thresholds can be raised m

ay 
be an im

portant constraint on adaptation. This is one reason w
hy high degrees of clim

ate change could 
pose very large risks to global food security. 

• 
Thresholds for w

ater stress are largely arbitrary, but thresholds of ‘m
oderate’, ‘chronic’ and ‘extrem

e’ 
w

ater shortage are w
idely used, based on per capita availability. The num

ber of people exposed to 
extrem

e w
ater shortage is projected to double, globally, by m

id century due to population grow
th alone. 

C
lim

ate change could increase the risk in som
e regions: for exam

ple, on a high em
issions pathw

ay, 
the probability of the Tigris – E

uphrates river basin falling into extrem
e w

ater shortage could rise 
significantly after 2030, reaching close to 100%

 by 2070. 

• 
In South and E

ast Asia, clim
ate change m

ay slightly offset otherw
ise increasing risks of w

ater stress, 
w

hile increasing the risk of fl
ooding. O

n a high em
issions pathw

ay, w
hat is now

 a ‘30-year flood’ could 
becom

e three tim
es m

ore frequent in the Yellow
 R

iver and Indus basins, and six tim
es m

ore frequent in 
the G

anges basin, over the course of the century, on a central estim
ate. In the w

orst case for those three 
river basins, such a flood could be in the region of ten tim

es m
ore frequent by the end of the century. 

• 
O

n a high em
issions pathw

ay, the incidence of extrem
e drought affecting cropland could increase by 

about 50%
 in the U

S and South Asia, double globally, and triple in southern Africa, over the course of 
the century under central estim

ates. The uncertainties around these central estim
ates are large: for the 

U
S and South Asia, in the best case, drought incidence could halve; in the w

orst case, it could increase 
by three or four tim

es. 

• 
W

ith 1m
 of global sea level rise, the probability of w

hat is now
 a ‘100-year flood event’ becom

es 
about 40 tim

es m
ore likely in Shanghai, 200 tim

es m
ore likely in N

ew
 York, and 1000 tim

es m
ore likely 

in K
olkata. D

efences can be upgraded to m
aintain the probability of a flood at a constant level, but this 

w
ill be expensive, and the losses from

 flooding w
ill still increase, as the floods that do occur w

ill have 
greater depth. Thresholds of adaptation beyond w

hich ‘retreat’ from
 the sea m

ay becom
e m

ore feasible 
than further increases in flood protection are not w

ell defined, but the m
ost significant lim

its m
ay be 

sociopolitical rather than econom
ic or technological. 

• 
C

lim
ate m

odels suggest that global sea level rise is unlikely to exceed 1m
 this century, and that a 

plausible w
orst-case scenario could result in an increase of several m

etres by the end of the 22
nd 

century. H
ow

ever, due to inertia in the clim
ate system

, w
ith a sustained global tem

perature rise of 2°C
 

the global sea level m
ay be com

m
itted to rise by som

e 10-15m
 as ice-sheets gradually m

elt, but w
hether 

this w
ill take hundreds of years or thousands of years is deeply uncertain. 

• 
M

any elem
ents of the clim

ate system
 are capable of abrupt or irreversible change. C

hanges to 
m

onsoons or to ocean circulation patterns, die-back of tropical forests, and the release of carbon 
from

 perm
afrost or sub-sea m

ethane hydrates could all cause large-scale disruption of the clim
ate. 

The probabilities of such changes are not w
ell know

n, but are they expected to increase as the global 
tem

perature rises. 
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• 
As clim

ate change increases the frequency of extrem
e w

eather events, prelim
inary analysis suggests 

w
hat w

as a ‘1 in 100 year’ shock to global food production in the latter half of the 20
th century m

ay 
have becom

e three tim
es m

ore likely by m
id-century. If policy and m

arket responses am
plify rather than 

m
itigate the shock, a plausible w

orst-case scenario in the present day could produce unprecedented 
price spikes on the global m

arket, w
ith a trebling of the prices of the w

orst-affected grains, com
pared to 

current levels. 

• 
C

lim
ate change has already increased the probability of extrem

e events such as the R
ussian heat w

ave 
of 2010, and the Syrian drought of 2007-2011. These events have contributed to unrest and conflict, 
in com

bination w
ith other factors such as food export restrictions, existing resource stress, poor 

governance and state fragility. At low
 degrees of clim

ate change, further such risks are m
ost likely to 

arise in regions w
here clim

ate change is reducing already stressed resources at the sam
e tim

e as high 
rates of population grow

th are increasing dem
and. 

• 
Security risks at high degrees of clim

ate change seem
 likely to be of a different order of m

agnitude. 
E

xtrem
e w

ater stress, and com
petition for productive land, could both becom

e sources of conflict. 
M

igration from
 som

e regions m
ay becom

e m
ore a necessity than a choice, and could take place on 

a historically unprecedented scale. It seem
s likely that the capacity of the international com

m
unity 

for hum
anitarian assistance w

ould be overw
helm

ed. The risks of state failure could rise significantly, 
affecting m

any countries sim
ultaneously, and even threatening those that are currently considered 

developed and stable. The expansion of ungoverned territories w
ould in turn increase the risks 

of terrorism
. The tem

ptation for states or other actors to take unilateral steps tow
ard clim

ate 
geoengineering w

ould be significant, and could becom
e a further source of conflict.
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• 
Standard econom

ic estim
ates of the global costs of clim

ate change are w
ildly sensitive both to 

assum
ptions about the science, and to judgm

ents about the value of hum
an life. They are also likely to 

be system
atically biased tow

ards underestim
ation of risk, as they tend to om

it a w
ide range of im

pacts 
that are difficult to quantify. 

• 
E

ven if econom
ic costs could be estim

ated accurately, their sum
 total w

ould not be a good m
easure of 

the risks of clim
ate change. Som

e of the greatest tragedies of the last century had a negligible im
pact on 

global G
D

P. Som
e of the greatest risks of clim

ate change m
ay be sim

ilarly non-m
onetary.

• 
Any valuation of the risks of clim

ate change w
ill involve subjective judgm

ents, m
ost notably w

ith regard 
to the im

portance attached to the w
ellbeing of future generations. Such judgm

ents should be m
ade 

transparently, so that they m
ay be publicly debated. 
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There is m
uch that w

e can do to im
prove our assessm

ent of clim
ate change risk. This is an opportunity, as it 

can better inform
 decisions on risk reduction. 

O
ur recom

m
endations on risk assessm

ent are: apply the right principles; broaden participation in 
the process; and report to the highest decision-m

aking authorities. 

A
pply the principles of risk assessm

ent. These include: 

• 
A

ssess risks in relation to objectives, or interests. Start from
 an understanding of w

hat it is that w
e 

w
ish to avoid; then assess its likelihood. 

• 
Identify the biggest risks. Focus on finding out m

ore about w
orst-case scenarios in relation to long-

term
 changes, as w

ell as short-term
 events.

• 
C

onsider the full range of probabilities, bearing in m
ind that a very low

 probability m
ay correspond 

to a very high risk, if the im
pact is catastrophic. 

• 
U

se the best available inform
ation, w

hether this is proven science, or expert judgm
ent. A best 

estim
ate is usually better than no estim

ate at all. 

• 
T

ake a holistic view
. Assess system

ic risks, as w
ell as direct risks. Assess risks across the full range of 

space and tim
e affected by the relevant decisions. 

• 
B

e explicit about value judgm
ents. R

ecognize that they are essentially subjective, and present them
 

transparently so that they can be subject to public debate. 

R
isk assessm

ents need to be m
ade on a regular and consistent basis, so that in areas of uncertainty, 

any changes or trends in expert judgm
ent are clearly visible over tim

e. This could be facilitated by the 
identification and use of a consistent set of indicators in each of the three areas of risk assessm

ent described 
above. 

B
roaden participation in the risk assessm

ent process. D
ifferent participants are im

portant to different 
stages of the process: 

• 
D

efi
ning objectives: Leaders and decision-m

akers have a role at the beginning, in defining the 
objectives and interests against w

hich risks should be assessed. 

• 
Inform

ation gathering: Scientists have the lead role in understanding clim
ate change and its direct 

im
pacts. E

xperts in politics, technology, econom
ics, and other disciplines can provide inform

ation 
relevant to the future of global em

issions, and the indirect im
pacts of clim

ate change as it interacts w
ith 

hum
an system

s. 

• 
R

isk assessm
ent: W

hereas inform
ation gathering m

ay collect w
hatever is useful or interesting, risk 

assessm
ent interrogates that evidence in relation to defined objectives and according to a specific set of 

principles. Separating these tasks m
ay allow

 both to be carried out m
ore effectively. C

lim
ate change risk 

assessm
ents should involve not only scientists, but also experts in risk, w

ho m
ay be draw

n from
 fields 

such as defence, intelligence, insurance, and public health. 

R
eport to the highest decision-m

aking authorities. A risk assessm
ent aim

s to inform
 those w

ith the 
pow

er to reduce or m
anage the risk. Assessm

ents of specific, local, or sectoral risks of clim
ate change m

ay 
be directed at those w

ith specific, local or sectoral responsibility. Assessm
ents of the risk of clim

ate change 
as a w

hole should report directly to those w
ith responsibility for governance as a w

hole. At the national level, 
this m

eans the head of governm
ent, the cabinet, or the national security council. At the global level, it m

eans 
institutions w

here heads of governm
ent m

eet to m
ake decisions. 
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A risk assessm
ent aim

s prim
arily to further our understanding of the problem

s w
e face; at the sam

e tim
e, it 

m
ay provide som

e insight into the nature of the solutions. 

The greatest risks of clim
ate change arise w

hen thresholds are crossed: w
hat had been gradual becom

es 
sudden; w

hat had been inconvenient becom
es intolerable. Sim

ilarly, the greatest reductions in risk w
ill be 

achieved by crossing thresholds at w
hich change becom

es non-linear. 

Political leadership can be a source of non-linear change. W
ith existing technology, there is already the 

opportunity for political leadership to significantly change the trajectory of any country’s em
issions in the 

short term
.

Technological innovation is a natural source of non-linear change. N
ew

 technologies can em
erge slow

ly, but 
then displace old ones rapidly and suddenly w

hen som
e invisible threshold is crossed. Accelerating this pace 

of change, and bringing forw
ard those thresholds, should be a priority in respect of the range of technologies 

that are needed to achieve the low
 carbon transition. The top priority should be to use both technological 

progress, and policy m
easures such as carbon pricing, to cross as soon as possible the threshold at w

hich 
clean energy becom

es cheaper than fossil energy. 

In finance, sm
all changes in rules can produce large changes in results. Adjustm

ents to regulations and 
incentives to incorporate enhanced assessm

ent of long-term
 risk into the financial system

 could significantly 
increase investm

ent in technologies that serve our long-term
 econom

ic interests. 

The risks of clim
ate change are am

plified by feedbacks: rising tem
peratures m

elt ice; sea w
ithout ice absorbs 

m
ore heat; and the tem

peratures rise faster. E
ffective risk reduction w

ill also take advantage of positive 
feedbacks. Political interventions can change m

arket sentim
ent, so that the m

arket sends m
ore investm

ent 
into clean energy technologies, so that this accelerates technological progress, so that new

 political 
interventions becom

e possible. 

Just as the risks of clim
ate change are both im

m
ediate and long-term

, w
e m

ust act both im
m

ediately and w
ith 

a long-term
 view. A risk that grow

s over tim
e w

ill not be m
anaged successfully if our horizons are short-term

. 
U

ltim
ately, the risks of clim

ate change w
ill only be under control w

hen w
e have reduced global em

issions to 
near zero. So w

hile w
e m

ust do all in our pow
er to reduce em

issions now, w
e m

ust also follow
 a path that 

increases our pow
er to do m

ore in the future. 

The risks of clim
ate change m

ay be greater than is com
m

only realized, but so is our capacity to confront 
them

. An honest assessm
ent of risk is no reason for fatalism

. If w
e counter inertia w

ith ingenuity, m
atch 

feedback w
ith feedback, and find and cross the thresholds of non-linear change, then the goal of preserving a 

safe clim
ate for the future need not be beyond our reach. 
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B
ut hum

an civilization has seen few
 of those changes. O

ver the ten thousand years or so in w
hich our 

civilization em
erged, the E

arth’s clim
ate has been unusually stable. G

lobal tem
perature and sea levels have 

hardly varied. W
e have taken advantage of this period of stability to grow

 crops, build cities, and develop a 
global econom

y. 
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       That period of stability is now
 ending. The greenhouse gases em

itted to the atm
osphere by hum

an activities 
are trapping heat, adding energy to the E

arth’s system
. This flow

 of additional energy is substantial: it is 
roughly equivalent to adding the energy of four nuclear bom

bs of the size dropped on H
iroshim

a, every 
second. 4 As a result, not surprisingly, the E

arth’s clim
ate is w

arm
ing up. 
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Sm
all changes in global tem

perature correspond to large changes in the global clim
ate. If the w

orld w
ere 

five degrees cooler than it is now, w
e w

ould be in an ice age, last experienced som
e ten thousand years 

ago, before the daw
n of hum

an civilization. Five degrees w
arm

er, and w
e w

ould be in a clim
ate of heat last 

experienced by this planet m
ore than ten m

illion years ago, long before the beginning of hum
an existence. 

That clim
ate five degrees w

arm
er, or m

ore, is a very real possibility. It could occur w
ithin the lifetim

es of 
children alive today. D

ecisions w
e take now

 w
ill affect its likelihood, and w

ill continue to influence the clim
ate 

for thousands of years and hundreds of hum
an generations into the future. 

W
h

y
 d

o
 w

e
 n

e
e

d
 a

 risk
 a

sse
ssm

e
n

t? 

O
ur starting point is that w

e have an interest in understanding w
hat the consequences of our decisions 

m
ight be. W

hen the consequences could be so far-reaching in space and in tim
e, w

e have an interest in 
understanding them

 as fully as possible. 

A risk is som
ething bad that m

ight happen. A risk assessm
ent asks the questions: ‘W

hat m
ight happen?’, 

‘H
ow

 bad w
ould that be?’ and ‘H

ow
 likely is that?’ The answ

ers to these questions can inform
 decisions about 

how
 to respond. 

C
lim

ate change fits the definition of a risk (m
ore academ

ically described as ‘the effect of uncertainty on 
objectives’, 6 or ‘an uncertain, generally adverse consequence of an event or activity w

ith respect to som
ething 

that hum
ans value’ 7), because it is likely to affect hum

an interests in a negative w
ay, and because m

any of 
its consequences are uncertain. W

e know
 that adding energy to the E

arth system
 w

ill w
arm

 it up, raising 
tem

peratures, m
elting ice, and raising sea levels. B

ut w
e do not know

 how
 fast or how

 far the clim
ate w

ill 
w

arm
, and w

e cannot predict accurately the m
ultitude of associated changes that w

ill take place. The answ
er 

to the question ‘how
 bad could it be?’ is far from

 obvious. 

Lim
iting clim

ate change w
ill take som

e effort. Although m
any of the policies that w

ould reduce greenhouse 
gas em

issions could also be good for public health, quality of life, and econom
ic grow

th, 8 they w
ill not 

necessarily be easy to put in place. They w
ill require the investm

ent of both political and financial capital. 
G

overnm
ents and societies w

ill have to decide how
 m

uch effort they are prepared to m
ake, and how

 to 
prioritize this issue in relation to their other objectives. An assessm

ent of the risks w
ill be a necessary basis 

for judging w
hat w

ould be a proportionate response. 

It is som
etim

es argued that a full assessm
ent of the risks of clim

ate change w
ould be counterproductive, 

because the risks m
ay be so large and the solutions so difficult that people w

ill be overw
helm

ed w
ith a 

feeling of helplessness, and w
ill look the other w

ay. In som
e cases, this m

ay be true. The anthropologist Jared 
D

iam
ond, in addressing the question: ‘W

hy do som
e societies m

ake disastrous decisions?’, w
rites: 

…
consider a narrow

 river valley below
 a high dam

, such that if the dam
 burst, the 

resulting flood of w
ater w

ould drow
n people for a considerable distance dow

nstream
. 

W
hen attitude pollsters ask people dow

nstream
 of the dam

 how
 concerned they 

are about the dam
’s bursting, it’s not surprising that fear of a dam

 burst is low
est 

far dow
nstream

, and increases am
ong residents increasingly close to the dam

. 
Surprisingly, though, after you get just a few

 m
iles below

 the dam
, w

here fear of the 
dam

’s breaking is found to be highest, concern then falls off to zero as you approach 
closer to the dam

! That is, the people living im
m

ediately under the dam
, the ones 

m
ost certain to be drow

ned in a dam
 burst, profess unconcern. That’s because of 

psychological denial: the only w
ay of preserving one’s sanity w

hile looking up every 
day at the dam

 is to deny the possibility that it could burst. A
lthough psychological 

denial is a phenom
enon w

ell established in individual psychology, it seem
s likely to 

apply to group psychology as w
ell. 9

O
ur prem

ise for w
riting this risk assessm

ent is that w
e can all choose w

hether or not to look up at the dam
. 

G
overnm

ents can choose either to ignore it, or to send their best experts to inspect it closely. W
e have taken 

the view
 that it is better to be w

ell inform
ed than not. As the Am

erican nuclear strategist Albert W
ohlstetter 

w
rote during the C

old W
ar, “W

e m
ust contem

plate som
e extrem

ely unpleasant possibilities, just because 
w

e w
ant to avoid them

.”
10 

This report does not pretend to give all the answ
ers. Its purpose is to be illustrative: to present a new

 
fram

ew
ork for a clim

ate change risk assessm
ent, and to put forw

ard our best – in som
e cases rough 

– estim
ates of w

hat the findings of such an assessm
ent m

ight be. W
e hope that these findings w

ill be 
challenged, updated, and im

proved. It is less im
portant that readers should agree w

ith us, than that they 
should understand w

hy w
e have asked the questions that w

e have. 

W
e have ended w

ith som
e thoughts on the question of risk m

anagem
ent. A risk assessm

ent is a w
ay to better 

understand a problem
, not a guide to solving it, and so this is a sm

all part of our report. W
e provide a few

 
individual perspectives on how

 our national and global responses to clim
ate change could be m

ade m
ore 

effective, in proportion to the scale of the risk, sim
ply because w

e w
ould not w

ish to leave readers w
ith the 

im
pression that the situation is hopeless. That, w

e believe, is far from
 the case.
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M
any clim

ate science reports and clim
ate change risk assessm

ents have been published by governm
ents, 

research institutes and other agencies around the w
orld. M

ost notably, the reports of the Intergovernm
ental 

Panel on C
lim

ate C
hange (IPC

C
), w

hich sum
m

arize the findings of thousands of scientists, have m
ade an 

enorm
ous contribution to our collective know

ledge. To a very great extent, our assessm
ent relies on the 

findings of those earlier assessm
ents. 

W
hile som

e new
 scientific and other studies have been undertaken to provide content for this report, our 

m
ain aim

 has been to collate and present existing know
ledge in a w

ay that is consistent w
ith the principles 

of risk assessm
ent. In particular, w

e have aim
ed to put forw

ard a risk assessm
ent that w

ill be relevant to 
governm

ents’ decision-m
aking on how

 to respond to the problem
 of clim

ate change as a w
hole, including 

through policy on em
issions (‘m

itigation’, in the clim
ate policy jargon). This sets it apart from

 those risk 
assessm

ents that are prim
arily intended to inform

 decision-m
aking on the response to specific im

pacts of 
clim

ate change (know
n as ‘adaptation’). 

W
e have aim

ed to be holistic: to take into account the different factors and the different kinds of know
ledge 

that are m
ost relevant to an understanding of the risk. The assessm

ent considers four m
ain areas: 

1. 
T

he future pathw
ay of global greenhouse gas em

issions. The future rate and extent of clim
ate change, 

and all the risks that flow
 from

 it, depend significantly on the future pathw
ay of global em

issions. Since no 
governm

ent controls global em
issions, from

 the point of view
 of any individual governm

ent (or person) this 
is a variable that depends m

ainly on the actions of other governm
ents – as w

ell as on non-governm
ental 

forces, such as technological progress, econom
ic trends, investor sentim

ent, and popular w
ill. 

2
. T

he changes in the physical clim
ate, and their direct risks to hum

an interests. W
hatever 

em
issions pathw

ay is eventually follow
ed, the risks w

ill depend on how
 the physical clim

ate responds: 
how

 m
uch tem

perature rises in response to em
issions; how

 changes in tem
perature influence changes 

in rainfall; how
 changes in tem

perature, rainfall and other factors lead to changes in crop yield, etc. The 
risks to hum

an interests w
ill also depend on how

 successfully w
e can adapt to these changes. The m

ost 
significant risks m

ay arise if thresholds are crossed beyond w
hich certain kinds of adaptation are no 

longer possible. 

3
. T

he system
ic risks arising from

 interactions betw
een changes in the physical clim

ate and 
hum

an system
s. In com

plex system
s, sm

all changes can som
etim

es lead to large divergences in future 
state. The risks of clim

ate change to hum
an interests w

ill depend not only on the direct im
pacts of 

changes in the physical clim
ate, but also on the response of com

plex hum
an system

s such as the global 
econom

y, food m
arkets, and the system

 of international security. 

4
. T

he value w
e choose to give to all of the changes that m

ight take place. If risk is defined as 
‘the effect of uncertainty on objectives’, or as the chance of an adverse im

pact on som
ething that w

e 
value, then a risk assessm

ent cannot be com
plete w

ithout som
e subjective judgm

ent being m
ade about 

w
hat one’s objectives are, w

hat it is that one values, and w
hat value one places on avoiding the adverse 

im
pacts. O

nly once som
e value judgm

ent has been m
ade can the risk assessm

ent be useful in inform
ing 

decisions. 

In each of these four areas, w
e have draw

n on different expertise, and taken different approaches. 

O
ur assessm

ent of the future pathw
ay of global greenhouse gas em

issions is a political and a technological 
assessm

ent. W
ith regard to the short-term

 future, it looks in particular at the policies, plans and targets 
that governm

ents are im
plem

enting or have announced. W
ith regard to the long-term

, it concentrates on 
describing the m

ain technological challenges to reducing em
issions, and considering their difficulty or the 

level of effort it m
ight take to overcom

e them
. B

y attem
pting to m

ake som
e judgm

ent about the relative 
likelihood of different em

issions pathw
ays, this assessm

ent differs from
 others, such as those of the IPC

C
, 

w
hich do not. 

The section on changes in the physical clim
ate and their direct risks to hum

an interests is a scientific 
assessm

ent. It attem
pts to be consistent w

ith the principles of risk assessm
ent by asking first w

hat it is that 
w

e m
ight w

ish to avoid, and then how
 likely that is to occur. M

any clim
ate change risk assessm

ents apply 
this principle to consideration of the risk of extrem

e w
eather events, so as to use this inform

ation to inform
 

decision-m
aking on disaster risk reduction and clim

ate change adaptation. W
e also apply it to a consideration 

of long-term
 changes, and the risk that even the averages of clim

atic variables eventually reach extrem
e 

values or exceed im
portant thresholds, since this is relevant to decision-m

aking on energy and em
issions.

O
ur consideration of the system

ic risks arising from
 interactions betw

een changes in the physical clim
ate 

and com
plex hum

an system
s is in large part a security risk assessm

ent. R
ecognizing the depth of uncertainty 

about the future state of com
plex system

s, it uses the futures tools of scenarios and w
argam

ing to help 
us think about w

hat m
ight happen. It differs from

 m
uch of the published literature on clim

ate change and 
security by deliberately m

aking explicit distinctions betw
een security risks in the near-term

 w
ith low

 degrees 
of clim

ate change, and security risks in the long-term
 w

ith high degrees of clim
ate change. 

Finally, our consideration of the value w
e choose to give to all of the changes that m

ight take place is based 
on a recognition of the essential subjectivity of this question. R

ather than attem
pt to quantify this value, 

w
e focus on m

aking clear the lim
itations of a quantitative approach. W

e highlight the inescapable ethical 
questions that econom

ics can inform
, but not answ

er. R
ather than put forw

ard any valuation as being 
‘correct’, w

e invite readers to m
ake up their ow

n m
inds. 

The introductory sections at the beginning of each of the four parts of the risk assessm
ent set out our 

approach in m
ore detail. 

P
rin

cip
le

s o
f risk

 a
sse

ssm
e

n
t 

W
hile each stage of our risk assessm

ent has draw
n on different kinds of know

ledge and applied different 
m

ethodologies, w
e have tried to be consistent in our application of som

e basic principles. W
e identified 

these principles from
 literature on risk assessm

ent, and from
 discussions w

ith expert practitioners in risk 
assessm

ent from
 the fields of finance and national security. 1 

The principles of risk assessm
ent that w

e have applied are: 

1. 
Identify risks in relation to objectives. As one guide to risk assessm

ent states, ‘R
isk assessm

ent 
begins and ends w

ith specific objectives.’ 2 As noted above, our risk assessm
ent ends w

ith the 
consideration of value, w

hich w
e recognize as being essentially subjective. B

ut w
e m

ust also start w
ith 

som
e objectives, otherw

ise w
e cannot identify risks to them

. So w
e have assum

ed that that our com
m

on 
objectives are hum

an prosperity and security, and it is risks to those objectives that w
e consider. It follow

s 
from

 this principle that in assessing risks, w
e ask first w

hat m
ight happen that could m

ost affect our 
interests, and then how

 likely that w
ould be to occur. (W

e do not ask first w
hat is m

ost likely to happen, 
and then how

 that w
ould affect our interests.) 

2
. Identify the biggest risks. This follow

s logically from
 the first principle. The m

ore a risk could affect 
our objectives, the m

ore relevance it is likely to have for our decision-m
aking. If risk is defined sim

ply as 
the product of likelihood and im

pact, then the biggest risks m
ay be those w

hich are m
ost likely to occur, 

or those w
hich w

ould have the greatest im
pact, or those w

hich fall som
ew

here in betw
een. M

athem
atically 

speaking, this w
ill depend on the shape of the probability distribution function. In practice, the risks of 

m
ost concern are usually those w

ith the greatest im
pact, especially w

hen there is potential for irreversible 
consequences (e.g. death). 
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3
. C

onsider the full range of probabilities. This follow
s from

 the second principle, since the biggest 
risks could lie anyw

here in the probability distribution. H
ow

ever, it is w
orth stating separately, because 

of the particular im
portance of not ignoring low

 probability, high im
pact risks. It is a m

atter of judgm
ent 

how
 low

 a probability is w
orth considering. Insurance firm

s in E
urope are regulated to guard against ‘1 

in 200 year’ risks to their solvency (i.e. risks that have a 0.5%
 probability of occurrence in a given year). 

It has been argued that if preserving a stable clim
ate is as im

portant as avoiding the insolvency of an 
insurance firm

, then w
e should apply no less a cut-off point to our consideration of clim

ate risks. 3 The U
K

 
G

overnm
ent’s N

ational R
isk R

egister of C
ivil E

m
ergencies gives serious consideration to risks w

ith 
even low

er probabilities: for exam
ple, the risk of m

ajor industrial accidents, w
hich is assessed to have a 

likelihood of betw
een 1 in 20,000 and 1 in 2,000. 4 W

hen a probability cannot be m
eaningfully quantified, 

it is usual to consider a ‘plausible w
orst case’. Again, the question of w

hat is a relevant threshold of 
‘plausibility’ is a m

atter of judgm
ent. 

4
. U

se the best available inform
ation. This m

ay be quantitative or qualitative, the results of experim
ents 

or the exercise of expert judgm
ent. E

ven w
here there is deep uncertainty, a best estim

ate – based on 
the best available inform

ation – is usually better than no estim
ate at all. W

here there is no inform
ation, 

ignorance itself m
ay be a data-point that is relevant to decision-m

aking – as it w
ould be to a m

an w
alking 

along a cliff-top in a heavy fog. 

5
. T

ake a holistic view
. This m

eans taking into account all relevant factors, as far as possible – including 
hum

an behaviour, and the com
plex interactions betw

een different parts of a system
. W

hile m
odels can be 

useful for understanding com
plex system

s, factors that fall outside the consideration of a m
odel should 

not be ignored. W
hen a system

 is im
possible to m

odel in a m
eaningful w

ay, scenarios m
ay be developed 

to im
agine its possible future states. 

6
. B

e explicit about value judgm
ents. Subjective value judgm

ents are inherent both in identifying w
hat 

constitutes a risk (i.e. w
hat it is that w

e m
ight w

ish to avoid), and in deciding how
 m

uch w
e care about 

it. These value judgm
ents need to be clear and explicit, so that readers can easily apply different values if 

they choose. At the sam
e tim

e, once a risk has been identified, the assessm
ent of its likelihood should be 

entirely objective, based on the best available inform
ation. 

Finally, as recom
m

ended by the International R
isk G

overnance C
ouncil, 5 w

e have m
aintained a clear 

separation betw
een risk assessm

ent – analyzing and understanding a risk – and risk m
anagem

ent – deciding 
w

hat to do about it. 

H
ere w

e present som
e brief perspectives from

 the fields of finance, security and governm
ent science advice to 

further illustrate som
e of these principles and their relevance to understanding the risks of clim

ate change. 

A
n

 a
ctu

a
ria

l p
e

rsp
e

ctive

D
r D

avid H
are, Im

m
ediate past-P

resident of the Institute and Faculty of A
ctuaries 

C
lim

ate change is prim
arily a risk m

anagem
ent problem

 – one of the m
ost im

portant goals of 
clim

ate change policy should be to lim
it the probability of a very bad outcom

e to an acceptably 
sm

all value.

R
isk assessm

ent in the actuarial profession is based on understanding scenarios that could have the 
greatest im

pact, even if the probability is low
 – w

e are concerned w
ith protecting against the ‘risk of 

ruin’. To assess and m
anage the risk of ruin in the insurance industry actuaries rely on three im

portant 
elem

ents: m
odels to determ

ine sufficient capital to cover liabilities that could arise from
 a ‘1 in 200 year 

event’; scenario testing to m
anage risks and assess future risks; and, disclosure and transparency to assist 

m
arket forces in im

posing discipline on firm
s. 

M
odelling alone w

ill not assess or m
anage risk effectively – all three aspects of risk assessm

ent are 
required and are applicable in the case of clim

ate change risk: 

• 
R

isk m
odels are a representation of the w

orld (albeit im
perfect) and should reflect all appropriate 

quantitative and qualitative data. A factor that is im
portant in determ

ining risk should never be excluded 
from

 consideration sim
ply because it cannot be quantified. 

• 
U

nderstanding risk drivers and contingent risks is critical in determ
ining potential outcom

es. For 
clim

ate change, risk drivers include hum
an em

issions, clim
ate feedbacks, and hum

an vulnerability. 
C

ontingent risks include ‘second order’ risks, such as political instability arising as a result of clim
ate 

change im
pacts on food and w

ater security. 

• 
Transparency and disclosure of risks are param

ount so that m
arkets and decision-m

akers can respond 
to risk appropriately. 

O
ne of the key risk drivers for clim

ate change is the response of global tem
peratures to em

issions. If 
only ‘fast feedbacks’ are taken into account, relatively low

 tem
perature increases w

ill be calculated. 
B

ut past clim
ate change indicates that in the long term

, ‘slow
 feedbacks’ can lead to m

uch higher 
tem

perature increases (see Figure 5). A risk m
anagem

ent approach should exam
ine the risks that these 

‘slow
 feedbacks’ are relevant to us and consider the scenarios of m

ost concern. In actuarial w
ork, it is the 

extrem
e cases that w

e consider to be the m
ost im

portant. 
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   G
ood decisions are often based on exploring difficult scenarios and then using this inform

ation to m
itigate 

the risk. In the case of clim
ate change, the question rem

ains – are w
e focusing too m

uch attention on a 
2°C

 w
orld, rather than the risk of a m

ore extrem
e tem

perature rise of 4°C
 or m

ore? These m
ore extrem

e 
scenarios are possible by the end of the century and, due to the uncertainty about the nature and scale of 
im

pacts, there is no certainty that adaptation w
ill be successful.

Global Average Temperature Change, °C
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ead of E
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ent and R
einsurance, Lloyds of London

R
isk assessm

ents in reinsurance use a m
ixture of m

ethods including horizon scanning, scenario tests and 
catastrophe m

odeling. The principles of risk assessm
ent w

e apply include: (i) concentrate your effort on 
the largest risks, (ii) base analysis on the best available inform

ation, (iii) avoid the dangers of averaging, 
(iv) carry out continual reassessm

ent of the risk; (v) cater for hum
an factors and (vi) take account of 

uncertainty. 

H
um

an factors are critically im
portant in assessing the risk of clim

ate change. Just as our catastrophe 
m

odels consider the uncertainty in natural hazards, so our clim
ate policy m

ust be based on risk 
assessm

ents that consider the possibility that the negotiations fail, that som
e carbon capture technologies 

do not deliver, that policies m
ay be reversed by future adm

inistrations, etc. W
hen these are considered w

e 
w

ill see that extrem
e outcom

es are m
uch m

ore likely, and w
e m

ay decide to strengthen our actions so as to 
avoid them

. 

Avoiding the dangers of averaging is im
portant in identifying the largest risks. M

y friend Professor 
Lenny Sm

ith has an excellent analogy to bring this point hom
e. Im

agine three policym
akers w

ho like 
river w

alking; none of w
hom

 can sw
im

. They ask their scientific advisor w
hether the depth of w

ater 
ever exceeds head height. The advisor asks three universities to develop m

odels: the first notes that 
the w

ater exceeds head height near to the w
est shore, the second believes this is not the case but w

ater 
exceeds head height in the centre of the river and the third, being very fond of their m

odel, believes the 
others are both w

rong and the w
ater only exceeds head height near the east shore. The advisor, noting 

the uncertainty in the m
odeling, believes the best approach is to average the three results. The outcom

e 
is regrettable! The fact is that each of the m

odels predict certain death – but the precise location is not 
know

n. B
y averaging, this crucial inform

ation is lost. 

In m
y view, m

uch tim
e is spent w

orrying about w
hether a particular clim

ate m
odel is correct regionally. 

W
e cannot predict exactly w

hat tem
peratures w

ill be in future at different locations, w
hat the sea level rise 

w
ill be; how

 m
uch extrem

e rainfall or drought w
ill change – but the m

ajority of clim
ate m

odels predict 
dire outcom

es som
ew

here – hence that overall prediction, that outcom
es w

ill be very serious indeed is 
very robust – even if the details are not. 

The best available inform
ation can take m

any form
s; som

etim
es, all w

e have to rely on is expert judgm
ent. 

In these cases, it is essential for the expert to com
m

unicate w
ithout bias. It has alw

ays concerned m
e 

that our use of the w
ord ‘conservative’ has the opposite m

eaning in insurance to its m
eaning in science. 

Scientists are ‘conservative’ if they constrain their w
orst fears, and w

ait for m
ore evidence before 

com
m

unicating them
; therefore, ‘conservative’ predictions tend to understate risk – they are less than best 

estim
ates. In insurance, ‘conservative’ reserves are higher than w

ould be required by best estim
ates. In 

m
atters of risk assessm

ent, I feel the insurance point of view
 is m

ore appropriate.
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G
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. K
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F
 (ret.) Form
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m
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C
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dvisory B

oard. C
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irector, C
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ilitary 

A
dvisory B

oard.

The m
ilitary and security com

m
unity is constantly dealing w

ith decision-m
aking under im

perfect 
inform

ation and uncertainty. G
eneral G

ordon Sullivan, form
er C

hief of Staff of the U
.S. Arm

y, stated in the 
first C

N
A M

ilitary Advisory B
oard report “W

e never have 100 percent certainty. W
e never have it. If 

you w
ait until you have 100 percent certainty, som

ething bad is going to happen on the battlefield.” 
There is inherent risk in decision m

aking w
ith incom

plete inform
ation, but as G

eneral Sullivan says, the 
decision-m

aker cannot w
ait. G

eneral Sullivan’s com
m

ents get to the foundation of w
hy risk assessm

ent, 
risk m

anagem
ent—

and the ability to act under uncertainty—
is so critical in dealing w

ith the im
pacts of a 

changing clim
ate.

R
isk assessm

ent has to pay attention to low
 probability, high im

pact risks. As Adm
iral Frank ‘Skip’ B

ow
m

an, 
U

nited States N
avy (R

etired) has said: “E
ven very low

 probability events w
ith devastating consequences 

m
ust be considered and m

itigation/adaptation schem
es developed and em

ployed. W
e operate our 

nuclear subm
arine fleet in this fashion. Som

e m
ay argue that this continuing process results in 

overdesign and overcautiousness. M
aybe so, but our U

.S. subm
arine safety record testifies to the 

w
isdom

 of this approach. That’s w
here w

e should be w
ith clim

ate change know
ns and unknow

ns.”

In a second report on the national security risks of clim
ate change, the C

N
A M

ilitary Advisory B
oard 

w
arned against a ‘failure of im

agination’ w
ith regard to situations of deep uncertainty:

W
hen it com

es to thinking about how
 the w

orld w
ill respond to projected changes in 

the clim
ate, w

e believe it is im
portant to guard against a failure of im

agination. For 
exam

ple, in the sum
m

er of 2001, it w
as, at least partly, stovepipes in the intelligence 

com
m

unity and a failure of im
agination by security analysts that m

ade it possible for 
terrorists to use box cutters to hijack com

m
ercial planes and turn them

 into w
eapons 

targeting the W
orld Trade C

enter and the Pentagon. R
egarding these threats, the 9/11 

C
om

m
ission found “The m

ost im
portant failure w

as one of im
agination. W

e do not 
believe leaders understood the gravity of the threat. The ... danger ... w

as not a m
ajor 

topic for policy debate am
ong the public, the m

edia, or in the C
ongress....” Failure 

to think about how
 clim

ate change m
ight im

pact globally interrelated system
s could 

be stovepipe thinking, w
hile failure to consider how

 clim
ate change m

ight im
pact all 

elem
ents of U

.S. national pow
er and security is a failure of im

agination.

O
ne of the key purposes of risk assessm

ent is to allow
 decision-m

akers to w
eigh choices for action under 

uncertainty. To give leaders a process to evaluate threats, probabilities, outcom
es, and courses of action 

w
ith incom

plete inform
ation, in this case, divorced from

 political pain and personal preferences. If policy-
m

akers, under the guise of ‘w
aiting for perfect inform

ation’, fail to set strong clim
ate change m

itigation 
and adaptation policies today, they are ignoring the risks to our econom

y and our national security for 
the future. R

isk analysis is pretty sim
ple really: ‘H

ow
 bad can it be? C

an I stand that? And if not, how
 do I 

m
ove the fallout back to som

ething I can live w
ith, and w

hen m
ust I start?’ Tw

o other points are critical: 
(i) how

 w
ill I know

 m
y plan is w

orking or not in tim
e to change it? And (ii) if w

e are w
rong, w

hat’s the 
cost and how

 bad could that be? N
ot m

aking any decision is actually letting fate decide. The m
ilitary adage 

is, ‘Plan for the w
orst, hope for the best, and accept anything in betw

een’ – and act.

T
he C

N
A

 C
orporation’s M

ilitary A
dvisory B

oard (M
A

B
) is a group of sixteen retired G

enerals 
and A

dm
irals that studies global issues to assess their im

pact on national and global security. 

A
 g

o
ve

rn
m

e
n

t scie
n

ce
 a

d
v
ise

r’s p
e

rsp
e

ctive

D
r C

laire C
raig, D

irector, U
K

 G
overnm

ent O
ffi

ce for Science 

To understand system
ic risks w

e m
ust draw

 on evidence from
 all form

s of science and scholarship. 

The infrastructure created by hum
ans and the natural infrastructure of the planet are 

both vital for our survival and w
ellbeing. It is only possible for m

ore than seven billion 
people to inhabit the E

arth because of our ability to m
odify our environm

ent. W
e 

achieved this by creating social and physical structures, and by discovering how
 to 

harness the fossil energy sources of the planet to pow
er our m

odern w
orld. B

ut in spite 
of all our innovation and ingenuity w

e are still critically dependent on our natural 
infrastructure, on our interactions w

ith anim
al and plant health, on w

eather, clim
ate 

and all the other aspects of the physical and biological environm
ent of the planet. 7 

The U
K

 G
overnm

ent O
ffice for Science provides science advice in situations that range from

 em
ergencies 

such as the Fukushim
a D

aiichi nuclear incident or the recent E
bola outbreak, to the exploration of the 

very long term
 such as in the future of cities.



C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

2
5

2
4

C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

It is true in all cases that m
anagem

ent of any risk (or opportunity) of significance to decision-m
akers 

requires evidence from
 both the physical and the hum

an sciences. U
sually, this is because assessm

ent of 
the risk and its responses requires insights into the behaviour of com

plex system
s in w

hich hum
an and 

physical behaviours are coupled. Also, because the aim
 is to change the future the evidence m

ust facilitate 
action, and actionable evidence requires insights into hum

an behaviour.

A practical exam
ple com

es from
 the U

K
’s N

ational R
isk R

egister. 8 There, the overview
s of the 

consequences for each risk explicitly include both direct and indirect or system
ic im

pacts. The potential 
consequences of pandem

ic flu, for exam
ple, include the direct m

edical im
pact of dealing w

ith infections, 
together w

ith indirect im
pacts causing social and econom

ic disruption including potential threats to the 
continuity of essential services, low

er production levels, and shortages and distribution difficulties.

D
uring the recent E

bola em
ergency, the U

K
 w

orked w
ith U

S, French and other partners to m
anage risks 

at source and in the hom
e nations. G

etting this right required sophisticated epidem
iological m

odelling. 
B

ut decision-m
akers also drew

 on the behavioural and social sciences, including anthropology and history, 
to help understand hum

an behaviours such as the significance of traditional burial custom
s. This enabled 

them
 to better assess and anticipate the risks, and to design and m

onitor interventions to bring the rates 
of infection dow

n as rapidly as possible.

W
hat is true about facing up to risk in the short term

 is also true about m
ajor long term

 risks. It is 
certainly true for our understanding of clim

ate risk. W
e need to consider the role of clim

ate change as 
risk m

ultiplier and the interdependencies betw
een different sources of risk. 9 G

O
-Science’s Foresight 

program
m

e has show
n how

 intim
ately clim

ate change interacts w
ith social, technological and econom

ic 
drivers to shape possible futures in the global food and farm

ing system
, in patterns of international 

m
igration and in flood risk. 10 These studies show

 that w
e need to get from

 considering the physics of 
clim

ate change in isolation, to a better understanding of how
 intim

ately clim
ate change interacts w

ith 
social, technological and econom

ic drivers. 

S
co

p
e

 o
f th

e
 risk

 a
sse

ssm
e

n
t, in

 sp
a
ce

 a
n

d
 in

 tim
e

 

A risk assessm
ent inform

s decision-m
aking by providing inform

ation about the possible consequences of 
decisions. So it is logical that a risk assessm

ent should have a scope in space and tim
e that is w

ide enough to 
include the m

ost significant consequences of the decisions it is aim
ing to inform

. 

As stated above, our risk assessm
ent is intended prim

arily to inform
 governm

ents’ decision-m
aking on 

em
issions policy. The consequences of em

issions – the risks of clim
ate change – occur in every part of the 

w
orld, and so it follow

s that our risk assessm
ent should have a global scope. Since w

e have not attem
pted 

to be com
prehensive, w

e have described a range of risks across the w
orld that w

e think m
ay be of particular 

interest to decision-m
akers in national governm

ents, particularly those of countries w
ith significant econom

ic 
size and political influence. 

The logical scope in tim
e of a clim

ate change risk assessm
ent is perhaps not so obvious. R

isk assessm
ents 

often have a relatively short-term
 focus: the U

K
 G

overnm
ent’s N

ational R
isk R

egister of C
ivil E

m
ergencies 

considers only the next five years, and its N
ational Security R

isk A
ssessm

ent only the next tw
enty. The 

risks of clim
ate change that could occur over such short tim

e periods are irrelevant to decision-m
aking 

on em
issions: inertia in the clim

ate system
 m

eans nothing w
e do now

 to reduce em
issions w

ill have any 
significant effect for at least the next couple of decades. 

D
ecisions relating to em

issions have consequences beginning in the m
edium

 term
, and lasting over a very 

long tim
e period. O

nce a coal-fired pow
er station is built, it is likely to keep operating for several decades 

(though not inevitably: it could be closed early, if that cost is accepted). O
nce carbon dioxide has been 

em
itted to the atm

osphere, a substantial fraction of it w
ill still be there, changing the clim

ate, ten thousand 
years later. 11 So it m

akes sense for a clim
ate change risk assessm

ent to consider the long term
. 

A long-term
 view

 is not unique to clim
ate change: in assessing the risks arising from

 the storage of radioactive 
nuclear w

aste, governm
ents have considered tim

efram
es of thousands, hundreds of thousands, and even a 

m
illion years. 12 B

ut clim
ate change has a particular characteristic that m

akes consideration of the long term
 

even m
ore im

portant: the risks of clim
ate change tend to increase over tim

e. This is likely to be true at least for 

as long as em
issions of greenhouse gases are above zero, their concentration in the atm

osphere is increasing, 
and the global tem

perature is going up. This m
akes the risks of clim

ate change quite different from
 the risks 

of natural hazards such as earthquakes, w
hich tend to be roughly constant over tim

e in a given location, or 
the risks from

 a radioactive w
aste deposit, w

hich w
ill gradually decrease over tim

e (see Figure 6). For clim
ate 

change, if w
e do not consider the long term

, w
e w

ill not be considering the biggest risks. 
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For the purposes of this risk assessm
ent, w

e have im
posed no lim

it on the tim
e period under consideration. 

H
ow

ever, in practice the tim
e period for w

hich a risk assessm
ent can be m

eaningful depends on the quality of 
inform

ation available, and the degree of com
plexity of the risks. For very large, slow

-m
oving com

ponents of 
the clim

ate system
 such as continental ice-sheets, it is both possible and inform

ative to consider w
hat m

ight 
happen over hundreds and even thousands of years. The direct risks of clim

ate change – such as the im
pact 

on crop yields – are often assessed out to the year 2100; in som
e cases w

e have found it possible to look a 
little further. For the system

ic risks, such as risks to global security, it is extrem
ely difficult to consider as far 

ahead as the end of the century. 

In general, w
e have aim

ed to look as far ahead as inform
ation or reasonable judgm

ent w
ill allow, and w

e leave 
it to readers to decide how

 m
uch im

portance they attach to w
hat could occur over different periods of tim

e. 
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In 1992, the Intergovernm
ental Panel on C

lim
ate C

hange (IPC
C

) developed a series of scenarios (IS92) to 
evaluate future greenhouse gas trajectories and future clim

ate. The purpose of using scenarios w
as to allow

 
the clim

ate assessm
ent to com

pare clim
ate m

odel results based on identical greenhouse gas em
issions over 

tim
e. There w

ere six scenarios, covering a w
ide range of trajectories, from

 low
 em

issions scenarios that had 
C

O
2  em

issions peaking by 2020 below
 8 billion tons (G

t) of carbon per year, to high em
issions scenarios that 

had em
issions grow

ing steadily through the century, reaching 35 G
t of carbon by 2100. 

In 2000, in preparation for the third Assessm
ent R

eport (TAR
), the IPC

C
 published a Special R

eport on 
E

m
issions Scenarios (SR

E
S), w

hich replaced the IS92 scenarios w
ith 40 different scenarios, grouped into 

six ‘fam
ilies’, each w

ith com
m

on them
es for the m

ajor factors controlling greenhouse gas em
issions. For the 

SR
E

S scenarios, each fam
ily had projections for population, econom

ic grow
th, econom

ic disparity betw
een 

Annex I and non-Annex I countries, and energy technologies. These scenarios covered a slightly narrow
er 

range as the IS92 scenarios, although still including a low
-em

issions scenario that had em
issions decreasing 

through m
ost of the century, and several high-em

issions scenarios that show
ed em

issions continuing to grow
 

through 2100. 

For the clim
ate science assessm

ent (‘W
orking G

roup I’) of the Fifth Assessm
ent R

eport, the IPC
C

 sw
itched 

to using a new
 set of scenarios – called ‘R

epresentative C
oncentration Pathw

ays’ (R
C

Ps). R
C

Ps m
oved 

aw
ay from

 explicitly describing the various social factors such as econom
ic or population grow

th. Instead, 
the R

C
Ps describe four em

issions pathw
ays that lead to four different levels of radiative forcing in 2100 

(+
2.6, +

4.5, +
6.0 and +

8.5 W
/m

2). The R
C

Ps w
ere the first IPC

C
 scenarios to explicitly consider em

issions 
past 2100. W

e know
 from

 a variety of m
odelling studies that peak w

arm
ing depends prim

arily on global, 
cum

ulative em
issions of C

O
2 , the m

ost im
portant greenhouse gas, a significant portion of w

hich rem
ains 

in the atm
osphere for tens of thousands of years. Thus, extending the scenarios beyond 2100 is im

portant 
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because it em
phasizes that stabilizing radiative forcing requires that em

issions m
ust ultim

ately decrease to 
near zero. H

ow
ever, because the social factors are not specified, the R

C
Ps can em

erge from
 a diverse set 

of possible socio-econom
ic trajectories, as slow

er grow
th in energy consum

ption due to reduced econom
ic 

grow
th, for exam

ple, could com
pensate for a slow

er shift to non-fossil energy system
s, or faster grow

th 
in global population. 1 The sim

plicity of the R
C

P scenarios is an advantage, but it also m
akes it som

ew
hat 

difficult to understand the underlying drivers of the greenhouse gas em
issions. 

N
one of the three generations of IPC

C
 scenarios w

ere ever considered to be ‘predictions’ of the future, but 
sim

ply different possible futures of greenhouse gas em
issions. This allow

ed the m
ain focus of the clim

ate 
science assessm

ent to be the carbon cycle and the clim
ate system

, w
ithout also needing to confront the 

huge range of factors that affect how
 global greenhouse gas em

issions w
ill change over tim

e. O
ne can easily 

understand w
hy this decision to avoid any discussion of probability of the different scenarios w

as m
ade, 

given the com
plexities of reaching consensus across all of the participating countries, and given the genuine 

uncertainties in all of the social factors. If the objective is sim
ply assessm

ent of clim
ate science, then the 

approach of considering a range of different em
issions trajectories, and then focusing on how

 the carbon 
cycle and clim

ate system
 responds to each, is quite reasonable. 

At the sam
e tim

e, a m
uch larger range of scenarios, review

ed by the IPC
C

 reports on m
itigation (‘W

orking 
G

roup III’) has looked in depth at how
 social, political, econom

ic, and technological factors could affect 
the future pathw

ay of global em
issions. This w

ork helps illustrate w
hat m

ight be a plausible range for 
future em

issions (see B
ox: ‘Fram

ing the plausible range’), and supports our understanding of the relative 
im

portance of the different variables. 
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M
odels of the global system

 of energy, land use, population and econom
y provide a w

ay to project future 
em

issions on the basis of changes in socioeconom
ic trends and policy choices. In recent years, such 

m
odels have been used to produce m

ore than a thousand em
issions scenarios. Taken together, these give 

us an idea of a plausible range for global em
issions over the course of the century (see Figure 1).
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At the top end of the range are scenarios w
here no deliberate action is taken to reduce em

issions, and 
fossil fuel (particularly coal) availability, econom

ic grow
th and population grow

th are all assum
ed 

to be high. In these scenarios, em
issions can m

ore than triple by the end of the century. In all of the 
scenarios review

ed in the IPC
C

’s Fifth Assessm
ent R

eport in w
hich no deliberate action is taken to reduce 

em
issions, em

issions continue to increase throughout the century, w
hatever assum

ptions are m
ade about 

population grow
th, econom

ic grow
th, energy intensity of the econom

y, and fossil fuel availability. Typically 
in these scenarios, em

issions by the end of the century are m
ore than double their level in 2010.

In scenarios that incorporate som
e of the em

issions-reducing m
easures that have already been announced 

or im
plem

ented by various countries and regions, and extrapolate a sim
ilar level of effort into the longer 

term
 future, em

issions tend to increase until around the m
iddle of the century, and then slow

ly return to 
around present day levels by the end of the century.

‘C
lim

ate stabilization scenarios’ are those in w
hich em

issions are calculated backw
ards from

 the 
achievem

ent of a target level of w
arm

ing or of greenhouse gas concentrations. At the low
 end of the range 

are scenarios designed to be consistent w
ith a good chance of lim

iting w
arm

ing to 2°C
. These scenarios 

typically reach near-zero em
issions by the end of the century, and require net negative C

O
2  em

issions 
from

 the energy supply and land use sectors to com
pensate for rem

aining positive em
issions of other 

greenhouse gases from
 land use and C

O
2  em

issions from
 transport. 

4
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O
ur purpose here is to provide an assessm

ent of risk that countries face from
 clim

ate change. E
m

issions 
trajectories (and cum

ulative em
issions) ultim

ately control how
 m

uch clim
ate change the w

orld w
ill 

experience, so they m
ust be a central part of that assessm

ent. B
ut if risk is the product of probability and 

im
pact, then w

ith no estim
ate of probability, there can be no estim

ate of risk. For this purpose, a neutral 
presentation of em

issions scenarios is inadequate. 

Providing governm
ents w

ith probabilistic assessm
ents of different em

issions scenarios therefore seem
s 

fundam
ental to helping them

 assess the risks of clim
ate change, and m

ake good decisions about risk 
m

anagem
ent. If som

e scenarios in the group are m
uch m

ore likely than others, on the basis of inform
ation 

available today (even w
ith the enorm

ous uncertainties in factors such as econom
ic grow

th or technological 
change), then it is critical for those judgm

ents to be com
m

unicated to policy m
akers around the w

orld. If 
those judgm

ents are not com
m

unicated, then policym
akers m

ay either m
isinterpret the experts’ selection 

of scenarios as representing such judgm
ents, or they m

ay base their decisions on their ow
n estim

ates of the 
probabilities, w

hether these are explicitly stated or not. 3 

B
ut placing probabilistic estim

ates on different em
issions scenarios for the w

orld is m
ore easily said than 

done. Forecasting the future of global C
O

2  em
issions from

 fossil fuel consum
ption alone, leaving aside 

other greenhouse gases and em
ission due to land use, requires predictions of w

orld econom
ic grow

th and 
technological change over the next tw

o centuries or m
ore, as w

ell as the possibility that clim
ate policies w

ill 
significantly influence these. There are so m

any uncertainties, w
ith a high likelihood of technological, political 

and social surprises of m
any sorts that could fundam

entally change the answ
er. The task seem

s H
erculean. 

As a starting point, w
e can look at how

 som
e probabilistic judgm

ents are already present in the w
orld of 

energy and em
issions scenarios. The range of scenarios used and review

ed by the IPC
C

 is not as w
ide as 

is physically possible: burning all the accessible fossil fuels in the ground could sustain high em
issions 

for longer than the highest scenario pathw
ay, and, in theory, an enorm

ous effort to capture carbon and 
bury it underground could produce em

issions low
er than the low

est scenario pathw
ay. The range has been 

constrained not as m
uch by physics as by a judgm

ent about w
hat is plausible. Sim

ilar judgm
ents w

ere m
ade 

in a scenario-based study
4 that took a carbon price of $1000/tonne of C

O
2  to be the lim

it of ‘econom
ic 

feasibility’, and in another that concluded that although m
odels could com

pute clim
ate pathw

ays reaching 
2 degrees by the end of the century w

here global em
issions began to fall only after 2030, and then fell 

extrem
ely rapidly, the difficulty of achieving these reductions ‘m

ake it seem
 unlikely that such pathw

ays can 
be im

plem
ented in the real w

orld’. 5 In all these cases, a judgm
ent has been m

ade largely on the basis of an 
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understanding of politics, inform
ed by know

ledge of physical constraints and an assessm
ent of technological 

difficulty. It is difficult to distinguish any difference in these exam
ples betw

een the concepts of ‘infeasible’, 
‘im

plausible’, and ‘very im
probable’.

In this report, w
e attem

pt to m
ake a judgm

ent based on those sam
e elem

ents. After review
ing w

hat is 
generally considered to be the plausible range for global em

issions over the course of this century, w
e provide 

tw
o different approaches to estim

ating the probability of different em
issions scenarios w

ithin that range, 
and then use both approaches to reach a final conclusion. First, w

e exam
ine the near-term

 trajectories of 
som

e of the m
ajor countries and regions of the w

orld over the next few
 decades, based on our know

ledge of 
those countries’ policies, plans and econom

ic circum
stances. Second, w

e exam
ine a series of technological 

innovations, som
e com

bination of w
hich are required to ultim

ately displace fossil fuels from
 our energy m

ix 
and reduce C

O
2  em

issions to near zero. C
onsideration of the tim

escale over w
hich those innovations w

ill 
occur, as w

ell as the necessary energy infrastructure that m
ust be built, also places som

e constraints on the 
probability of different em

issions scenarios com
ing to pass. 

5
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O
ver the past tw

o years, som
e of the largest countries and regions have m

ade progress in developing goals 
for stabilizing or low

ering their greenhouse gas em
issions. Som

e of this progress w
as m

ade possible by 
falling prices for renew

able energy technologies, particularly w
ind and solar photovoltaics. In addition, 

econom
ic shifts aw

ay from
 energy-intensive industries are likely to play a m

ajor role in the com
ing years. 

In the follow
ing section, w

e review
 the likely trajectories for the U

.S., the E
uropean U

nion, C
hina and India, 

providing a brief discussion of the factors that w
ill control their greenhouse gas em

issions over the next 
few

 decades. This analysis does not allow
 for us to evaluate the tim

escale or probability of deeper em
issions 

reductions required to ultim
ately stabilize greenhouse gas levels in the atm

osphere, but can provide a 
qualitative sense of w

hich of the IPC
C

 em
issions scenarios are m

ore likely. 

T
h

e
 U

n
ite

d
 S

ta
te

s

In the U
.S., em

issions have fallen m
ore than 10%

 relative to 2005. Som
e of this decline com

es from
 sustained 

high oil prices until the sum
m

er of 2014, w
hich led to a reduction in vehicle m

iles travelled by passenger 
vehicles. The econom

ic im
pact of the financial crisis of 2008 w

as also a factor in reducing the grow
th of 

energy dem
and. Finally, sustained low

 prices for natural gas driven by production from
 shale caused a 

shift aw
ay from

 coal consum
ption in the electricity sector, w

hich has also been a m
ajor factor in reducing 

em
issions. M

oving forw
ard, the O

bam
a adm

inistration has taken steps to achieve m
uch deeper reductions in 

em
issions, proposing a target of 26%

 to 28%
 reduction in greenhouse gas em

issions relative to 2005 by 2025. 
In order to achieve these reductions, tw

o Federal policies have already been created by the E
nvironm

ental 
Protection Agency (E

PA), aim
ed at reducing em

issions from
 transportation and from

 the electricity sector. 
There is also im

portant policy activity at the state level, in particular an econom
y-w

ide cap-and-trade regim
e 

in C
alifornia, and a cap-and-trade m

arket specific to the electricity sector for several northeast states. 

The first m
ajor Federal action on reducing greenhouse gas em

issions w
as revisions to the C

orporate Average 
Fuel E

conom
y (C

AFE
) standards. These standards now

 require an average perform
ance equivalent of 54.5 

m
iles per U

S gallon (65.5 m
iles per im

perial gallon) for passenger vehicles by 2025. In addition, in 2011, the 
O

bam
a Adm

inistration finalized the first-ever fuel econom
y standards for heavy-duty trucks, buses, and vans, 

w
hich applies to m

odel years 2014-2018. In order to reduce em
issions from

 the electricity sector, in April 2012 
the E

PA proposed a carbon pollution standard for new
 pow

er plants, prohibiting building new
 coal-fired pow

er 
plants that do not have em

issions-reduction technologies (i.e. carbon capture and storage). M
ore recently, the 

E
PA proposed a new

 rule for existing pow
er plants that specifies em

issions reductions for each state based 
on the potential to shift from

 coal to natural gas, im
prove the efficiency of existing pow

er plants, im
prove 

efficiency in electricity dem
and, and add renew

able generation to the current energy m
ix. These E

PA rules are 
likely to be challenged in the courts over the next several years. Their successful im

plem
entation w

ill be critical 
to reaching the goal of 26%

 to 28%
 reduction in em

issions relative to 2005 by 2025. 

At the state level, C
alifornia has passed new

 legislation to achieve a 40%
 reduction in em

issions relative to 
1990 by 2030. This is by far the m

ost am
bitious goal of any U

.S. state, but it is too early to tell exactly how
 

these levels of reduction w
ill be achieved. O

ther states are also m
aking progress. For exam

ple, the state of 
Iow

a now
 has m

ore than 30%
 of its electricity generation com

ing from
 w

ind. And the R
egional G

reenhouse 
G

as Initiative, an electricity sector cap-and-trade regim
e am

ong several northeast states, is slow
ly having an 

im
pact on new

 investm
ents in the electricity sector, after som

e initial years w
ith a cap set m

uch higher than 
actual em

issions from
 the region. 

The new
 efforts by the O

bam
a adm

inistration represent an im
portant shift in U

.S. policy, and have renew
ed 

interest around the w
orld in achieving m

ore aggressive reductions in greenhouse gas em
issions, but real 

progress still faces m
any challenges. First, the substantial drop in the price of oil w

ill m
ake it m

ore difficult 
to expand on the reductions in em

issions from
 the transportation sector that the U

.S. experienced from
 

2005 until 2014. Second, challenges to the new
 E

PA rules in the courts, as w
ell as the possibility of a new

 
Am

erican president elected in 2016 w
ho m

ay oppose such efforts, m
eans that the U

.S. targets for 2025 are 
not guaranteed.

T
h

e
 E

u
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p
e

a
n
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n
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n

 

E
urope’s em

issions have fallen by nearly 20%
 since 1990, largely as a result of energy and clim

ate policies, 
supported by a decreasing share of energy intensive industry in the econom

y. At present, this leaves 
E

uropean per capita em
issions above the w

orld average, but still only about half those of the U
S, C

anada and 
Australia. The largest em

issions reductions initially cam
e from

 the shift aw
ay from

 coal in the energy m
ix of 

E
urope’s largest econom

ies: G
erm

any and the U
K

 both reduced their coal consum
ption dram

atically after 
1990 as they shifted to gas, and France continued to reduce its coal consum

ption as it increased its reliance 
on nuclear energy for electricity generation.

C
lim

ate policy has played an increasingly significant role, particularly in increasing the share of renew
ables 

in electricity generation through both direct subsidies and portfolio standards. N
otably, G

erm
any led the 

w
ay w

ith feed-in tariffs, initiated in 1989, to prom
ote the installation of solar and w

ind capacity. In 2014, 
renew

able energy provided 27%
 of G

erm
any’s electricity generation; solar delivered about 6%

 and w
ind 8%

. 
Spain generated m

ore than 20%
 of its pow

er from
 w

ind in 2013, w
hile it also m

ade significant investm
ents in 

solar photovoltaic and concentrated solar pow
er. The U

K
 and D

enm
ark have led the w

orld in the installation 
of offshore w

ind. R
enew

able energy subsidies have been com
plem

ented by carbon pricing: the E
uropean 

U
nion’s E

m
issions Trading Schem

e (E
TS) applies to m

ore than 11,000 pow
er stations and industrial plants 

in 31 countries; during its first five years of operation it im
posed a price in the range of ¤

15–25 per tonne 
of C

O
2 . As the E

TS price has fallen in recent years, countries such as the U
K

 and Sw
eden have supplem

ented 
it w

ith national carbon taxes of their ow
n. At the sam

e tim
e, regulatory standards have been used to 

progressively decrease em
issions from

 vehicles. 

G
iven the progress already m

ade, the E
U

 looks likely to achieve its target of reducing em
issions by 20%

 by 
2020 com

pared to 1990. The E
U

’s next target – a dom
estic reduction of at least 40%

 by 2030 – should also 
be achievable, but exceeding it w

ould require overcom
ing som

e of the technical and policy challenges that 
are already preventing a faster pace of em

issions reduction. The expansion of the E
U

 to include eastern 
E

uropean countries has, on the one hand, slow
ed dow

n the transition overall, but on the other hand it has 
incorporated these countries into the policy process.

The shift of E
urope’s m

ajor econom
ies aw

ay from
 coal, w

hile not yet com
plete, has already taken place to an 

extent that m
eans it cannot sim

ply be repeated. Further decarbonisation of the pow
er supply w

ill require a 
significant grow

th in low
 carbon generation. N

ew
 nuclear pow

er has been ruled out by som
e countries, such 

as G
erm

any, and is included in the plans of others, such as the U
K

. So the prospects for renew
able energy 

are critical. It is notable that the countries that have achieved the highest levels of renew
able energy as a 

proportion of pow
er generation are already experiencing som

e difficulties handling interm
ittency. Spain and 

Ireland have on occasion to cut off their w
ind generation w

hen it exceeds m
anageable levels, but G

erm
any 

and D
enm

ark increase their electricity exports w
henever solar and w

ind generation peak. It is recognized that 
raising the contribution of renew

ables to pow
er generation from

 20%
 to 40%

 w
ill require significant advances 

in dem
and m

anagem
ent, sm

art grids and energy storage. C
ontinued reductions in cost can support this 

process, as can interventions to increase interconnectivity across the E
uropean continent. In parallel, E

urope 
w

ill need to begin to decarbonise its heating and transport – areas w
here progress to date has been uneven. 
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O
n the policy side, E

urope w
ill need to continue the process of reform

 of the E
TS in a w

ay that ensures the 
carbon price rem

ains high enough to be effective. In recent years, the low
 price of around ¤

5 per tonne of 
C

O
2  – in com

bination w
ith the fall in coal prices – has allow

ed coal to becom
e m

ore com
petitive than gas. 

This w
ill need to be reversed if coal is to be phased out. Further progress m

ay be m
ade if E

TS reform
 takes 

account of its interactions w
ith renew

able energy and efficiency policies. U
nder the cap and trade system

 
of the E

TS, progress on either renew
able energy deploym

ent or energy efficiency tends to m
ake the carbon 

price fall, reducing the incentive to cut em
issions in other sectors. For policies in these three areas to support 

each other, the E
TS w

ould need either to have a cap that can be low
ered as needed to m

aintain an effective 
price, or to be replaced w

ith som
ething m

ore sim
ilar to a fixed carbon tax. Sim

ilarly, policy on biom
ass w

ill 
need to be reform

ed to ensure that it does not lead to increased em
issions from

 deforestation and transport. 
The creation of the E

U
 E

nergy U
nion this year gives som

e hope that these objectives w
ill be achieved across 

the E
U

 in com
ing years.

C
h

in
a

C
hina’s carbon em

issions experienced rapid grow
th driven by the fast-grow

ing econom
y for m

ore than three 
decades. In 1990, energy related carbon em

issions from
 C

hina w
ere 2.27 billion tons C

O
2 , accounting for 

a little m
ore than a tenth of the w

orld total, w
hile U

.S. em
issions w

ere m
ore than 5 billion tons, close to a 

quarter of the w
orld total. In 2014, C

hina’s carbon em
issions increased to alm

ost 9 billion tons, nearly four 
tim

es their 1990 level, w
hile the U

S added only 5%
. In fact, C

hina surpassed the U
S in 2008, becom

ing the 
largest carbon em

itter in the w
orld. In 1990, C

hina’s per-capita carbon em
issions w

ere less than half the 
w

orld average; in 2007, C
hina’s per capita carbon em

issions exceeded the w
orld average and are now

 quickly 
approaching the average level of the E

U
’s tw

enty-eight M
em

ber States.

In 2009, C
hina set its 2020 carbon m

anagem
ent target under the C

openhagen Accord, aim
ing to reduce its 

carbon intensity, m
easured as carbon em

issions per unit of G
D

P, by 40%
 to 45%

 as com
pared to the 2005 

level. B
y the end of 2014, C

hina’s carbon intensity w
as 33%

 low
er than the 2005 level, w

ell on track to 
deliver its C

openhagen pledge. M
eanw

hile, C
hina’s total carbon em

issions continued to grow, from
 5.1 billion 

tons in 2005 to nearly 9 billion tons in 2014.

D
espite the continued increase in total carbon em

issions, the grow
th rate of carbon em

issions has been 
in a steady decrease since 2005, and w

as near zero in 2014. Several different governm
ent policies have 

played key roles in bringing dow
n the carbon grow

th rate. First, energy efficiency in all m
ajor sectors has 

been im
proving. B

y the end of 2014, C
hina’s energy intensity had decreased by about 30%

 from
 the 2005 

level. C
oal fired pow

er plants now
 use less than 290 gram

s of coal for generating one kW
h of electricity. 

The best coal-fired pow
er plants in C

hina are now
 leading the w

orld in energy efficiency, and the national 
average efficiency of all pow

er plants is now
 rising to am

ong the best in the w
orld. The Top 1000 E

nterprises 
Program

, a nationw
ide program

 focused on the greatest energy consum
ers in C

hina, saved m
ore carbon 

em
issions in five years than the E

uropean U
nion has saved under the K

yoto Protocol.

A second factor in slow
ing dow

n the grow
th rate in em

issions is the developm
ent of renew

able energy. C
hina 

is now
 leading the w

orld in investing in renew
able energy, contributing to a quarter of the w

orld total. M
ore 

than 30%
 of installed w

ind generation capacity is in C
hina, adding roughly half of the w

orld’s new
 w

ind pow
er 

developm
ent in 2014. The installed capacity of solar pow

er generation in 2005 w
as 700 M

W
, and had grow

n 
to m

ore than 28 G
W

 by the end of 2014, a 40-fold increase in less than a decade. It is possible that C
hina w

ill 
overtake G

erm
any to becom

e the largest developer of solar pow
er in the w

orld by the end of 2015.

A third factor for reducing the grow
th in em

issions has been a concern for air pollution, w
hich has helped to 

set a cap for coal consum
ption in key regions, w

hich w
ill eventually extend to the w

hole country. As a result, 
coal consum

ption w
as dow

n by 290 m
illion tons in 2014 com

pared to the previous year, contributing to a 
stabilization of carbon em

issions in C
hina.

Fourth, som
e provincial and m

unicipal governm
ents have taken leadership to explore low

-carbon 
developm

ent paths. From
 2009 to 2012, 42 provinces or cities entered into a national pilot program

 for low
-

carbon developm
ent. These pilots seem

 to be m
aking an im

pact on other subnational and local governm
ents 

on choosing an alternative pathw
ay for addressing econom

ic grow
th and clim

ate change.

Finally, C
hina has m

ade a deliberate decision to launch a nationw
ide carbon m

arket in 2016 in order to price 
carbon em

issions, based on a pilot program
 that covers seven provinces or cities. W

hen com
pleted, the 

C
hinese carbon m

arket w
ill be the largest one in the w

orld, m
ore than tw

ice the size of the cap-and-trade 
program

 in the E
.U

.

In the context of this progress, on N
ovem

ber 12, 2014, C
hina and the U

.S. signed a bilateral agreem
ent on 

clim
ate change and clean energy cooperation. U

nder the joint agreem
ent, “C

hina intends to achieve the 
peaking of C

O
2  em

issions around 2030 and to m
ake best efforts to peak early, and intends to increase 

the share of non-fossil fuels in prim
ary energy consum

ption to around 20%
 by 2030.”

6 This is the first tim
e 

that C
hina has com

m
itted itself to a target for total carbon em

issions. Assum
ing that these goals are achieved, 

C
hina’s carbon em

issions w
ill continue to increase by roughly one third to one half of the current level in the 

next 15 years, reaching per capita carbon em
issions of approxim

ately 10 tons, before they level off or decline. 

M
uch of the progress in achieving a peaking of em

issions w
ill com

e from
 reductions in coal use in the 

industrial sector, outside of electricity generation. B
ut perhaps the m

ost im
portant com

ponent of the joint 
C

hina-U
.S. agreem

ent is the com
m

itm
ent to achieve 20%

 of non-fossil energy in the overall energy m
ix, 

as this w
ill set the stage for reductions beyond 2030, as non-fossil energy begins to replace fossil capacity. 

R
eaching this target w

ill not be easy, as it requires 800 to 1000 gigaw
atts of new

 electricity generation 
capacity to be added, based on w

ind, w
ater, solar and nuclear, requiring an investm

ent of $1.8 trillion. B
ut 

if these goals are achieved, it opens the possibility that econom
ies of scale w

ill bring dow
n the cost of these 

non-fossil technologies, enabling them
 to becom

e m
ore w

idely used in the rest of the developing w
orld, as 

other developing countries m
ake energy choices in the m

iddle of this century. 

In
d

ia

India faces a large developm
ental challenge of raising the standard of living of its citizens. As per capita 

consum
ption of energy is strongly correlated w

ith quality of life, the above strategy w
ill require an increase 

in per-capita and national energy consum
ption. Today, fossil fuels com

prise nearly 90%
 of India’s prim

ary 
com

m
ercial energy, and this proportion is unlikely to fall in the near future. H

ow
ever, there are vast 

opportunities for raising the levels of technology in pow
er generation, lighting and transportation am

ong 
others, w

hich could m
oderate the carbon intensity of the econom

y by reducing the energy dem
and. Sim

ilarly, 
India could leverage its strength in solar energy, as it is endow

ed w
ith roughly 300 clear, sunny days per year, 

as w
ell as a large w

ind-energy potential. Therefore, actions on both dem
and and supply sides, by enhancing 

energy efficiency and enhancing renew
able energy, could m

oderate the carbon intensity of the econom
y in the 

com
ing decades.

C
lim

ate change im
pacts developing, tropical countries m

ore than others, both due to their geographic 
location and their poor capacity to absorb adverse effects. The dependence of a large share of farm

ers 
in these countries on rain for their livelihood, high density of population, and w

eak econom
ies further 

exacerbate their vulnerability to the im
pacts of clim

ate change. B
eing conscious of the above, the Indian 

G
overnm

ent has strived to m
oderate em

issions through its developm
ental agenda. A series of m

easures have 
been underw

ay as a part of the eight m
issions under the N

ational Action Plan on C
lim

ate C
hange in the areas 

of energy efficiency, solar energy, and forestry, am
ong others. The erstw

hile Planning C
om

m
ission (now

 
replaced by the N

ITI Aayog) had also constituted a C
om

m
ittee to suggest a strategy to m

oderate its carbon 
intensity under the Tw

elfth Five Year Plan (2012-17) and beyond, even w
hile attem

pting inclusive grow
th. In 

m
ore recent tim

es, the Planning C
om

m
ission has generated a scenarios based analytical tool – India E

nergy 
Security Scenarios 2047 – along the lines of the U

K
 2050 calculator, to help policy-m

akers develop a w
ay 

forw
ard in m

eeting India’s energy challenges. This tool also aim
s at achieving energy security in term

s of 
low

ering im
port dependence for energy supplies, w

hile ensuring reduction in carbon em
issions.

Today, India is the third largest carbon em
itter after C

hina and the U
.S., or fourth if one considers the 

E
uropean U

nion as one entity. H
ow

ever, at 1.7 tons per capita C
O

2  em
issions or 2.1 billion tons total in 2010, 

it is still far behind the others. It is also evident that the aggregate (and per capita) em
issions of India are 

going to keep rising as the standard of living of Indians rises. The per capita em
issions of India related to 

energy consum
ption in 2010 w

ere 1.26 tons of C
O

2 , and could grow
 to betw

een 3.3 tons and 5.1 tons by the 
year 2047, depending on the country’s ability to adopt m

oderate carbon intense pathw
ays. 

India’s annual per capita energy use w
as 614 kgoe (kilogram

 of oil equivalent) in 2011, w
hile electricity 

use on sim
ilar param

eters w
as 684 kW

h. At this low
 energy use, a large section of the population is w

ithout 
access to m

odern sources of energy, or is served very poorly w
ith large outages. The consum

ption pattern is 
further skew

ed tow
ards essential life prom

oting activities like cooking and keeping w
arm

, w
ith negligible use 

in ‘life quality’ enhancing uses such as transport, lighting etc. As stated above, overall consum
ption of energy 

is bound to rise, but energy usage could be m
ade efficient by adoption of technology, behavioural changes 

and better planning and infrastructural im
provem

ents. India’s dem
and for building space and consequent 
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dem
and for steel, transport, and energy for cooking and household electricity, are all likely to grow

 by at least 
a m

ultiple of three betw
een now

 and 2047 (the 100
th year of India’s independence). Adoption of efficient 

building codes, a shift to public transport, and adoption of electric vehicles and efficient devices, could all 
m

oderate India’s em
ission intensity. 

Sim
ilarly on the supply side, w

hile coal is expected to rem
ain the m

ajor source of energy for heavy industry 
and for electricity generation, the share of renew

ables and gas, and electrification of the energy sector hold 
large prom

ises. B
oth grid-connected and decentralized renew

able energy sources have the potential to 
contribute to m

eeting the electricity and cooking energy needs of the poor (w
hile as a co-benefit, encouraging 

rural entrepreneurship). 7 In the transportation sector, a com
bination of dem

and and supply side interventions 
in this area (reduced dem

and for transport by better urban planning and use of electric vehicles and public 
transport) could m

oderate energy consum
ption. The share of electricity in prim

ary energy supply, as w
ell as 

contribution from
 renew

ables, could rise from
 the present 16%

 to 22%
, and from

 4%
 to 29%

, respectively, to 
achieve a low

er carbon intensity by 2047.

Tw
o initiatives are particularly w

orth highlighting. The first relates to the N
ational M

ission on E
nergy 

E
fficiency. India has already launched the innovative Perform

, Achieve and Trade schem
e, m

andating 
energy efficiency targets for plants and factories in eight industrial sectors, failing w

hich they w
ould need 

to purchase additional energy savings certificates from
 over-perform

ers (2015 w
ill be the first year of 

trading). E
fficiency w

ill also be a m
ajor driver for residential appliances via the Super-E

fficient E
quipm

ent 
Program

, w
hich w

as launched in 2013. E
fficiency considerations w

ill also im
pact the adoption of alternative 

chem
icals and technologies for air conditioning and refrigeration in residential and com

m
ercial buildings. The 

governm
ent has also developed plans for dem

and-side m
anagem

ent in m
unicipalities to decrease their energy 

consum
ption.

The second policy initiative is the Indian governm
ent’s goals for renew

able energy. In a total installed 
capacity of m

ore than 35 gigaw
atts of renew

able energy (excluding large hydropow
er), w

ind pow
er accounts 

for nearly 23 gigaw
atts. The N

ational Solar M
ission w

as launched in 2010 and m
ore than 4 gigaw

atts 
have been deployed. B

ut m
ore recently, the governm

ent has announced plans to install 175 gigaw
atts of 

renew
ables-based electricity-generating capacity by 2022, including 100 gigaw

atts of solar pow
er. M

eeting 
the solar target alone w

ill require a grow
th rate equivalent to doubling India’s installed solar capacity every 

18 m
onths. It w

ill also require a clear understanding of the three factors that drive energy dem
and in India 

(access, security, and efficiency); new
 federal and state policies and incentives; innovative financing for 

capital investm
ents estim

ated at $100 billion or m
ore; and additional funding for m

anufacturing, training, and 
job creation. Project developers w

ill have to grapple w
ith the cost and availability of land, grid connections, 

and backup pow
er. 8 

O
verall, there is enorm

ous potential for India to reduce the energy intensity of its econom
y and the em

issions 
intensity of its energy sector, as energy consum

ption increases over the next three decades. In particular, the 
decreasing costs of solar photovoltaics m

ay be particularly helpful for India to lim
it the expansion of coal 

consum
ption, given its high solar potential. At the sam

e tim
e, it is im

portant to acknow
ledge that India’s G

D
P 

had been grow
ing annually at a near 9%

 grow
th rate in the past, w

ith a slow
ing dow

n in recent years. India 
aim

s at grow
ing above 7%

 annually in the 12
th Five Year Plan period (2012-17) and a long term

 com
pound 

annual grow
th rate of 7%

 in the com
ing decades, too. The pow

er sector is registering a near 10%
 generation 

capacity grow
th annually, w

ith both fossil fuel and renew
able energy based capacities being a part of this 

grow
th. India cannot afford to postpone its developm

ent for the sake of carbon reduction goals, and thus 
overall em

issions from
 India are likely to rise substantially in the com

ing decades. India can partially tem
per 

this grow
th in em

issions w
ith adoption of efficiency in use of energy, and prom

ote low
 carbon strategies 

even w
hen locking in investm

ents in related infrastructure. A co-benefits approach tow
ards m

oderate carbon 
strategy w

ill also be helpful in curbing energy im
ports, by replacing im

ported energy by local resources such 
as solar and w

ind pow
er. 9 
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W
hat do these different perspectives from

 these four regions m
ean for the likelihood of different em

issions 
scenarios? C

urrent progress in the E
uropean U

nion and in the U
nited States in reducing em

issions 
is encouraging, but the rate of change is not com

patible w
ith low

 em
issions scenarios. Sim

ilarly, the 
announcem

ent that C
hina’s em

issions w
ill peak by 2030 is very im

portant for avoiding the high em
issions 

scenarios, but still not sufficient for achieving the low
 em

issions scenarios. Perhaps the m
ost im

portant 

new
s is the grow

th of renew
able energy installations around the w

orld, and the concom
itant reduction of 

renew
able energy prices. If India and other developing countries (e.g. those in sub-Saharan Africa) are able 

to expand their use of renew
ables m

ore rapidly than expected, then the high em
issions scenarios are unlikely 

to occur. B
ut it rem

ains uncertain w
hether renew

ables w
ill be able to continue their trajectory as higher levels 

of penetration are achieved, w
hen countries face the challenge of interm

ittency of supply and the difficult 
technical challenge of energy storage.

The low
 em

issions scenarios that have a high probability of lim
iting w

arm
ing to less than 2°C

 w
ill not 

be possible unless the E
U

 achieves its goal of an 80%
 reduction by m

id century, the U
.S. and C

hina both 
accelerate their progress, dram

atically reducing their coal consum
ption in the next tw

o decades, and India 
displaces its anticipated increase in coal consum

ption w
ith an expansion of solar and other renew

ables. 
O

ther countries and regions m
ust follow

 suit, w
ith non-fossil technologies ultim

ately becom
ing disruptive for 

supporting econom
ic developm

ent goals. 

6
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Another approach to placing constraints on the likelihood of different global em
issions trajectories is to 

evaluate different em
issions scenarios through the rate of technological change and energy infrastructure 

investm
ent. Q

uantitative m
odelling of low

-carbon energy system
s for different countries allow

s one to 
identify a series of technological innovations or infrastructure investm

ents that m
ust be m

ade to enable 
reducing em

issions to near-zero levels. In the follow
ing section, w

e ask a series of questions that relate to 
energy innovation and low

-carbon energy system
s. For any individual country, there are an infinite num

ber of 
possible com

binations of different technologies and approaches, and these are likely to vary across different 
countries and regions. Thus, not every one of the questions about technological innovations and investm

ents 
discussed below

 m
ust be answ

ered in the affirm
ative to achieve near-zero em

issions for the w
orld. H

ow
ever, 

the m
odelling m

akes it clear that m
any of these innovations w

ill ultim
ately be required, although the exact 

contribution from
 each one rem

ains uncertain. 

O
ne im

portant aspect of this approach is to evaluate a nation’s energy system
 by sector. For exam

ple, 
energy for the transportation sector around the w

orld is supplied alm
ost entirely by petroleum

. R
eplacing 

the petroleum
 w

ith non-greenhouse gas em
itting alternatives requires not only a technology for passenger 

vehicles (e.g. electric vehicles w
ith batteries), but also a technology for replacing diesel fuel for freight 

transport, for w
hich batteries are unlikely to be sufficient, and also a technology to replace jet fuel. R

ather 
than specifying particular technologies in the follow

ing discussion, w
e chose instead to discuss very broad 

categories of technological solutions, allow
ing for the potential for technological surprises. At the sam

e tim
e, 

the quantitative m
odelling of em

issions scenarios, both for the w
orld and for individual countries, m

akes it 
clear that w

e can distinguish betw
een the low

 and high em
issions scenarios in term

s of the tim
escales over 

w
hich energy innovation m

ust occur, and also the tim
escales of energy infrastructure investm

ent. 

1. 
C

an high penetration w
ind and solar be m

anaged at large scale, using storage, dem
and 

m
anagem

ent, backup, and other approaches? W
ill the cost of renew

ables decline suffi
ciently to 

drive the w
orld’s electricity system

s to becom
e dom

inated by renew
able energy? 

O
ver the last decade, there has been enorm

ous progress in reducing the costs of w
ind and solar pow

er. 
O

nshore w
ind, in good locations, is now

 directly com
petitive w

ith fossil sources of electricity (i.e. coal 
and natural gas). Around the w

orld, w
e have seen the grow

th of w
ind as a percentage in overall electricity 

generation for countries such as Ireland (19%
), Aruba (20%

), and D
enm

ark (28%
), as w

ell as regions 
w

ithin countries, such as Iow
a (30%

). O
ffshore w

ind has been deployed in countries like D
enm

ark and the 
U

K
, although it rem

ains a m
uch m

ore expensive option relative to onshore w
ind installations. Progress 

in reducing the cost of solar photovoltaics has been particularly dram
atic, starting w

ith G
erm

any’s 
aggressive policies of feed-in tariffs, leading to about 6%

 of their generating capacity supplied by solar 
pow

er in 2014, and then follow
ed by policies around the w

orld that are driving large-scale installations 
in C

hina, the U
.S. (particularly C

alifornia), and southern E
urope. C

oupled w
ith the rapid expansion in 

installation have com
e advances in m

anufacturing around the w
orld, particularly in C

hina, that have 
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driven reductions in prices. C
osts for large-scale solar photovoltaic installations in m

any countries are 
now

 below
 $2 per w

att, encouraging m
any countries, such as India, to revisit their investm

ent decisions 
around electricity generating capacity.

The expansion of renew
able electricity in countries and regions around the w

orld has forced a m
ore 

intense effort to develop strategies to m
anage the interm

ittency of w
ind and solar energy. M

any 
approaches have been proposed, but only recently has the extent of renew

able penetration in countries 
and regions m

entioned above created m
arket conditions that allow

 com
panies to m

ake m
oney by 

deploying energy storage and dem
and m

anagem
ent strategies. The next tw

o decades w
ill be critical in 

determ
ining w

hether countries can surpass canonical lim
its to interm

ittent resources of around 20%
 to 

30%
, and achieve m

uch high levels of renew
able penetration, w

hen com
bined w

ith energy storage, better 
transm

ission system
s, and dem

and-m
anagem

ent strategies that can shift the load to tim
es w

hen renew
able 

resources are available. There are m
any theoretical studies that suggest such strategies are possible, but 

the details of their im
plem

entation, as w
ell as the additional costs, rem

ain uncertain. It is also possible 
that there w

ill be renew
ed interest in concentrated solar pow

er, and other renew
able technologies that 

include som
e storage capacity as an integral com

ponent. For som
e regions w

ith abundant natural gas 
resources, such as the U

nited States, expansion of renew
ables w

ill likely be facilitated by using natural gas 
turbines as backup supply. This w

ill not be effective in m
any regions of the w

orld, such as India. M
oreover, 

using fossil system
s as backup does not allow

 for the deep reductions in carbon em
issions required in 

future years. 

2
. W

ill nuclear pow
er becom

e a serious option for the pow
er sector in term

s of cost, safety, and 
proliferation risk?

For som
e regions of the w

orld, such as the U
nited K

ingdom
, nuclear pow

er is a critical com
ponent of 

plans to achieve low
-carbon goals, as their renew

able resources are lim
ited. E

ven in countries w
ith 

substantial renew
able resources, uncertainty about the costs of storage or dem

and m
anagem

ent, and thus 
the potential for deep penetration of renew

ables, nuclear pow
er m

ay be an attractive option for zero-
carbon baseload pow

er because it is highly reliable. 

The challenge in the next few
 decades is to bring dow

n the cost of nuclear pow
er w

hile increasing 
the safety and m

inim
izing the risk of proliferation of nuclear w

eapons, including the risks of nuclear 
terrorism

, as w
ell as developing better strategies for disposal of nuclear w

aste. There are m
any proposals 

for new
 generations of nuclear pow

er plants, including sm
all m

odular reactors that w
ould bring dow

n 
costs through efficiencies of scale in m

anufacturing, m
ore uniform

 designs of larger reactors that w
ould 

bring dow
n costs by stream

lining the engineering and construction, and new
 reactor types, such as 

thorium
 reactors. 

C
urrent deploym

ent efforts are being led by C
hina, w

hich has 24 nuclear pow
er reactors under 

construction, and hopes to increase its nuclear capacity m
ore than threefold to around 60 G

W
 by 2020-

2021, and then to som
e 150 G

W
 by 2030. 19 O

ther countries, such as G
erm

any and Japan, have m
oved 

aw
ay from

 nuclear pow
er follow

ing the tsunam
i and nuclear accident in Fukushim

a. B
ut even for countries 

w
ith a com

m
itm

ent to nuclear pow
er, the tim

escale of technological innovation in nuclear pow
er is 

inherently slow, due to the relatively large scale of capital investm
ents and the risks associated w

ith 
experim

entation of nuclear design and construction. For m
any countries that have had substantial nuclear 

pow
er program

s, such as the U
.S., it looks like high costs and concerns about safety w

ill cause a reduction 
in nuclear pow

er over the next three decades as nuclear pow
er plants from

 the 1970s are retired. 

3
. C

an w
e elim

inate the use of petroleum
 from

 the passenger vehicle sector (w
ithout biofuel that 

w
ill be needed for jet fuel and diesel fuel)? 

U
se of petroleum

 in the transport sector is currently one of the largest sources of energy-related 
greenhouse gas em

issions. C
urrent global petroleum

 consum
ption (including natural gas liquids) is 

roughly 90 m
illion barrels per day, and continues to expand despite reductions in the U

.S. and the E
.U

. 
R

eaching any of the low
-carbon em

issions scenarios and stabilizing C
O

2  at only a m
odest increase relative 

to today w
ill require a m

assive, global transition over the next few
 decades to the use of non-fossil 

technologies for vehicle transportation. 

C
urrent technologies for electric cars are m

aking enorm
ous progress, w

ith several autom
obile 

m
anufacturers currently producing full electric vehicles for both the luxury (e.g. Tesla, B

M
W

) and entry 
levels (C

hevrolet, N
issan). At the sam

e tim
e, the cost of these vehicles rem

ains expensive; current prices 

are roughly double the cost of equivalent vehicles w
ith internal com

bustion engines, although progress 
in reducing costs of batteries is expected in the com

ing years. Another area of innovation is in sm
aller 

electric vehicles, such as scooters and m
otorcycles, particularly in C

hina and Southeast Asia. Although the 
progress in battery-pow

ered electric cars is encouraging, som
e autom

obile m
anufacturers are investing in 

hydrogen fuel-cell vehicles as an alternative pathw
ay to non-fossil transportation. Fuel cell vehicles w

ould 
require a m

assive infrastructure investm
ent for transport and distribution of hydrogen, w

hich is currently 
m

ade at large scale from
 natural gas, but could be produced in the future from

 renew
able energy. Thus, 

a transition to battery-pow
ered electric vehicles appears to be the m

ost likely technology that can prove 
disruptive to internal com

bustion engines for passenger vehicles, but it rem
ains possible that fuel cells 

w
ill also be com

petitive.

The m
ajor challenge that this sector poses for achieving low

 em
issions scenarios is the pace and scale of 

the necessary changes. In 2014, there w
ere m

ore than a billion vehicles in the w
orld, nearly all of them

 
w

ith internal com
bustion engines. In order to reach the low

 em
issions targets, non-fossil technologies 

w
ould have to becom

e disruptive, dom
inating sales around the w

orld by m
id century, or perhaps even 

earlier. E
ven after electric or fuel cell cars becom

e com
petitive w

ith internal com
bustion engine cars, it 

w
ill likely take several decades before the technology becom

es dom
inant in the actual vehicles on the 

roads around the w
orld. Such a large shift in m

anufacturing and technology is possible, but the pace and 
scale is daunting w

ithout m
ajor efforts to bring costs dow

n in the im
m

ediate future. 

4
. C

an biom
ass or alternative technologies be used to displace diesel and jet fuel at a reasonable 

cost? H
ow

 can im
pacts of biom

ass through land use be m
anaged?

R
eplacing petroleum

 currently used for jet fuel and for diesel fuel for freight transport m
ay be the m

ost 
difficult technological hurdle to reach a non-fossil econom

y in the future. C
urrent aviation technologies 

require hydrocarbon fuels because of the technical requirem
ent for fuel w

ith very high energy density 
and very low

 m
ass. Som

e freight transport could be transferred to trains pow
ered w

ith electricity, but it is 
difficult to im

agine replacing all truck transport w
ith trains. W

hatever freight transport w
ill be done w

ith 
trucking w

ill be very difficult to electrify, given the pow
er-to-w

eight challenges of battery technologies in 
the foreseeable future. A likely alternative to petroleum

-derived diesel and jet fuels is biofuel, produced 
through a variety of biochem

ical and therm
ochem

ical processes, including Fischer-Tropsch synthesis 
that is used to produce fuels from

 coal in South Africa. The biom
ass feedstock requirem

ents of replacing 
diesel and jet fuel w

ith biofuel are m
assive, even w

ith enorm
ous efficiency gains in aviation and trucking. 

For exam
ple, using current Fischer-Tropsch technologies to produce 10 m

illion barrels of fuel per day 
– equivalent to roughly 11%

 of current petroleum
 dem

and – using biom
ass as a feedstock w

ould require 
m

ore than 125 m
illion hectares of cropland, even assum

ing very high biom
ass yields of 20 dry tons 

per hectare. It is not clear w
hether cultivation of biom

ass crops for energy use at such a scale can be 
accom

plished in the context of grow
ing food dem

and around the w
orld, nor is it clear that 10 m

illion 
barrels of jet and diesel fuels per day w

ill be sufficient. 

Som
e w

ork has been done to look at recycling of C
O

2  from
 biofuel and fossil fuel com

bustion into fuels, 
first through reduction to carbon m

onoxide, and then through Fischer-Tropsch synthesis, using hydrogen 
produced from

 renew
able sources. In theory, this is possible, but the chem

ical reduction of C
O

2  into 
carbon m

onoxide is very energy intensive and rem
ains a challenge to econom

ic com
petitiveness. O

verall, 
it is clear that there is no technology currently available that appears to be com

petitive w
ith petroleum

, 
even at m

uch higher prices and w
ith a very high price on carbon. Thus, relatively little effort has been 

dedicated to this problem
, and it seem

s unlikely to em
erge as a m

ajor priority for several decades. An 
appropriate technological replacem

ent for petroleum
 w

ill eventually em
erge as oil supplies dw

indle, but 
w

aiting until m
ost of the oil reserves are extracted is sim

ply incom
patible w

ith low
-em

issions scenarios.

5
. Is carbon storage feasible at very large scale (i.e., tens of billions of tonnes per year)?

O
ne approach to reducing C

O
2  em

issions involves C
O

2  capture from
 em

issions sources and then storage in 
geological repositories, often referred to as carbon capture and storage (C

C
S). C

C
S appears particularly 

attractive in reaching a low
-carbon econom

y for several reasons. First, C
C

S m
ight allow

 the w
orld to 

transition to a low
-carbon econom

y w
ithout discarding capital investm

ents that have been m
ade in 

electricity infrastructure. C
urrently, there are m

ore than 2,000 pow
er plants that em

it at least 1 m
illion tons 

of C
O

2  a year. Together these pow
er plants released m

ore than 10 billion tons of C
O

2 , or roughly one-third 
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of global em
issions. To the extent that som

e of these plants can be retrofitted w
ith capture technology and 

that appropriate storage locations can be identified, C
C

S w
ould allow

 the w
orld to continue to use som

e of 
these facilities for m

any decades but dram
atically reduce their environm

ental im
pact. 

E
ven aside from

 the use in existing fossil fuel facilities, such as large coal-fired pow
er plants, C

C
S is likely 

to be a critical part of a low
-carbon econom

y in the industrial sector for stationary sources of em
issions, 

such as cem
ent plants, that are difficult to elim

inate. O
ne particularly im

portant application of C
C

S m
ay 

be for the biofuels sector, if biofuels becom
e an im

portant source of non-fossil liquid fuel for freight 
transport and air transport. W

hatever the specific technology used to convert biom
ass to fuels, w

hether 
through ferm

entation or through therm
ochem

istry, a biofuel refinery w
ill create a large, concentrated 

stream
 of C

O
2  that represents a relatively low

-cost source of em
issions reduction. Such use of C

C
S can be 

view
ed as ‘air capture’ of C

O
2  as the life cycle em

issions from
 such a facility w

ould be negative.

C
urrently, there are a sm

all num
ber of dem

onstrations of carbon storage in geological repositories around 
the w

orld. The m
ost successful is the Sleipner Field in the N

orth Sea, operated by StatO
il, the N

orw
egian 

O
il C

om
pany, and injecting 1 m

illion tons of C
O

2  per year since 1996. B
ased on this experience, it seem

s 
very likely that carbon storage in saline form

ations, w
hether onshore or offshore, is likely to be effective 

in perm
anently storing C

O
2 , but it rem

ains unknow
n w

hether the geologic reservoirs can handle the 
enorm

ous volum
es of C

O
2  required if C

C
S ever becam

e a dom
inant technology, for exam

ple in large 
biofuel refineries around the w

orld. E
stim

ates of capacity are extrem
ely large, but som

e studies have 
questioned those estim

ates based on lim
its to injectivity, potential for induced seism

icity, and leakage 
potential. U

ntil m
ore com

m
ercial-scale dem

onstration projects are operating in different geological 
settings around the w

orld, it w
ill be im

possible to guarantee that C
C

S w
ill be feasible at the scale required 

to play a m
ajor role in a low

-carbon w
orld.

6
. W

ill technologies and planning that allow
 large increases in energy effi

ciency be deployed at 
large scale?

There are enorm
ous potential gains in energy efficiency across all sectors of our energy system

. B
uildings 

have been a particular em
phasis of m

any studies; new
 building m

aterials and new
 building designs can 

reduce energy use in buildings by 70%
 or m

ore relative to current levels, even in countries that have 
experienced relatively high energy prices and are already quite efficient. Sim

ilar argum
ents have been 

m
ade for industrial facilities, and also transportation system

s, focusing on the potential for use of lighter 
m

aterials (e.g. carbon fibre) and m
ore efficient m

otors and control system
s, as w

ell as im
provem

ents in 
urban planning and m

ore efficient system
s such as light rail.

E
nergy efficiency plays a critical role in determ

ining w
hether the w

orld w
ill follow

 a low
 or high-carbon 

em
issions scenario, prim

arily by reducing the total am
ount of industrial capacity required. For exam

ple, 
if passenger vehicles are pow

ered w
ith electricity, but are lighter and use m

uch less energy than current 
vehicles, then less electricity generation w

ill have to be constructed. Sim
ilarly, if biofuels becom

e a critical 
source of non-fossil liquid fuels for aviation, then m

ore efficient airplanes w
ith lighter m

aterials w
ill 

require few
er biofuel refineries and less land area required for grow

ing biofuel feedstocks.

The critical question is w
hether these large im

provem
ents in energy efficiency that seem

 to be 
theoretically possible w

ill actually be im
plem

ented across entire countries and regions. Som
e have argued 

that m
any energy efficiency investm

ents w
ill ultim

ately save m
oney, and that there are m

arket failures 
that prevent such investm

ents from
 occurring. O

n the other hand, progress in energy efficiency has been 
slow

er than expected, leading som
e econom

ists to question w
hether the analyses of costs and savings 

from
 energy efficiency are correct. If the w

orld is going to m
anage to lim

it em
issions and follow

 one of the 
low

er-em
issions scenarios, then it w

ill be critical to achieve as m
any gains in energy efficiency as possible, 

at all scales from
 appliances and vehicles to factories and large-scale transportation system

s. 

7. 
H

ow
 fast can large-scale energy infrastructure be built?

A transition to a low
-carbon or zero-carbon econom

y at a global scale requires m
assive new

 investm
ents 

in infrastructure to replace existing system
s based on fossil fuels. O

ne large area for new
 infrastructure 

construction w
ill be for production of liquid fuels, w

hatever the technology. An even larger need w
ill be 

in the electricity sector, as electrification of transportation, industrial energy dem
and, and heating for 

buildings w
ill dram

atically increase overall dem
and for electricity. If m

uch of this electricity is generated 

using w
ind or solar system

s, then the new
 capacity requirem

ents w
ill be even larger due to the relatively 

low
 capacity factors for solar and w

ind (20%
 to 30%

) relative to fossil fuel based generating system
s. 

Thus, one of the key factors that m
ay lim

it our ability to low
er em

issions and achieve a low
-carbon 

em
issions scenario is the rate at w

hich w
e can build new

 infrastructure. 

In the U
.S., for exam

ple, the current rate of installation of new
 generating capacity is roughly 10 G

W
 per 

year. At this rate, one w
ould need m

ore than 100 years to rebuild the existing grid, m
uch less the grid 

required by a new
 energy system

 based largely on renew
able sources that w

ould be several tim
es larger. 

O
ver the last decade, C

hina has been building new
 generating capacity at roughly 100 G

W
 per year, but 

that w
as w

ith overall econom
ic grow

th rates of m
ore than 10%

. C
an countries build new

 infrastructure 
quickly enough to low

er global em
issions, even if their econom

y is grow
ing m

ore slow
ly overall? The 

required level of industrial activity in term
s of m

aterials (e.g. cem
ent, steel, etc.) is daunting, but not 

im
possible to im

agine. In term
s of a risk analysis, how

ever, it seem
s that such a high level of industrial 

infrastructure investm
ent is unlikely to occur w

ithout extraordinary political w
ill.

8
. W

ill breakthrough technologies such as capture of carbon dioxide from
 air becom

e feasible?

In this discussion of future energy technologies, it is im
portant to point out the possibility that an 

unanticipated technological breakthrough could change our thinking about existing options and future 
technological choices. O

ne exam
ple of such a breakthrough w

ould be the developm
ent of capture of 

C
O

2  from
 air at a low

 cost, aside from
 the use of biom

ass com
bined w

ith carbon capture and storage 
(discussed above). C

urrent estim
ates of cost for air capture are highly variable, w

ith several sm
all 

com
panies focused on building dem

onstration plants. It seem
s unlikely that this technology w

ill allow
 

for a less expensive route to decarbonisation than the replacem
ent of fossil sources of energy, but if air 

capture w
ere econom

ically feasible, then it w
ould add another option. In particular, air capture of C

O
2  

m
ight be m

ost im
portant in creating non-fossil liquid fuels w

ithout the need for m
assive land area for 

energy crops.

9
. H

ow
 can the use of low

-priced fossil resources, such as coal and oil sands, be lim
ited at a global 

scale, even if there are large econom
ic incentives for using such resources?

A final question is w
hether it w

ill be possible to lim
it the extraction and consum

ption of those fossil 
fuel resources that are abundant and therefore are likely to rem

ain extrem
ely inexpensive throughout 

the next century and beyond. C
hief am

ong these resources is the w
orld’s coal reserves, w

hich currently 
represent alm

ost 70%
 of the carbon in fossil fuel proved reserves. The total coal resource (i.e., w

hat 
could be extracted, not necessarily based on the current prices) is larger still, w

ith vast undiscovered and 
undeveloped coal deposits across R

ussia and in Alaska. Som
e unconventional oil resources can also be 

added to this carbon reservoir, such as oil sands and shale oil. 

A critical question for the future is w
hether these fossil resources w

ill be used to create liquid fuel w
hen 

petroleum
 reserves begin to dw

indle som
etim

e over the next century. Ideally, this w
ould be avoided by 

new, non-fossil technologies becom
ing disruptive, m

aking it uneconom
ical to use coal or unconventional 

oil. B
ut if this does not happen, w

ill it be possible to leave these fossil resources in the ground, even w
hen 

their extraction and conversion to liquid fuels or to synthetic gas could be highly profitable? This m
ay 

depend on w
hether global concern around clim

ate change is raised to such a high level that it becom
es 

politically, socially or m
orally im

possible to use these fossil resources, just as certain practices such as 
child labour have becom

e socially and politically unacceptable in m
ost countries. 

From
 the carbon cycle perspective, it is clear that the use of coal and unconventional oil in place of 

conventional petroleum
 w

ould be disastrous. If coal-to-liquids or shale oil becom
es a dom

inant part of the 
w

orld energy system
, this w

ould reverse m
ost of the progress m

ade in em
issions reductions over the past 

tw
o decades, and w

ould ensure that even the m
iddle em

issions scenarios are im
possible to achieve.
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The previous survey gives only a brief overview
 of the critical technological issues. Indeed, each of the 

questions above could constitute a m
ajor report by itself. The purpose of this discussion is not to provide a 

com
plete analysis of each of these com

ponents of the global energy system
, but sim

ply to identify the m
ajor 

innovations in energy technology that m
ust be accom

plished if the w
orld is to follow

 a low
 em

issions pathw
ay. 

N
ot every one of these questions m

ust be answ
ered in the affirm

ative to reduce global C
O

2  em
issions 

sufficiently quickly to follow
 a low

 em
issions trajectory. For exam

ple, it is possible to im
agine a non-fossil 

energy system
 that does not use nuclear pow

er (although it does m
ake the challenge m

ore difficult). B
ut there 

is no question that lim
iting em

issions to levels that are m
ore likely to keep global tem

perature change below
 

2°C
 requires a positive response to nearly all of the questions. And given the current state of technology 

developm
ent, w

e do not know
 any of the answ

ers. Another problem
 is tim

escale. Finding technological 
solutions that w

ill allow
 us to answ

er affirm
atively these questions w

ith confidence needs to happen quickly, 
as a delay w

ill result in m
ore fossil carbon release to the atm

osphere. 

For the purpose of placing a probability judgem
ent on different em

issions scenarios, the scale of the 
technological challenges w

ould support a conclusion that the fam
ily of low

 em
issions scenarios seem

 very 
unlikely. C

hanging this conclusion w
ould require substantial progress on innovation in energy technology 

over the next decade or tw
o to allow

 positive answ
ers to m

ost of these key questions.

7
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B
ased on an analysis of current policies and plans for m

ajor countries and regions, it is very likely that the 
w

orld w
ill continue to follow

 a m
edium

 to high em
issions pathw

ay for the next few
 decades. If goals for 

reducing em
issions in the E

U
 and the U

.S. and stabilizing em
issions in C

hina are achieved, then the highest 
em

issions scenarios are less likely to occur, especially if India is able to displace a part of its anticipated 
construction of new

 coal-fired pow
er plants w

ith renew
able energy capacity. B

ut this w
ill only keep em

issions 
on a m

oderate trajectory, still far in excess of w
hat is required to lim

it the im
pacts of clim

ate change below
 a 

harm
ful level.

The technological challenges to achieving the low
 em

issions scenarios are substantial, and are not being 
adequately addressed w

ith current policies. An enhanced effort is needed to accelerate innovation in energy 
technology. B

ecause m
uch of this innovation occurs through deploym

ent of large-scale energy system
s, a 

global com
m

itm
ent is needed. C

urrent trends in the costs of renew
able energy, particularly solar photovoltaic 

system
s, are very prom

ising, but still far short of w
hat is required to achieve em

issions goals even for the 
next few

 decades. 

The clim
ate response to anthropogenic em

issions depends on cum
ulative em

issions of C
O

2 . This m
eans that 

partial reduction in em
issions is not sufficient, as sustained low

er em
issions from

 fossil fuel com
bustion w

ill 
continue to drive higher levels of atm

ospheric C
O

2 , and w
ill lead to higher levels of clim

ate risk. Accelerating 
the use of fossil fuels, including the use of coal for liquid fuel, the extraction of m

ethane hydrates, and the 
developm

ent of oil shale, could reverse the current trend tow
ards em

issions reductions, and push em
issions 

even higher than som
e of the high em

issions scenarios. In this case, clim
ate change itself m

ay be the eventual 
lim

iting factor on em
issions through a reduction in econom

ic grow
th and energy dem

and. 
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C
lim

ate risks m
ay be thought of as falling into tw

o categories: the risks of extrem
e w

eather events, and the 
risks due to long-term

 changes in average conditions. An assessm
ent of clim

ate science w
ill approach these 

tw
o kinds of risk differently, depending on the nature of the decisions it aim

s to inform
. 

An assessm
ent that aim

s to inform
 policy on disaster risk reduction w

ill naturally focus on the risk of extrem
e 

w
eather events. These low

 probability, high im
pact events are a form

 of ‘w
orst case’ occurrence in any given 

clim
ate. Since extrem

e w
eather events already pose a danger in the present, and can be forecast a few

 days 
or a season in advance, it m

ay be reasonable for such a risk assessm
ent to have a relatively short-term

 focus. 
An assessm

ent that aim
s to inform

 planning for adapting to clim
ate change is also likely to be concerned w

ith 
extrem

e events, and w
ith any changes in their frequency or intensity that occur over tim

e, as w
ell as w

ith 
changes in average conditions. For som

e planning purposes, the ‘w
orst case’ m

ay be im
portant; for others, it 

m
ay be the ‘m

ost likely’ case that is m
ost relevant to decision-m

aking. The tim
escale for such an assessm

ent 
m

ay not need to go far beyond the planning horizons in the econom
ic sectors concerned. 

A risk assessm
ent that aim

s to inform
 our response to clim

ate change as a w
hole m

ust consider the w
hole of 

the tim
escale that is affected by our current decisions on energy and em

issions. It has to consider ‘w
orst case’ 

outcom
es not only in term

s of individual events, but also in term
s of long-term

 changes: the risk that average 
conditions m

ay them
selves reach extrem

e values. That is our aim
, in this section of our report. 

K
n
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 th
e

 le
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st 

If w
e take global m

ean tem
perature increase to be a sim

ple proxy for the extent of clim
ate change, then 

the risks w
ith the largest im

pacts are likely to occur at the highest degrees of tem
perature increase. In the 

C
hapter 9, w

e see that on a very high em
issions pathw

ay, tem
perature increases of m

ore than 10°C
 over the 

next few
 centuries cannot be ruled out. The risks at the top end of that range are likely to be those that are 

m
ost relevant to our assessm

ent. 

H
ow

ever, it appears that m
ost of our scientific know

ledge relates to the risks associated w
ith m

uch low
er 

degrees of tem
perature increase. Figure 1 show

s the num
ber of tim

es each degree of tem
perature increase is 

m
entioned in the Sum

m
ary for Policym

akers of the IPC
C

’s report on Im
pacts, Adaptation and Vulnerability. 1 

W
hile there are m

any m
entions of im

pacts at 2°C
 and 4°C

, there is only one m
ention of 5°C

, and no m
ention 

of anything higher. 
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The detailed chapters of the sam
e report suggest that the im

pacts corresponding to high degrees of 
tem

perature increase are not only relatively unknow
n, but also relatively unstudied. This is illustrated by the 

follow
ing quotes:

• 
C

rops: “R
elatively few

 studies have considered im
pacts on cropping system

s for scenarios w
here global 

m
ean tem

peratures increase by 4ºC
 or m

ore.”
2 

• 
E

cosystem
s: “There are few

 field-scale experim
ents on ecosystem

s at the highest C
O

2  concentrations 
projected by R

C
P8.5 for late in the century, and none of these include the effects of other potential 

confounding factors.”
3 

• 
H

ealth: “M
ost attem

pts to quantify health burdens associated w
ith future clim

ate change consider 
m

odest increases in global tem
perature, typically less than 2ºC

.”
4 

• 
Poverty: “Although there is high agreem

ent about the heterogeneity of future im
pacts on poverty, few

 
studies consider m

ore diverse clim
ate change scenarios, or the potential of 4ºC

 and beyond.”
5 

• 
H

um
an security: “M

uch of the current literature on hum
an security and clim

ate change is inform
ed 

by contem
porary relationships and observation and hence is lim

ited in analyzing the hum
an security 

im
plications of rapid or severe clim

ate change.”
6 

• 
E

conom
ics: “Losses accelerate w

ith greater w
arm

ing, but few
 quantitative estim

ates have been 
com

pleted for additional w
arm

ing around 3ºC
 or above.”

7 

A sim
ple conclusion is that w

e need to know
 m

ore about the im
pacts associated w

ith higher degrees of 
tem

perature increase. B
ut in m

any cases this is difficult. For exam
ple, it m

ay be close to im
possible to 

say anything about the changes that could take place in com
plex dynam

ic system
s, such as ecosystem

s or 
atm

ospheric circulation patterns, as a result of very large changes very far into the future. 
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R
ather than attem

pt to predict the unpredictable, a m
ore m

anageable approach is to start from
 our first 

principle of risk assessm
ent: assess risks in relation to objectives. O

r, put another w
ay: focus on w

hat it is 
that w

e w
ish to avoid. In accordance w

ith this principle, risk assessm
ents usually first identify an im

pact (or 
severity of im

pact) that one w
ould hope to avoid, and then assess its probability. i If a risk is changing over 

tim
e, a corresponding approach w

ould be to assess that probability as a function of tim
e. C

onceptually, this is 
the opposite of an approach that asks first w

hat is m
ost likely to happen, and then how

 that m
ight affect our 

interests. 

For each area of clim
ate science that w

e consider in this section, w
e start by asking “W

hat is it that w
e w

ish 
to avoid?”, and then ask “H

ow
 likely is that, and how

 does that likelihood change over tim
e?”

Id
e

n
tify

in
g

 th
e

 b
ig

g
e

st risk
s 

R
isk assessm

ents, and risk m
anagem

ent m
easures, often focus especially on thresholds at w

hich im
pacts 

becom
e non-linear or irreversible, or beyond w

hich no further severity of im
pact is possible. For exam

ple, 
regulations for the structural integrity of buildings in earthquakes, the capital reserve requirem

ents 
for insurance firm

s, and the health and safety standards for people at w
ork, are particularly concerned 

w
ith avoiding the non-linear im

pacts of building collapse, insurance firm
 insolvency, and w

orker death, 
respectively. 8,9,10 

W
here possible, w

e have identified w
hat it is that w

e w
ish to avoid in term

s of thresholds or discontinuities in 
severity of im

pact. W
here there are no obvious such thresholds, w

e have attem
pted to ensure w

e identify the 
biggest risks by sim

ply asking “W
hat is the w

orst that could happen?”
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D
epending on the question w

e are trying to answ
er, the best available inform

ation m
ay be the law

s of physics, 
the output of a m

odel, or an expert’s judgm
ent. For the purpose of risk assessm

ent, w
e m

ay need to use all of 
these – but w

e need to keep in m
ind their different levels of reliability. 

W
hen a risk assessm

ent is inform
ed by science, as it is here, w

e also need to bear in m
ind how

 cultural 
preferences m

ay affect the w
ay expert judgm

ent is presented. In our chapter on principles of risk assessm
ent, 

the reinsurance executive Trevor M
aynard said it concerned him

 that the m
eaning of a ‘conservative’ estim

ate 
appeared to have the opposite m

eaning in science from
 its m

eaning in insurance. H
ere the scientist D

r Jay 
G

ulledge explains w
hat m

ight be at the root of this difference, and w
hy it m

atters for our risk assessm
ent. 
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N
T

D
r Jay G

ulledge, D
irector of the E

nvironm
ental Sciences D

ivision, O
ak R

idge N
ational 

Laboratory.
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Scientists w
ho strive to provide useful inform

ation about clim
ate change and decision-m

akers w
ho 

seek such inform
ation, “are linked by a thin thread of clim

ate inform
ation that is relevant to 

their respective endeavors, but they are separated by different needs, priorities, processes and 
cultures.”

11 O
ne elem

ent that often divides these tw
o com

m
unities is the w

ays in w
hich they characterize 

and treat uncertainty about future outcom
es.

Scientists are conservative about draw
ing incorrect conclusions—

so m
uch so that they w

ould rather draw
 

no conclusion than an incorrect one. C
onsequently, they have developed standard practices and cultural 

norm
s to protect the scientific know

ledge pool from
 being contam

inated by falsehoods. For exam
ple, 

scientists typically apply statistical tests that estim
ate the probability that a predicted outcom

e m
ay have 

happened purely by chance rather than because of a hypothesized cause. If the probability of the random
 

outcom
e is greater than five percent, standard practice is to reject the hypothesis. Ironically, this rigor 

often results in the rejection of a correct hypothesis because there w
as only a sm

all chance—
potentially 

less than 6 percent—
that the hypothesis w

as indeed a random
 outcom

e. 12 

Such scenarios involve tw
o types of uncertainty, or ‘error’ in statistical term

inology. First is the possibility 
that the hypothesized cause is accepted, but is actually w

rong. This condition is com
m

only called a 
‘false-positive;’ statisticians call it a ‘type I error.’ C

onversely, there is the possibility that the hypothesis 
is rejected, but is actually correct. This situation presents a false-negative, or ‘type II error.’ Scientists 
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are relatively tolerant of false-negatives: in m
ost scientific fields it is not standard practice to estim

ate the 
probability of com

m
itting a type II error. 

In contrast, professional risk m
anagers are often m

ore concerned about type II errors w
hich could 

result in their disregarding a risk w
ith potentially severe consequences. 13 For exam

ple, even though the 
probability of any particular house burning dow

n in a given year is very low, the m
ortgage lender requires 

the hom
eow

ner to carry casualty insurance to protect the lender’s investm
ent. The point is that even 

a very low
 probability of an outcom

e m
ay represent a large risk if the outcom

e w
ould be very severe. 

C
onsequently, w

hen scientists tolerate type II errors, their w
ork m

ay lack rigour from
 the standpoint of the 

decision-m
akers they seek to inform

.

D
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C
onsistent w

ith their aversion to type I error and tolerance of type II error, clim
ate scientists have 

often erred tow
ard underestim

ating risk w
hen faced w

ith deep uncertainty. 14 A stark illustration of this 
phenom

enon occurred w
hen the IPC

C
’s ‘R

easons for C
oncern’ (R

FC
), first published in 2001, 15 w

ere 
updated in 2009. 16 The R

FC
s are categories of clim

ate change im
pacts that IPC

C
 authors deem

ed of 
potential interest to decision-m

akers and include risks to unique and threatened ecosystem
s, extrem

e 
w

eather events, distribution of im
pacts geographically and across incom

e classes, aggregate econom
ic 

im
pacts, and sudden dram

atic changes in the regulation of the global clim
ate (e.g., a sudden collapse of a 

large ice sheet leading to abrupt sea level rise). The R
FC

 assessm
ent evaluated the sensitivity of each R

FC
 

category to global tem
perature increases betw

een 0 and 5 degrees C
elsius. 

As governm
ents em

phasized clim
ate change research during the 2000s, m

uch m
ore evidence becam

e 
available for assessing these risks. After considering the new

 evidence, the update estim
ated greater 

sensitivity to w
arm

ing than the original assessm
ent for all five categories of R

FC
. 17 This outcom

e suggests 
that scientists tend to underestim

ate risk in the face of incom
plete inform

ation. 
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There m
ay also be a dangerous interaction betw

een clim
ate scientists’ cultural aversion to type I error and 

a docum
ented tendency of the public to discount low

-probability, high im
pact outcom

es. For exam
ple, the 

IPC
C

 defines ‘likely’ as 66-90%
 probability, and ‘unlikely’ as 10-33%

 probability. W
hen college students 

w
ere asked w

hat they thought the term
 ‘unlikely’ m

eant for the probability of a land-falling hurricane, 
the m

ost com
m

on response w
as 1-10%

 (i.e. low
er than the probability range assigned to the term

 by the 
IPC

C
). 18 If the scientific com

m
unity tends to underestim

ate the severity of im
pacts under uncertainty, and 

the public tends to adjust probability of a severe event dow
nw

ard, the net effect m
ay be a serious under-

appreciation of the potential severity of clim
ate change im

pacts am
ong the public and decision-m

akers.
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For the reasons described above, am
ong others, the U

.S. N
ational Academ

y of Sciences has stated that 
“Scientific priorities and practices need to change so that the scientific com

m
unity can provide 

better support to decision-m
akers in m

anaging em
erging clim

ate risks.”
19 

Scientists w
ho seek to inform

 decision-m
aking on clim

ate change need to adopt a m
ore risk-sensitive 

analytical approach. In som
e cases, this adjustm

ent w
ill require m

ore tolerance of type I error and less 
tolerance of type II error.

The cultures of science and risk assessm
ent described by D

r G
ulledge are not im

possible to reconcile. O
ne 

m
ight expect them

 to m
eet in the m

iddle, resulting in an equal aversion to either kind of error. There are 
m

any fields in w
hich the use of science to support risk assessm

ent has becom
e highly developed – including 

the forecasting of extrem
e w

eather events. ii 

For the purposes of this risk assessm
ent, w

e have tried to m
ake sure relevant inform

ation is not om
itted sim

ply 
because the uncertainty is high. At the sam

e tim
e, w

e have aim
ed to m

ake the uncertainties, and the expert 
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judgm
ents, as clearly visible as possible. To do this, w

e have adapted an old rule of intelligence assessm
ent iii 

and asked scientists to tell us: i) w
hat they know

; ii) w
hat they do not know

; and iii) w
hat they think. 

Illu
stra

tive
 exa

m
p

le
s 

In the pages that follow, w
e apply this approach to assessing risks associated w

ith global tem
perature 

increase, hum
an heat stress, crop production, w

ater stress, flooding, drought, coastal cities and sea level rise, 
and large-scale disruption of the clim

ate system
. This is a sm

all subset of the risks of clim
ate change, w

hich 
leaves out som

e im
portant issues entirely (such as ocean acidification), and gives relatively brief sum

m
aries 

of others. 

The purpose of this section is not to provide a com
prehensive survey of the scientific literature. Indeed, each 

of these chapters reflects the perspectives of its individual authors. The purpose is sim
ply to identify som

e of 
the biggest risks, and to illustrate a w

ay in w
hich they m

ay be com
m

unicated effectively to policy-m
akers.
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P
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K
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et O
ffice 

H
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W
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a
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a
l te
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 in
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a
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ig

h
t w

e
 w

ish
 to

 avo
id

? 

T
w

o degrees: The U
nited N

ations fram
ew

ork convention on clim
ate change aim

s to avoid potentially 
dangerous clim

ate change and has adopted a long-term
 goal of keeping global average w

arm
ing below

 
2°C

 above pre-industrial levels. 1 The choice of appropriate level is a subjective policy choice inform
ed by 

estim
ates of future clim

ate im
pacts and relative difficulty of adaptation, and the judgm

ent that there is a 
sufficiently high chance of being able to lim

it w
arm

ing to this level. 

Four degrees: The recent IPC
C

 report concluded that “global clim
ate change risks are high to very high 

w
ith global m

ean tem
perature increase of 4°C

 or m
ore above preindustrial levels in all reasons for 

concern, and include severe and w
idespread im

pacts on unique and threatened system
s, substantial 

species extinction, large risks to global and regional food security, and the com
bination of high 

tem
perature and hum

idity com
prom

ising norm
al hum

an activities, including grow
ing food or 

w
orking outdoors in som

e areas for parts of the year”. 2 

Seven degrees: There has been m
uch less research focusing on the im

pacts at higher tem
peratures but 

lim
ited studies suggest the possibility of even greater im

pacts, w
ith a rise in tem

perature of around 7°C
 

potentially giving rise to extrem
e heat events in excess of hum

an physiological tolerance in som
e regions. 3 

It is im
portant to note that, w

hilst global average w
arm

ing is convenient to use as a sim
ple m

etric, m
any 

specific risks depend on local w
arm

ing and heat extrem
es (as discussed in the next tw

o sections). Land 
w

arm
s faster than the oceans, so w

arm
ing in m

ost land areas w
ill exceed the global average, in som

e places 
by a significant am

ount. In addition, there w
ill be changes in extrem

es, such as the hottest day of the year. 

H
o

w
 like

ly
 a

re
 w

e
 to

 exce
e

d
 th

e
 te

m
p

e
ra

tu
re

 th
re

sh
o

ld
s w

e
’ve

 id
e

n
tifi

e
d

?

The clim
ate response for any future em

issions or concentrations scenario m
ust be expressed as a range, 

frequency distribution or probability distribution because of uncertainty in the relationship betw
een changes 

in atm
ospheric greenhouse gas em

issions and concentrations and the clim
ate response. The IPC

C
 fifth 

assessm
ent estim

ated a likely range of w
arm

ing by 2081-2100 relative to a near present day period to 
be in the range of 0.3°C

 to 4.8°C
 (equivalent to 0.9°C

 to 5.4°C
 relative to pre-industrial) for the range of 

concentration scenarios considered. 4 

This set of IPC
C

 sim
ulations does not sam

ple all of the know
n uncertainties in the clim

ate system
s, and the 

experim
ental set-up over-constrains the spread in atm

ospheric concentration of greenhouse gases for a given 
em

ission pathw
ay. Like the real clim

ate, the clim
ate m

odel used in the AVO
ID

2 program
m

e takes em
issions 

as its input and includes the dependence on C
O

2  and the uncertainty in carbon cycle-clim
ate feedback

5 – the 
w

ay in w
hich the am

ount of carbon absorbed and em
itted by soil vegetation and the ocean m

ay change in 
response to clim

ate change, and in turn accelerate clim
ate change. It show

s the probability of exceeding 
a range of different w

arm
ing levels in 2100 relative to pre-industrial level w

hen this additional factor is 
included in the clim

ate sim
ulations. E

ven the low
est em

issions scenario (R
C

P2.6) has a m
ore than a 33%

 
chance of exceeding 2ºC

. The probability of w
arm

ing beyond 4°C
 is significant in the m

iddle tw
o pathw

ays, 
and in the highest em

issions pathw
ay, R

C
P8.5, is som

ew
here in the region of 90%

 (Figure 2) in these 
sim

ulations. In the highest pathw
ay, there is also a sm

all probability of exceeding 7°C
. 

F
ig

u
re

 2
: E

stim
a
te

 o
f w

a
rm

in
g

 a
t 2

10
0

 fro
m

 a
 sim

p
le

 clim
a
te

 m
o

d
e

l b
a
se

d
 o

n
 e

m
issio

n
s 

fro
m

 th
e

 R
C

P
 p

a
th

w
ays. T

h
e
 R

C
P

2
.6

 p
a
th

w
ay

 re
p

re
se

n
ts a

 w
o

rld
 w

ith
 ve

ry
 ra

p
id

 
e
m

issio
n

 re
d

u
c
tio

n
s. R

C
P

8
.5

 re
p

re
se

n
ts a

 w
o

rld
 w

ith
 a

 co
n

tin
u

e
d

 fo
c
u

s o
n

 fo
ssil fu

e
ls 

a
n

d
 sig

n
ifi

c
a
n

t in
c
re

a
se

s in
 g

re
e
n

h
o

u
se

 g
a
s u

se
.

It is im
portant to recognize how

 these probabilities change over tim
e, and to look beyond 2100, especially 

for the higher em
ission scenarios, because in som

e cases im
pacts and the probability of m

ajor clim
ate system

 
disruption w

ill still be increasing. Figure 3 show
s the probability of exceeding 2°C

, 4°C
 and 7°C

 respectively 
as a function of tim

e, for the four em
issions pathw

ays. 

• 
The probability of exceeding 2°C

 can be seen to exceed 50%
 w

ithin the first half of the century for the 
highest em

issions pathw
ay, and to exceed 80%

 late in the century for all except the low
est em

issions 
pathw

ay. 

• 
The probability of exceeding 4°C

 by 2150 appears to be som
ew

here in the region of 100%
, 50%

, and 
20%

, for the highest and m
iddle tw

o post-2100 continuation pathw
ays respectively, w

hile rem
aining at 

only a few
 percent for the low

est pathw
ay. 

• 
O

n the highest em
issions pathw

ay (the R
C

P8.5 extension scenario, w
here beyond 2100 em

issions are 
held constant for 50 years, and then sharply reduced), the probability of exceeding 7°C

 appears to 
exceed 50%

 during the 22
nd century, before peaking at around 65%

 in the follow
ing century. 

Alternative m
odel set-ups m

ay show
 sm

all differences in these probabilities, but the conclusions w
ill be 

qualitatively the sam
e. 
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As show
n above, for the highest em

ission pathw
ay considered in W

orking G
roup I of the IPC

C
 Fifth 

Assessm
ent there is a sizeable possibility of m

ore than 7°C
 w

arm
ing above pre-industrial levels in the period 

after 2100. 

It is difficult, if not im
possible, to provide a robust estim

ate of the m
axim

um
 possible w

arm
ing. First, it is 

unclear how
 to define an absolute upper em

issions scenario. For instance, it m
ight include know

n reserves of 
fossil fuels, or perhaps projected increases in reserves, w

hich are very uncertain. It m
ay or m

ay not include 
econom

ic constraints on extracting and using the fossil fuels. For this study w
e do not look beyond R

C
P8.5 

and its tim
e-extension. The transient evolution of the IPC

C
 m

odel sim
ulations is show

n in Figure 4 below. 
B

y 2300 a sm
all subset of the clim

ate m
odels reach global average tem

perature increases in excess of 10ºC
 

above pre-industrial levels. 
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A second reason that w
e cannot easily estim

ate the m
axim

um
 w

arm
ing is due to the rem

aining uncertainty in 
the clim

ate system
 response. The upper values of our estim

ates of clim
ate sensitivity are not w

ell bounded. 
Additionally, there are a range of m

issing processes that m
ight change the level of w

arm
ing by, for instance, 

contributing additional greenhouse gases. U
sing the published studies from

 the IPC
C

 5
th assessm

ent of the 
possible extra forcing provided by know

n earth system
 feedbacks as an extra com

ponent in a sim
ple clim

ate 
m

odel w
e estim

ated this could add around a further degree of w
arm

ing on to our m
edian estim

ate of w
arm

ing 
in R

C
P8.5 by 2100 (Figure 5). 7 Put another w

ay, this could bring forw
ard the tim

e at w
hich the probability 

of exceeding 4°C
 on R

C
P8.5 reaches 50%

, by a handful of years in the central estim
ate, or by m

ore than a 
decade in the m

ore extrem
e but unlikely case. 
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If clim
ate sensitivity turns out to be at the higher end of our estim

ated range the effect of other earth system
 

processes that could am
plify w

arm
ing m

ay becom
e greater, but additional m

odelling is needed to quantify 
reliably how

 m
uch. H

ow
ever, w

e do know
 that som

e of these am
plifying factors m

ay take a significant tim
e to 

be fully realized and so could becom
e larger beyond 2100. 
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   Increases in w
arm

ing such as w
e project for the R

C
P8.5 em

issions scenarios are unprecedented in the 
observational record, and even (using proxy m

easurem
ents) to around 1000AD

. 8 Looking over a longer 
period the IPC

C
 Fifth Assessm

ent R
eport concludes that during the m

id-Pliocene (3.3 to 3.0 m
illion years 

ago), tem
peratures w

ere 1.9 to 3.6°C
 above pre-industrial levels. D

uring the early E
ocene (52 to 48 m

illion 
years before present) global m

ean tem
perature w

ere 9 to 14°C
 higher then pre-industrial levels, for an 

atm
ospheric C

O
2  concentration of around 1000ppm

, w
hich is slightly higher than the 2100 concentration 

expected in R
C

P8.5. 9 W
hen considering these distant historical periods it is im

portant to keep in m
ind 

both uncertainty in the records and w
hether the past period really represents a suitable analogue to the 

anthropocene. 

W
h
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C
lim

ate projections of the future need to be placed in the context of our understanding of the clim
ate system

. 
W

e have a clear and longstanding know
ledge of the basic physics that tell us increases in atm

ospheric 
greenhouse gases are expected to w

arm
 the planet. 10 W

e know
 that the planet has w

arm
ed over recent 

decades and that this w
arm

ing is unusual com
pared to the expected natural variations. 11 This can be 

explained by the extra energy accum
ulated in the clim

ate system
. 

W
e now

 have a range of estim
ates of how

 sensitive the clim
ate system

 is to changes in radiative forcing, 
but w

e do not know
 a single precise value. W

e also understand m
any of the processes that determ

ine this 
sensitivity. W

hilst there is evidence that com
plex clim

ate m
odels can sim

ulate skillfully m
any aspects of past 

and present clim
ate, expert judgem

ent in the IPC
C

 assessm
ent considers that the 5

th to 95
th percentile range 

of 21
st century w

arm
ing by the current generation of com

plex clim
ate m

odels is too narrow
 for the range of 

future greenhouse gas concentration increases. 12 

The fraction of greenhouse gas em
issions that rem

ain in the atm
osphere for a significant tim

e after 
production or release can be constrained to a likely range but a single value is not know

n. W
e are aw

are 
of feedbacks betw

een changes in clim
ate and the carbon cycle, and betw

een the clim
ate and atm

ospheric 
chem

istry. All of the above have been factored into our quantitative view
 of the future by one m

eans or 
another, but again precise values are unknow

n. 

W
e know

 that in the distant past there have been large-scale disruptions to the clim
ate system

, sim
ilar to w

hat 
w

e w
ould consider today as tipping points. W

e think that the chances of these events occurring in the future 
are m

ore likely at greater levels of w
arm

ing but w
e do not know

 the precise conditions needed to trigger 
these events (see chapter 17).

W
e know

 that there are a range of earth system
 processes, and that the m

ajority of those considered in the 
IPC

C
 assessm

ent, such as thaw
ing perm

afrost, m
ight accelerate w

arm
ing and clim

ate disruption across 
the planet. B

ut, w
hile w

e are starting to m
ake estim

ates of these effects, they are rarely included in current 
clim

ate m
odels or clim

ate risk assessm
ents (see Figure 6 as an exception). Additionally there are processes, 

such as the potential release of m
ethane from

 hydrate stores in and under ocean sedim
ents, that could 

contribute significant extra w
arm

ing. 13 W
e know

 that these stores are very large, and have contributed 
significantly to w

arm
ing over long tim

e periods in the distant past. O
ur best estim

ate is that they w
ill only 

have a very sm
all effect over the next century or so, but w

e have very lim
ited understanding of w

hat m
ight 

happen in the longer-term
 future.
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The hum
an body has behavioural and physical m

echanism
s that w

ork to m
aintain its core tem

perature 
at about 37°C

. If the body’s internal tem
perature rises above this level, then body system

s and vital 
physiological functions are com

prom
ised, and in severe cases, death can result. The clim

atic conditions 
relevant to such heat stress m

ay be m
easured in term

s of the W
et B

ulb G
lobe Tem

perature (W
B

G
T), w

hich 
takes account of tem

perature, hum
idity, w

ind speed, and solar radiation. 1 W
e calculate W

B
G

T for in-shade (no 
solar heat addition) or indoor (no air conditioning) conditions from

 clim
ate data using m

ethods described by 
Lem

ke and K
jellstrom

. 2 W
e have considered heat stress thresholds relevant to four hum

an interests: survival, 
sleep, w

ork and sport. 

Survival 
The threshold for survivability is defined as clim

atic conditions so extrem
e that if a person is exposed to them

 
(i.e. not protected by air-conditioning), core body tem

perature rises to potentially fatal levels w
hile sleeping 

or carrying out low
 energy daily tasks. 

For day-tim
e heat w

e set the threshold for survivability according to the W
B

G
T that causes core body 

tem
perature to rise to 42°C

, for an average individual at rest, ii in the shade, for four hours. W
e estim

ate this 
occurs w

hen the daily m
axim

um
 W

B
G

T is ≥ 40°C
.  W

e have set the threshold at the situation w
hen 10%

 of 
the days in the hottest m

onth are projected to exceed this threshold (‘the three hottest days in the hottest 
m

onth’), since at this point exceeding it at least once becom
es alm

ost certain. 

For night-tim
e heat w

e define the threshold for survivability as conditions w
hich prevent a reduction in core 

body tem
perature overnight, so that the heat exposure of the follow

ing day adds directly onto the high heat 
exposure of the previous day. 3 W

e estim
ate this occurs in m

ost people w
hen the average m

inim
um

 W
B

G
T is 

≥36°C
. (W

e use the sam
e ‘three night’ assum

ption as used above for days).

Sleep 
O

ur threshold for ‘sleepability’ is defined in term
s of conditions that perm

it som
e reduction in core body 

tem
perature, but not to the full extent necessary for norm

al sleep: 4 specifically, w
hen the core body 

tem
perature rem

ains above 37°C
 during eight hours of rest, at night. W

e estim
ate this applies for m

ost people 
w

hen the average m
inim

um
 W

B
G

T is ≥ 30°C
. (Again, w

e use the sam
e ‘three night’ assum

ption.)

It is im
portant to note that individual susceptibility to heat varies w

idely. R
elevant factors include age, gender, 

health status, and past exposures to heat. 5 In relation to the survival and sleep thresholds described above, 
w

e have sought to identify a plausible m
id-range tem

perature, i.e. one at w
hich roughly 50%

 of the population 
cannot stay in heat balance. 

W
ork 

As hum
an m

uscle activities create im
portant intra-body heat production, w

orking people are at particular risk 
as clim

ate change increases am
bient heat levels. 6 W

e have defined the lim
its to w

ork according to tim
e-based 

threshold lim
it values published by the U

nited States O
ccupational Safety and H

ealth Adm
inistration

7 and the 
‘no w

ork at all’ ceiling recom
m

ended by the U
S N

ational Institute of O
ccupational Safety and H

ealth. 8 O
n the 

basis of these guidelines, w
hich are sum

m
arized in Figure 1, w

e conclude that w
hen W

B
G

T reaches 36°C
 it is 

not safe for m
edium

/heavy labour, iii even w
ith rest breaks. W

e define ‘too hot to w
ork’ as conditions in w

hich 
the average daily m

axim
um

 W
B

G
T is 36°C

 or m
ore for a m

onth.
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 Sport 
The lim

it in this case is based on a guidance note from
 sports m

edicine experts in the U
SA. 10 This states 

that com
petitive outdoor sports activities should cease w

hen W
B

G
T reaches 28°C

. W
e define the threshold 

for ‘sportability’ as a situation in w
hich all daylight hours in the three hottest m

onths exceed 28°C
 W

B
G

T. 
G

iven w
hat is know

n about the 24 hour distribution of tem
peratures and hum

idity, w
e infer that the threshold 

conditions are m
et w

hen the average W
B

G
T is ≥ 28°C

, for three m
onths. W

e note that this level includes a 
substantial ‘safety m

argin’ to protect the m
ost sensitive individuals.
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H
eat stress already causes m

any deaths and a great deal of illness each year, especially in low
 incom

e tropical 
countries. 11 H

ow
ever, even in the hottest parts of the w

orld, tem
peratures in populated areas seldom

 if ever 
approach the thresholds of survivability described above. 

The O
SH

A threshold lim
it values are frequently exceeded for short periods, in hot countries, but not for the 

extended periods described by our threshold. 12 Sim
ilarly the 28°C

 W
B

G
T sportability lim

it is crossed every 
year in m

any places, for short periods. (For instance, gam
es at the Australian O

pen Tennis cham
pionship in 

January 2014 w
ere cancelled w

hen am
bient (dry bulb) tem

peratures exceeded 40°C
. 13 H

ow
ever, these high 

tem
peratures are seldom

 sustained, at present.
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Figure 2 show
s how

 the probability of crossing these thresholds could increase in three regions: N
orth India, 

Southeast C
hina, and Southeast U

SA, as global tem
peratures rise. O

n these graphs, ‘probability’ represents 
the proportion of each region’s population estim

ated to be in areas w
here clim

atic conditions cross the 
relevant threshold. The relationship betw

een global tem
perature increase and local clim

atic conditions has 
been estim

ated using clim
ate m

odels, and the spatial distribution of population has been estim
ated based 

on U
N

 projections. There are som
e rough approxim

ations in this calculation, but it serves to provide an 
illustration of the risk. A full description of the m

ethods is located in the Annex.

F
ig

u
re

 2
: 

S
u

rv
iva

b
ility

 (d
ay

): P
ro

b
a
b

ility
 (%

) th
a
t a

 p
e
rso

n
 in

 a
 re

g
io

n
 is ex

p
o

se
d

 to
 h

e
a
t th

a
t 

c
a
u

se
s co

re
 b

o
d

y
 te

m
p

e
ra

tu
re

 to
 rise

 to
 4

2
°C

, fo
r a

n
 ave

ra
g

e
 in

d
iv

id
u

a
l a

t re
st in

 th
e
 

sh
a
d

e
 fo

r 4
 h

o
u

rs. D
e
fi

n
e
d

 a
s W

B
G

Tm
a
x
 ≥ 4

0
°C

, fo
r 10

%
 o

f th
e
 d

ay
s in

 th
e
 h

o
tte

st 
c
a
le

n
d

a
r m

o
n

th
 o

f th
e
 ye

a
r. Te

m
p

e
ra

tu
re

 in
c
re

a
se

 is re
la

tive
 to

 p
re

se
n

t d
ay. iv

 

S
u

rv
iva

b
ility

 (n
ig

h
t): P

ro
b

a
b

ility
 (%

) th
a
t a

 p
e
rso

n
 in

 a
 re

g
io

n
 e

n
co

u
n

te
rs co

n
d

itio
n

s 
th

a
t p

reve
n

t a
n

y
 fa

ll in
 co

re
 b

o
d

y
 te

m
p

e
ra

tu
re

 a
t n

ig
h

t. D
e
fi

n
e
d

 a
s W

B
G

Tm
in

 ≥ 3
6

°C
, 

fo
r 10

%
 o

f th
e
 n

ig
h

ts in
 th

e
 h

o
tte

st c
a
le

n
d

a
r m

o
n

th
 o

f th
e
 ye

a
r. Te

m
p

e
ra

tu
re

 in
c
re

a
se

 is 
re

la
tive

 to
 p

re
se

n
t d

ay. 

Percentage of probability

8
0

6
0

4
0

2
0

10
00

0
1

2
3

4
5

6
7

8
9

N
 In

d
ia

S
E

 C
h

in
a

S
E

 U
S

A

G
lo

b
a
l a

v
e

ra
g

e
 te

m
p

e
ra

tu
re

 in
cre

a
se

, d
e

g
r. C

Percentage of probability

8
0

7
0

6
0

5
0

4
0

3
0

2
010

9
0

10
00

0
1

2
3

4
5

6
7

8
9

N
 In

d
ia

S
E

 C
h

in
a

S
E

 U
S

A

G
lo

b
a
l a

v
e

ra
g

e
 te

m
p

e
ra

tu
re

 in
cre

a
se

, d
e

g
r. C

iv. 
G

lo
b

a
l ave

ra
g

e
 te

m
p

e
ra

tu
re

 in
c
re

a
se

 is sh
o

w
n

 h
e
re

 a
s re

la
tive

 to
 a

 ‘p
re

se
n

t d
ay

’ b
a
se

lin
e
, a

s d
e
fi

n
e
d

 b
y
 th

e
 3

0
-ye

a
r ave

ra
g

e
 ce

n
tre

d
 

o
n

 19
9

5
 (i.e

. fro
m

 19
8

0
 to

 2
0

0
9

). T
h

is is a
b

o
u

t 0
.6

 d
e
g

re
e
s C

 h
ig

h
e
r th

a
n

 th
e
 ‘p

re
-in

d
u

stria
l’ b

a
se

lin
e
 u

se
d

 in
 th

e
 te

m
p

e
ra

tu
re

 in
c
re

a
se

 
c
h

a
p

te
r, a

n
d

 re
fe

rre
d

 to
 g

e
n

e
ra

lly
 th

ro
u

g
h

o
u

t th
is re

p
o

rt.



C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

R
IS

K
 A

S
S

E
S

S
M

E
N

T
 P

A
R

T
 2

: D
IR

E
C

T
 R

IS
K

S
 

6
1

6
0

C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

R
IS

K
 A

S
S

E
S

S
M

E
N

T
 P

A
R

T
 2

: D
IR

E
C

T
 R

IS
K

S
 

S
le

e
p

a
b

ility
: P

ro
b

a
b

ility
 (%

) th
a
t a

 p
e
rso

n
 in

 a
 re

g
io

n
 e

n
co

u
n

te
rs h

e
a
t th

a
t p

reve
n

ts 
co

re
 b

o
d

y
 te

m
p

e
ra

tu
re

 fro
m

 fa
llin

g
 d

o
w

n
 to

 n
o

rm
a
l (3

7
°C

) d
u

rin
g

 e
ig

h
t h

o
u

rs o
f re

st a
t 

n
ig

h
t. D

e
fi

n
e
d

 a
s W

B
G

Tm
in

 ≥ 3
0

°C
, fo

r th
re

e
 n

ig
h

ts in
 a

 m
o

n
th

. Te
m

p
e
ra

tu
re

 in
c
re

a
se

 is 
re

la
tive

 to
 p

re
se

n
t d

ay. 

W
o

rka
b

ility
: P

ro
b

a
b

ility
 (%

) th
a
t a

 p
e
rso

n
 in

 a
 re

g
io

n
 c

a
n

n
o

t w
o

rk a
t 4

0
0

W
. D

e
fi

n
e
d

 a
s 

ave
ra

g
e
 d

a
ily

 W
B

G
Tm

a
x
 ≥ 3

6
°C

 fo
r a

 m
o

n
th

. Te
m

p
e
ra

tu
re

 in
c
re

a
se

 is re
la

tive
 to

 p
re

se
n

t 
d

ay. 

Percentage of probability

8
0

6
0

4
0

2
0

10
00

0
1

2
3

4
5

6
7

8
9

N
 In

d
ia

S
E

 C
h

in
a

S
E

 U
S

A

G
lo

b
a
l a

v
e

ra
g

e
 te

m
p

e
ra

tu
re

 in
cre

a
se

, d
e

g
r. C

Percentage of probability

8
0

6
0

4
0

2
0

10
00

0
1

2
3

4
5

6
7

8
9

N
 In

d
ia

S
E

 C
h

in
a

S
E

 U
S

A

G
lo

b
a
l a

v
e

ra
g

e
 te

m
p

e
ra

tu
re

 in
cre

a
se

, d
e

g
r. C

S
p

o
rta

b
ility

: P
ro

b
a
b

ility
 (%

) th
a
t a

 p
e
rso

n
 in

 a
 re

g
io

n
 e

n
co

u
n

te
rs co

n
d

itio
n

s in
 w

h
ic

h
 

d
ay

lig
h

t h
o

u
rs in

 th
e
 h

o
tte

st th
re

e
 m

o
n

th
s o

f th
e
 ye

a
r exce

e
d

 2
8

°C
 W

B
G

T. D
e
fi

n
e
d

 
a
s d

a
ily

 W
B

G
Tm

e
a
n

 ≥ 2
8

°C
 d

u
rin

g
 th

re
e
 m

o
n

th
s. Te

m
p

e
ra

tu
re

 in
c
re

a
se

 is re
la

tive
 to

 
p

re
se

n
t d

ay. 

 The projections show
n here suggest the first lim

it to be crossed w
ill be that related to sport. U

sing the 
definition of dangerous heat that is applied today in m

any countries, there is about a 40%
 chance that 

individuals in northern India w
ill not be able to participate in com

petitive outdoor activities in sum
m

ertim
e 

w
hen global average tem

peratures have risen on average by one degree com
pared to the present. W

ith four 
degrees of w

arm
ing this probability w

ill have risen to around 80-90%
 in northern India and southeastern 

U
SA, and there is a 50:50 chance the population of southeastern C

hina w
ill be affected sim

ilarly. 

According to these estim
ates, the lim

its on w
ork, as defined above, w

ill em
erge before the w

orld w
arm

s by 
four degrees on average com

pared to the present. At this point, in northern India there is a probability of 
about 30%

 that tem
peratures w

ill be so high that m
oderate/heavy outdoor w

ork cannot be carried out in the 
hottest m

onth. The probability of exceeding the threshold is close to 80-100%
 in all regions w

hen the global 
average tem

perature rises by 7-8°C
.

H
eat so severe that it is not possible to reduce core body tem

perature w
hile sleeping, as defined above, w

ill 
be encountered once the global average tem

perature increases by m
ore than 5°C

. In northern India and 
southeastern C

hina the probability of being exposed to heat that m
akes healthy sleep im

possible rises rapidly 
w

hen global w
arm

ing exceeds 6°C
. At +

8°C
 global w

arm
ing w

e estim
ate a probability of 50-90%

 in the study 
regions that individuals w

ill encounter conditions so hostile that norm
al sleep becom

es im
possible. 

The daytim
e survivability threshold that w

e have defined is not crossed until global w
arm

ing exceeds 4°C
. 

B
ut if w

arm
ing continues, w

e estim
ate that populations in all study regions w

ill be at risk: the probability 
of encountering conditions that cannot be tolerated, even in the shade and at rest, at +

6°C
 global w

arm
ing 

range from
 about 50%

 (southeastern C
hina) to 80%

 (northern India).

W
e can understand how

 these risks vary over tim
e by com

paring these results w
ith the findings of the 

previous chapter. For exam
ple, it is notable that the probability of passing several of our heat stress 

thresholds rises steeply w
hen global tem

perature increases by around 4°C
 com

pared to the present (around 
4.8°C

 relative to pre-industrial). As the previous chapter show
ed, on the highest em

issions pathw
ay such an 

increase becom
es m

ore likely than not by the end of this century. 
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An even m
ore extrem

e threshold than any w
e have used here has been defined on therm

odynam
ic grounds: 

w
hen w

et bulb tem
perature exceeds skin tem

perature, since it is im
possible at this point for the body to shed 

heat. This w
ould occur w

hen w
et bulb tem

perature exceeds 35°C
. v, 14 In practical term

s, the lim
it for survival 

w
ill be reached at low

er am
bient tem

peratures, due to the necessity in all populations for som
e m

oderate - 
light activity.

Sherw
ood &

 H
uber (2010) suggested that these conditions w

ould first be experienced in sm
all areas w

hen 
global average tem

perature rose 7°C
 above the current level, and that large populated areas of the globe 

w
ould experience these conditions once global w

arm
ing reached 10-11°C

 on average above the current 
level. E

lsew
here in this report w

e conclude there is a ‘sizable possibility’ (probability about 60%
) that global 

average tem
peratures w

ill rise by m
ore than 7°C

 above pre-industrial in the 22
nd century, under the high 

em
issions scenario R

C
P8.5. It is difficult to estim

ate the risks of w
arm

ing greater than this. H
ow

ever, by 
2300 a sm

all subset of the IPC
C

 clim
ate m

odels reach global average tem
perature increases in excess of 10°C

 
above pre-industrial levels. 

To provide m
ore inform

ation on the projections used here, Figure 3 show
s three m

aps that display average 
daily peak W

B
G

T during the hottest m
onth of the year, at three different points of global tem

perature 
increase. 15 The Annex also includes estim

ates of the proportion of w
ork hours lost due to heat stress, at 

different levels of physical activity, in relation to global average tem
perature increase.
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W
hat w

e know
: The response of the hum

an body to heat is w
ell-understood, and the lim

its that extrem
e 

tem
peratures im

pose on functioning and w
ell-being are clearly dem

arcated. W
e also understand the m

any 
factors that influence vulnerability to heat stress. Surveys in m

any parts of the w
orld find that heat is already 

a significant constraint on w
ork and sport. G

lobally tem
peratures are rising, and it is expected, w

ith high 
confidence, that episodes of extrem

e heat w
ill occur m

ore frequently in the future. 16 

W
hat w

e do not know
: There are m

any uncertainties in these clim
ate m

odel estim
ates particularly w

ith 
regard to regional variations. Tem

peratures are projected w
ith greater confidence than hum

idity and rainfall. 
An even greater uncertainty concerns social adaptation: undoubtedly it w

ill occur, but the speed of change, 
its inclusiveness or otherw

ise, and the costs and acceptability of responses such as 24/7 air-conditioning and 
totally indoor lifestyles are uncertain. 

W
hat w

e think: It is im
portant to recognize that the probabilities show

n here understate the risks that apply 
in m

any locations. This results from
 the w

ide variations in tem
peratures due to local m

eteorological and other 
environm

ental factors (the urban heat island effect, for instance, m
ay increase night-tim

e tem
peratures by 

as m
uch as 10°C

). H
ow

 m
uch people are exposed to outdoor conditions w

ill also vary greatly. Those w
ithout 

access to artificial cooling, and people w
ho m

ust w
ork outdoors, unprotected, to m

aintain their livelihoods 
w

ill obviously be m
ore severely affected than those w

ho can live and w
ork aw

ay from
 the heat. The effect of 

being in afternoon sunlight, rather than in the shade, adds an extra 3-4°C
 on to W

B
G

T. The old, the young 
and those w

ith chronic poor health are especially vulnerable to heat-related illness.

W
hen it is too hot to sleep com

fortably, the stressful effects of exposure to high tem
peratures during the 

day are likely to be m
agnified. Sim

ilarly, w
e w

ould expect productivity at w
ork to be reduced significantly 

by persistent high night-tim
e tem

peratures. For these and other reasons w
e suggest that beyond a certain 

point, the heat stress im
plications of rising global tem

peratures could threaten the habitability of low
-incom

e 
regions in w

hich people rely on local agriculture for their livelihoods. Throughout the hottest parts of the 
w

orld, heat w
ill threaten the viability of industries and activities w

hose environm
ents cannot be artificially 

cooled. This m
ay include som

e utilities, construction, and em
ergency response services such as am

bulance 
crew

s and fire-fighters. 
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P
rofessor John R

. Porter, i D
r M

anuel M
ontesino

ii and D
r M

ikhail Sem
enov. iii 

For this assessm
ent of clim

ate change risks to crop production, w
e draw

 heavily on the chapter ‘Food 
Security and Food Production System

s’ 1 of the IPC
C

’s Fifth Assessm
ent R

eport. W
e add to this som

e 
discussion of im

portant thresholds. 

W
h

a
t d

o
 w

e
 w

ish
 to

 avo
id

, a
n

d
 h

o
w

 like
ly

 is it?

In term
s of the risk of clim

ate change to the production of individual crops, one thing w
e w

ish to avoid 
is crop failure. This m

ay be defined as: “R
eduction in crop yield to a level that there is no m

arketable 
surplus or the nutritional needs of the com

m
unity cannot be m

et.”
2 Since this level is not easily defined, 

this chapter considers tw
o cases: 

i. 
Plausible w

orst case reductions in average yield. 

ii. The possibility of near-com
plete loss of yield in a given year. 

In term
s of the risk of clim

ate change to global crop production, w
hat w

e w
ish to avoid is the failure of 

production to keep pace w
ith grow

ing dem
and. 
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P
lausible w

orst case reductions in average yield 

As clim
ate change progresses over tim

e, its effect on crop yields is projected to becom
e increasingly negative. 

The m
agnitude of this effect is highly uncertain. This progression, and its uncertainty, are illustrated by figure 1. 

F
ig

u
re

 1: S
u

m
m

a
ry

 o
f p

ro
je

cte
d

 ch
a
n

g
e

s in
 cro

p
 y

ie
ld

s d
u

e
 to

 clim
a
te

 ch
a
n

g
e

 o
ve

r th
e

 
2

1
st ce

n
tu

ry. iv F
ro

m
 IP

C
C

 A
R

5
 W

G
2
 S

u
m

m
a
ry

 fo
r P

o
licy

m
a
ke

rs. 3 

i. 
P

ro
fe

sso
r Jo

h
n

 R
. P

o
rte

r is P
ro

fe
sso

r o
f C

lim
a
te

 a
n

d
 F

o
o

d
 S

e
c
u

rity
 a

t th
e
 U

n
ive

rsity
 o

f C
o

p
e
n

h
a
g

e
n

.

ii. 
D

r M
a
n

u
e
l M

o
n

te
sin

o
 is a

 m
e
m

b
e
r o

f th
e
 U

n
ive

rsity
 o

f C
o

p
e
n

h
a
g

e
n

.

iii. 
D

r M
ikh

a
il S

e
m

e
n

o
v
 is a

 m
e
m

b
e
r o

f R
o

th
a
m

ste
a
d

 R
e
se

a
rc

h
. 

iv. 
T

h
e
 fi

g
u

re
 in

c
lu

d
e
s p

ro
je

c
tio

n
s fo

r d
iffe

re
n

t e
m

issio
n

 sce
n

a
rio

s, fo
r tro

p
ic

a
l a

n
d

 te
m

p
e
ra

te
 re

g
io

n
s, a

n
d

 fo
r a

d
a
p

ta
tio

n
 a

n
d

 n
o

-
a
d

a
p

ta
tio

n
 c

a
se

s co
m

b
in

e
d

. R
e
la

tive
ly

 few
 stu

d
ie

s h
ave

 co
n

sid
e
re

d
 im

p
a
c
ts o

n
 c

ro
p

p
in

g
 sy

ste
m

s fo
r sce

n
a
rio

s w
h

e
re

 g
lo

b
a
l m

e
a
n

 
te

m
p

e
ra

tu
re

s in
c
re

a
se

 b
y
 4

°C
 o

r m
o

re
. F

o
r fi

ve
 tim

e
fra

m
e
s in

 th
e
 n

e
a
r te

rm
 a

n
d

 lo
n

g
 te

rm
, d

a
ta

 (n
=

10
9

0
) a

re
 p

lo
tte

d
 in

 th
e
 2

0
-ye

a
r 

p
e
rio

d
 o

n
 th

e
 h

o
rizo

n
ta

l a
x
is th

a
t in

c
lu

d
e
s th

e
 m

id
p

o
in

t o
f e

a
c
h

 fu
tu

re
 p

ro
je

c
tio

n
 p

e
rio

d
. C

h
a
n

g
e
s in

 c
ro

p
 y

ie
ld

s a
re

 re
la

tive
 to

 la
te

-
2
0

th
-ce

n
tu

ry
 leve

ls. D
a
ta

 fo
r e

a
c
h

 tim
e
fra

m
e
 su

m
 to

 10
0

%
.



C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

R
IS

K
 A

S
S

E
S

S
M

E
N

T
 P

A
R

T
 2

: D
IR

E
C

T
 R

IS
K

S
 

6
7

6
6

C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

R
IS

K
 A

S
S

E
S

S
M

E
N

T
 P

A
R

T
 2

: D
IR

E
C

T
 R

IS
K

S
 

Figure 1 show
s an aggregation of projections for change in the yield of different crops, in different regions, 

at different degrees of clim
ate change, and under different assum

ptions including w
ith regard to w

hether 
adaptive m

easures have been taken. From
 this high-level overview, som

e initial ‘w
orst case’ inform

ation m
ay 

be inferred: by 2030-2049, the low
est tenth of projections give yield decreases of 25%

 - 50%
. B

y 2090-2109, 
the low

est fifth of projections give yield decreases of 50%
 - 100%

. 

There are, how
ever, dangers in averaging. W

hen the data for different studies are disaggregated, as in figure 
2, the w

ide range of possible outcom
es is m

ore clearly visible. 
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From
 the underlying data, w

e can see how
 w

ide is the range of projections for a given crop, in a given region, 
for a given tem

perature increase. For exam
ple, of tw

o studies considering the im
pact on w

heat production 
in Pakistan w

ith a tem
perature change of 3°C

, one estim
ates a 23%

 increase, and the other a 24%
 reduction. 

Sim
ilarly one study estim

ates the im
pact of a 3°C

 change on rice production in C
hina to be anyw

here betw
een 

a reduction of 40%
 and an increase of 0.2%

. 6 The low
 end of these ranges gives a rough idea of a plausible 

w
orst case. 

W
hat can w

e say about the likelihood of the low
 end projections versus that of the high end projections? 

There are m
any uncertain factors (discussed below

), and the projections are not probabilistic. To a first 
approxim

ation, w
e m

ay assum
e that the w

orst case and the best case are equally likely, but that the overall 
trend is clearly for a reduction in crop yields for increases in local tem

peratures. (This has to be seen in the 
context of an increasing hum

an population, as discussed below
). 

W
hile the data in the IPC

C
 figures show

 a w
ide range of im

pacts on crop production for a certain range of 
tem

perature increases, it is notable that the range of tem
perature increases considered is relatively narrow. 

As can be seen from
 Figure 2, all the projections relate to local tem

perature increases of 1-5°C
, and m

ost of 
them

 are at the low
er end of this scale. Since land tem

peratures increase m
ore than the global average, m

ost 
of these results m

ay be considered to fall into a range of global m
ean tem

perature increase of roughly 1-3°C
. 

As noted in the IPC
C

 AR
5 W

G
2 Sum

m
ary for Policym

akers, ‘relatively few
 studies have considered im

pacts 
on cropping system

s for scenarios w
here global m

ean tem
peratures increase by 4°C

 or m
ore’. 

C
hapter 9 observes that in the w

orst case, global m
ean tem

perature could increase by m
ore than 7°C

 this 
century, and m

ore than 10°C
 over the next few

 centuries. The im
pact of clim

ate change on crop production 
for the upper half of this range is relatively unstudied. In this sense, our know

ledge of w
orst case scenarios 

for clim
ate change im

pacts on crop production is severely lacking. 

This lack of inform
ation is particularly im

portant given that the relationship betw
een tem

perature increase 
and im

pact on crop yield is not expected to be linear. The W
orld B

ank’s ‘Turn D
ow

n the H
eat’ report on 

the im
pacts of clim

ate change at 4°C
 stated: “R

ecent research also indicates that there m
ay be larger 

negative effects at higher and m
ore extrem

e tem
peratures…

 In particular, there is an em
erging risk 

of nonlinear effects on crop yields because of the dam
aging effect of tem

perature extrem
es. Field 

experim
ents have show

n that crops are highly sensitive to tem
peratures above certain thresholds. This 

effect is expected to be highly relevant in a 4°C
 w

orld. M
ost current crop m

odels do not account for this 
effect, leading to recent calls for an ‘overhaul’ of current crop-clim

ate m
odels.”
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The decline in crop yields show
n above m

ainly considers the shortening of the grow
ing season caused by 

raised average tem
peratures. A shorter tim

e-period in the field translates into less tim
e to settle, grow

 and 
produce dry m

atter. At the sam
e tim

e, it has long been know
n that crops can also be severely dam

aged 
by short and extrem

e heat events. Tem
peratures exceeding critical thresholds, especially during sensitive 

periods, m
ay cause drastic drops of yield. 8 Tem

peratures equal to or higher than 30-34°C
 at the tim

e of 
flow

ering m
ay inhibit pollen production and grain setting giving unstable yields from

 year-to-year. Figure 
3 show

s a range of thresholds for w
heat, m

aize and rice, including the lethal lim
its – in the range of 45–

47°C
 – beyond w

hich the plant dies. W
hile som

e crop m
odels incorporate this non-linear response to high 

tem
peratures, 9 the m

ajority do not. 
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A new
 study undertaken for this risk assessm

ent by D
r M

anuel M
ontesino, D

r M
ikhail Sem

enov and Professor 
D

r John R
 Porter investigated how

 the likelihood of crossing the threshold tem
perature for flow

ering could 
increase over tim

e. The study looked at the highest em
issions scenario (R

C
P8.5) to identify m

axim
um

 
probability boundaries for three m

ajor crops in three grow
ing areas: w

heat in the Punjab, India, rice in 
Jiangsu, C

hina, and m
aize in Illinois, U

SA. vi The study considered several varieties and m
anagem

ents
vii for 

each crop.

The results supported earlier findings that crop failure due to high tem
perature stress at flow

ering is an 
im

portant issue to consider, especially for m
aize and rice. For the crop-location com

binations exam
ined, the 

largest risk w
as for rice in Jiangsu. The probability of exceeding the threshold tem

perature at least once for 
flow

ering during the tim
e w

hen the crop w
ould be at that stage of the grow

th cycle increased from
 close to 

zero in the present day, to above 25%
 for tw

o varieties (early and late rice) and 80%
 for another (single rice), 

for a global tem
perature increase of 4.7°C

 (local tem
perature increase of 7°C

), reached by the high sensitivity 
m

odel in 2090 (see Figure 4). This result could also be interpreted as a decrease in the return tim
e from

 1 in 
100 years at present, to around 1 in 8, or 1 in 1.25 years (depending on variety) by the end of the century. 
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. 

  For m
aize in Illinois, the return tim

e for exceeding the threshold tem
perature for flow

ering reduced from
 

around 1 in 100 now
 to 1 in 50 ( probability of 1-3%

) for a global tem
perature increase of 2-3°C

, and 1 in 
6 (probability betw

een 6-40%
 ) for 4.7°C

 (w
ith local tem

perature increase of 8°C
). For w

heat in the Punjab 
there w

as a less significant risk of acute effects, since it rem
ained possible for flow

ering to take place early 
enough in the year to avoid the hottest tem

peratures.
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 A caveat of the study is that the results presented here do not com
pute the effect of clim

ate change on crops. 
R

esults refer only to the probability of the tem
peratures exceeding thresholds. W

e know
 that tem

peratures 
above flow

ering thresholds w
ill have an acute effect on yield, but w

e have not quantified that effect. This 
w

ould require experim
ental and further m

odelling studies, but the balance of probability is that the risk to 
yield from

 short-term
 intense periods of high tem

peratures at sensitive stages of crop developm
ent can give 

dram
atic decreases in crop yields for tw

o of the three m
ajor global crops.

R
isk

 to
 p

ro
d

u
ctio

n
 o

f in
d

iv
id

u
a
l cro

p
s: w

h
a
t w

e
 k

n
o

w
, w

h
a
t w

e
 d

o
 n

o
t k

n
o

w
, a

n
d

 w
h

a
t 

w
e

 th
in

k
 

W
hat w

e know
:  

R
esearch on crop physiology over the past 30-40 years has enabled us to understand, quantify and thus 

to som
e extent predict the effects of environm

ental factors such as tem
perature, C

O
2  level and w

ater and 
nutrient supply on the m

ajor crops. 11 This understanding has been derived from
 hundreds of experim

ents in 
laboratories, grow

th cham
bers and fields.

W
hat w

e do not know
:  

A m
ain source of uncertainty in crop responses to clim

ate change is how
 com

binations of grow
th and 

developm
ent controlling factors affect yield. This is particularly the case w

ith non-m
ajor but im

portant crops 
such as m

illet, sorghum
, and vegetables. C

om
binations of effects such as changes in C

O
2  level, tem

perature, 
and nutrition etc. have been studied less com

m
only than single factors. A second m

ajor uncertainty is the 
effects of biotic stresses from

 diseases, pests and w
eeds. Taking these factors into account could m

ean the 
real range of uncertainty is even w

ider than the range of projections given by crop m
odels.

W
hat w

e think:  
M

ost of the factors not taken into account in the m
odels – and the projections – are likely on balance to have 

a negative effect. Invasive w
eeds are expected to spread further and becom

e m
ore com

petitive as a result 
of clim

ate change; studies suggest a tendency for the risk of insect dam
age to plants to increase; and m

ore 
frequent intense precipitation, flooding and drought w

ould all be expected to further reduce average yields. 12 

R
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The w
orld already has several hundred m

illion undernourished people, but not because there is not enough 
food. Food security depends not only on production, but also on the availability and affordability of food to 
people, on the system

s of storage, transport and trade, and on patterns of consum
ption and nutrition. C

lim
ate 

change is likely to affect all the com
ponents of food security, and food security w

ill be affected by non-clim
ate 

factors too. As the IPC
C

 stated, “The overall im
pact of clim

ate change on food security is considerably 
m

ore com
plex and potentially greater than projected im

pacts on agricultural productivity alone.”
13 

This m
ore com

plex risk is considered in Part III of our risk assessm
ent: System

ic R
isks. 

H
ere w

e focus on the narrow
er question of w

hether global crop production w
ill be able to keep up w

ith 
grow

ing dem
and. G

lobal dem
and for crops is projected to grow

 by around 60 – 100%
 betw

een 2005 and 
2050, due to population and econom

ic grow
th. 14 The FAO

 estim
ates that m

eeting this dem
and w

ill require 
crop production to grow

 by about 14%
 per decade. 15 R

apid grow
th in agricultural output has been achieved in 

the past, through com
binations of better crop varieties and m

anagem
ent, in alm

ost equal proportion. There is 
scope for further grow

th, notably from
 the intensification of agriculture w

ithin developing countries m
ainly by 

im
provem

ents in infrastructure and crop m
anagem

ent, especially fertilizer use and m
ore effective irrigation. 

The question is w
hether such high rates of grow

th can be achieved, and high levels of output m
aintained, 

under any degree of clim
ate change. 

U
ltim

ately, this m
ust depend largely on our capability for w

hat is know
n as adaptation. U

nderstanding 
w

hether there are lim
its to adaptation, constraints on it, or thresholds beyond w

hich it becom
es significantly 

m
ore difficult, is therefore a critical question for a risk assessm

ent. 

The m
ain adaptive responses to reduce the risk of clim

ate change to crop production are: 

i. 
grow

ing the crop at a different tim
e of year;

ii. increasing the crop’s tolerance for extrem
e conditions;

iii. grow
ing the crop in a different place (m

igration of production zones);

iv. grow
ing a different crop altogether. 

All of these responses m
ay be subject to som

e lim
itations or constraints. For exam

ple: 

i. 
The tim

ing of crop developm
ent – i.e. the w

indow
 for grow

th - depends on day-length (’photoperiod’) as 
w

ell as tem
perature. There are lim

its to w
hat can be achieved by shifting the tim

e and place of planting, 
since a favourable shift w

ith respect to tem
perature could correspond to an unfavourable shift w

ith 
respect to photoperiod.

ii. C
rops’ tolerance for high tem

peratures m
ay be raised either by breeding or by genetic m

odification, but 
the extent to w

hich this is possible is ultim
ately subject to biophysical lim

its. The evidence is that there 
is little genetic variation either betw

een varieties w
ithin a crop or betw

een crops them
selves in these 

sensitivities. 16 

iii. There is a finite supply of unused land, and not all of it is suitable for the crops w
e m

ight w
ish to grow. 

For exam
ple, the potential for w

heat production in R
ussia to be shifted northw

ards is lim
ited by the poor 

nutritional quality of soils in that region. (Those soils also contain large am
ounts of carbon; their tillage 

could release huge am
ounts of C

O
2  and m

ethane into the atm
osphere, further exacerbating w

arm
ing).

iv. O
ver-reliance on a few

 m
ajor crops m

eans alternatives are currently under-utilized and under-researched. 
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W
e know

 that food security, the balance betw
een the dem

and for and the supply of food, is a m
atter of 

m
ore than just crop production. It is essential to look at w

here in the food chain increases can be achieved, 
efficiencies gained and losses reduced (these issues are discussed further in Part III). At the sam

e tim
e, w

e 
know

 that crop production is vitally im
portant. 

W
e know

 that clim
ate change poses a risk to crop production, as described above, and that there are potential 

constraints on our ability to adapt. W
e do not know

 enough about w
here and w

hen those constraints m
ight be 

encountered.

W
hat w

e think m
ay be sum

m
arized by the IPC

C
’s headline conclusion that: “G

lobal tem
perature increases 

of ~
4°C

 or m
ore above late 20

th century levels, com
bined w

ith increasing food dem
and, w

ould 
pose large risks to food security globally and regionally’ 17 and its m

ore detailed statem
ent that: ‘The 

existence of critical clim
atic thresholds and evidence of non-linear responses of staple crop yields to 

tem
perature and rainfall thus suggest that there m

ay be a threshold of global w
arm

ing beyond w
hich 

current agricultural practices can no longer support large hum
an civilizations, and the im

pacts on 
m

alnourishm
ent and under-nutrition…

 w
ill becom

e m
uch m

ore severe. H
ow

ever, current m
odels to 

estim
ate the hum

an health consequences of clim
ate-im

paired food yields at higher global tem
peratures 

generally incorporate neither critical thresholds nor nonlinear response functions, reflecting 
uncertainties about exposure-response relations, future extrem

e events, the scale and feasibility 
of adaptation, and clim

atic thresholds for other influences such as infestations and plant diseases. 
E

xtrapolation from
 current m

odels nevertheless suggests that the global risk to food security becom
es 

very severe under an increase of 4°C
 to 6°C

 or higher in global m
ean tem

perature (m
edium

 evidence, 
high agreem

ent).” 
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W
ater resources are under stress in m

any regions due to increasing dem
ands and, in places, falling quality. 

C
lim

ate change has the potential to change the risks of w
ater stress. 1 The focus in this section is on strategic 

definitions of w
ater stress, w

hich are based on generalized indicators of the am
ount of w

ater that is available 
and the dem

ands on that resource. O
perational definitions, on the other hand, are typically based on the 

reliability of the supply of appropriate quality w
ater and are strongly determ

ined by local conditions. 

W
h

a
t d

o
 w

e
 w

a
n

t to
 avo

id
?

The m
ost w

idely used sets of indicators of high-level w
ater resources stress are based on the ratio of total 

resources to population (‘resources per capita’) and the proportion of resources that are w
ithdraw

n for 
hum

an use. 2 The first is sim
pler but does not reflect stresses introduced by high per-capita w

ater use, for 
exam

ple w
here there is significant irrigation for agriculture; on the other hand, data on current and future 

w
ater w

ithdraw
als can be highly uncertain.

There are three w
idely used thresholds for defining levels of w

ater stress on the basis of per capita availability. 
B

asins or countries w
ith average annual resources betw

een 1000 and 1700 m
3 per capita per year are 

typically classed as having ‘m
oderate w

ater shortage’, and if resources are below
 1000 m

3 per capita per year 
then the region is classed as having ‘chronic w

ater shortage’. If resources are below
 500 m

3 per capita per 
year then the shortage is ‘extrem

e’. 3 The thresholds are essentially arbitrary, although derive ultim
ately from

 
an assessm

ent of exposure to w
ater resources stress in Africa. 4 

In 2010, alm
ost 3.6 billion people, out of a global population of around 6.9 billion, w

ere living in w
atersheds 

w
ith less than 1700 m

3 per capita per year (Table W
1), and alm

ost 2.4 billion w
ere living in w

atersheds w
ith 

less than 1000 m
3 per capita per year (chronic w

ater shortage). i Approxim
ately 800 m

illion people w
ere 

living in w
atersheds w

ith less than 500 m
3 per capita per year (extrem

e w
ater shortage). 

i. 
T

h
e
 m

e
th

o
d

s u
se

d
 h

e
re

 to
 e

stim
a
te

 fu
tu

re
 risks to

 w
a
te

r re
so

u
rce

s a
re

 su
m

m
a
rise

d
 in

 th
e
 A

n
n

ex
.

Ta
b

le
 W

1: N
u

m
b

e
rs o

f p
e

o
p

le
 (m

illio
n

s) liv
in

g
 in

 w
a
te

r-stre
sse

d
 w

a
te

rsh
e

d
s. T

h
e
 

fi
g

u
re

s fo
r 2

0
5

0
 a

re
 b

a
se

d
 o

n
 a

 m
e
d

iu
m

 p
o

p
u

la
tio

n
 g

ro
w

th
 a

ssu
m

p
tio

n
, a

n
d

 th
e
 ra

n
g

e
s 

re
p

re
se

n
t th

e
 e

ffe
c
ts o

f lo
w

 a
n

d
 h

ig
h

 g
ro

w
th

 a
ssu

m
p

tio
n

s. 

N
. A

frica
 

16
2
 

15
0

 
9

4
 

2
0

9
 

2
5

4
 (2

2
6

-3
2
6

) 
2
4

4
 (2

13
-2

8
2
) 

2
16

 (15
3

-2
4

8
) 

3
2
9

 (2
9

2
-3

8
3

)

W
. A

frica
 

5
4

 
17

 
4

 
3

0
9

 
4

8
4

 (3
7
3

-6
10

) 
3

6
7
 (18

5
-4

8
9

) 
3
7
 (2

0
-117

) 
7
5

6
 (6

16
-9

2
6

)

C
. A

frica
 

3
 

0
 

0
 

110
 

11 (10
-14

) 
8

 (6
-9

) 
6

 (0
-8

) 
2
3

9
 (2

0
2
-2

7
7
)

E
. A

frica
 

9
4

 
10

 
2
 

19
3

 
3

2
6

 (2
7
2
-4

4
1) 

2
9

9
 (15

9
-3

8
1) 

10
3

 (13
-2

2
1) 

4
18

 (3
4

9
-4

9
6

)

S
n

 A
frica

 
4

7
 

2
0

 
0

 
2
10

 
18

6
 (13

3
-2

8
2
) 

10
1 (4

5
-17

7
) 

2
4

 (4
-3

5
) 

4
8

8
 (3

9
6

-6
0

9
)

S
. A

sia
 

1,3
9

4
 

1,17
2
 

19
9

 
1,7

0
6

 
2
12

1 (1,9
0

6
-2

,5
2
6

) 
1,8

0
2
 (1,5

12
-2

,18
3

) 
74

6
 (6

2
8

-1,0
0

3
) 

2,39
0

 (2,15
1-2,722)

S
E

 A
sia

 
7
 

0
 

0
 

6
0

5
 

2
7
 (2

5
-3

1) 
0

 (0
-0

) 
0

 (0
-0

) 
7
9

1 (7
2
8

-8
8

9
)

E
 A

sia
 

1,2
0

2
 

6
9

1 
3

8
6

 
1,5

4
6

 
10

8
4

 (1,0
3

5
-1,18

4
) 

6
4

3
 (6

13
-6

6
0

) 
3

5
9

 (3
4

0
-3

8
8

) 
1,4

3
4

 (1,3
75

-1,5
10

)

C
e

n
tra

l 
1 

0
 

0
 

4
6

 
6

5
 (5

7-8
0

) 
2
 (1-2

) 
0

 (0
-0

) 
7
0

 (6
2
-8

4
) 

A
sia

M
id

d
le

 
16

6
 

9
3

 
7

1 
2
14

 
3

5
6

 (2
9

5
-3

9
7
) 

3
10

 (2
2
2
-3

4
4

) 
19

0
 (16

4
-2

0
9

) 
3
7
9

 (3
3

9
-4

2
0

) 
E

a
st

A
u

stra
la

sia
 

0
 

0
 

0
 

3
5

 
0

 (0
-0

) 
0

 (0
-0

) 
0

 (0
-0

) 
5

0
 (5

0
-4

5
)

W
. E

u
ro

p
e

 
2
2
0

 
12

3
 

2
0

 
4

11 
2
2
0

 (2
3

9
-16

5
) 

13
8

 (16
6

-5
5

) 
2
3

 (2
4

-15
) 

4
2
5

 (4
4

1-3
4

4
)

C
. E

u
ro

p
e

 
5

1 
8

 
0

 
118

 
2
3

 (2
4

-2
0

) 
1 (8

-1) 
0

 (0
-0

) 
10

2
 (10

3
-9

6
)

E
. E

u
ro

p
e

 
2
0

 
4

 
3

 
2
2
1 

9
 (8

-18
) 

4
 (3

-4
) 

4
 (3

-4
) 

18
6

 (17
8

-19
6

)

C
a
n

a
d

a
 

6
 

6
 

0
 

3
5

 
7
 (8

-5
) 

7
 (8

-5
) 

7
 (8

-0
) 

4
4

 (4
5

-3
1)

U
S

 
7
8

 
5

4
 

2
7
 

3
12

 
9

9
 (10

2
-7

5
) 

74
 (7

6
-5

6
) 

3
8

 (3
9

-2
6

) 
3

9
0

 (4
0

2
-3

0
3

)

M
e

so
- 

5
8

 
2
6

 
0

 
19

7
 

12
4

 (112
-15

4
) 

6
1 (5

3
-10

1) 
3

1 (2
8

-3
7
) 

2
7
9

 (2
5

0
-3

4
6

) 
A

m
e

rica

B
ra

sil 
0

 
0

 
0

 
19

5
 

0
 (0

-0
) 

0
 (0

-0
) 

0
 (0

-0
) 

2
3
7
 (2

18
-2

6
9

)

S
o

u
th

 
15

 
4

 
4

 
19

8
 

4
6

 (2
9

-5
6

) 
19

 (17-2
5

) 
6

 (5
-7

) 
2
7
8

 (2
5

1-3
2
9

) 
A

m
e

rica

G
lo

b
a
l 

3
,5

7
6

 
2
,3

7
6

 
8

0
9

 
6

,8
6

8
 

5
4

4
9

 (4
,8

5
3
-6

,3
8

2) 
4

,0
79

 (3
,28

6
-4

,774
) 1,7

8
9

 (1,4
3

0
-2

,3
17

) 
9

,2
8

3
 (8

,4
4

4
- 

 
 

 
 

 
 

 
 

10
,2

7
3

)
<1700m3/capita/year

<1000m3/capita/year

<500m3/capita/year

Population

Population

<1700m3/capita/year

<1000m3/capita/year

<500m3/capita/year

2
0

10
2

0
5

0



C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

R
IS

K
 A

S
S

E
S

S
M

E
N

T
 P

A
R

T
 2

: D
IR

E
C

T
 R

IS
K

S
 

7
7

7
6

C
L

IM
A

T
E

 C
H

A
N

G
E

: A
 R

IS
K

 A
S

S
E

S
S

M
E

N
T

R
IS

K
 A

S
S

E
S

S
M

E
N

T
 P

A
R

T
 2

: D
IR

E
C

T
 R

IS
K

S
 

H
o

w
 w

ill ex
p

o
su

re
 to

 w
a
te

r stre
ss ch

a
n

g
e

 in
 th

e
 fu

tu
re?

Through the 21
st century, changes in total population w

ill result in changes in exposure to w
ater resources 

stress. B
y 2050, under a m

edium
 population grow

th assum
ption, 5 the num

ber of people living in w
atersheds 

w
ith less than 1000 m

3 per capita per year w
ill increase to around four billion – a bigger proportion of 

the global population than in 2010. The effects of population grow
th on the num

ber of people living in 
w

atersheds w
ith less than 500 m

3 per capita per year are even m
ore pronounced: it w

ill double by 2050 to 
around 1.8 billion people. The m

agnitudes of the changes are influenced to a certain extent by the assum
ed 

changes in population (as show
n in Table W

1
6), but even under low

-grow
th assum

ptions there are significant 
increases in exposure to w

ater scarcity at global and regional scales.

C
lim

ate change w
ill also affect the num

ber of people living in w
ater-stressed conditions. Figure W

1 show
s 

the change in num
bers of people living in w

atersheds w
ith chronic w

ater shortage (less than 1000 m
3 per 

capita per year) through the 21
st century, for the globe as a w

hole and for five regions, under no clim
ate 

change and under tw
o different clim

ate change pathw
ays (R

C
P2.6 and R

C
P8.5, low

 and high greenhouse gas 
em

ission scenarios respectively). The shaded areas show
 the range of potential num

bers due to uncertainty 
in the pattern of resource change due to clim

ate change. The plots all assum
e the m

edium
 population grow

th 
projection.
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In the absence of future clim
ate change, the num

bers of people living in w
atersheds w

ith chronic w
ater 

shortage decreases in E
ast Asia from

 2030, and in South Asia from
 2060. If clim

ate change is included, 
it results in m

ore rainfall and river runoff in E
ast Asia. This com

bines w
ith the reduction in population to 

reduce apparent w
ater shortage – but there is a chance (show

n by the shaded area) that clim
ate change 

w
ould slow

 the reduction in exposure to w
ater shortage. Sim

ilarly, Figure W
1 show

s that clim
ate change 

could substantially increase the num
ber of people living in w

atersheds w
ith chronic w

ater shortage in south 
Asia – or reduce them

. In the U
S and the M

iddle E
ast clim

ate change is very likely to increase exposure 
throughout the century, and in N

orth Africa is m
ore likely than not to produce an increase in exposure. 

C
a
lcu

la
tin

g
 risk

Figure W
2 show

s the risk by region that clim
ate change increases by m

ore than 10%
 the num

bers of people 
living in w

atersheds w
ith chronic w

ater shortage under the tw
o clim

ate pathw
ays. B

y 2050, the largest of 
these probabilities are in central Asia, E

urope, the U
SA, C

entral Am
erica and southern Am

erica. B
y 2100, the 

probabilities that exposure to shortage w
ill increase are considerably greater in m

ost regions than in 2050. 
U

nder the low
 em

issions clim
ate pathw

ay the probabilities are sm
aller in m

ost regions than under the high 
em

issions pathw
ay, particularly by 2100.
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The risks posed by clim
ate change to w

ater scarcity can also be assessed at the basin scale. Figure W
3 show

s 
the probability that resources per capita falls below

 defined thresholds in nine m
ajor basins that are, or likely 

w
ill be, exposed to w

ater resources stresses (note that the thresholds vary betw
een basins). The dotted lines 

show
 probability of falling below

 the thresholds under the tw
o clim

ate pathw
ays assum

ing population rem
ains 

at 2010 levels, and the solid lines show
 probability under the m

edium
 grow

th population projection. The 
difference betw

een the solid and dotted lines represents the effect of population change on probability (and 
of course this difference varies w

ith population projection).
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There are considerable uncertainties in the projected im
pacts of clim

ate change on w
ater stress, even 

assum
ing a single projection for changes in population. The chance of im

pacts exceeding som
e defined 

threshold – as show
n in the previous section – represents one aspect of this uncertainty, but another 

assessm
ent of risk can be based on a plausible ‘w

orst case’.

B
y 2050, up to 620 m

illion people m
ay be added to the 4 billion people (Table W

1) living in w
atersheds w

ith 
chronic w

ater shortage, under high em
issions and the m

ost extrem
e clim

ate scenario. Figure W
4 show

s the 
‘w

orst case’ by region in 2050, along w
ith the 10

th percentile from
 the distribution of im

pacts (the upper part 
of the shaded region in Figure W

1). In som
e regions the w

orst case is little different to the 10
th percentile, 

but in others is considerably larger reflecting greater uncertainty in projected im
pacts. H

ow
ever, the w

orst 
cases show

n in Figure W
4 do not occur sim

ultaneously: the global ‘w
orst case’ is not equal to the sum

 of the 
regional w

orst cases. U
nder no one plausible pattern of clim

ate change does every w
ater-stressed region see 

the m
axim

um
 reduction in runoff.
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The assessm
ent in Figure W

4 is based on the assum
ption that all the clim

ate m
odels used to estim

ate im
pacts 

are equally plausible, and that they span the range of potential regional clim
ate change im

pacts. This, of 
course, is not necessarily the case. The global-scale im

pacts are largely dom
inated by im

pacts in south and, to 
a lesser extent, east Asia, and are therefore very sensitive to projections of how

 the south Asian m
onsoon m

ay 
change (see box on Variation in the Indian m

onsoon).

V
a
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S 

In im
pact studies, it is assum

ed that the set of available projections of future clim
ate from

 the state-of-
the-art clim

ate m
odels spans the space of possible clim

ates. In particular, in determ
ining the risk posed 

by increasing greenhouse gases it is assum
ed that the w

orst case scenarios in any region are included 
am

ongst the m
odel projections. H

ow
ever, clim

ate m
odels developed and tested in the context of the 

clim
ate of the 20

th century have know
n deficiencies, som

e of w
hich are com

m
on to m

ost m
odels. Som

e 
of these deficiencies are likely to influence the sim

ulation of future extrem
e clim

ate changes. Further, it is 
not clear that the clim

ate m
odels are able to sim

ulate any m
ajor clim

ate change due to the crossing of a 
threshold in the clim

ate system
 that could occur. This could, for exam

ple, be of the nature of the onset of 
significant greenhouse gas em

issions from
 m

elting perm
afrost, the destabilization of the W

est Antarctic Ice 
Sheet or a drastic reduction in the overturning circulation in the Atlantic O

cean. Palaeo-clim
ate runs w

ith 
the m

odels show
 that they are unable to sim

ulate just how
 different the m

onsoon system
s of the w

orld 
have been in the past. For exam

ple the Sahara w
as green w

ith vegetation som
e seven thousand years ago. 

H
ow

ever, clim
ate m

odels do not produce this big change in rainfall. O
ne recent study concluded, “State-

of-the-art clim
ate m

odels are largely untested against actual occurrences of abrupt change. It is a 
huge leap of faith to assum

e that sim
ulations of the com

ing century w
ith these m

odels w
ill provide 

reliable w
arning of sudden, catastrophic events.”

7

The am
azing thing about the Indian sum

m
er m

onsoon is the large effect of a sm
all variation from

 one year 
to year: 10%

 m
ore rainfall and there are floods, 10%

 less and there are huge problem
s for farm

ers. In any 
year m

onsoon active and break periods occur. B
reaks that last m

ore than a couple of w
eeks also cause 

m
ajor agricultural problem

s. C
lim

ate m
odels are in general projecting a slight strengthening of m

onsoon 
rainfall, but it should be recognized that the changes in particular m

onsoons, such as that in India, could 
be m

uch m
ore significant than this suggests. G

iven the large perturbation of the clim
ate system

 due to 
greenhouse gas em

issions, w
e should be prepared that the future Indian M

onsoon could have average 
rainfall outside the current norm

al range, and the variability betw
een one year and another and in the 

active-break cycle could be very different.

W
h

a
t d
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 k
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w
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h
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t d

o
 w

e
 n

o
t k

n
o

w
, a

n
d

 w
h

a
t d

o
 w

e
 th

in
k
?

O
ur estim

ates of future risks are based on (i) projections of regional future clim
ate change, (ii) projections of 

hydrological consequences of clim
ate change and (iii) projections of future population and exposure to w

ater 
resources stress. W

hat happens in practice also depends on future adaptation.

Projections of regional future change depend partly on the assum
ed rate of grow

th in em
issions and partly 

on the projected patterns of changes in regional and seasonal clim
ate – particularly precipitation. W

hilst 
the broad patterns of precipitation changes are reasonably consistent betw

een m
odels, the details and the 

precise m
agnitudes of change differ. The quantitative estim

ates of im
pacts on w

ater stress therefore vary, and 
these tend to be larger than the apparent differences in precipitation change betw

een clim
ate m

odels. This is 
because exposure to w

ater shortage is concentrated in particular regions of the globe, and it is at the local to 
regional scale that the differences betw

een clim
ate m

odels are greatest.
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As clim
ate m

odels im
prove their representation of atm

ospheric dynam
ics and the distribution of precipitation 

then the precise quantitative estim
ates of im

pacts on w
ater stress w

ill change, but for years to com
e 

differences betw
een m

odels w
ill rem

ain and there w
ill therefore be a distribution of potential clim

ate change 
im

pacts for any one place.

The im
pacts of clim

ate change on w
ater shortage are assessed by using a hydrological m

odel to translate 
clim

atic changes to changes in runoff. As w
ith clim

ate m
odels, different hydrological m

odels can give 
different responses to the sam

e input data. C
om

parisons of the effects of hydrological m
odel uncertainty 

are still in their infancy, 8 but early indications are that adding im
pact m

odel uncertainty adds to the range 
of potential im

pacts. M
oreover, it is likely that hydrological m

odels have sim
ilar biases (they all tend to 

overestim
ate river flow

s in dry regions, for exam
ple) and none yet explicitly incorporate the effects of 

changes in glacier volum
es w

hich m
ay affect future resources in som

e regions.

Projections of future population are also uncertain (as show
n in Table W

1), because they are based on 
different assum

ptions about changes in fertility rates, m
ortality rates and m

igration. It is not possible to 
assign likelihoods to different population projections, so it is necessary to estim

ate risks separately under 
different plausible population narratives and projections.

Finally, the actual effects of clim
ate change on ‘real’ w

ater shortages w
ill depend on the m

anagem
ent 

infrastructure and institutions w
hich are put in place to cope w

ith w
ater shortage. There is already a very 

considerable difference betw
een developed and developing countries. Som

e m
anagem

ent interventions 
w

ill offset the effects of clim
ate change, but others m

ay not. The effects of future adaptation on the ‘real’ 
consequences of future w

ater shortages w
ill therefore depend on (i) the extent to w

hich adaptation takes 
place (lim

ited by a num
ber of factors including finance and institutional capacity, alongside potential physical 

constraints such as the availability of feasible locations for storage reservoirs) and (ii) how
 effective the 

adaptation m
easures are in practice.

L
e

sso
n

s fro
m

 risk
 a

sse
ssm

e
n

t

The key conclusions from
 this section are therefore:

• 
C

lim
ate change alters substantially the future risk of exposure to w

ater shortages, but the effects are 
strongly exaggerated or reduced by changes in population. Put the other w

ay, the pressures on w
ater 

resources posed by increasing populations are substantially altered – exaggerated or reduced – by 
clim

ate change.

• 
C

lim
ate change reduces the probability of exposure to w

ater shortages in som
e regions – particularly 

in parts of east and south Asia - but this m
ay be associated w

ith substantial changes in flood risk (see 
chapter 14).

• 
The risks posed by clim

ate change are typically less under low
 em

issions than high em
issions, but the 

difference varies from
 place to place depending on how

 close w
atersheds in a region are to the w

ater 
shortage threshold. In som

e cases, risks are less under high em
issions than low

 em
issions, because 

larger increases in runoff are enough to push w
atersheds out of the w

ater shortage category.
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D
rought is a m

ajor challenge to people, agriculture and econom
ies across the w

orld. B
roadly speaking, there 

are four types of ‘drought’.

• 
A

 m
eteorological drought – a lack of precipitation

• 
A

n agricultural drought – a lack of w
ater in the soil

• 
A

 hydrological drought – a deficit in river flow
s and groundw

ater levels

• 
A

 w
ater resources drought – a deficit in the am

ount of w
ater available for distribution to consum

ers 
(such as irrigators).

O
ne type of drought does not necessarily m

ap directly onto another. D
roughts – of w

hatever type – also 
vary in their duration, intensity (am

ount of deficit) and spatial extent. It is therefore m
uch m

ore difficult to 
characterize both the ‘im

pact’ and the ‘risk’ of drought than the im
pact and risk of flooding. There are also 

m
any different indicators of drought, tailored to different characterizations of drought.

This section focuses on m
eteorological drought, and characterises drought on the basis of an indicator of 

accum
ulated deficits of precipitation. M

ore particularly, it looks at the average proportion of cropland at any 
given tim

e experiencing ‘extrem
e’ drought. W

e have defined ‘extrem
e drought’ for this purpose as being the 

level of precipitation deficit that occurs approxim
ately 2%

 of the tim
e in the current clim

ate. i It is im
portant 

to note that this m
easure does not take into account the effect of raised tem

peratures, w
hich, by increasing 

rates of evaporation, w
ill further increase the risk. 

H
o

w
 d

o
e

s th
e

 like
lih

o
o

d
 o

f d
ro

u
g

h
t ch

a
n

g
e

 o
ve

r tim
e?

Figure D
1 show

s the proportion of cropland
ii affected by drought under high (red) and low

 (green) em
issions 

pathw
ays, for the globe as a w

hole and for four m
ajor regions, as a function of tim

e. This is equivalent to the 
probability that a given part of that cropland is in drought, in any given year. 

For the high em
issions pathw

ay, the proportion of cropland exposed to drought increases by around 75%
 

by 2050 and m
ore than doubles by the end of the century, under the m

edian estim
ate. O

n this pathw
ay, the 

incidence of drought roughly triples in Southern Africa, and increases by about 50%
 in the U

S and South Asia, 
over the course of the century. For the low

 em
issions pathw

ay, the increases are m
uch less. At the sam

e tim
e, 

w
hat is very clear is that there is there is considerable uncertainty in the projections. The uncertainty ranges 

suggest that w
hile in the best case, drought incidence could halve in som

e regions, in the w
orst case, it could 

increase by a factor of three or four. 
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This uncertainty is illustrated in Figure D
2, w

hich show
s the risk that clim

ate change increases the average 
annual area of cropland in a region affected by drought by m

ore than 50%
 in 2050 and 2100. B

y 2050, the 
probability is greater than 70%

 - under high em
issions – in southern and northern Africa, the M

iddle E
ast, 

Australasia, w
estern E

urope and central Am
erica. In contrast, there is a relatively low

 probability that clim
ate 

change w
ould increase drought extent in E

ast Asia and C
anada. Low

er em
issions reduce the risk, particularly 

by 2100.

W
h
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 p
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g
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At the global scale, there is a 10%
 probability that by 2050 the incidence of drought w

ould have increased 
by 150%

, and the plausible w
orst case w

ould be an increase of 300%
 by the latter half of the century. The 

proportion of cropland affected by drought under the plausible w
orst case scenario m

ore than doubles in 
every region (Figure D

3) and in all except C
anada and E

ast Asia increases by a factor of at least three. The 
global w

orst case is not equivalent to the sum
 of the regional w

orst cases, because no one plausible clim
ate 

scenario produces the biggest im
pact everyw

here. 

Figure D
3 is based on the assum

ption that all the clim
ate m

odels used to estim
ate im

pacts are equally 
plausible and that they span the range of potential regional clim

ate changes. This is not necessarily the case, 
so the num

bers are to be regarded as indicative.
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E
stim

ates of how
 drought risk w

ill change in the future are based on (i) projections of future regional clim
ate 

change, (ii) projections of how
 these translate into changes in drought characteristics, and (iii) projections of 

future exposed land and people. There are uncertainties in all of these.

Projections of future regional clim
ate change depend partly on the assum

ed rate of grow
th in em

issions, 
and partly on projected changes in regional and seasonal precipitation. C

lim
ate m

odel sim
ulations typically 

show
 that w

hilst global precipitation goes up w
ith clim

ate change, there is strong variability across space. In 
general, w

et regions get w
etter, but dry regions get drier. H

ow
ever, the m

agnitude of the change in a region 
is uncertain, as are the boundaries of regions w

hich see increases or decreases in rainfall. Tem
perature 

increases across all land areas w
ith clim

ate change, and this w
ill exaggerate the effect of rainfall deficits by 

increasing evaporation.

The w
ay in w

hich changes in clim
ate translate into changes in drought depends on local conditions. M

ost 
agricultural system

s are tuned to local clim
atic conditions, so it is departures from

 those conditions that 
prove challenging. That is w

hy our drought indicator is defined in relation to average local conditions, rather 
than being defined in absolute term

s. H
ow

ever, different m
easures of drought are also possible to define, and 

these w
ould give different indications of both current exposure and future risk.

Finally, the estim
ated future im

pacts on agriculture and society depend on changes in exposure to droughts 
and vulnerability to their effects. This w

ill depend not only on population change, econom
ic grow

th and the 
extent of croplands, but also on the degree to w

hich drought m
itigation m

easures (such as forecasting and 
w

arning, provision of supplem
entary w

ater supplies or m
arket interventions) are developed.
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R
iver flooding is the m

ost serious and w
idespread w

eather hazard affecting the w
orld. According to the 

M
unich R

e natural hazards catalogue, betw
een 1980 and 2014 river floods accounted for 41%

 of all loss 
events, 27%

 of fatalities and 32%
 of losses. 1 B

y changing the tim
ing and am

ount of precipitation, clim
ate 

change has the potential to substantially alter flood regim
es and therefore future flood losses.

R
iver floods are generated through intense or prolonged rainfall or through snow

m
elt. There are three m

ain 
scales of river flooding:

• 
Flash floods occur w

hen the volum
e of w

ater produced by intense heavy rainfall generates significant 
overland flow, and are typically localized and sm

all-scale.

• 
Floods along m

ajor rivers w
ith extensive floodplains typically occur follow

ing prolonged periods of 
heavy rainfall or snow

m
elt, and flood w

aters m
ay persist for w

eeks.

• 
B

etw
een these tw

o extrem
es are floods that are locally generated by rainfall and snow

m
elt w

ithin a 
catchm

ent area.

The relative contribution of these three broad scales of flooding to the overall flood threat varies from
 country 

to country. At the global scale, there is little inform
ation on the num

bers of people exposed to flash flooding, 
because the hazard is highly localised. M

ost inform
ation at the global scale therefore relates to flooding along 

m
ajor rivers and floodplains w

ith catchm
ents of several thousand square kilom

etres.

For the purposes of this assessm
ent w

e shall take as our threshold floods of the m
agnitude of current 1 in 

30 year flood events. In 2010 just over 700 m
illion people w

ere living in m
ajor floodplains

2 and – on average 
– over 20 m

illion of these w
ere affected by floods w

ith a return period of greater than once every 30 years. i 
Alm

ost half of these people live in South Asia. Som
e of the flood-prone populations are protected by flood 

defences so do not actually see their properties flooded, although they are likely to be indirectly affected 
through im

pacts on their com
m

unities and infrastructure. 3 
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Population change alone w
ill increase the num

bers of people affected by flooding in the future. C
lim

ate 
change could increase the num

ber further, in som
e regions. Figure F1 show

s the num
bers of people affected 

by floods greater than the current ‘30-year flood’ globally and for four m
ajor w

orld regions, for high (red) and 
low

 (green) em
issions pathw

ays, as a function of tim
e.
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The global total increases very substantially – by 
around five or six tim

es, over the course of the 
century for the high em

issions pathw
ay. This is 

largely due to increases in South, southeast and 
E

ast Asia. There is a clear difference betw
een 

the high and low
 em

issions pathw
ays, but there 

is also very high uncertainty in the num
bers of 

people affected by flooding in the future due to 
uncertainty in changes in precipitation.
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Figure F2 show
s change through the 21

st 
century in the probability of experiencing a 
flood greater than the baseline ‘30-year flood’. 
In the Asian exam

ples, the probability of 
flooding increases very substantially under the 
high em

issions pathw
ay: tripling in the H

uang 
H

e and Indus, and m
ultiplying by six in the 

G
anges (becom

ing a 1 in 5 year event), over 
the course of the century, according to the 
central estim

ate. The increase in probability 
is considerably low

er under the low
 em

issions 
pathw

ay. The figures show, how
ever, that there 
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is very large uncertainty in the change in future flood probability. In the best case, som
e regions could see a 

sm
all reduction in probability. In the w

orst case, flooding on the G
anges, Indus and H

uang H
e could be in the 

region of ten tim
es m

ore frequent by the end of the century. 
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Figure F3 show
s the risk by region that clim

ate change increases by m
ore than 50%

 the num
bers of people 

affected by the current 30-year flood, relative to the situation w
ithout clim

ate change. B
y the 2050s, there 

is at least a 50%
 chance that clim

ate change alone w
ould lead to a 50%

 increase in flooded people across 
sub-Saharan Africa, and a 30-70%

 chance that such an increase w
ould be seen in Asia. B

y 2100 the risks 
are greater. U

nder the low
 em

issions pathw
ay the probabilities are low

er in all regions than under the high 
em

issions pathw
ay, particularly in 2100.

W
h

a
t is a

 p
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 rive
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g
e?

It is clear from
 Figure F1 that there is considerable uncertainty in projected im

pacts of clim
ate change. B

y 
2050, under the ‘w

orst case’ clim
ate scenario (the clim

ate m
odel pattern that projects the greatest increase 

in rainfall in the regions w
ith the greatest flood-prone population), approxim

ately 115 m
illion extra people 

w
ould be flooded in each year (relative to the situation w

ith no clim
ate change). Figure F4 show

s the ‘w
orst 

case’ by region. In m
ost regions the ‘w

orst case’ has approxim
ately tw

ice the im
pact of the 10

th percentile 
im

pact. H
ow

ever, the w
orst cases show

n in each region do not occur under the sam
e plausible clim

ate 
scenario: the global w

orst case is not the sum
 of the regional w

orst cases. 

Figure F4 is based on the assum
ption that all the clim

ate m
odels used to estim

ate im
pacts are equally 

plausible and that they span the range of potential regional clim
ate changes. This is not necessarily the case, 

so the num
bers are to be regarded as indicative. C

hanges in south Asia (and therefore the global total) are 
strongly dependent on projected changes in the south Asian m

onsoon (see the previous chapter on w
ater 

stress).
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E
stim

ates of how
 flood risk w

ill change in the future are based on (i) projections of future regional clim
ate 

change, (ii) projections of how
 these translate into changes in flood characteristics and (iii) projections of 

future exposed population and the im
plem

entation of flood defences.

Projections of future regional clim
ate change depend partly on the assum

ed rate of grow
th in em

issions, 
and partly on projected changes in regional and seasonal precipitation. From

 m
eteorological first principles, 

w
e w

ould expect that – other things being equal – the frequency of high rainfall events w
ould increase in a 

w
arm

er w
orld, sim

ply because the hydrological cycle is enhanced and w
arm

er air can hold m
ore w

ater. The 
frequency of flash flooding can therefore be expected to increase.

H
ow

ever, changes in atm
ospheric circulation patterns potentially have a greater im

pact on the m
agnitudes 

of persistent or prolonged heavy rainfall that have the greatest influence on flooding in m
ost river basins, 

and these changes are currently uncertain. W
et regions are likely to get w

etter, but the precise m
agnitude 

of change is uncertain, and the extent to w
hich clim

ate change alters the relative variability in rainfall from
 

day to day and year to year is uncertain too. H
igher tem

peratures w
ould also in general m

ean that less 
precipitation w

ould fall as snow
 during w

inter so there w
ould be less snow

 to m
elt during the m

elt season – 
but this w

ill vary from
 place to place depending on tem

perature regim
e, and m

ay be offset or exaggerated by 
circulation changes generating m

ore or less precipitation during w
inter.

The effects of changes in precipitation on river flood characteristics are typically estim
ated using a 

hydrological m
odel, perhaps com

bined w
ith a hydraulic m

odel to sim
ulate the routing of flood flow

s along 
the river netw

ork and through floodplains. Flood frequencies are estim
ated by fitting a statistical frequency 

distribution to tim
e series of flood flow

s. All of these stages introduce uncertainty in the projected effect of a 
given change in precipitation regim

e.
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Finally, the estim
ated future im

pacts on hum
an society depend on changes in exposure to floods and 

vulnerability to their effects. This w
ill depend not only on population and econom

ic grow
th, but also on 

the extent to w
hich physical flood defences are developed, buildings and infrastructure are sited to reduce 

exposure, and m
easures are im

plem
ented to help individuals and com

m
unities respond to and recover from

 
floods and loss.
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R
obert J. N

icholls, i T
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eeder, ii Sally B

row
n, iii and Ivan D

. H
aigh. iv 

U
nderstanding the consequence of sea-level rise for coastal cities has long lead tim

es and huge political 
im

plications. C
ivilization has em

erged and developed during a period of several thousand years over w
hich 

sea level has been unusually stable in geological term
s. W

e have now
 m

oved out of this period and the 
challenge w

ill be to develop a long-term
 proactive assessm

ent approach to m
anage this challenge.

In 2005 there w
ere 136 coastal cities w

ith a population exceeding one m
illion people and a collective 

population of 400 m
illion people. 1 All these coastal cities are threatened by flooding from

 the sea to varying 
degrees

2 and these risks are increasing due to grow
ing exposure (people and assets), rising sea levels due 

to clim
ate change, and in som

e cities, significant coastal subsidence due to hum
an agency (drainage and 

groundw
ater w

ithdraw
als from

 susceptible soils).

W
h

a
t is it th

a
t w

e
 w

ish
 to

 avo
id

?

The population of N
ew

 O
rleans peaked at about 625,000, before being extensively flooded by H

urricane 
B

etsy in 1965. 3 After that event the city’s flood defences w
ere upgraded and the city population recovered to 

about 500,000. In 2005, 80 percent of the city w
as flooded by H

urricane K
atrina, w

ith 800 deaths and m
ore 

than U
S$40 billion dam

ages. 4 Subsequently, im
proved defences have been provided costing U

S$15 billion, 5 
but m

uch of the city’s econom
y has relocated and the current population is only about 300,000. Is this 

process the progressive abandonm
ent of N

ew
 O

rleans due to repeated flooding and indicative of how
 coastal 

cities m
ight be abandoned due to flooding and sea-level rise? 

This exam
ple contains m

any of the things w
e w

ish to avoid in respect of sea-level rise and coastal cities: 
m

ajor flood events w
ith associated deaths and dam

age, high costs of protection, and the potential for sudden 
abandonm

ent or gradual decline. 

H
o

w
 d

o
 risk

s g
ro

w
 w

ith
 se

a
-le

ve
l rise?

Flood risks grow
 w

ith sea-level rise as it raises the likelihood of extrem
e sea levels. Figure 1 show

s the 
increase in the frequency of current 100 year events in N

ew
 York, Shanghai and K

olkata, as sea levels rise. 
Taking one exam

ple, a 1m
 rise in relative sea-level rise increases the frequency of current 100 year flood 

events by about 40 tim
es in Shanghai, about 200 tim

es in N
ew

 York, and about 1000 tim
es in K

olkata.
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H
allegatte et al (2013) cam

e to the follow
ing conclusions concerning the future of coastal flooding in the 136 

largest coastal cities (in 2005) over the next 50 years or so: 6 

• 
D

am
age could rise from

 U
S$6 billion/year to U

S$52 billion/year solely due to increase in population, 
property and its value.

• 
W

ith additional clim
ate change and subsidence, global losses could approach U

S$1 trillion or m
ore per 

year if flood defences are not upgraded. 

• 
E

ven if protection levels are m
aintained (i.e. flood probability is kept the sam

e thanks to upgraded 
defences), annual losses w

ill grow
 as individual floods becom

e m
ore severe due to flood depths 

increasing w
ith relative sea-level rise. To m

aintain present levels of flood risk (average losses per year), 
protection w

ill need to be upgraded to reduce flood probabilities below
 present values. 

• 
E

ven w
ith upgraded protection, the m

agnitude of losses w
hen flood events do occur w

ould increase for 
the reasons stated above, m

aking it critical to also prepare for larger disasters than w
e experience today.

B
eyond a 50 year tim

e fram
e, sea levels w

ill continue to rise and protection w
ill have to be progressively 

upgraded into the future w
ith uncertain consequences. This raises the question of w

hether there are potential 
thresholds (as discussed below

) w
hich, if passed, could reverse the current and forecast trends of grow

th for 
coastal cities.

W
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 citie
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C
lim

ate m
itigation can stabilise the rate of sea-level rise, w

hich m
akes adaptation m

ore feasible. H
ow

ever, 
even if global tem

perature is stabilized, sea level w
ill continue to rise for m

any centuries as the deep ocean 
slow

ly w
arm

s and the large ice sheets reach a new
 equilibrium

: this has been term
ed the com

m
itm

ent to 
sea-level rise. This suggests that in coastal areas m

itigation and adaptation m
ust be considered together as 

the com
m

itted sea-level rise necessitates an adaptation response. 7 This perspective changes the m
itigation 

discussion tow
ards avoiding high end changes in clim

ate over longer tim
e spans than are typically 

considered.

There is not extensive literature or significant em
pirical inform

ation on the lim
its to adaptation in coastal 

cities. These lim
its are not predictable in a form

al sense – w
hile the rise in m

ean sea level raises the likelihood 
of a catastrophic flood, extrem

e events are w
hat cause dam

age and trigger a response, be it abandonm
ent, 

defence upgrade or som
ething else. 

G
eneralising the discussion, there are several types of potential lim

its that could be grouped into three broad 
categories, as discussed below

:

• 
P

hysical/engineering lim
its: Adaptation and im

proving protection involve a num
ber of steps as sea 

levels rise and increasing efforts are required to keep coastal areas dry. E
ach step involves higher costs. 

H
ow

ever, given the high value of cities, there is a strong incentive to m
obilise large am

ounts of capital 
to fund adaptation. Im

portant issues are rates of sea-level rise and m
aintenance. Accelerated rates of 

sea-level rise w
ill present greater dem

ands and hence challenges, although a rate of rise of a m
etre per 

century should present no m
ajor technical challenges. M

aintenance requires annual investm
ent of 1 to 

2 percent of the capital value to m
aintain the defences. It is possible that there are other lim

its related 
to other issues such as ecology or related effects on local w

ater supplies that w
ill be reached at low

er 
levels of sea-level rise. 
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• 
E

conom
ic/fi

nancial lim
its: At sm

aller levels of sea-level rise there w
ill be a w

ide range of choices 
betw

een retreat and continued protection. As sea levels rise higher, these adaptation choices w
ill 

becom
e starker, and the high costs of protection m

ay lead to m
anaged or unm

anaged retreat if that 
becom

es a less costly alternative. H
ow

ever, w
hile relocation of m

ajor cities m
ight be considered, the 

associated high costs can also provide a strong incentive to upgrade protection. In cost-benefit term
s, 

protection is favoured, 8 but this of course depends on funds being available: poorer cities w
ill be m

ost 
challenged, w

ith uncertain consequences. Further, a loss of confidence in a city due to a m
ajor flood 

could underm
ine its econom

ic base, and hence the resources available for im
proving protection. If this 

occurs, it is probably a m
ulti-stage process of decline over several events. H

ow
ever, once decline starts, 

it m
ay be a self-reinforcing process.

• 
Socio-political lim

its: Thresholds and lim
its w

ill vary dependent on the prevailing base conditions, 
confidence and attitudes to risk. G

ood governance w
ill deliver effective and w

ell-m
aintained protection 

system
s. C

ities w
ith a strong background in flood protection w

ill be better prepared and m
ore likely to 

have a planned long-term
 approach to the radical actions that w

ill be needed as sea level continues to 
rise. Those that have not prepared and have an unrealistic expectation of continuation of the present 
paradigm

 m
ay w

ell reach lim
its earlier. In m

any w
ays, this is the hardest lim

it to characterise and 
quantify, and yet it m

ight be the m
ost influential lim

it for coastal cities in practice.

If protection lim
its are reached, a few

 cities m
ay have to be largely abandoned as m

ost of their land area is in 
the flood plain. H

ow
ever, m

ost coastal cities have large areas outside the coastal flood plain. H
ence, in these 

cases, retreat w
ould be about reconfiguring the city to the new

 land-w
ater interface. 9 

There are very few
 studies w

hich quantify the sea level rise threshold at w
hich cities w

ill have to be 
abandoned, and in particular there has been little analysis of the art of the possible or feasible for adaptation 
beyond about 4 m

etres for any city. E
xceptions include the Tham

es E
stuary w

here a key threshold for 
adaptation of 5 m

etres of m
ean sea-level rise w

as identified related to lim
its of sea w

all raising and tidal 
barrier construction in a closed system

 scenario. For sea levels higher than this, the entire discharge of the 
river Tham

es w
ould need to be pum

ped to the sea. 10 In the N
etherlands, the D

elta Program
m

e considered a 
sea level rise of 4 m

etres by 2200. 11 It w
as concluded that continuation of dyke-raising and beach and dune 

nourishm
ent w

ith sand could still be effective up to this level.

C
o

n
clu

sio
n

The lack of know
ledge on sea level rise thresholds for coastal cities is of real concern. London’s Tham

es 
E

stuary 2100 (TE
2100) plan

12 (illustrated in Figure 2), the D
utch D

elta Program
m

e
13 and N

ew
 York

14 

have defined adaptive pathw
ays into the future. These define a portfolio of adaptation m

easures w
hich can 

be progressively and flexibility applied to m
anage flood risk as sea level rises: m

ore slow
ly or rapidly as 

circum
stances dem

and. This is a best practice proactive approach for planning to address the issue. Such 
analysis illum

inates w
here thresholds w

ill be m
et in each city. 

This approach could be applied w
idely to the coastal cities around the w

orld to identify the adaptation 
choices. 15 This w

ould include recognizing w
here protection m

ight not be viable and a retreat approach m
ay 

be needed. B
y taking a proactive approach to adaptation assessm

ent the full scale of the long term
 challenge 

can be illum
inated and the long term

 adaptive actions planned. 
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As the previous chapter discussed, it is difficult to define thresholds in the height or rate of sea level rise that 
w

ill cause significant problem
s for coastal cities. B

ut it is clear that the faster sea level rises, the m
ore difficult 

and expensive adapting to it w
ill becom

e. It m
ay already be im

possible to avoid long-term
 sea level rise of 

m
ore than 10 m

etres from
 m

elting of polar ice sheets, but it m
ay be possible to lim

it the rate of m
elting. So 

w
hat w

e w
ish to avoid is any change that causes a significant acceleration in the rate of sea level rise. 

W
h

a
t w

e
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O
ver 90%

 of the energy im
balance caused by increased greenhouse gas concentrations in the atm

osphere 
is absorbed by the oceans (com

pared to roughly 3%
 that goes into w

arm
ing the E

arth’s surface). This extra 
energy is raising the heat content of the ocean, and correspondingly the volum

e, due to therm
al expansion. 

In addition, ice is m
elting from

 the polar ice sheets and also from
 m

ountain glaciers, raising the volum
e of 

the oceans. Finally, m
ostly independent of clim

ate change, groundw
ater is being pum

ped from
 aquifers on 

land, and then released to stream
s and rivers, also contributing to global sea level rise. Since pre-industrial 

tim
es, the global average sea level has risen by about 20cm

. 1 B
ased on precise m

easurem
ents from

 satellite 
altim

etry, w
e know

 that the rate of rise has averaged 3.4m
m

/year since the 1990s, and w
e know

 that this rate 
is accelerating. 

Therm
al expansion is the m

ain contributor to sea level rise at present, but the m
ain contributor in the future 

w
ill be m

elting of polar ice sheets. These contain w
ater roughly equivalent to a globally averaged sea level 

rise of: 
• 

G
reenland ice-sheet: 7m

• 
W

est A
ntarctic ice-sheet: 6m

 

• 
E

ast A
ntarctic ice-sheet: m

ore than 50m
 

W
h

a
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W
e do not know

 how
 quickly the m

elting of these ice-sheets could occur. This is deeply uncertain: neither 
observations nor m

odels provide enough inform
ation. The tim

escale for the G
reenland and W

est Antarctic 
ice-sheets could be hundreds of years, or thousands of years. The tim

escale for parts of the E
ast Antarctic ice-

sheet is likely to be longer because it is so cold and also less vulnerable to rapid collapse due to topography 
and glacial structure. 

W
h

a
t w
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 th
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Paleoclim
ate data suggests that the G

reenland ice-sheet probably cannot survive in a w
orld w

here 
atm

ospheric carbon concentrations are above 400ppm
 (their current level), and alm

ost certainly not in a 
550ppm

 w
orld – equivalent to a level in the low

est em
issions scenarios that w

e have earlier in this report 
characterized as very unlikely. The sam

e is probably true for the W
est Antarctic ice-sheet, and for sm

all 
parts of the E

ast Antarctic ice-sheet. This im
plies that w

e m
ay already be com

m
itted to som

e 10-15m
 of sea 

level rise in the long-term
 future. Figure 1, taken from

 the IPC
C

, show
s a central estim

ate of around 12m
 

long-term
 com

m
itted sea level rise, if tem

perature rise is held steady at 2°C
. B

ut the rate is w
ildly uncertain: 

w
hether this w

ill take 500 years or 10,000 years is really unknow
n. 
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c
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o
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0
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–1.

The range of uncertainty is m
uch sm

aller in the relatively short tim
escale of this century, but is still significant 

from
 a hum

an perspective. IPC
C

 projections for sea level rise have tended to increase over tim
e. The Third 

Assessm
ent R

eport estim
ated a range of 0.2 – 0.6m

 over the century; the Fifth Assessm
ent R

eport estim
ates 

1m
 as the upper end of the ‘likely range’, plus a few

 additional tenths of a m
etre in the event of a collapse of 

parts of the W
est Antarctic ice-sheet. Som

e m
ore recent scientific findings have suggested that such a collapse 

has already begun. 3 

At the tim
e of the IPC

C
’s Third Assessm

ent R
eport, it w

as predicted that the ice-sheets on Antarctica w
ould 

grow, contributing a net decrease to the change in sea level. Satellite m
easurem

ents of ice-sheet m
ass now

 
show

 the opposite to be occurring. Antarctica as a w
hole is losing m

ass, although there are parts of the 
Antarctic ice sheet that are gaining m

ass from
 increased precipitation. The data for G

reenland show
 an 

acceleration in m
ass loss, but as the observations only exist for slightly m

ore than a decade, it is im
possible 

to say w
hether this acceleration is part of a m

ulti-decadal oscillation, or the beginning of a long-term
 trend. 

For this century, sea level rise of at least 40cm
 looks likely, as anything less w

ould require a slow
ing in the 

contribution of ice-sheets, w
hich w

ould be the opposite of w
hat is being observed. M

ore than 1m
 appears 

unlikely, but there is m
uch m

ore uncertainty over the upper end of the range. Figure 2 show
s the extent to 

w
hich expert opinion varies. 
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a
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A plausible w
orst-case scenario w

ould be a significant acceleration of sea level rise, as w
ell as a com

m
itm

ent 
to even m

ore rapid sea level rise of several tim
es the current rate at the end of this century and throughout 

the next century. This could only occur if one of tw
o things happens: 

i. 
A

 rapid acceleration of sum
m

er surface-m
elting on G

reenland. In the few
 locations on G

reenland 
w

here there are outlet glaciers that bring ice directly into contact w
ith the ocean, G

reenland’s glaciers 
are already m

oving at close to the m
axim

um
 speed physically possible, w

hich is constrained by friction. 
Som

e acceleration in the rate of m
ass loss is possible from

 an increase in the num
ber of such locations, 

particularly around northern G
reenland, but m

ore substantial acceleration is likely to com
e from

 enhanced 
surface m

elting in sum
m

er. Satellite im
ages show

 that the area of m
elting of the surface of the G

reenland ice 
sheet has been expanding rapidly. The form

ation of m
elt-pools acts as a positive feedback. These processes 

are not yet w
ell understood: deposition of black carbon m

ay be im
portant, as w

ell as tem
perature rise. In 

addition, it is not know
n w

hat effect the continuing retreat of sum
m

er sea-ice w
ill have. 
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ii. C
ollapse of the R

oss ice shelf and other large ice shelves from
 A

ntarctica. Tem
peratures on 

Antarctica are low
 enough that surface m

elting is not the m
ajor factor in creating ice loss, but rather ice 

discharge to the ocean. C
urrently, the discharge of glaciers on W

est and E
ast Antarctica into the ocean 

are being slow
ed dow

n by large ice-shelves – floating land ice that has been pushed out into the ocean – 
including the R

oss ice shelf covering the R
oss Sea. The collapse of the R

oss ice shelf or other critical ice 
shelves w

ould allow
 the rate of ice discharge to accelerate, adding several m

etres to sea level rise over a 
century or tw

o. W
e do not understand exactly how

 this w
ould occur, but som

e w
ork has show

n that ice 
shelves disintegrate w

hen slightly w
arm

er (0 - 2°C
) w

ater flow
s over the continental shelf beneath the 

ice shelf and m
elts it from

 below. C
urrent observations are so lim

ited that w
e do not know

 w
hether these 

processes are already taking place. 

It is also im
portant to em

phasize that the tw
o possibilities described above have different im

plications for the 
possibility of stabilizing or reversing sea level rise. The m

elting on G
reenland could be stopped if w

arm
ing 

w
as reduced, for exam

ple through proposals to cool the E
arth through solar radiation m

anagem
ent (or 

‘geoengineering’). B
ut if a m

ajor ice shelf disintegrates, it w
ill be m

uch m
ore difficult to stop or slow

 the 
glacial discharge, as the flow

 depends on gravitational instability of the ice sheet, and is very insensitive to 
surface tem

perature, at least over fairly long tim
escales. Thus, the consequent sea level rise w

ould likely be 
unstoppable and irreversible. 
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M
any elem

ents of the clim
ate system

 are capable not only of steady, gradual change over long tim
e-periods, 

but also of non-linear change w
hen critical thresholds are passed. Som

e of these m
ay result in relatively 

abrupt change and som
e m

ay be irreversible. B
oth types m

ay have large-scale consequences for the clim
ate, 

both directly and indirectly, often w
ith disproportionate im

pacts in som
e regions of the w

orld. 

As discussed in the previous chapter, an acceleration in the m
elt rate of the G

reenland or Antarctic ice-sheets 
could lead to a significant acceleration in global sea level rise; on tim

e scales of several centuries or m
ore this 

w
ould very likely be irreversible. Sim

ilarly, an acceleration of tem
perature rise could result from

 large-scale 
thaw

ing of perm
afrost and the release of extra carbon dioxide or m

ethane into the atm
osphere, or from

 the 
release of sub-sea m

ethane hydrates (as discussed in the chapter on global tem
perature increase). 

C
hanges in atm

ospheric circulation patterns are very difficult to predict, and could potentially be abrupt. As 
noted in the chapter on w

ater stress, large-scale changes in m
onsoons cannot be ruled out. C

hanges to the E
l 

N
iño phenom

enon, linked to extrem
e w

eather in m
any parts of the w

orld, are also possible. O
cean circulation 

patterns could also change: and in particular, the Atlantic m
eridional overturning circulation could w

eaken or 
collapse. This w

ould affect tem
perature, rainfall, and som

e extrem
e w

eather over large parts of the northern 
hem

isphere. O
n a regional scale, changes in rainfall and tem

perature in com
bination w

ith other factors could 
cause large-scale die-back of tropical forests, such as the Am

azon, w
hich in turn w

ould w
eaken the natural 

sink for atm
ospheric carbon dioxide and produce a further am

plification of w
arm

ing. 1 

W
h

e
n

 co
u

ld
 th

e
se

 ch
a
n

g
e

s o
ccu

r? 

There is great uncertainty over w
hen, or at w

hat degree of global tem
perature rise, thresholds associated w

ith 
these large-scale changes m

ight be passed. H
ow

ever, the evidence suggests that the probability of crossing 
such thresholds increases w

ith global tem
perature rise, and if tem

perature rise continues, there is potential 
for crossing several of them

 during the 21
st century. Im

proving our understanding of these trigger points is a 
priority for clim

ate research. 

The IPC
C

’s Fifth Assessm
ent R

eport review
ed recent evidence of both the likelihood and the consequences 

of experiencing these large-scale changes in the current century. 2 These findings are sum
m

arised in the table 
show

n below, w
hich is adapted from

 the recent IPC
C

 report (‘table 12.4’). 3 M
ore recent published research 

has reinforced these findings. 4 

From
 a risk assessm

ent perspective, it is im
portant to understand w

hat this evidence-based expert judgem
ent 

is saying w
ith respect to m

agnitude of im
pact, probability, and tim

e. 

M
agnitude of im

pact: For som
e of these changes, the m

agnitude of im
pact being considered is a very 

high one. For exam
ple, for a m

ethane hydrate (clathrate) release, the m
agnitude being considered is 

‘catastrophic’. For ice-sheet collapse, w
hat is being considered is ‘near-com

plete disintegration’, w
hich w

ould 
result in sea level rise of m

any m
etres – considered exceptionally unlikely this century. In som

e cases, a low
er 

im
pact threshold m

ay also be significant: for exam
ple, the likelihood of partial ice-sheet collapse causing an 

acceleration of sea level rise in the short-term
, and com

m
itm

ent to higher sea level rise in the long-term
, m

ay 
be m

uch higher. The IPC
C

’s Sum
m

ary for Policym
akers estim

ates that ‘R
isks [of large-scale singular events] 

increase disproportionately as tem
perature increases betw

een 1–2°C
 additional w

arm
ing and becom

e high 
above 3°C

, due to the potential for a large and irreversible sea level rise from
 ice sheet loss.’ 5 
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     P
robability: The estim

ates of likelihood given above m
ay be read w

ith reference to the IPC
C

’s standard 
approach to expressing estim

ated ranges of likelihood in qualitative term
s. The ranges corresponding to 

the term
s used here are: ‘E

xceptionally unlikely’: 0-1%
; ‘Very unlikely’: 0-10%

; ‘Likely’: 66-100%
. 7 Although 

in the IPC
C

 report m
any of these changes are reported as being “very unlikely” in the IPC

C
’s calibrated 

term
inology, the probability estim

ates are w
hat m

any risk adverse stakeholders m
ight still consider 

unacceptably high w
hen view

ed in parallel w
ith the m

agnitude. It is notable that for several of the large-scale 
changes, the uncertainty around their likelihood is so great that no estim

ate is given. 
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T
im

e: The probability estim
ates noted above are given only w

ith respect to the current century. As noted 
above, these probabilities are expected to increase w

ith global tem
perature rise, and as the chapter on that 

subject show
ed, under m

edium
 and high em

issions scenarios global tem
perature rise is projected to continue 

beyond the end of the century. The consequences of these changes are also expected to continue beyond the 
century tim

e-scale.

All three of these factors – m
agnitude of im

pact, probability, and tim
e – have to be taken into account in 

reaching a view
 on the scale of the risks presented by these possible large-scale changes.

S
yste

m
ic in

te
ra

ctio
n

s 

An additional aspect to consider is the potential for interaction betw
een these large-scale clim

ate system
 

changes, w
ith one change leading to a cascade of other m

ajor events. For instance, w
e can speculate that 

enhanced m
elting from

 the G
reenland ice-sheet could not only raise sea level but also slow

 the Atlantic 
over-turning circulation. O

ne consequence of changes in Atlantic circulation and sea surface tem
peratures 

is expected to be a shift in atm
ospheric circulation, w

hich could have negative im
pacts on the health of the 

Am
azon forest and its ability to take up atm

ospheric carbon. At the sam
e tim

e, the rise in sea level from
 

G
reenland m

ight also affect the stability of the ice shelves and ice sheets in the southern H
em

isphere, leading 
to further sea level rise. 

Figure 2 captures som
e of these effects (this is based on an earlier figure by K

riegler et al.)
8 It effectively 

highlights the fact that the concom
itant effects of clim

ate change can cause w
idespread im

pacts in a num
ber 

of areas, presenting significant system
ic risks. This is an area explored in greater detail in the next section of 

this report. It is clear that if w
e are to have a full understanding of clim

ate change risks, w
e m

ust assess the 
likelihood of large-scale clim

ate changes, the interactions betw
een them

, and the critical thresholds at w
hich 

they could be triggered. The recent em
ergence of com

plex earth system
 m

odels is finally providing a tool that 
w

ill allow
 clim

ate scientists to start to explore these interactions.

F
ig

u
re
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: P

o
ssib

le
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te
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n

 o
f la

rg
e

-sca
le

 clim
a
te
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isru

p
tio
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In this chapter, w
e have considered various form

s of threshold in the severity of clim
ate change and its 

im
pacts. These include: 

• 
Thresholds in the physical clim

ate system
 itself: for exam

ple, the degree of w
arm

ing at w
hich an ice-

sheet m
ay be com

m
itted to collapse; 

• 
B

iophysical thresholds, such as the degree of heat and hum
idity that is potentially fatal to hum

ans, or 
the tem

perature that exceeds the tolerance of a crop; 

• 
Socioeconom

ic thresholds, such as the quantity of per capita w
ater resources required to m

eet basic 
hum

an needs, or the point at w
hich it becom

es less costly to retreat from
 coastal areas than to protect 

them
 against flooding; 

• 
Thresholds defined by political decisions, such as the 2°C

 tem
perature target. 

It is clear that in m
any cases, w

hen a threshold is passed, there is a non-linear increase in the severity of 
im

pact. For exam
ple: a significant acceleration in the rate of sea level rise; a very severe decrease in crop 

yield instead of a m
oderate decrease; the death of a person from

 heat stress instead of the experience of non-
fatal heat stress. Avoiding these im

pacts is likely to be a high priority for a decision-m
aker, so assessing their 

likelihood should be a high priority for a risk assessm
ent.

O
ur assessm

ent looked, w
here possible, at how

 the probability of crossing these thresholds m
ight increase 

over tim
e, or as a function of global tem

perature rise. In several cases, it appeared that there could be a non-
linear increase in probability, once a certain point of tim

e or tem
perature w

as passed. 

The idea of there being thresholds of im
pact, or lim

its to adaptation that m
ight be im

portant, is not new. The 
chapter on ‘Adaptation opportunities, constraints and lim

its’ 1 in the IPC
C

’s Fifth Assessm
ent R

eport provides 
an authoritative overview

 of this subject. H
ow

ever, the approach w
e have taken – presenting the probability 

of crossing these thresholds as a function of tim
e (or of global tem

perature increase) – does not seem
 to be 

the generally preferred m
ethod. The IPC

C
 Fifth Assessm

ent R
eport’s W

orking G
roup II report included only 

one graph in this form
at (show

ing the risk of m
ass coral m

ortality), 2 com
pared to som

e tw
enty graphs that 

show
ed severity of im

pact as a function of tim
e. 3 

As w
e discussed at the beginning of this section, an approach that first defines w

hat it is w
e w

ish to avoid, 
and then assesses its likelihood as a function of tim

e, seem
s consistent w

ith the principles of risk assessm
ent. 

If results presented it this w
ay m

ake it plain that under a certain course of action (e.g. a high em
issions 

pathw
ay), that likelihood could becom

e very high, then this w
ill be useful inform

ation for a decision-m
aker. 

There seem
s to be considerable scope for developing this approach further. For exam

ple, m
ore locally 

relevant socioeconom
ic thresholds could be defined, and better w

ays to estim
ate probabilities could be 

developed. 

A lim
itation of this approach m

ay be that it w
ill tend to focus on individual im

pacts of clim
ate change, 

rather than the effect of m
any im

pacts in com
bination. In the real w

orld, different im
pacts of clim

ate change 
w

ill frequently overlap and interact. The difficulty of anticipating such interactions – especially if hum
an 

actions are also taken into account – m
ay m

ean that the risks arising from
 them

 are easily overlooked. The 
IPC

C
 found that “Interactions of clim

ate change im
pacts on one sector w

ith changes in exposure and 
vulnerability, or w

ith adaptation and m
itigation actions affecting the sam

e or a different sector, are 
generally not included or w

ell integrated into projections of risk. H
ow

ever, their consideration leads to 
the identification of a variety of em

ergent risks that w
ere not previously assessed or recognized.”

4 

This m
ost difficult area of risk assessm

ent – the interactions betw
een the im

pacts of clim
ate change and 

com
plex hum

an system
s – is the subject of the next part of our report. 
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O
ur hum

an civilization and the natural environm
ent on w

hich it depends are both exam
ples of com

plex, 
dynam

ic system
s. The defining characteristic of such system

s is that they are m
ade up of large num

bers of 
interacting, interdependent com

ponents. These interactions are often non-linear: their causes and effects are 
not proportional to each other. Sm

all changes can som
etim

es have very large effects. For this reason, the 
behaviour of these system

s is very difficult to predict. 1 

A high degree of uncertainty, if it affects our objectives or things w
e value, can correspond to a high degree 

of risk. System
ic risks m

ay be sim
ply defined as ‘risks that can trigger unexpected large-scale changes of a 

system
, or im

ply uncontrollable large-scale threats to it’. 2 

In this part of our risk assessm
ent, w

e are concerned w
ith the risks that could arise from

 the interaction of 
clim

ate change w
ith hum

an social and econom
ic system

s. As w
e noted at the beginning of this report, hum

an 
civilization developed during a period of several m

illennia of unusual clim
atic stability. W

e are now, through 
our em

issions of greenhouses gases, applying a forcing to the clim
ate system

 – disturbing its stability. As 
described in previous chapters, this could lead to large changes in the natural w

orld, far outside the range of 
hum

an experience. Intuitively, w
e m

ight guess that if sm
all changes can som

etim
es produce very large effects 

in com
plex system

s, then very large changes could be quite likely to produce very large effects. 

The system
ic risks of clim

ate change m
ay be very large, but they are m

uch less straightforw
ard to assess 

than the direct risks considered in earlier chapters. In this section, w
e begin w

ith an exam
ple of the system

ic 
risks experienced by a city in relation to a current clim

ate event. W
e then consider the observed changes and 

future risks to system
s in a region – the Arctic – and the w

ay in w
hich these changes could affect the rest 

of the w
orld. Finally, w

e explore in depth tw
o categories of risk that could be significant at the international 

scale: clim
ate change risks to global food security, and clim

ate change risks to national and international 
security. 

A
n

 exa
m

p
le

 o
f syste

m
ic risk

s a
t th

e
 city

 le
ve

l: d
ro

u
g

h
t in

 S
ã
o

 P
a
u

lo
 

D
r Jose M

arengo is R
esearch D

irector at the N
ational C

enter for M
onitoring and E

arly W
arning 

of N
atural D

isasters in São Paulo, B
razil. Since O

ctober 2014 he has served on a crisis task force 
set up to advise the B

razilian governm
ent on its handling of the drought in the southeast of the 

country. H
ere he describes som

e of its effects. 

The São Paulo M
etropolitan Area is the largest m

etropolis in South Am
erica, and accounts for a third 

of B
razil’s national G

D
P. For the last year, it has been affected by an exceptional drought. R

ainfall over 
the reservoir system

 surrounding the city fell in 2014 to the low
est level recorded since 1940, and this 

coincided w
ith a period of high tem

peratures. The extent to w
hich clim

ate change affected the likelihood 
of such low

 rainfall is difficult to assess, but it m
ay w

ell have played a role in increasing the likelihood of 
the high tem

peratures. 3,4 (As chapter 13 discussed, in future, clim
ate change could increase the risks of 

drought in m
any parts of the w

orld.) 

W
hile the low

 rainfall decreased w
ater availability, high tem

peratures led to increased w
ater use – in 

agriculture, industry, and people’s hom
es. The city’s rapid developm

ent over recent decades had increased 
its vulnerability: population grow

th increased w
ater dem

and; forests and w
etlands that had historically 

soaked up rainw
ater and released it slow

ly into reservoirs w
ere destroyed; and poor-quality infrastructure 

continued to leak som
e 30-40%

 of its w
ater. 
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The m
ost direct im

pact, obviously, has been a lack of w
ater. The state-run utility com

pany has reduced its 
extraction from

 reservoirs by a third, cut its pum
p pressure at night, and offered discounts to custom

ers 
w

ho reduce their consum
ption. Parts of the city now

 rely on w
ater-trucks for their supply. 

Lack of w
ater has ham

pered the functioning of schools, hospitals and businesses. Agriculture has suffered: 
the price of products such as tom

atoes and lettuce increased by around 30%
 at the height of the drought; 

other affected crops included sugar cane, oranges and beans. 5 M
eanw

hile, the num
ber of forest fires in the 

region increased by 150%
 from

 2013 to 2014. 6 E
lectricity generation has also been affected. M

ore than 
70%

 of B
razil’s electricity supply com

es from
 hydroelectric pow

er, and around 70%
 of this is generated in 

the São Paulo region. B
y the end of 2014, the reservoirs supplying this pow

er generation w
ere alm

ost dry. 
As a result, energy tariffs w

ere predicted to increase by 20-25%
 in 2015. 7 

The effects of the w
ater shortage, including w

ater rationing, increased w
ater bills, and other 

inconveniences have even led to protests and social unrest in som
e parts of the city. The overall loss to the 

econom
y from

 the drought so far has been estim
ated at U

S$5 billion, m
aking it the fifth m

ost expensive 
natural disaster in the w

orld in 2014. 8 
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D
r T

ero M
ustonen w

orks for the Snow
change C

ooperative and the U
niversity of E

astern F
inland. 

H
is w

ork gives him
 contact w

ith scientists and indigenous peoples from
 around the A

rctic w
ho 

are observing and docum
enting the changing clim

ate and its effects. H
ere he describes a few

 of 
these observed changes, and som

e future risks. 

The Artic is w
arm

ing at tw
ice the rate of anyw

here else on E
arth, 9 so the changes w

e observe there at 
present give us som

e idea of the scale of the changes w
e could w

itness elsew
here in future. The changes 

already seen in the Arctic are profound. R
ising average tem

peratures have led to heat extrem
es that w

ere 
previously unheard of: a peak tem

perature of 37.2°C
 has been recorded in boreal Finland. 10 M

elting of the 
G

reenland ice-sheet has accelerated, w
hile the extent of sum

m
er sea-ice has reduced by som

e 40%
, at a 

rate faster than m
ost scientific m

odels predicted. 11 In m
any areas the perm

afrost – previously perm
anently 

frozen ground – is beginning to thaw. The w
hole region is under-going a system

-shift, w
ith potentially 

m
ajor consequences for ecosystem

s and hum
an societies. 12 

The indigenous peoples of the Arctic are directly affected by these changes in ecosystem
s. U

npredictable 
w

eather patterns have already disrupted the traditional calendar of the K
ola Sám

i in northw
estern 

R
ussia. 13 In the E

urasian N
orth, the Skolt Sám

i people, anticipating the severe im
pacts of clim

ate change 
on reindeer herding habitats, are beginning to adapt their culture to rely instead upon in-land fishing. 14 

The Inuit’s hunting and food-sharing culture is under threat, as reduced sea ice results in the decline of 
populations of the anim

als they hunt. In the future, the Arctic C
ouncil assessed that reductions in species’ 

ranges and availability, less predictable w
eather, and threats to safe travel caused by the changing ice 

conditions w
ould ‘present serious challenges to hum

an health and food security, and possibly even the 
survival of som

e cultures.’ 15 

Industrialised societies of the region face disruption too. W
hile the retreat of the sea ice m

ay enable the 
expansion of shipping and offshore oil extraction, the thaw

ing of the perm
afrost threatens to destabilize 

buildings, roads, pipelines, and airports. 16 C
om

m
unities and industrial facilities m

ay need to be relocated. 
Transportation on ice roads and across tundra, as w

ell as oil and gas extraction in terrestrial locations 
w

ill be m
ore difficult as the frozen periods of the year becom

e shorter and less predictable. 17 The unstable 
ground even poses a serious risk to the safe operation of nuclear facilities, such as the B

ilibino N
uclear 

Pow
er Plant in northeastern Siberia. 18 

These changes in the Arctic have the potential to increase the risks in the rest of the w
orld. As noted in 

earlier chapters, the thaw
ing of the perm

afrost could accelerate the rise in global tem
peratures, and the 

m
elting of the G

reenland ice-sheet could add significantly to global sea level rise. 
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As part of the U
K

 governm
ent’s first national clim

ate change risk assessm
ent, a study

19 w
as com

m
issioned to 

look into the ‘indirect’ risks of clim
ate change to the U

K
: those w

hich arose not from
 clim

ate change im
pacts 

w
ithin the country’s borders, such as flooding, but w

hich affected the country indirectly as a result of its 
interactions w

ith other countries. 

The study reached a striking conclusion: ‘C
lim

ate change im
pacts around the w

orld m
ultiply existing threats 

to the U
K

, and som
e of these could be an order of m

agnitude greater than threats from
 dom

estic clim
ate 

im
pacts’ (em

phasis added). W
hile the study only considered a scenario in w

hich global em
issions w

ere 
aligned w

ith the target of lim
iting global tem

perature increase to 2°C
, it noted that higher em

issions scenarios 
could lead to m

uch m
ore severe im

pacts, particularly over the longer term
. 

M
ost of the largest risks identified in that study fell into tw

o categories: risks to global food security, and risks 
to national and international security. For this risk assessm

ent, w
e considered those tw

o categories of risk in 
som

e depth. The next tw
o sections sum

m
arise our findings. 
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To better understand the system
ic risks of clim

ate change to global food security, the U
K

 Foreign and 
C

om
m

onw
ealth O

ffice and the U
K

 G
overnm

ent Science and Innovation N
etw

ork jointly com
m

issioned the U
K

’s 
G

lobal Food Security program
m

e to bring together a cross-disciplinary task-force of academ
ics, industry and 

policy experts from
 the U

K
 and U

S to m
ake an assessm

ent. The task-force considered the risks of extrem
e 

w
eather to the global food system

 in the current clim
ate, and how

 these risks have already increased and could 
increase further due to clim

ate change. The task-force’s full report E
xtrem

e w
eather and resilience of the 

global food system
, w

hich includes recom
m

endations for how
 these risks can be m

anaged and reduced, can 
be found at http://w

w
w.foodsecurity.ac.uk/assets/pdfs/extrem

e-w
eather-resilience-of-global-food-system

.pdf. 1 

The follow
ing section presents a sum

m
ary of the report’s risk assessm

ent. 
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D
em

and for food, at a global level, is increasing faster than yields are grow
ing, leading to increasing pressure 

on land. 2 B
y 2050, the FAO

 estim
ates that dem

and w
ill increase over 60%

 above the current situation. 
D

em
and grow

th is driven by population and dem
ographic change, and increasing global w

ealth. This, in 
turn, leads to greater per capita food dem

and, often associated w
ith dem

and for m
ore livestock produce. 

In 2007/8, a sm
all w

eather-related production shock, coupled w
ith historically low

 stock-to-use levels, 
led to rapid food price inflation, as m

easured by the FAO
 Food Price Index and associated w

ith the m
ain 

internationally traded grains. 3 This increase w
as com

pounded by som
e countries im

posing barriers to local 
export, to ensure their ow

n food security, leading to an FAO
 price spike of over 100%

. A sim
ilar price spike 

occurred in 2010/11, partly influenced by w
eather in E

astern E
urope and R

ussia. 4 

These spikes created a num
ber of significant im

pacts around the w
orld. In rich countries, w

here food is freely 
available, food price inflation w

as m
arked and the poorest suffered, resulting in people trading dow

n on food 
quality or quantity, and in the process spending significantly m

ore. In poorer countries, especially those w
ith 

fragile governance, rapid food price inflation underm
ined civil order, and, in part w

as a spark for the Arab 
Spring and the consequences that have follow

ed. 5 In 2012, the w
orst drought to hit the Am

erican M
idw

est for 
half a century triggered com

parable spikes in international m
aize and soybean prices. 

This sequence of price spikes, and their consequences, re-alerted the w
orld to the need to focus on global 

food availability and the volatility in its supply. In 2012, Sir John B
eddington, then U

K
 G

overnm
ent C

hief 
Science Advisor, com

m
issioned a report on food system

 resilience from
 the U

K
’s Food R

esearch Partnership. 
That report concluded: “The evidence is not available properly to describe w

ith any certainty how
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variable w
eather w

ill im
pact on food production system

s and w
orldw

ide trade, but our contention 
is that w

e need greater investigation of w
hat they could be, w

ith perhaps greater consideration 
being given to reasonable ‘w

orst case scenarios’. …
 G

iven that the frequency of w
eather extrem

es is 
increasing, the potential for large im

pacts, and unprecedented ones, is grow
ing.”

6 

H
ere w

e sum
m

arise the outputs from
 the Taskforce into three areas: (i) how

 the changing w
eather m

ay create 
shocks to the global food system

, and, from
 this the developm

ent of a ‘plausible’ w
orst case scenario for a 

shock; (ii) plausible m
arket and policy responses to the w

orst case scenario; and (iii) how
 the com

bination of 
scenario and responses m

ay im
pact upon different societies, econom

ies and the environm
ent. 

W
e

a
th

e
r a

n
d

 sh
o

ck
s to

 th
e

 g
lo

b
a
l fo

o
d

 syste
m

Food production of the globally m
ost im

portant com
m

odity crops (m
aize, soybean, w

heat and rice) com
es 

from
 a sm

all num
ber of m

ajor producing countries. The exposure of a large proportion of global production 
of the m

ajor crops is therefore concentrated in particular parts of the globe (Fig 1), and so extrem
e w

eather 
events in these regions have the largest im

pact on global food production. Sim
ultaneous extrem

e w
eather 

events in tw
o or m

ore of these regions – creating a m
ultiple bread basket failure – w

ould represent a serious 
production shock, how

ever understanding the covariance of extrem
e w

eather events in different production 
regions is currently under-researched. There is an urgent need to understand the driving dynam

ics of 
m

eteorological teleconnections, such as the E
l N

iño – w
hich m

ay be becom
ing m

ore extrem
e

7 - in order to 
quantify the likelihoods of coincident production shocks in m

ajor food-producing regions. 
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B
y exam

ining production shocks in the recent past, w
e show

 that w
eather events, particularly drought, are a 

m
ajor driver of these shocks. U

sing the exam
ple of these past events w

e generated a set of scenarios, in the 
present or near-future, of w

eather-driven production shocks for each of the four crops. These w
e com

bined to 
create a plausible w

orst case scenario. 8

P
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Analysis of the historical records indicated that in 1988/89 there w
as a significant drought-related im

pact 
on the yields of m

aize and soybean, w
ith global production decreasing by 12%

 and 8.5%
 respectively. 

In 2002/3, drought im
pacted on w

heat in E
urope, R

ussia, India and C
hina and rice in India, w

ith global 
production of w

heat decreasing by 6%
, and of rice by 4%

. O
ur plausible w

orst case scenario is that the 
tw

o patterns of w
eather - that resulted in m

aize and soy, and w
heat and rice being significantly affected - 

occur sim
ultaneously. W

ithout further w
ork w

e cannot quantify the risk of this scenario, but w
e consider 

that a significant im
pact on all four crops of these m

agnitudes is plausible.

C
h

a
n

g
in

g
 p

ro
fi

le
s o

f risk
s o

ve
r tim

e
: a

 fi
rst a

n
a
lysis

Through the use of clim
ate m

odels coupled to crop m
odels, w

e can explore the changing risk of m
ajor shocks 

to the food system
. To gauge w

hether w
e should be concerned about changing risks, w

e undertook an initial 
exploration using an ensem

ble of agriculture and clim
ate im

pact m
odels. 9 In term

s of global calorie-w
eighted 

yields of m
aize, soy, w

heat and rice produced, the ensem
ble produces a distribution of yields in response to 

m
odelled w

eather (show
n in Fig 2 as histogram

s for ‘historical’ and ‘near-term
’ future, and as box plots for 4 

tim
e periods). C

om
paring the histogram

s, there are changes in the shape of the distribution in future relative 
to the last decades: they ‘flatten out’. This change in shape represents a significant increase in variance 
betw

een the m
odelled historical and the near term

 future, and this increasing variability continues to increase 
throughout the century (Fig 2, top right hand panel). 

This ensem
ble analysis suggests that w

hat w
e w

ould call an extrem
e food production shock in the late 20th 

century w
ill becom

e m
ore com

m
on in the future (Fig 2). These data indicate that a 1-in-200 year event for 

the clim
ate in the late 20

th century equates to a loss of approxim
ately 8.5%

 (Fig 2 top), and over the next 
decades (2011-2040), a 1-in-200 year event is about 15%

 larger in m
agnitude and equivalent to the loss of 

9.8%
 of calorie production. Furtherm

ore, according to the ensem
ble, an event that w

e w
ould have called 1-in-

100 years over the period 1951-2010 m
ay becom

e as frequent as a 1-in-30 year event before the m
iddle of 

the century. 
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The analysis show
n in the top row

 of Fig 2, assum
es full effectiveness of C

O
2  fertilization. R

ecently questions 
have been raised about the m

agnitude of this beneficial effect. 10 If w
e assum

e instead that there is no C
O

2  
fertilization at this large scale, w

e find sim
ilar but even m

ore severe effects in later decades (Fig 2 bottom
): 

a 1-in-200 year event in the near-term
 future is ~

25%
 greater m

agnitude and the extrem
e left tail indicates 

the potential for historically unprecedented events. W
ithout C

O
2  effects, a historically 1-in-100 year event is 

estim
ated to occur m

ore than once every 10 years by the second half of the 21
st century. 

These results are a prelim
inary analysis and are lim

ited by the availability of high-resolution global clim
ate 

m
odel runs. Significant w

ork is needed to reduce the uncertainty and better understand the w
ay extrem

e 
w

eather m
ay change. N

onetheless, the indications are clear that the global food system
 is facing increasing 

risks due to m
ore frequent extrem

e w
eather.
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G
lobal food trade has increased in recent years, bringing w

ell understood benefits. Trade allow
s countries 

w
ith lim

ited productive potential to m
eet dom

estic dem
and; it facilitates specialisation and efficiency; and 

it generally increases resilience by sm
oothing local disruptions. H

ow
ever, not all disruptions are equal. As 

Section 3 highlighted, the system
 is not robust to a shock in one or m

ore m
ajor production regions, pointing 

to inherent system
ic risk in the geographical concentration of global food production.

As noted by M
ay (regarding financial and ecosystem

 netw
orks, but sim

ilarly applies to the global food 
netw

ork w
hich shares som

e netw
ork properties) there is a com

plex interplay betw
een robustness and 

vulnerability. G
reater interconnectedness reduces countries’ vulnerability

11 to local production shocks, but 
m

ay increase vulnerability to shocks in distant breadbasket regions. It also m
eans the food system

 is m
ore 

vulnerable to a sudden reversal in connectivity, for exam
ple due to an outbreak of trade restrictions. A recent 

study exam
ining the evolution of trade netw

orks over the period 1992-2009 concluded:

…
the global food system

 does exhibit characteristics consistent w
ith a fragile one that 

is vulnerable to self-propagating disruptions. That is, in a setting w
here countries 

are increasingly interconnected and m
ore food is traded globally over the [last tw

o 
decades], a significant m

ajority of countries are either dependent on im
ports for their 

staple food supply or w
ould look to im

ports to m
eet any supply shortfalls. 12 

In essence, through deeper trade food im
porting countries have reduced costs and vulnerability to localized 

production shocks, but at the expense of increased exposure to system
ic risks such as a shock in a m

ajor 
production hub or a sudden deterioration in connectivity. R

ecent price spikes illustrate clearly the system
ic 

risks associated w
ith disruptions in m

ajor production regions and/or outbreaks of trade restrictions. O
ther 

factors thought to have am
plified these price spikes include biofuel m

andates, low
 ratios of stocks relative to 

dem
and and depreciation of the U

S dollar. 13 

H
istorically, follow

ing past production shocks, individual grain prices have m
ore than doubled in a short 

space of tim
e. 14 The food system

’s resilience to a w
eather-related shock can be defined by how

 m
uch food 

prices, access and availability are affected by it. R
esilience therefore depends on the m

agnitude of the 
physical shock, and on the policy and m

arket responses that m
ay am

plify or buffer its effects as it propagates 
through the system

.

In response to the last decade’s food price spikes, m
any governm

ents have developed strategic responses 
to better m

anage food production. H
ow

ever, other key problem
s pertaining to dem

and and trade responses 
rem

ain unaddressed. If w
e are to avoid the w

orst im
pacts of future production shocks, w

e need to develop 
greater understanding of how

 responses m
ay am

plify, or m
itigate, the price im

pact of production shocks. 
These responses are determ

ined by the actions of agents m
ediated through m

arkets. G
overnm

ents are 
significant players in this, both through their direct influence on m

arkets and their indirect influence on the 
other agents including farm

ers, food m
anufacturers and retailers, consum

ers and relief agencies. 

To capture the potential m
arket and governm

ent responses to food production shocks in w
heat, m

aize, 
soybean and rice, w

e conducted a literature review, undertook a historical data analysis and com
pleted 

~
50 interview

s w
ith experts from

 industry and policy around the w
orld. Taking the plausible w

orst case 
production shocks set out in B

ox 1 as a starting point, w
e developed a detailed scenario of how

 w
eather 

and responses m
ay interact on a global scale to produce a significant m

arket shock. This scenario for 2016 
involves export restrictions being put in place by m

ajor food producing countries, and large-scale purchases 
and consum

ption subsidies being used by m
ajor im

porters or highly im
port-dependent countries. The 

scenario is described in detail in the full version of this report [w
w

w.foodsecurity.ac.uk/assets/pdfs/extrem
e-

w
eather-resilience-of-global-food-system

.pdf], together w
ith a scenario for 2026 that assum

es a plausible 
deterioration in global food system

 resilience to have occurred in the intervening period. 

E
conom

ic m
odelling of the price im

pacts of these scenarios has not been possible, and in any case, typical 
econom

ic sim
ulation m

odels are poorly suited to m
odelling short-run prices during periods w

here m
arkets 

are in disequilibrium
 and the m

agnitude of the shock is significantly ‘out-of-sam
ple’. N

evertheless, it is our 
judgem

ent that the com
bined production shock and responses outlined below

 in the 2016 plausible w
orst 

case scenario could see the FAO
 food price index reach record highs, surpassing 250 com

pared to around 
170 at the tim

e of w
riting, w

ith a likely trebling in the price of individual grains. B
y w

ay of com
parison, 

the index reached 226 in 2008 and 238 in 2011. All other things being equal, the 2026 scenario w
ould be 

expected to result in an even higher price spike. E
conom

ic m
odelling of these scenarios w

ould be one subject 
for subsequent research.
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The consequences for global food security of any production shock depends not only on the responses of 
key actors, but critically also on the overall resilience of the food system

 and prevailing m
acroeconom

ic 
conditions. It is far from

 difficult to develop a plausible w
orst case scenario for 2026 in w

hich system
 

resilience is low
ered over the next decade and m

acroeconom
ic conditions are unfavourable, m

aking the 
global food system

 considerably m
ore vulnerable to the sam

e shocks. 

Factors that w
ould cum

ulatively reduce the resilience of the global food system
 to supply shocks and 

increase the likelihood of a price crisis include: low
 stock-to-use ratios; the reduced self-sufficiency of C

hina; 
increasingly inelastic dem

and; the recovery of oil prices; cum
ulative underinvestm

ent in infrastructure in 
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key exporting regions; and the depreciation of the U
S dollar. U

nder this set of preconditions the production 
shocks considered here w

ould alm
ost certainly result in a m

ore dram
atic price response. C

onsequently, the 
responses of societies and governm

ents w
ould likely be m

ore extrem
e. A larger num

ber of countries w
ould 

probably experience civil unrest. This w
ould raise the stakes for governm

ents, and result in m
ore states 

intervening.

H
o

w
 w

o
u

ld
 a

 p
la

u
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le
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rst ca
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rio

 im
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tie

s, e
co
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m
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s a
n

d
 th

e
 

e
n
v
iro

n
m

e
n

t?

The preceding section set out a plausible w
orst case scenario in 2016, com

prising a w
eather-related global 

production shock am
plified through the responses of m

arket actors that could plausibly result in a spike of 
the FAO

 food price index to over 250 in 2016. B
ased on this scenario, it is possible to consider the potential 

consequences for hum
an populations and national econom

ies. Inform
ation on possible country level im

pacts 
w

as collected through an expert interview
 process. An ‘Interview

 Q
uestionnaire’ w

as developed and a panel 
of experts from

 academ
ia/research institutions, governm

ent and the private sector w
ere interview

ed about the 
likely im

pacts in B
razil, C

hina, E
gypt, E

thiopia, E
urope, India, R

ussia, Saudi Arabia, and the U
nited States. 

This analysis revealed the follow
ing broad expectations of how

 the plausible w
orst case scenario m

ight unfold 
at the national and societal level. These are highly consistent w

ith the im
pacts observed during the 2007/8 

and 2010/11 price spikes.

• 
T

he hardest im
pacts w

ould be felt by im
port dependent developing countries, particular in 

Sub-Saharan Africa. These countries w
ould be expected to experience the m

ost pronounced short-term
 

deteriorations in poverty rates and nutrition security. At the econom
y level, im

pacts w
ould likely include 

inflation, deteriorations in the balance of paym
ents and budgetary pressures arising from

 higher food 
subsidies and social transfers.

• 
O

ther im
port dependent countries could experience social unrest. In particular, in the w

ake of 
the Arab Spring and ongoing instability in the region, the highly im

port dependent countries of the 
M

iddle E
ast and N

orth Africa region could be particularly vulnerable.

• 
Im

pacts on m
ajor econom

ies w
ould be m

uted. C
onsum

ers in large industrialised countries such 
as the U

S and E
U

, w
here food represents a sm

all share of household expenditures, w
ould be relatively 

unaffected. 15 The crop sectors of these econom
ies, and other m

ajor agricultural producers, w
ould likely 

benefit from
 higher prices, though other sectors could suffer. Poor food consum

ers in C
hina w

ould likely 
be relatively unaffected due to governm

ent intervention to buffer these households from
 food price 

inflation through the use of strategic reserves and price controls.

• 
T

he supply response m
ay have negative consequences in the longer term

. In response to the 
price spike, agricultural output w

ould likely increase through a com
bination of extensification and 

intensification. In the short-term
, this w

ould increase supply and help stocks to recover, facilitating a 
decline in food prices. H

ow
ever, if extensification occurred at the expense of high carbon value and/

or high biodiversity value land such as forest, this could have long-term
 environm

ental costs. Sim
ilarly, 

unsustainable intensification could degrade soils, deplete freshw
ater supplies and increase greenhouse 

gas em
issions and eutrophication. The risk of unsustainable production responses is likely to be higher 

in the event of a dram
atic price spike, w

ith potential long-term
 consequences for the resilience of food 

production. 
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W
e have argued that the risk of a serious w

eather-related shock to global food production appears to be 
increasing rapidly due to clim

ate change. Such an event could have serious im
plications for the stability of 

global grain m
arkets and hum

an security in vulnerable countries. In our full report, w
e set out five broad 

areas w
here action can begin to be taken in order to address this. 16 First, and perhaps forem

ost, is to better 
understand the risks. In particular, w

e need to better understand the evolving risk of w
eather-related shocks. 

In addition, there is also a need to better understand the w
ays a shock propagates through the trade netw

ork, 
and the im

m
ediate actions that can m

itigate its effects. Finally, there are strategic actions that can be taken to 
create structural changes that build the resilience of the global and local food system

s. 
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The security risks of clim
ate change m

ay be the hardest of all clim
ate risks to assess, because they involve the 

longest chains of causation or influence, and the m
ost unpredictable factors. H

ow
ever, since they m

ay be the 
biggest risks of all, 1 assessing them

 to the fullest extent possible is essential. 

There is potential for confusion and underestim
ation of risk if assessm

ents of clim
ate security risks do 

not m
ake clear the degree of clim

ate change they are considering. A focus on risks in the current clim
ate 

m
ay w

ell be enough to inform
 policy on adaptation and resilience, but to inform

 decisions w
ith long-term

 
im

plications (such as those relating to global em
issions), a longer-term

 view
 is also necessary. H

ere w
e 

deliberately m
ake clear distinctions w

herever possible betw
een risks in the present clim

ate, risks in the future 
under low

 degrees of clim
ate change, and risks in the future under high degrees of clim

ate change. 
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A grow
ing body of credible, em

pirical evidence has em
erged over the past decade to show

 that the clim
ate 

change that has occurred thus far – involving an increase of 0.8°C
 in global average tem

peratures – is already 
influencing dynam

ics associated w
ith hum

an, sub-national, national and international security. This evidence 
does not generally attem

pt to pinpoint precise causal relationships, but instead considers how
 clim

ate change 
m

ay have altered probabilities and interacted w
ith other factors to increase the risks. H

ere w
e give three 

exam
ples. 

D
rought, displacem

ent and confl
ict in Syria  

The M
iddle E

ast, N
orth Africa and M

editerranean region has experienced a drying trend over the last few
 

decades, w
ith a notable decline in w

inter precipitation. C
lim

ate change is thought to have played a significant 
role in this trend, as w

as forecast by previous clim
ate m

odelling, 2 and to have m
ade the extrem

e drought 
suffered by Syria betw

een 2007 and 2011 som
e tw

o to three tim
es m

ore likely. 3 D
uring the drought, crop 

failure and the loss of livestock w
ere severe and w

idespread. This contributed to a m
ass internal displacem

ent 
of farm

ers and herders – around tw
o m

illion people – m
any of w

hom
 fled to urban areas w

hich w
ere 

already stressed w
ith Iraqi and Palestinian refugees. 4 B

y 2009, m
ore than 800,000 Syrians had lost their 

entire livelihood as a result of the droughts; by 2011, around 1 m
illion w

ere extrem
ely food insecure, and 

2-3 m
illion had been driven into extrem

e poverty. 5 W
hile m

any other factors w
ere im

portant in driving the 
political unrest and conflict that follow

ed, it is difficult to im
agine that this w

idespread im
poverishm

ent and 
large-scale displacem

ent did not play a role. 
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H
eat w

aves, food price spikes, and civil unrest  
In the sum

m
er of 2010, R

ussia suffered an extrem
e heat w

ave. C
lim

ate change is estim
ated to have m

ade 
this event approxim

ately three tim
es m

ore likely to occur than it w
ould have been otherw

ise. 6 The heat w
ave 

com
bined w

ith and contributed to drought and fire, and reduced R
ussia’s w

heat production that year by 
m

ore than 30%
. 7 At the sam

e tim
e, related droughts affected w

heat harvests in U
kraine and C

hina. R
educed 

production, protectionist m
easures, com

m
odity speculation, and large-scale purchases on the global m

arket 
all contributed to a m

ore than doubling of the global w
heat price in the second half of 2010. 8, 9 In highly 

im
port-dependent countries such as E

gypt, the price of w
heat rose by 300%

 in late 2010 and early 2011. 10 

The top nine w
heat-im

porting countries in the w
orld, on a per capita basis, are all in the M

iddle E
ast and 

N
orth Africa. Seven of these countries – Libya, Jordan, Algeria, Tunisia, Yem

en, E
gypt and Iraq – are ranked 

low
er than ‘very high’ on the H

um
an D

evelopm
ent Index, and spend betw

een 35%
 and 45%

 of their average 
household incom

e on food. All seven experienced political protests resulting in civilian deaths in 2011. 11 In 
m

any of these countries, food prices are recognized to have been one of the factors that led to the unrest 
– notably in Tunisia, Jordan and Yem

en, w
here dem

onstrators w
aved baguettes on the streets. 12 In E

gypt, 
although urban protests prim

arily focused on other social and econom
ic concerns, bread protests occurred in 

rural areas across the country in parallel to the events in Tahrir Square, and m
ay have broadened the appeal 

of the revolution to rural com
m

unities. 13 

C
learly, clim

ate change did not on its ow
n cause any of these events. B

ut it appears to have played a role, 
com

bining w
ith other stresses and w

eaknesses to destabilize environm
ental, econom

ic, social and political 
system

s. 

C
lim

ate variability, change, and confl
ict  

E
vidence of the influence of clim

ate change on sub-national conflict in Africa has m
aterialized over the past 

five years. Across the continent, rainfall variability has been found to affect ‘both large-scale and sm
aller-scale 

instances of political conflict’. 14 A strong correlation has been detected betw
een clim

ate change, resource 
stress and range w

ars am
ong pastoralists in E

ast Africa. 15 

R
ecent research has investigated clim

ate change and conflict across w
ider ranges of tem

poral and 
geographical scales, and found evidence of sim

ilar relationships. 16 O
ne evaluation of sixty prim

ary studies 
and forty-five conflict data sets found that the likelihood of violence at a num

ber of levels, from
 interpersonal 

to international, increases significantly w
ith clim

atological changes. 17 These studies have deliberately 
excluded consideration of m

itigating circum
stances, such as governance and w

ealth, in order to attem
pt to 

detect a trend in the changing likelihood of conflict. This is a w
eakness, in term

s of the practicality of the 
results. H

ow
ever, it is a strength in term

s of identifying a statistically-significant correlation betw
een clim

atic 
changes (particularly precipitation), and the likelihood of conflict, across tim

e and space, and across a range 
of scales.
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In the near term
 future, population and econom

ic grow
th are expected to significantly increase pressure on 

resources. G
lobal dem

and for food, w
ater and energy is projected to increase by approxim

ately 35%
, 40%

 and 
50%

 respectively, by 2030 as com
pared to 2012. 18 At the sam

e tim
e, clim

ate change could negatively affect 
the availability of these resources. N

ational security and intelligence assessm
ents of several governm

ents 
have recognised the potential for this confluence of trends to contribute to security risks. 19 

W
ith regard to security risks in the long term

, relatively little analysis is available. The IPC
C

 found that: 
“M

uch of the current literature on hum
an security and clim

ate change is inform
ed by contem

porary 
relationships and observation and hence is lim

ited in analyzing the hum
an security im

plications of 
rapid or severe clim

ate change.” 20 

To support our assessm
ent of how

 security risks could vary betw
een low

 degrees of clim
ate change in the 

near term
, and potentially high degrees of clim

ate change in the long term
, w

e com
m

issioned the C
N

A 
C

orporation, experts in futures analysis and w
argam

ing, to design and conduct a w
argam

e and scenarios 
exercise. This w

as held in D
elhi in M

arch 2015, hosted by the C
ouncil on E

nergy, E
nvironm

ent and W
ater. 

The tw
enty-four participants included senior scientists, security experts, diplom

ats, and retired m
ilitary 

personnel from
 countries including India, C

hina, the U
S, the U

K
, B

angladesh, G
erm

any, the N
etherlands, 

and Finland. The gam
e investigated the decisions m

ade by participants as they played the roles of leaders 
of m

ajor countries and regions, aim
ing to further national econom

ic and security interests in the context 
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of a changing clim
ate over the next half-century or m

ore. The scenarios exercise consisted of round-table 
discussions to identify the m

ost significant near-term
 and long-term

 security risks in a scenario w
here clim

ate 
change progressed at a rate close to the upper end of w

hat is currently assessed as the likely range. 21 B
oth 

exercises w
ere conducted by four independent groups of participants operating in parallel. The assum

ptions 
used in both exercises w

ere review
ed for reasonableness and plausibility by the C

lim
ate C

hange Science 
Institute of O

ak R
idge N

ational Laboratory. 

H
ere w

e discuss som
e of the biggest security risks identified, grouping them

 by them
e. Analysis from

 the 
w

argam
e and scenarios exercise conducted for this assessm

ent is presented together w
ith som

e m
ore detailed 

com
m

ents from
 individual participants, and w

ith relevant findings from
 a few

 other published studies that 
have explicitly considered the security risks of high degrees of clim

ate change. R
eferences note w

here other 
assessm

ents have reached sim
ilar conclusions.

State failure  
O

ur scenarios exercise found that in the near-term
 future, clim

ate change w
ould be m

ost likely to increase 
the risks of state failure in states that are already highly w

ater stressed or food insecure, at the sam
e tim

e 
as suffering from

 poverty, social tensions, and poor governance. W
e considered that countries in the M

iddle 
E

ast and N
orth Africa region m

ay be at particular risk: m
ost are already w

ater-stressed, m
any of them

 to an 
extrem

e degree. 22 The large population increases projected for m
any countries in the region – in the range 

of 50%
 for E

gypt, 70%
 for Syria, 90%

 for Yem
en, and 130%

 for Iraq, betw
een 2010 and 2050, w

ill further 
decrease per capita w

ater resources. At the sam
e tim

e, clim
ate m

odels predict a drying trend for the region. 
O

ne study projects a reduction in stream
flow

 of 10-30%
 in large parts of the region, and of 30-50%

 in the 
w

orst affected areas, w
ith a global tem

perature rise of 2.7°C
. 23 

W
e also considered that countries w

here a high proportion of the population relies on subsistence farm
ing 

m
ay be at particular risk of instability due to clim

ate change im
pacts on agriculture. Sub-Saharan Africa 

already has the highest proportion of food insecure people in the w
orld, w

ith m
ore than a quarter of the 

population undernourished in 2010-2012, and m
ore than half in som

e areas. 24 M
any of the countries in 

the region – m
ore than 30 in the continent as a w

hole – are projected to double their populations by m
id-

century, 25 and for a significant num
ber, this w

ill reduce arable land per capita to below
 a threshold of extrem

e 
stress. 26 At the sam

e tim
e, land tem

peratures in Africa are projected to rise faster than the global land 
average, and it is thought very likely that clim

ate change w
ill reduce cereal crop productivity, w

ith strong 
adverse effects on food security. 27 C

learly, econom
ic developm

ent and adaptation to clim
ate change w

ill be 
critical, and the risks w

ill be greatest w
here these efforts are less successful. 

C
lim

ate change is likely to increase environm
ental stresses on m

any countries at the sam
e tim

e. A report by 
the G

erm
an Advisory C

ouncil on G
lobal C

hange suggested that this, in com
bination w

ith the tendency of 
failed states to destabilize their neighbours, could lead to the em

ergence of ‘failing sub-regions’ in parts of 
the w

orld w
here clim

ate change im
pacts are particularly severe. 28 Vice-Adm

iral C
hauhan (retd.) of the Indian 

N
avy gives an exam

ple of how
 stresses affecting the countries of South Asia could interact w

ith each other. 
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N
ation-states are far from

 being inherently stable. M
any have suffered near-continuous internal tensions 

throughout their histories, arising from
 ethno-religious differences and socio-econom

ic inequalities. The 
extent to w

hich the w
rit of nation states runs is often quite lim

ited, both in term
s of its robustness, and 

in term
s of geography. H

istorically, the resilience of governm
ent structures in the face of unexpected 

and large-scale crises has frequently been found to be severely w
anting. State failure is not a precisely 

defined term
, but it m

ay be characterised by: (a) an inability to provide security to the population resulting 
from

 failure to retain a m
onopoly on the legitim

ate use of force; (b) an inability to provide and equitably 
distribute essential goods and services; (c) a serious erosion of the pow

er to m
ake and enforce collective 

decisions; and (d) the involuntary m
ovem

ent of populations including refugees. 

H
igh degrees of clim

ate change could increase the risks of state failure in countries that are econom
ically 

underdeveloped, resource stressed, or already unstable for other reasons. In South Asia, drought in 
Afghanistan and Pakistan, and incessant flooding and loss of land to the sea in B

angladesh, could put 
those countries’ governm

ents under great stress, and precipitate large-scale m
igration into India. In 

India, this w
ould com

bine w
ith an internal population shift from

 rural to urban areas, further increasing 
dem

ographic pressure in cities – m
any of the largest of w

hich – including K
olkata, C

hennai and M
um

bai – 
are coastal, and w

ill be increasingly vulnerable to flooding both from
 sea level rise and from

 m
ore intense 

rainfall. At the sam
e tim

e, both the influx of internal and external m
igrants, and the increasing variability 

of the m
onsoon, could further destabilise the ‘R

ed C
orridor’, a sw

athe of econom
ic deprivation and 

m
isgovernance that cuts through alm

ost all the eastern states of India, in w
hich M

arxist-Leninist rebels 
are w

aging a cam
paign of violence against the state. The tem

ptation to solve this problem
 through m

ilitary 
intervention could becom

e overw
helm

ing. 

At the high degrees of clim
ate change possible in the long-term

 future, participants in our scenarios exercise 
considered that there could even be risks to the political integrity of states that are currently considered 
developed and stable. These could arise from

 the com
bined effects of food and w

ater insecurity, social 
stresses caused by inequality and large-scale internal m

igration, the increasing expense and difficulty of 
protecting coastal cities, and the breakdow

n of infrastructure system
s subject to m

ultiple stresses. xii 

T
errorism

  
Participants in our exercise saw

 the risk of terrorism
 as closely linked to the risk of state failure. W

hile 
terrorism

 has com
plex causes, the pow

er vacuum
 left by a failing or collapsed state provides conditions in 

w
hich terrorist groups can becom

e established and grow
 stronger. Participants considered that the inequality 

of clim
ate change im

pacts betw
een countries, and the potential for large-scale displacem

ent of people, could 
further increase the risk. H

ere Vice Adm
iral Lee G

unn (R
etd.) describes how

 clim
ate change could increase 

the appeal of terrorism
, at the sam

e tim
e as terrorism

 itself is becom
ing m

ore dangerous. 
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Vice-A
dm

iral Lee G
unn, U

S N
avy (R

etd.) Form
er Inspector G

eneral of the D
epartm

ent of the N
avy 

(N
avy and M

arine C
orps), form

erly C
om

m
ander of E

xpeditionary Strike G
roup T

hree, and m
ost 

recently P
resident of the Institute for P

ublic R
esearch at C

N
A

N
o society, how

ever prosperous overall it m
ay be, appears to be entirely im

m
une to terrorists’ recruiting. 

Terrorism
 can arise w

hen tw
o essential conditions are m

et: the presence of an appealing, unifying, or 
disruptive idea, and the social disenfranchisem

ent of a section of society. The m
ore the m

em
bers of 

a segm
ent of society feel them

selves to be econom
ically, culturally, or politically disenfranchised or 

m
arginalised, and the m

ore difficult or distasteful their circum
stances, the m

ore fertile their com
m

unity 
m

ay becom
e for terrorists’ recruiting.

E
ven in the current clim

ate, som
e nations already struggle to provide for the basic needs of their 

populations (security, health, em
ploym

ent, freedom
 from

 w
ant); w

hile other nations have failed to do so 
entirely. As a result there are already m

arginalised populations w
here the appeal of terrorism

 is strong, 
and territories that are effectively ungoverned w

here terrorist groups are left to operate w
ith little 

constraint. C
lim

ate change w
ill disproportionately affect the countries that are already the w

eakest, and 
the people w

ithin them
 w

ho are already the m
ost vulnerable. It has the potential to significantly increase 

the ranks of disenfranchised populations w
ithin countries, as w

ell as to increase the extent of ungoverned 
spaces. 29 At the sam

e tim
e, terrorism

 is becom
ing m

ore dangerous as som
e of these groups take advantage 

of new
 technologies and globalisation, and w

e can expect this trend to continue. 
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M
igration and displacem

ent  
There are m

any w
ays in w

hich clim
ate change could lead to m

igration and displacem
ent, w

ith attendant 
security risks, as described here by M

ajor G
eneral A N

 M
 M

uniruzzam
an (R

etd).

A
 p

e
rsp

e
ctive

 o
n

 clim
a
te

 ch
a
n

g
e

 a
n

d
 se

cu
rity

 risk
s fro

m
 m

ig
ra

tio
n

 a
n

d
 d

isp
la

ce
m

e
n

t

M
ajor G

eneral A
 N

 M
 M

uniruzzam
an, ndc, psc (R

etd), P
resident of B

angladesh Institute of Peace 
and Security Studies, C

hairm
an of G

lobal M
ilitary A

dvisory C
ouncil on C

lim
ate C

hange 

H
istorically, people have m

oved from
 place to place in search of a better life and to escape danger. U

sually, 
their decision to m

igrate has a num
ber of influences, and cannot be attributed to a single cause. In the 

com
ing century, clim

ate change could em
erge as an increasingly pow

erful influence. The w
ays in w

hich 
this could happen include: 

• 
Sea level rise, w

ith attendant flooding and coastal erosion, is likely to displace populations from
 low

-
lying coastal areas, and sm

all island states. M
illions of people in B

angladesh could be displaced, and 
around 40 sm

all island states could face partial or com
plete subm

ergence. 

• 
R

iver flooding can displace people both directly, and indirectly through disruption of agricultural 
livelihoods. Flooding is projected to increase in m

any regions, but it could be a particular problem
 in 

South Asia due to the contribution of m
elting glaciers. 

• 
D

esertification and drought are both projected to increase w
ith clim

ate change. B
oth can be drivers of 

m
igration, especially of pastoral societies or those depending on rain-fed agriculture. 

• 
N

atural disasters tend to lead to short-term
 displacem

ent, but persistent extrem
e events in a region can 

lead to m
igration. In future, this could include persistent dangerous heat extrem

es. 

It has been speculated that the num
ber of people displaced or m

igrating as a result of future clim
ate change 

could run into the hundreds of m
illions, 30 but it is im

possible to m
ake an estim

ate w
ith any confidence, and 

it w
ill depend greatly on the rate and extent of clim

ate change that is experienced. The security risks that 
could arise from

 large-scale m
igration have been w

idely recognized, 31, 32, 33, 34 and include: 

• 
D

estabilized borders: M
igrants and refugees m

ay be forcibly resisted by local populations or by 
governm

ents. This can lead to conflict betw
een groups, and potentially betw

een states. 

• 
C

onfl
ict over resources: E

nvironm
ental m

igration has been found to be m
ore likely to lead to 

conflict w
hen the destination country is already resource stressed. 35 W

ith clim
ate change, this could 

often be the case, as countries w
ithin a region are affected in sim

ilar w
ays. 

• 
E

thnic and cultural confl
ict: M

igrants and displaced people often have to endure difficult living 
conditions and discrim

ination, w
hich can lead to social division and tensions. H

istorically, conflict 
appears to have been m

ore likely w
hen m

igrants and destination country residents are from
 different 

ethnic groups, or w
hen there is already distrust betw

een their respective nations or social groups. 36 

• 
D

isease: D
isplaced populations often lack appropriate sanitary and m

edical facilities. This can 
contribute to the spread of disease across borders. 

All four groups of participants in our scenarios exercise identified m
igration – both w

ithin and betw
een 

countries – as a significant security risk. C
oncerns w

ere as m
uch about the m

anagem
ent of political and 

social tensions as about econom
ic costs and pressure on resources. Participants from

 large countries w
ere 

particularly concerned about how
 governance structures could cope, and social cohesion be m

aintained, 
in situations w

here the differing local severity of clim
ate im

pacts led to large-scale internal m
igration. At 

the sam
e tim

e, it w
as felt that the pressure of increasing num

bers of international m
igrants and refugees 

could result in a rise of xenophobia and nationalism
. In the gam

e, it w
as notable that increasing num

bers of 
refugees contributed to several large countries becom

ing m
ore isolationist in their foreign policies. 

Studies that have considered m
igration under high degrees of clim

ate change have judged that the com
plexity 

of causes seen at present could be reduced to a m
ore sim

ple equation. The U
K

 G
overnm

ent’s Foresight 
report 37 found that: ‘som

e im
pacts of environm

ental change…
 m

ay give rise to significant perm
anent 

displacem
ent of w

hole populations as a result of existing settlem
ents being, in effect, uninhabitable’. Sim

ilarly, 
a study cited by the IPC

C
 argues that ‘the m

ost significant difference betw
een the nature of hum

an m
igration 

in response to 4°C
 of w

arm
ing relative to 2°C

 w
ould be to rem

ove m
any people’s ability to choose w

hether to 
stay or leave w

hen confronted w
ith environm

ental changes.’ 38 In this context, the num
ber of people forced to 

m
ove could be of an order of m

agnitude greater than anything experienced in hum
an history. 39 

As w
as noted in our scenarios exercise, if a high degree of clim

ate change is reached, then by that tim
e, m

uch 
m

ore w
ill be know

n about the actual em
issions path that the w

orld has follow
ed, about clim

ate sensitivity, 
and about the im

pacts of clim
ate change. It w

ill then be fairly clear w
hether or not further clim

ate change, 
w

ith even m
ore adverse consequences, is to be expected. The incentive for populations – and even states – to 

attem
pt to m

ove to m
ore favourable territory w

ould then be correspondingly higher.

H
um

anitarian crises, nationalism
, and global governance  

Participants in our exercise considered it extrem
ely likely that clim

ate change w
ould exacerbate hum

anitarian 
crises over the com

ing decades. 40 The greater uncertainty w
as around the extent to w

hich the international 
com

m
unity w

ould have the capability and w
illingness to respond to these crises in the future. In the scenarios 

exercise, participants suggested that the m
ultiple pressures could contribute to a shift tow

ards nationalism
, 

and aw
ay from

 values associated w
ith hum

an rights, dem
ocracy, and cooperative global governance. 

Post-gam
e analysis found that as clim

ate conditions had w
orsened, and the num

ber of regions requiring aid 
and hum

anitarian assistance had increased, in all four instances of the gam
e at least one m

ajor developed 
country reduced its assistance so as to concentrate on solving its ow

n internal problem
s, and in som

e 
instances a m

ajority of countries did so. In such cases, countries only turned their gaze outw
ard again w

hen 
prom

pted by refugees or terrorism
. C

ountries that persisted w
ith an internationalist approach suffered an 

increasingly unsupportable burden. 

A sim
ilar risk w

as identified by the G
erm

an Advisory C
ouncil on G

lobal C
hange, w

hich argued that, given 
how

 difficult the international com
m

unity finds dealing w
ith a few

 failed states in the current clim
ate, the 

consequences of high degrees of clim
ate change could over-stretch conventional security policy, and pose a 

risk to the global governance system
 as a w

hole. 41 

R
esource com

petition and inter-state confl
ict  

W
e noted above how

 resource stress, intensified by clim
ate change, could increase the risks of state failure. 

H
ere w

e consider w
hether the sam

e stresses could be a factor in inter-state conflict. First, Sarang Shidore 
addresses the case of w

ater stress. 

A
 p
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Sarang Shidore, Visiting Scholar, U
niversity of T

exas at A
ustin, form

erly co-leader of strategic 
futures project at the Institute for D

efense Studies and A
nalyses, N

ew
 D

elhi

W
hile m

any research studies have considered the links betw
een clim

ate change and sub-national 
conflict, relatively few

 have taken on the question of clim
ate-influenced inter-state conflict. Those that 

have, have tended to focus prim
arily on transboundary w

ater resources, draw
ing on a long history of 

interdependencies and disputes. 42 In general, there is little support for the hypothesis of ‘w
ater w

ars’ - the 
idea that scarcity necessarily leads to increased arm

ed w
arfare betw

een states. In fact, a num
ber of studies 

have dissected the m
any cooperative m

echanism
s that states have voluntarily put in place, even under 

fraught conditions. Som
e of these exam

ples are the Indus W
ater Treaty betw

een India and Pakistan, the 
M

ekong R
iver C

om
m

ission, and treaties and consultations on the use of the N
ile river in Africa.

N
evertheless, there is evidence that w

ater scarcity and variability can increase political tensions betw
een 

states sharing a com
m

on w
ater resource, especially if their relations are poor due to other reasons, 

and can lead to diplom
atic, trade, and other form

s of non-m
ilitary conflict. 43 Political tensions over 

w
ater have arisen in South Asia w

ith respect to the Indus, G
anges, and B

rahm
aputra rivers (India, 

Pakistan, B
angladesh, and C

hina), in C
entral Asia w

ith the Syr D
arya river (K

yrgyzstan, U
zbekistan, and 

K
azakhstan), and in Africa w

ith the N
ile (E

gypt, E
thiopia, and Sudan). O

ther potential sites for w
ater 

scarcities enhancing latent interstate tensions include the Jordan river (Israel-Palestine and Jordan), 
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the Tigris-E
uphrates (Turkey, Syria and Iraq), and a num

ber of rivers in the w
ater-stressed regions 

of northern, eastern and southern sub-Saharan Africa such as the K
uito river (N

am
ibia, Angola, and 

B
otsw

ana). 

An im
portant caveat to bear in m

ind is that m
ost of the existing body of research relates to the current 

clim
ate. The variabilities, scarcities, and (in som

e cases) surpluses induced by clim
ate change in, for 

exam
ple, a 3°C

 w
orld are likely to be m

uch greater than any recorded in m
odern history, and could act as 

m
ajor destabilizing factors at a range w

ell beyond the am
bit of existing studies of past resource-conflict 

events. 

Post-gam
e analysis found that in all four gam

es, m
eeting national requirem

ents for resources including 
food, fuel and w

ater becam
e an increasingly high priority —

 in som
e cases rising above traditional national 

security priorities —
 as tim

e w
ent on. O

ne action that w
as noticeably absent from

 the gam
e w

as the decision 
to use m

ilitary force to invade a region to gain control of the region’s resources. This m
ay have been related 

to the fact that clim
ate change tended to have the m

ost severe im
pact on the resources of countries that 

w
ere already relatively w

eak in term
s of both m

ilitary and econom
ic pow

er, reinforcing inequality betw
een 

countries. 

The gam
e w

as not resolved in enough detail to investigate the tensions that could arise over specific 
transboundary rivers; how

ever, in the scenarios exercise it w
as considered to be a significant risk that over 

the long term
, w

ater stress in parts of the M
iddle E

ast, C
entral Asia and South Asia could becom

e so dire 
that the historical trend of w

ater insecurity driving cooperation betw
een conflicting parties could be broken. 

It w
as recognised that desalination could be an im

portant technology, but its high energy cost could prove a 
constraint for som

e developing countries, especially for regions far from
 the coast. 

Participants in the scenarios exercise highlighted the risks linked to the stability or otherw
ise of global food 

m
arkets, as Professor Shi Yinhong describes here. 

A
 p
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P
rofessor Shi Yinhong, P

rofessor of International R
elations, R

enm
in U

niversity of C
hina 

The severity of the im
pact of high degrees of clim

ate change on food production is not w
ell know

n; neither 
is our ability to adapt to it. In a plausible w

orst case scenario w
here production does not keep up w

ith 
grow

ing dem
and, food could becom

e the single m
ost sought-after resource globally. G

lobal m
arkets could 

be destabilised, w
ith prices high and volatile. Large fluctuations in price, or constraints on availability, 

could contribute to state failure in highly im
port-dependent countries. 

In developed, high-consum
ing countries, pressure for secure, affordable supply, together w

ith a loss of 
confidence in the m

arkets, w
ould result in a high priority being placed on the security of im

ports. This 
could lead to com

petition for the leasing or acquisition of arable land in developing countries, w
ith 

contracts being enforced, w
here necessary, w

ith both soft and hard national pow
er. The risk of conflict 

w
ould be significant in situations w

here the developing countries them
selves faced shortfalls. At the 

sam
e tim

e, the im
portance of overseas assets to food security w

ould lead great pow
ers to invest m

ore in 
defending strategic trade routes, w

hich could them
selves becom

e subject to m
ilitary confrontation. 

N
one of these events are inevitable. W

hile history contains m
any exam

ples of hardship leading to 
aggression, exam

ples of the contrary m
ay be found as w

ell – particularly in Asian nations, w
here 

B
uddhism

 and D
aoism

 are w
idely practiced. It is possible that the hardship of future clim

ate change could 
lead to greater international cooperation in addressing com

m
on problem

s, and a positive transform
ation 

of the global political culture. H
ow

ever, from
 today’s perspective, few

 w
ould have firm

 confidence in such 
an outcom

e. 

C
lim

ate geo-engineering  
In tw

o of the four instances of the gam
e, participants decided to invest in clim

ate geoengineering (in the form
 

of solar radiation m
anagem

ent) in order to lim
it global tem

perature rise. W
hile this w

as w
idely perceived as 

having significant risks of its ow
n, participants w

ere balancing these against the increasing risks of loss of 
governance, national isolation, and resource depletion (food, fuel, and w

ater). Participants considered that 
security risks could arise from

 the fact that there w
as no recognised authority for decision-m

aking on clim
ate 

geoengineering, and no m
eans of preventing unilateral action by a country, region, corporation, or even an 

individual. 44 

C
o

n
clu

sio
n

s 

Participants in our exercise acknow
ledged the deep uncertainty involved in any attem

pt to consider how
 

hum
an society and civilization m

ight develop even a few
 decades into the future. Technological developm

ent, 
and the future of governance at the national and global levels, w

ere both identified as particularly im
portant 

unknow
ns. 

C
ertain areas of technology w

ere identified that could have a direct bearing on som
e of the risks: rates of 

progress in desalination of w
ater, breeding or m

odification of crops, and renew
able energy w

ith storage 
technologies w

ould all be likely to affect relative levels of resource stress, and the risks that could arise 
from

 such stress. In addition, there w
ere the ‘unknow

n unknow
ns’ of future technologies that have not yet 

been invented. The contribution of any technologies to m
itigate the risks w

ould depend not only on rates 
of progress, but also on the equity or otherw

ise of their availability for use. This w
ould depend in turn on 

governance. 

G
overnance w

ould play a critical role in determ
ining w

hether system
s broke dow

n or rem
ained resilient 

under stress. Participants in our exercise felt that beyond the fam
iliar distinctions betw

een dem
ocracy and 

dictatorship, centralised or decentralised, nationalist or internationalist, there w
ere possibilities for future 

m
odels of governance to em

erge w
hich, like unknow

n technologies, have yet to be im
agined. The relative 

im
portance of m

arkets, m
ilitaries, religions, states, alliances, regional associations, and global structures 

could all change. 

D
espite the depth of these uncertainties, it w

as recognised that the hum
an econom

y existed w
ithin the natural 

physical environm
ent, and could not be separated from

 it. C
lim

ate change w
ould subject m

any parts of that 
environm

ent to intense pressure, and create stresses that w
ould be difficult for any system

 of governance to 
m

anage. As levels of stress increased, so w
ould the scale of the system

s at risk – from
 city infrastructure, to 

state governm
ents, to international system

s of transport and trade. The risk of disruption w
as considered 

likely to be very significant even at low
 degrees of clim

ate change, and likely to increase in a non-linear 
m

anner as clim
ate change progressed to higher degrees, or at a faster rate. 
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 c
h
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g
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m
a
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 d
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e
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c
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o
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 m
u
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c
a
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b

o
u

t th
e
m
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In this section, w
e start w

ith econom
ics, and consider w

hat it can and cannot tell us about the value of the 
risks of clim

ate change. Then w
e provide one person’s perspective on the ethical issues at stake. Finally, for 

the sake of transparency, w
e give our ow

n opinion. 

2
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The Stern R
eview

 is probably the m
ost fam

ous report on the econom
ics of clim

ate change. It is m
ost 

w
idely cited for its conclusion that action on clim

ate change w
ould cost far less than inaction. The costs of 

action w
ere estim

ated at som
e 1-2%

 of global G
D

P per year , and the costs of inaction w
ere estim

ated to 
be equivalent to losing som

ething in the region of 5-20%
 of global G

D
P each year. 1 

W
hat is less w

idely recognized about the Stern R
eview

 is that it fram
ed clim

ate change prim
arily as a 

question of risk m
anagem

ent. The cost-benefit com
parison described above w

as only one of four options it 
presented for w

ays people could com
pare the values of action and inaction, and take decisions. The others 

w
ere: 

i. 
An approach focused on reducing the probability of undesired outcom

es (such as a certain degree 
of tem

perature increase) to a tolerably low
 level. The cost of reducing the probability w

as assessed 
quantitatively, but the risks associated w

ith the undesired outcom
es w

ere not. (This w
as the approach 

taken in m
ost sections of the R

eview
). 

ii. A com
parison of the im

plications of action and inaction for the prospects of long-term
 econom

ic grow
th 

and developm
ent. 

iii. A com
parison of the nature of the w

orld and the quality of life that w
ould arise w

ith action or inaction on 
clim

ate change. 

The Stern R
eview

’s section on econom
ic m

odeling acknow
ledged the difficulties and shortcom

ings 
inherent in its attem

pt to estim
ate the aggregate costs of clim

ate change, and urged readers to ‘avoid 
an over-literal interpretation of these results’. O

nly tw
o years after the R

eview
’s publication, its author 

N
icholas Stern w

rote: “Looking back, I think the Stern R
eview

 assum
ptions led to an underestim

ation 
of the costs of inaction w

hichever of these four approaches are adopted.”
 2 In 2013, Stern w

ent further: 
in a paper entitled The Structure of E

conom
ic M

odeling of the Potential Im
pacts of C

lim
ate C

hange: 
G

rafting G
ross U

nderestim
ation of R

isk onto A
lready N

arrow
 Science M

odels, 3 he concluded that: “It 
is vital that w

e treat policy analysis as that of a risk-m
anagem

ent problem
 of im

m
ense proportions 

and discuss risks in a far m
ore realistic w

ay... M
any scientists are telling us that our m

odels 
are, grossly, underestim

ating the risks. In these circum
stances, it is irresponsible to act as if the 

econom
ic m

odels currently dom
inating policy analysis represent a sensible central case.” 
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Q
uite apart from

 the question of underestim
ation of risk, a deeper problem

 has been apparent ever since 
the earliest attem

pts to estim
ate the econom

ic costs of clim
ate change. This is that such estim

ates, if not 
presented transparently, m

ay be m
isinterpreted as being purely objective, w

hile im
portant subjective value 

judgm
ents im

plicit in them
 could be obscured. 4 

H
ere the econom

ist C
am

eron H
epburn explains w

hat the lim
itations of econom

ic cost estim
ates are, w

hy 
econom

ic m
odels tend to underestim

ate the risks of clim
ate change, and how

 this relates to decision-m
aking. 

D
a
n

g
e

ro
u

sly
 in

co
m

p
le

te
 clim

a
te

 e
co

n
o

m
ic m

o
d

e
ls

C
am

eron H
epburn, P

rofessor of E
nvironm

ental E
conom

ics, U
niversity of O

xford

In
tro

d
u

ctio
n

The econom
ic analysis of clim

ate change has had a real influence on the form
ulation of clim

ate policy. 
So it ought to. C

lim
ate policy cannot be determ

ined solely by scientists, because there are interests and 
values at stake that go w

ell beyond clim
ate science. M

oral philosophers can help us think through som
e 

of the relevant issues, including how
 to account for lives saved, and the trade-offs betw

een the interests of 
different people and across different generations. And at som

e point there m
ust be a reckoning of som

e 
kind in order to answ

er questions for decision m
akers. Should clim

ate action be m
ore or less am

bitious? 
W

hat are the various advantages and disadvantages of different policy interventions? W
ho can, should and 

w
ill pay? H

ow
 ought the inherent risk and am

biguity be evaluated? These are political questions in w
hich 

econom
ic and political analysis is unavoidable. 

A standard and influential tool used by econom
ists for conducting the reckoning is the Integrated 

Assessm
ent M

odel (IAM
). Such m

odels often start w
ith a baseline econom

ic scenario that incorporates an 
assum

ed level of em
issions. The m

odels then consider the costs and benefits, at the m
argin, of reducing 

em
issions to lim

it the dam
ages that m

ight result from
 clim

ate change. In other w
ords, the m

arginal costs 
of abating a tonne of carbon dioxide em

issions are estim
ated and com

pared w
ith estim

ates of the m
arginal 

social dam
age inflicted by that tonne. The latter is also referred to as the ‘social cost of carbon’ (SC

C
).

W
hen the process of estim

ating the SC
C

 arrives at a single num
ber for application to policy, w

ithout any 
further questions, there is a real risk that decision m

akers w
ill be m

isled. It is only natural for a decision 
m

aker to w
ant to know

 w
hat ‘the num

ber’ is, and som
e decisions do effectively require such a num

ber. 
B

ut there is so m
uch scientific uncertainty in determ

ining the social cost of carbon that any single num
ber 

im
plies a false precision, as discussed in section 1 of this paper. The scientific uncertainty sits alongside 

choices that are ethically contentious, addressed in section 2. And the num
bers them

selves m
ay be biased, 

as noted in section 3.

N
evertheless, such num

bers are nevertheless estim
ated and used. For instance, the U

nited States O
ffice 

of M
anagem

ent and B
udget and E

nvironm
ental Protection Agency have conducted a joint analysis of the 

appropriate social cost of carbon for use in governm
ent policy. A high profile and influential group of 

econom
ists em

erged at the answ
er that the social cost of carbon w

as U
S $36/t C

O
2 . E

ighteen m
onths later, 

after a period of reflection, the num
ber w

as updated to U
S $37/t C

O
2 , w

here it stands today in June 2015. 
The rest of this short paper considers the three key points to bear in m

ind w
hen interpreting and using 

such SC
C

 estim
ates. 

1. S
cie

n
tifi

c u
n

ce
rta

in
ty

 a
b

o
u

t d
a
m

a
g

e
s re

m
a
in

s su
b

sta
n

tia
l

W
hile the relationship betw

een carbon dioxide em
issions and increases in global m

ean tem
peratures 

are now
 fairly w

ell understood, the uncertainty over the specific im
pacts in specific places at specific 

tim
es rem

ains substantial. E
conom

ists have, prim
arily for convenience, proxied the relationship betw

een 
aggregate dam

ages and tem
perature w

ith a sim
ple ‘dam

ages function’. This expresses the fraction of 
G

D
P lost in a given year due to the relevant increase in tem

perature. D
am

ages are often assum
ed, for 

convenience, to be a quadratic function of tem
perature increase. So it is assum

ed that dam
ages increase 

sm
oothly as tem

peratures rise, w
ith no abrupt shifts. There are, of course, other possible dam

ages 
functions, and the evidence from

 the physical sciences suggests that functions w
ith thresholds and triggers 

are far from
 ruled out. 

Analysis of IAM
s suggests that the carbon price can vary quite strongly on the specific response of 

ecosystem
s to tem

perature rises. As just one exam
ple, m

odelling by C
eronsky et al w

ith FU
N

D
, a fairly 

standard IAM
, suggests that if the therm

ohaline circulation w
ere to shut dow

n, the corresponding social 
cost of carbon (SC

C
) could increase to as m

uch as U
S $1,000/t C

O
2 . In short, the applicable social cost of 

carbon is very difficult to pin dow
n because of the w

ide array of risks that could occur from
 our m

eddling 
w

ith the clim
ate system

. 

2
. V

a
lu

e
 ju

d
g

m
e

n
ts ca

n
n

o
t b

e
 avo

id
e

d

E
ven if w

e w
ere able to isolate and elim

inate all scientific uncertainty in the chain of linkages betw
een 

em
issions, concentrations, tem

peratures and econom
ic im

pacts, it w
ould rem

ain im
possible to credibly 

specify a single estim
ate for the social cost of carbon. This is because a range of unavoidable social value 

judgm
ents m

ust be m
ade in order to derive any estim

ate. These value judgm
ents arise in a range of areas, 

but the four m
ost contentious and im

portant relate to valuing:

• 
Im

pacts on future people: The w
eight placed on im

pacts in the distant future, com
pared to im

pacts 
today, is reflected in the discount rate. This w

as one of the m
ost contested param

eters follow
ing the 

publication of the Stern R
eview, w

hich used a low
er discount rate than previous studies, and in part for 

that reason concluded that the social cost of carbon w
as substantially higher.

• 
R

isk preferences: Value judgem
ents about risk preference are im

portant too, given the risks involved in 
allow

ing E
arth’s clim

ate to heat. H
igher aversion to risk tends to im

ply a higher social cost of carbon.

• 
Inequality preferences: It is expected that the im

pacts of clim
ate change w

ill fall m
ore harshly upon 

the poor than the rich. H
ow

 to value these effects strongly depends upon the assum
ed aversion to 

inequality.

• 
H

um
an lives: B

ecause clim
ate change is expected to lead to a large num

ber of deaths, the m
onetary 

valuation of a hum
an life, if used, com

prises a significant uncertainty in the overall estim
ate of the 

social cost of carbon.

These various value judgm
ents have been debated at length by the econom

ists and philosophers w
ho w

ork 
on the integrated assessm

ent m
odelling of clim

ate change. This is not the place to rehearse those argum
ents 

in detail. H
ow

ever, it is w
orth noting that the use of m

arket prices and m
arket data – such as using 

m
arket interest rates for governm

ent bonds as a proxy for the social discount rate – does not avoid these 
philosophical questions. The very decision to use the m

arket is itself a (contested) philosophical choice. 

3
. O

m
issio

n
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ia
s m

ay
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a
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s

Finally, just as im
portant as the scientific uncertainty and the inevitability of value judgm

ents in SC
C

 
estim

ates is the concern that estim
ates em

erging from
 IAM

s m
ay be system

atically biased. The m
ain 

source of concern is that IAM
s only m

odel the effects that they are capable of m
odelling. The im

plication 
is that a w

ide range of im
pacts that are uncertain or difficult to quantify are om

itted. 

It is likely that m
any of these im

pacts carry negative consequences. Indeed, som
e of the om

itted im
pacts 

m
ay involve very significant negative consequences, including ecosystem

 collapse or extrem
e events such 

as the catastrophic risks of irreversible m
elting of the G

reenland ice sheet w
ith the resulting sea level rise. 

O
ther consequences – such as cultural and biodiversity loss – are sim

ply very difficult to quantify and 
are hence just om

itted. W
hile it is also likely that som

e om
itted clim

ate im
pacts are positive, it is highly 

probable that on balance such om
itted im

pacts are strongly negative, leading to SC
C

 estim
ates that are 

system
atically too low, and corresponding policy on clim

ate change to be too w
eak. Indeed, the U

nited 
N

ations’ IPC
C

 assessm
ent reports them

selves accept that their ow
n estim

ates should be view
ed as being 

conservative, consistent w
ith the prevailing culture of scientific enquiry.

C
o

n
clu

sio
n

 

Som
e scholars have concluded that given these lim

itations, IAM
s are dam

aging or, at best, useless. It 
should certainly be openly and loudly acknow

ledged that estim
ates of the social cost of carbon are highly 

uncertain, subjective and potentially biased. E
stim

ates should be accom
panied w

ith a corresponding 
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w
arning of these w

eaknesses and advice to take any particular estim
ate w

ith a grain of salt.

B
ut not having m

odels is not a solution either. Ignoring the intellectual challenges that are intrinsic to 
the econom

ics of clim
ate change does not m

ake them
 vanish. Instead, econom

ists need to do better, 
w

ith m
uch m

ore transparent m
odels – w

here value judgm
ents and uncertainties are clear and can be 

played around w
ith by policym

akers and the general public – and w
here w

ide ranges are em
ployed to 

com
m

unicate the sensitivities involved.

Along w
ith transparency, a new

 generation of IAM
s could focus our attention in m

ore useful directions, 
aw

ay from
 short-term

 m
arginal changes and instead tow

ards system
ic, transform

ational change. R
ather 

than devising policy to balance central estim
ates of the social cost of carbon and central estim

ates 
of abatem

ent costs, it m
ay be better to seek interventions aim

ed at tw
o objectives: (i) reducing the 

probabilities of very bad outcom
es to very low

 levels, even if this involves relatively high cost; and (ii) 
increasing the probabilities of a positive transform

ational ‘surprise’ – for instance a cost breakthrough in 
clean technology – that could deliver very large social gains. 

D
eterm

ining a central estim
ate of the SC

C
 does not prevent thinking about transform

ational change. 
H

ow
ever, an exclusive focus on the m

ean SC
C

 tends to direct policy tow
ards a set of interventions 

involving m
arginal, increm

ental changes to the existing system
. G

iven the risks, and the potential benefits 
of a transition, increm

ental change is clearly far from
 enough. Instead, IAM

s ought to help decision 
m

akers to consider m
ajor disruptive change. Far from

 being ‘in the tails of the distribution’, disruptive 
changes to our natural ecosystem

s and to our industrial ecosystem
s are now

 alm
ost inevitable.
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Am
ong the ‘w

ide range of im
pacts that are uncertain or difficult to quantify’, w

hich H
epburn w

arns against, 
and w

hich are hence likely to be om
itted from

 m
ost econom

ic estim
ates, are m

any of the system
ic risks 

described in the previous section of this report. As w
e discussed, these risks include state failure, m

ass 
displacem

ent of people, and conflict. 

It is w
orth noting that such events rarely have a noticeable im

pact on global G
D

P, even in the w
orst cases. 

B
oth the First W

orld W
ar and the Second W

orld W
ar had a negligible im

pact on global G
D

P, despite causing 
considerable econom

ic dam
age in som

e countries. 5 C
hina’s great fam

ine of 1958-1962 reduced its ow
n G

D
P 

by around 5%
 per annum

, 6 but since C
hina only contributed around 5%

 of global G
D

P at that tim
e, 7 the 

im
pact on global output w

as virtually unnoticeable. N
aturally, all of these events are rem

em
bered not for their 

im
pact on G

D
P, but for the fact that tens of m

illions of people died. 

The point is that the im
pacts of clim

ate change om
itted from

 econom
ic estim

ates m
ay not be m

arginal. They 
m

ay be, in hum
an term

s, very large. Their valuation is, in large part, a question of ethics. W
e present here 

a personal perspective on the ethics of clim
ate change from

 the host of the final m
eeting that inform

ed this 
report, Professor M

artin R
ees. 

A
 p

e
rso

n
a
l p

e
rsp

e
ctive

 o
n

 th
e

 e
th

ics o
f clim

a
te

 ch
a
n

g
e

 

P
rofessor M

artin R
ees, A

stronom
er R

oyal, Form
er P

resident of the R
oyal Society, E

m
eritus 

P
rofessor of C

osm
ology and A

strophysics, U
niversity of C

am
bridge

I am
 an astronom

er. I am
 m

indful that our E
arth is 45 m

illion centuries old, but that this century is special. 
It is the first century w

hen one species – ours – can determ
ine the fate of the biosphere. That is because of 

anthropogenic stresses to ecosystem
s, and the unintended dow

nsides of advanced technologies. 

Throughout the centuries, w
e have been vulnerable to natural threats, such as earthquakes and volcanoes. 

B
ut there is one reassuring thing about these threats: their annual probability is not changing m

uch – it 
w

as m
ore or less the sam

e for the N
eanderthals (although, of course, their econom

ic consequences are 
m

uch bigger for us now
). 

In contrast, w
e are now

 deep into the ‘anthropocene’ – the new
 period in w

hich hum
an activities have 

a significant global im
pact on the E

arth’s ecosystem
s. The pressures of a grow

ing hum
an population 

and econom
y, on land and on w

ater, are already high. H
um

ans appropriate around 40%
 of the w

orld’s 
biom

ass, and that fraction is grow
ing. E

xtinction rates of plants and anim
als are rising. O

n top of this, 
com

es clim
ate change. As the preceding chapters of this report have show

n, the risks of clim
ate change 

are im
m

ense. And unlike those natural disasters w
ith w

hich w
e are fam

iliar, the risks of clim
ate change are 

grow
ing, and w

ill continue to grow
 over tim

e. 

W
hen scientists conduct investigations into facts, they m

ust be as objective as possible. It is on the basis 
of this objectivity that their authority rests. B

ut w
hen scientists engage in discussion on the econom

ic, 
social and ethical aspects of any issue, they speak as citizens and not as experts, and they have no 
particular authority. It is im

portant that this distinction is clearly m
ade, so that there is no confusion 

betw
een w

hat is science, and w
hat is opinion. So I w

ish to be clear that w
ith regard to w

hat follow
s, I am

 
speaking not as a scientist, but as a concerned citizen. 

In m
y opinion, the present disagreem

ents about clim
ate policy stem

 less from
 differences about the 

science than from
 differences in ethics – in particular, in the extent to w

hich w
e should feel obligations 

tow
ards future generations. Those w

ho value the risks of clim
ate change by applying a standard discount 

rate to estim
ates of future costs are in effect w

riting off w
hatever happens beyond 2050. There is indeed 

little risk of catastrophe w
ithin that tim

e-horizon, so unsurprisingly such analysis concludes that tackling 
clim

ate change should be given a low
 priority com

pared to other public policy aim
s. 

B
ut a child born this year could quite possibly live beyond the year 2100. The grandchildren of young 

adults alive today could live through several decades of the tw
enty-second century. Anyone w

ho cares 
about those generations, or others further into the future, w

ill deem
 it w

orth m
aking an investm

ent now
 to 

protect them
 from

 the w
orst-case scenarios. This is the m

ost com
pelling argum

ent for acting on clim
ate 

change.

To consider an analogous situation, suppose astronom
ers had tracked an asteroid, and calculated that it 

w
ould hit the E

arth in 2080, sixty-five years from
 now

 – not w
ith certainty, but w

ith, say, 10%
 probability. 

W
ould w

e relax, saying that this is a problem
 that can be set on one side for fifty years – as people w

ill by 
then be richer, and it m

ay turn out that it m
isses the E

arth anyw
ay? I do not think w

e w
ould. There w

ould 
surely be a consensus that w

e should start straight aw
ay and do our dam

ndest to find w
ays to deflect it, or 

m
itigate its effects. 

A second ethical issue concerns our obligations to people w
ho are rem

ote not in tim
e but in econom

ic 
opportunity. It is w

idely recognized that clim
ate change w

ill hit the hardest those w
ho have contributed the 

least to its cause. H
eat stress w

ill m
ost hurt those w

ithout air conditioning; crop failure w
ill m

ost affect 
those w

ho already struggle to afford food; extrem
e w

eather events w
ill m

ost endanger those w
hose hom

es 
are fragile. A decision not to act on clim

ate change is a decision to inflict suffering on a grand scale.

Finally, a third ethical issue concerns the non-hum
an environm

ent. W
e know

 that hum
ans are already 

threatening biodiversity, and that this threat is aggravated by clim
ate change. The level of extinctions 

could eventually be com
parable to the five m

ass extinction events in the E
arth’s history, of w

hich w
e have 

learned through the fossil record. As som
e have said, w

e are destroying the book of life before w
e have 

read it. C
learly, in som

e cases this has a direct effect on our interests: if fish stocks dw
indle to extinction, 

w
e lose a source of food. There are plants in the rain forest w

hose genes m
ay be useful for m

edicine. B
ut 

for som
e, this is too anthropocentric a view

: biodiversity – life – has a value of its ow
n. To quote the great 

ecologist E
 O

 W
ilson, if our despoliation of nature causes m

ass extinctions, “it is the action that future 
generations w

ill least forgive us for”.

For m
any people, religious faith is a source of guidance on questions of ethics. As a believer in a 

constructive dialogue betw
een science and religion, I have attended m

eetings to discuss clim
ate change 

w
ith Faith leaders at the Vatican. After one such m

eeting, a group of religious leaders, political leaders, 
business leaders and scientists released a statem

ent, declaring that the ‘decisive m
itigation’ of clim

ate 
change w

as ‘a m
oral and religious im

perative for hum
anity’. 8 People of m

any different faiths w
ho have 

thought about clim
ate change have reached this sam

e conclusion.

For m
e, being there in the Vatican, seeing through the w

indow
 the dom

e of St Peter’s B
asilica, inspired 

som
e further reflections. E

urope’s great cathedrals still overw
helm

 us today. B
ut think how

 they seem
ed 

at the tim
e they w

ere built – and the vast enterprise their construction entailed. M
ost of the builders new
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little of the w
orld beyond their ow

n villages. E
ven the m

ost educated knew
 of essentially nothing beyond 

E
urope. They thought that the w

orld w
as a few

 thousand years old - and that it m
ight not last another 

thousand. B
ut despite these constricted horizons, in both tim

e and space, despite the deprivation and 
harshness of their lives, despite their prim

itive technology, they built these huge and glorious buildings 
- pushing the boundaries of w

hat w
as possible. Those w

ho conceived these m
asterpieces, and those w

ho 
built them

, knew
 they w

ould not live to see them
 finished. Their legacy still elevates our spirits, centuries 

later. 

W
hat a contrast to so m

uch of our discourse today! U
nlike our forebears, w

e know
 a great deal about our 

w
orld - and indeed about w

hat lies beyond. N
ew

 technologies enrich our lives and our understanding. 
M

any phenom
ena still m

ake us fearful, but the advance of science spares us from
 irrational dread. W

e 
know

 that w
e are stew

ards of a precious ‘pale blue dot’ in a vast cosm
os - a planet w

ith a future m
easured 

in billions of years - w
hose fate depends on hum

anity’s collective actions in the course of this century. 

In today’s fast-m
oving w

orld, w
e cannot aspire to leave a m

onum
ent lasting a thousand years, but it is 

surely sham
eful to persist in policies that deny future generations a fair inheritance and instead leave them

 
w

ith a depleted and m
ore hazardous w

orld. To design w
ise policies, w

e need all the efforts of scientists, 
econom

ists and technologists, and the best know
ledge that the 21

st century can offer. B
ut to im

plem
ent 

them
 successfully, w

e need the full com
m

itm
ent of political leaders and the full support of the voting 

public. O
ur responsibility – to our children, to the poorest, and to our stew

ardship of the diversity and 
richness of life on E

arth – surely dem
ands nothing less. 

O
u

r o
w

n
 o

p
in

io
n

 

O
n m

atters of value, no expert, no leader, and no academ
ic discipline has a m

onopoly of w
isdom

. It is for all 
of us to m

ake up our ow
n m

inds, having review
ed the evidence. 

As the lead authors of this report, w
e have no m

ore authority to judge the value of the risks of clim
ate change 

than anyone else, but w
e give our ow

n opinion here for the sake of transparency and for the avoidance of 
doubt. 

W
e said at the beginning that w

e assum
ed our com

m
on objectives w

ere hum
an prosperity and security. It is 

clear to us that the risks posed by clim
ate change to these objectives are very great. W

e are deeply concerned 
about w

hat this m
eans for the future of our fam

ilies, our countries, and our civilization, all of w
hich w

e care 
about. At present, our exposure to these risks is far higher than w

e w
ould w

ish to tolerate. 

W
e do not believe the situation is hopeless. O

n the contrary, there is m
uch that w

e can do. The risks of 
clim

ate change cannot be entirely elim
inated, but they can certainly be reduced. So in the final section of our 

report, w
e offer som

e thoughts on how
 w

e can strengthen our efforts tow
ards achieving that goal. 
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W
hen w

e began the process of m
eetings that led to the production of this report, w

e started out w
ith the 

sense that there w
as scope to im

prove the w
ay that the risks of clim

ate change are assessed, and the w
ay that 

such assessm
ents are com

m
unicated to decision-m

akers. O
ur series of m

eetings reinforced that sense, and 
provided a few

 suggestions for how
 such an im

provem
ent m

ight be brought about. 

This risk assessm
ent has attem

pted to give a rough idea of the big picture, but it has certainly not aim
ed to 

be com
prehensive, and it is far from

 perfect. W
e hope that these recom

m
endations m

ay be useful w
hen m

ore 
com

prehensive risk assessm
ents are undertaken in future. 

O
ur fi

rst recom
m

endation is that the general principles of risk assessm
ent should be applied to 

the greatest extent possible. The principles w
e have attem

pted to apply w
ere described in detail in the 

introduction. To sum
m

arize them
 briefly here, they w

ere: 

i. 
A

ssess risks in relation to objectives, or interests. Start from
 an understanding of w

hat it is that w
e 

w
ish to avoid; then assess its likelihood. 

ii. Identify the biggest risks. Focus on finding out m
ore about w

orst-case scenarios in relation to long-
term

 changes, as w
ell as short-term

 events.

iii. C
onsider the full range of probabilities, bearing in m

ind that a very low
 probability m

ay correspond 
to a very high risk, if the im

pact is catastrophic. 

iv. U
se the best available inform

ation, w
hether this is proven science, or expert judgm

ent. A best 
estim

ate is usually better than no estim
ate at all. 

v. 
T

ake a holistic view
. A

ssess system
ic risks, as w

ell as direct risks. Assess risks across the full 
range of space and tim

e affected by the relevant decisions. 

v
i. B

e explicit about value judgm
ents. R

ecognize that they are essentially subjective, and present them
 

transparently so that they can be subject to public debate. 

As w
e have argued, an assessm

ent of the risks of clim
ate change m

ust apply these principles to at least three 
areas: the future pathw

ay of global em
issions; the direct risks arising from

 the clim
ate’s response to those 

em
issions; and the risks arising from

 the interaction of clim
ate change w

ith com
plex hum

an system
s. The last 

principle listed above applies particularly to the fourth stage: the valuation of risks. 

R
isk assessm

ents need to be m
ade on a regular and consistent basis, so that in areas of uncertainty, any 

changes or trends in expert judgm
ent are clearly visible over tim

e. In all three areas m
entioned above, this 

could be facilitated by the identification and use of a consistent set of m
etrics or indicators. The International 

E
nergy Agency has recently suggested a set of ‘high-level m

etrics to track energy sector decarbonisation’, 
including indicators such as public and private investm

ent in low
 carbon energy research, developm

ent and 
deploym

ent, and the carbon intensity of total transport fuel dem
and. 1 These and other sim

ilar indicators could 
help inform

 future assessm
ents of the relative likelihood of different global em

issions pathw
ays. R

egarding 
the clim

ate’s response to em
issions, various such indicators are already in use. Part II of our risk assessm

ent 
noted that the use of consistent m

etrics for estim
ates of future global sea level rise, and for the categories 
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of risk described by the IPC
C

 as ‘reasons for concern’, m
ade it possible to see that later assessm

ents had 
estim

ated the risks to be larger than earlier assessm
ents had. D

efining a set of such indicators in relation 
to system

ic risks m
ight be m

ore difficult, but should not be im
possible. In all three areas, the use of such 

indicators could significantly help decision-m
akers reach their ow

n judgm
ents w

hen confronted by a w
ide 

range of differing expert opinions.

O
ur second recom

m
endation is to broaden participation in the risk assessm

ent process. It follow
s 

from
 our first principle of risk assessm

ent that leaders and decision-m
akers have a role not only as recipients 

of a com
pleted risk assessm

ent, but also at the beginning of the process, in defining the objectives and 
interests against w

hich risks should be assessed. This w
ill enable scientists and other experts to ensure their 

assessm
ents are as relevant as possible. 

Scientists naturally have the lead role in understanding clim
ate change and its direct im

pacts. At the sam
e 

tim
e, experts in politics, technology, econom

ics, and other disciplines can provide inform
ation relevant to the 

future of global em
issions, and the indirect im

pacts of clim
ate change as it interacts w

ith hum
an system

s. 

To ensure that the m
ost relevant inform

ation or uncertainties are com
m

unicated to decision-m
akers, it can 

be helpful to m
ake a distinction betw

een inform
ation gathering and risk assessm

ent. Inform
ation gathering 

activities, such as prim
ary scientific research, m

ay be free to collect w
hatever is useful or interesting. R

isk 
assessm

ent has to interrogate that evidence in relation to defined objectives, and according to a specific set 
of principles. Separating these tasks m

ay allow
 both to be carried out m

ore effectively. Such a separation 
of tasks is often m

ade w
ithin intelligence agencies. C

lim
ate change risk assessm

ents could benefit from
 

involving not only scientists, but also those for w
hom

 risk assessm
ent is a central part of their professional 

expertise. Q
ualified individuals could be draw

n from
 fields such as defence, intelligence, insurance, and public 

health. 

O
ur third recom

m
endation is that a clim

ate change risk assessm
ent should report to the highest 

decision-m
aking authorities. A risk assessm

ent aim
s to inform

 those w
ith the pow

er to reduce or m
anage 

the risk. Assessm
ents of specific, local, or sectoral risks of clim

ate change m
ay be directed at those w

ith 
specific, local or sectoral responsibilities. Assessm

ents of the risk of clim
ate change as a w

hole should report 
directly to those w

ith responsibility for governance as a w
hole. At the national level, this is m

eans the head 
of governm

ent, the cabinet, or the national security council. At the global level, it m
eans institutions w

here 
heads of governm

ent m
eet to m

ake decisions. 
The aim

 of im
proving risk assessm

ent is, of course, to better inform
 decision-m

aking on risk reduction. R
isk 

reduction – and the question of w
hat m

ight be a proportionate response to the risks of clim
ate change – is the 

subject of the final part of this report. 
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 b
e
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e
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n
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g
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d
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a
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rs in
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h
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e
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o
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 d
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c
u

lt, b
u

t sh
o

u
ld
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o

t b
e
 im

p
o

ssib
le

.  In
 a

ll th
re
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e
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o
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e
m

. It m
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o
w
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r, h

e
lp
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b
o

u
t p
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o
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n
a
lity

 – to
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n
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r 
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e
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u
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h
a
t w

o
u
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 b

e
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p
o
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n

a
te

 re
sp

o
n

se
 to

 th
e
 risk?’ 

This w
as the question w

e discussed in the last of the series of m
eetings that inform

ed this report, held 
in London in April 2015. M

ost of the participants in that m
eeting had expertise in one of three areas: 

technology, finance, and politics. H
ere w

e present a perspective on the nature of a proportionate response to 
the risk of clim

ate change in each of those three areas, before ending w
ith som

e closing thoughts. 
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E
nergy produced w

ithout greenhouse gas em
issions needs to becom

e less costly than production based on 
coal, gas or oil. C

lean energy m
ust be able to com

pete directly on cost before a w
orld-w

ide roll-out can be 
expected, particularly in the em

erging and developing econom
ies. The challenge needs to be a m

ajor focus 
for scientists and engineers. Progress in technology is happening at an im

pressive rate, but it is not yet fast 
enough to m

eet the 2°C
 target w

ith reasonable probability. 

T
h

e
 te

ch
n

o
lo

g
ie

s w
e

 n
e

e
d

 to
 p

ro
g

re
ss 

There is no single m
agic bullet. W

e need progress in six m
ajor areas. First, there are the three m

ain types 
of clean energy supply: renew

ables (especially solar and w
ind), nuclear pow

er, and coal and gas subject to 
carbon capture and storage (C

C
S). All have im

portant roles to play, depending on the country and region in 
question. In sunny areas like India, Africa and south-east Asia solar can play a central role. In m

ore northern 
areas, like Japan and N

orthern E
urope, w

ind and nuclear have an im
portant role, as does C

C
S in areas rich in 

coal and natural gas. 

There are also three elem
ents that are com

m
on to all sources of energy. First is our ability to store the energy 

cheaply for w
hen it is needed. Then there is our ability to transm

it it cheaply to w
here it is needed. And finally 

there is our ability to rein in our overall dem
and for energy through energy efficiency. Storage, for exam

ple 
through batteries, capacitors, and large-scale m

echanical m
ethods, is needed at all size scales up to grid-

scale, and for a variety of durations from
 m

inutes to seasons. 

R
e

ce
n

t p
ro

g
re

ss

In recent years, the price of solar and w
ind pow

er installation has fallen dram
atically. This has largely been 

driven by the introduction of feed-in tariffs across the E
uropean U

nion, starting in G
erm

any in 1989. The 
prices of photovoltaic (PV) panels have been falling by 17%

 for every doubling of capacity, and the prices of 
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PV installation and on-shore w
ind installation are now

 com
parable w

ith new
 fossil fuel pow

er installation in 
m

any parts of the w
orld. W

ith m
ore research, both plant and installation costs can fall even faster. There is 

also scope for further progress in developing concentrated solar pow
er, for deploym

ent in desert sites. 

H
ow

ever, feed-in tariffs have done nothing for the developm
ent of com

petitively priced energy storage and 
sm

art grids. W
hile there has been som

e significant innovation, particularly in batteries, m
any of the other 

storage technologies are im
m

ature w
ith uncertain costs, perform

ances and system
 im

plications. W
ith sm

art 
grids, at-scale dem

onstration is needed to extract lessons for deploym
ent and to understand behavioural and 

social im
plications. This particularly is w

here a m
ajor thrust of publicly-funded research, developm

ent and 
deploym

ent (R
D

&
D

) activity is urgently required. 1 

A
cce

le
ra

tin
g

 p
ro

g
re

ss

W
e have four key m

essages relevant to accelerating energy innovation. These are: the scale of investm
ent 

required; the need for a m
ission focus that w

ill send signals to the private sector and underpin specific 
actions; the need to create the right conditions for m

arket entry for novel technologies; and the need for a 
coordinated international approach.

1. 
Scale. W

e need to put a m
uch higher priority on the discovery of new, cheaper w

ays to produce, store 
and distribute clean energy. In the face of this urgent need it is rem

arkable to note that there is a 
declining trend in the fraction of national incom

e devoted to public investm
ent in a cleaner energy future. 

The public sector has an urgent role to play in addressing this im
balance. The International E

nergy 
Agency concludes that our R

D
&

D
 investm

ent in clean energy technology needs to increase by three to 
six tim

es in order to hold the global tem
perature w

ithin 2°C
 above preindustrial levels. 2 The country w

ith 
the highest proportion of national incom

e devoted to energy R
D

&
D

 investm
ent is Finland, at 0.13%

; the 
global m

edian level in developed countries (2012) is only 0.035%
. In even the best perform

ing segm
ents 

of the energy sector – such as solar and w
ind – the ratio of R

&
D

 to sales is under 2%
. This com

pares 
unfavourably w

ith over 5%
 in consum

er electronics, and 15%
 in pharm

aceuticals. 3 

2
. A

 m
ission focus. M

ost of the energy sector’s ow
n R

D
&

D
 investm

ent focuses on extending the fossil 
fuel resource base and enabling it to be extracted at low

er cost. Public sector R
D

&
D

 has a unique role 
to play since it can be deliberately directed at overcom

ing barriers to the developm
ent and adoption of 

transform
ational low

 carbon technologies. The challenge - w
hich brings focus to the m

ission - is to bring 
the costs of low

 carbon technologies dow
n to a level w

here they can successfully com
pete w

ith incum
bent 

technologies. If research, developm
ent and deploym

ent program
m

es are directed at achieving this 
specific goal for each of the key technologies that are essential to a low

 carbon transition, then resources 
w

ill be allocated m
ore efficiently, and the desired results w

ill be achieved m
ore quickly.

A clear R
D

&
D

 m
ission focused on low

-carbon transform
ation sends the right signals to the private sector, 

w
hich w

ill have a key role in bringing these technologies to the m
arket. A parallel can be draw

n w
ith 

the highly successful arrangem
ent for the sem

iconductor industry, w
here M

oore’s law
 (the num

ber of 
transistors on a com

puter chip doubles every tw
o years) has been m

aintained through a m
ission-oriented 

R
oadm

ap driven by a publicly- and industry-funded pre-com
petitive R

D
&

D
 program

m
e over the past 30 

years (the International Technology R
oadm

ap for E
ngineers, ITR

S). 

3
. C

reating the right conditions for m
arket entry of clean energy technologies. M

arket-pull policies 
that turn low

 carbon technologies into attractive com
m

ercial propositions are needed to com
plem

ent 
R

D
&

D
 investm

ents. Subsidies for clean energy technologies, and carbon pricing, can both help to 
create the right m

arket conditions. B
y increasing dem

and, and hence the volum
e of production and the 

econom
ies of scale, they bring forw

ard the point at w
hich clean energy prices becom

e com
petitive w

ith 
m

ature fossil-fuel based system
s.

This approach has already been seen to w
ork, w

ith sim
ple m

easures leading to high volum
e deploym

ent 
of sm

all-scale technologies – w
ith exam

ples including feed-in tariffs for photovoltaics, efficiency 
regulations for vehicles, and product standards and labelling for efficient dom

estic appliances). This 
approach needs to be replicated further. Support for large-scale technologies – such as offshore w

ind and 
nuclear energy, bioenergy, and carbon capture and storage – tailored to technological m

aturity, is needed 
so that risks are shared. In particular, m

arket design needs to be adjusted so that it rew
ards the system

 
benefits of facilitating technologies, such as storage and sm

art grids.

Support is also needed to assist new
 technologies through the ‘valley of death’ – the period in w

hich a 
technology m

ay already be ready for m
arket, but not yet able to overcom

e the advantages of incum
bency 

that benefit existing technologies. Public support can help start-up technology com
panies survive through 

this period, w
hen they m

ight otherw
ise fail.

4
. A

 coordinated international approach. The scale of R
D

&
D

 investm
ent involved calls for a coordinated 

international approach. B
enefits w

ould arise in term
s of econom

ies of scale, shared research objectives, 
the pooling of research findings, the agreem

ent of com
m

on R
D

&
D

 targets and m
ilestones, and the 

avoidance of duplicated effort. E
ach country w

ould continue to organise and m
anage its ow

n program
m

e, 
but could coordinate its efforts w

ith partners through an overarching technological com
m

ittee. Such a 
com

m
ittee w

ould set out roadm
aps for R

D
&

D
 (as in the sem

iconductor industry, as m
entioned above) 

w
hich w

ould lead to cost-com
petitive low

 carbon technologies. An international approach of this kind is 
vitally needed to enhance the productivity of R

D
&

D
 investm

ents, accelerate the diffusion of low
 carbon 

energy technologies, encourage the private sector to enter a potentially enorm
ous m

arket, and thereby 
increase the chance of avoiding dangerous clim

ate change.
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For generations, governm
ents have sought to align the interests of the financial m

arkets and society. N
ow

here 
is this tension m

ore keenly and persistently felt than in the area of clim
ate risks, w

hich is arguably the m
ost 

significant contem
porary m

arket failure. To correct this failure, and respond effectively to the risk of clim
ate 

change, w
e need to do better in three areas: disclosing risk; pricing carbon; and incentivising long-term

 
investm

ent. 

D
isclo

sin
g

 risk
 

There is a collective call across a w
ide range of sectors and policy interests to avoid further unreported and 

unm
anaged accum

ulations of risk. If accum
ulated risk – w

hether in the form
 of short-term

 bubbles or long-
term

 environm
ental externalities – is not rationally accounted for and m

anaged at an early stage, then it tends 
to m

anifest itself through m
arket shocks, disorder, and system

-w
ide losses at the point w

hen it can no longer 
be ignored, often w

ith devastating consequences. 

O
ver the last tw

o decades, there has been a revolution in E
nvironm

ental, Social and G
overnance reporting 

and disclosure initiatives. Som
e of these have im

proved disclosure of risks to individual enterprises or to 
society, and this represents valuable progress. H

ow
ever, the proliferation of initiatives can be confusing to 

investors, and the assessm
ent of m

any risks – including those associated w
ith clim

ate change – is not yet 
integrated into the financial system

 sufficiently for those risks to be effectively m
anaged.

The experience of the insurance industry is instructive. In the late 1980s and early 1990s, traditional risk 
assessm

ent approaches based on loss experience data w
ere found inadequate to cope w

ith a range of 
unprecedented, extrem

e and em
erging risks. Since then, the industry has transform

ed its approach, using 
science, system

s m
odelling and scenarios to better understand current risk distributions and extrem

es. The 
full spectrum

 of risks is now
 assessed in estim

ating three key m
etrics: i) the annual average loss; ii) the 1 in 

20 year annual loss; and c) the 1 in 200 year annual loss. R
isk m

anagem
ent, based on these m

etrics, ensures 
that insurers rem

ain solvent and can fulfil their com
m

itm
ents even in the w

orst years. This is sim
ilar to the 

practice of ‘stress tests’ in other sectors. W
hat is distinctive is how

 the stress test is em
ployed in m

ainstream
 

financial regulation, credit ratings, equity analysis and annual reporting across the w
hole insurance and 

reinsurance sector.
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As this approach has revealed true levels of risk exposure, it has transform
ed risk governance w

ithin 
insurance com

panies and the w
ider m

arket, m
aking organisations across public, private and m

utual 4 sectors 
far m

ore resilient, transparent and com
parable than before. M

arkets have developed m
uch greater confidence 

in the insurance sector’s ability to underw
rite its risks sustainably; uncertainty has been classified and 

reduced, and capital has rem
ained abundantly available for appropriately risk-adjusted allocation. Valuations 

and decision-m
aking have been better able to take risks into account and resilience has been rew

arded.

B
ased on the insurance m

ethodology, it w
ould be possible to design a com

m
on risk reporting fram

ew
ork that 

could be applied to all entities (public, private and m
utual) including com

panies, cities and even countries. 
This w

ould assess risks to each entity’s interests under a com
m

on tem
plate of risk classes, probability 

thresholds, and periods of tim
e, and translate this into annualised costs, w

hich w
ould be proportionately 

reduced w
ith greater resilience or reductions in risk. At the com

pany level, this w
ould provide a risk-

orientated lens to interpret and form
alise m

uch of the w
ork already undertaken in E

nvironm
ental, Social 

and G
overnance reporting. At the national level, it w

ould build on the practice of countries such as the 
U

K
 in publishing national assessm

ents of civil em
ergency and security risks. At all levels, it w

ould provide 
inform

ation that w
ould better enable planning and accounting for the future, increasing resilience, and 

m
anagem

ent of em
erging risks. 

As an exam
ple of how

 this could contribute to the m
anagem

ent of clim
ate change risk, consider an energy 

firm
 focussed on coal production. The firm

 m
ay identify a carbon price of U

S$100 per tonne, or the 
announcem

ent of an E
U

 target to cut coal consum
ption by 50%

, as one of its extrem
e loss scenarios. The 

probability of this m
ay be estim

ated as ‘1 in 100’ or 1%
 for the follow

ing year, w
ith the contingent liability 

evaluated, but could rise to high values in future years, in responses to changes in the policy landscape. As 
the insurance sector has experienced, w

ithin a short tim
e, m

anagers and regulators w
ould becom

e fam
iliar 

w
ith this approach, and leading risk scenarios w

ould becom
e objects for discussion and refinem

ent am
ong 

practitioners, m
arkets and stakeholders. M

arkets, benefiting from
 the increased transparency, robust 

fram
ew

ork, and tractable num
bers produced by this approach, w

ould be better able to discount the value of 
assets proportionately and ensure that capital w

as allocated in a w
ay that took into account not only current 

risks, but also the w
ay in w

hich risks m
ay to change over tim

e. 

O
f course, som

e firm
s m

ay have an incentive to lobby governm
ents not to m

anage clim
ate risks. W

hile this 
m

ay be good for the firm
’s bottom

 line, it m
ay be antithetical to the broader interests of their shareholders. 

Shareholders – and society at large – should be able to m
ake up their ow

n m
inds on this question, but at 

present it is very difficult for them
 to see: (i) w

hich trade associations com
panies are m

em
bers of; (ii) w

hat 
these trade bodies are saying about clim

ate change; or (iii) w
hether this w

ork is in their interests. So in 
addition to the need to im

prove disclosure of risks, it should becom
e standard practice that all corporate 

advocacy relating to clim
ate change is a m

atter of public record.

P
ricin

g
 ca

rb
o

n
 

G
overnm

ents should recognise that valuing carbon in the real econom
y is essential. It w

ill be alm
ost 

im
possible to get to grips w

ith greenhouse gas em
issions in a com

plex, dynam
ic and diverse econom

y w
ithout 

using carbon pricing in som
e form

. The great virtue of putting a clear price on carbon is that it can engage 
m

any, w
ith an interest they can valorise, in the enterprise of achieving a public policy goal in a m

ultitude 
of w

ays that no policym
aker, how

ever w
ise, could possibly have determ

ined in advance. At the sam
e tim

e, 
carbon pricing is not a panacea, and should alw

ays been seen as one of a num
ber of price-based and non-

price-based policy interventions that can easily co-exist and w
hich w

ill all be necessary to deliver an adequate 
response. 

The vast m
ajority of governm

ents and investors are aligned in w
anting a price on carbon in order to rationally 

and system
atically allocate capital aw

ay from
 clim

ate risk, w
hich affects the value of their w

hole portfolios 
in w

ays w
hich are difficult to calculate, and tow

ards better risk-adjusted returns from
 other, low

 carbon or 
resource efficient investm

ents. 

There are m
any w

ays to im
plem

ent carbon pricing, and the m
ost appropriate form

 w
ill vary according to 

political and legal cultures. H
ow

ever, in any country, a carbon pricing system
 needs to be sim

ple, enduring and 
transparent enough for the m

arket to understand and act on. And it needs to cover enough of the econom
y to 

m
ake a difference (achieving this is likely to require a portfolio of policies rather than a single one). 

B
ut w

hat should the price be? W
e have learned from

 our experience so far that even low
 carbon prices can 

achieve significant reductions in em
issions, w

hile prom
oting resource efficiency, and w

ithout im
posing any 

overall cost on the econom
y. H

ow
ever, w

e have also learned that carbon pricing at relatively low
 levels does 

not bring about the technological transform
ation that is required to effectively m

anage clim
ate risk. G

iven 
the inability of econom

ic m
odels to predict such transform

ations, w
e have no w

ay of know
ing w

hat level of 
pricing w

ill be effective. A logical approach is therefore to set carbon pricing on a path of rising stringency 
that keeps pace w

ith revealed inform
ation about abatem

ent potential, until w
e see the desired changes taking 

place. If this direction of travel is clear to all, then the desired changes w
ill com

e earlier and at low
er cost. 

W
ho should pay the price? To date, governm

ents have m
ostly placed the burden of change on the 

consum
ption end of the carbon life cycle, through carbon pricing and product standards. C

arbon prices 
are paid by fossil fuel consum

ers. An alternative, potentially additional approach w
ould be for fossil-fuel 

producers to pay the price. This w
ould have tw

o significant advantages: it is adm
inistratively sim

pler to levy 
a tax at the point of extraction (or im

port) than at any other point; and taxing at source w
ill ensure that 

the price is integrated into the w
hole econom

y, not just part of it. A third advantage could be to stim
ulate 

investm
ent in carbon capture and storage. This could be achieved by exem

pting fossil fuel producers from
 

any carbon price to the extent they are able to dem
onstrate that the carbon they produce rem

ains unburned 
or equivalent em

issions are safely returned to the ground. This w
ould be identical in principle to successful 

regulations in E
urope that have m

ade producers of packaging, autom
obiles and appliances responsible for 

dealing w
ith the w

aste created w
hen those products com

e to the end of their useful lives. 

W
ho should pocket the proceeds? Any carbon pricing system

 that is significant enough to be effective w
ill 

face the opposition of vested interests. G
overnm

ents m
ay find it easier to overcom

e this opposition if they 
have strong public support. This m

ay be achieved by m
aking the system

 revenue-neutral, giving the proceeds 
back to the public. An added advantage is that such a system

 can incorporate a positive feedback: if a price is 
levied as a fixed tax per tonne of carbon extracted, and if a fixed proportion of total tax revenues are returned 
to m

arket participants, then action taken to reduce the tax burden by one participant increases the incentive 
for others to act sim

ilarly (since a decrease in total revenues results in an increase in net tax paid). This 
contrasts w

ith the negative feedback experienced w
ith fixed quantity based carbon pricing policies such as 

cap-and-trade, w
here any reduction in carbon consum

ption by one participant reduces overall dem
and, and 

so reduces the incentive for others to follow. 

Finally, even m
ore im

portant than any of the specifics discussed above, is the question of credibility. C
arbon 

pricing is effective w
hen investors are confident that the system

 w
ill endure over tim

e. This requires visible 
political w

ill and strong institutions. Internationally, further confidence m
ay be generated if m

ajor econom
ies 

agree to im
plem

ent robust and rising carbon prices together. 

In
ce

n
tiv

isin
g

 lo
n

g
-te

rm
 in

ve
stm

e
n

t 

The International E
nergy Agency estim

ates that to lim
it global w

arm
ing to 2°C

, w
e w

ill need to invest around 
$1trn a year in clean energy betw

een now
 and the m

iddle of the century. Further investm
ent w

ill be needed to 
reduce em

issions in other sectors. This figure m
ay change as our understanding of the severity of the clim

ate 
risk im

proves; how
ever, it is already clear that significant sum

s of m
oney w

ill be required. 

Fortunately, w
ith over $50 trillion invested in the global stock m

arkets, and a further $100 trillion held in 
sovereign and intergovernm

ental debt, on the face of it, there should be no shortage of capital available. The 
speed and scale of the grow

th in sovereign debt that w
as issued to underpin the global financial system

 during 
the financial crisis dem

onstrates that it is possible to secure financing at the speed and scale im
plied here. 

The key is the existence of political w
ill. 

R
aising and spending this m

oney w
ill need considerable planning, effort and international coordination. If w

e 
are to achieve this efficiently, effectively and sustainably, w

e w
ill need the international com

m
unity to develop 

a long-term
 capital raising plan. The overall direction for such a plan could be set by governm

ent leaders in 
a group such as the G

20. The plan w
ould need to consider all form

s of large-scale finance. Sovereign debt is 
one of the asset classes best able to finance investm

ent for the long-term
, but its issuance during the financial 

crisis has already brought a significant num
ber of countries to debt levels that have tested their credit ratings. 

So the plan m
ust include a new

 m
ore nuanced approach to evaluating debt-based risk, and also m

ake use of 
m

ultilateral developm
ent banks, infrastructure investm

ent, project finance, corporate debt, foreign direct 
investm

ent, and equity investm
ent. For all these assets classes, the plan w

ill need to consider w
hich asset 

ow
ners have the capital available, and, im

portantly, w
hat incentive structures w

ill allow
 them

 to profit from
 

investing sustainably for the long-term
. Policies that create ‘bankable’ projects w

ill be key to this.
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A critical w
eakness of the financial system

 at present is that alm
ost all its actors are strongly incentivised 

to focus on the short term
 – the so-called ‘tragedy of the horizons’. Fund m

anagers are assessed on their 
quarterly perform

ance; investm
ent consultants benefit from

 sw
itching fund m

anagers; brokers are paid 
according to trading volum

es and so are incentivised to encourage m
arket activity, and so are stock 

exchanges, w
hose revenues are linked to the num

ber of transactions that take place. Alm
ost nobody looks 

m
ore than a year or tw

o ahead. The overw
helm

ing focus on the short term
 is a problem

 for the econom
y as a 

w
hole, since it results in m

isallocation of capital. C
om

pany directors are deterred from
 investing in long-term

 
opportunities, at the sam

e tim
e as m

arkets fail to m
anage long-term

 risks, and com
panies focused on short-

term
 gain can profit at the expense of those seeking to do the right thing over the longer term

. 

This is not a situation that w
e are obliged to accept. G

overnm
ents, stock exchanges, institutional investors 

and others set the rules of the gam
e by the law

s they pass, the regulations they enforce, and the contracts 
they w

rite. Any of these players can change the rules of the gam
e, and so change behavioural incentives. 

For exam
ple, law

s could be am
ended to explicitly require good stew

ardship and the assessm
ent of long-term

 
environm

ental, social and governance (E
SG

) risk as part of the fiduciary duty of asset m
anagers. In line 

w
ith this principle, it has been proposed

5 that clauses on responsible investm
ent should be w

ritten into fund 
m

anagem
ent contracts, that fund m

anagers’ perform
ance should be evaluated on the basis of their long-term

 
ability to beat benchm

arks as w
ell as their perform

ance as stew
ards, and that clients should be able to sue 

fund m
anagers and investm

ent consultants for negligence if they fail to properly consider the potential for 
E

SG
 risks and unsustainable developm

ent to harm
 the value of long-term

 investm
ent portfolios. 

In the sam
e spirit, w

e recom
m

end that governm
ents take a close look at the national financial regulators and 

their global coordinating bodies, to assess w
hether their m

andates need to be updated in order to ensure that 
they are attending to the profound, long-term

 financial risks associated w
ith clim

ate change. If m
easures are 

taken to incorporate the assessm
ent of long-term

 risk into the financial system
, w

e w
ill m

ake m
uch faster 

progress tow
ards m

anaging risk effectively.

2
6

 
P

O
L

IT
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S

B
aroness B

ryony W
orthington, M

em
ber of the H

ouse of Lords, U
K

 Parliam
ent

In 2008 the U
K

 passed a landm
ark piece of legislation to address clim

ate risk: The C
lim

ate C
hange Act. It 

introduced a legal fram
ew

ork com
m

itting the U
K

 to an 80%
 cut in greenhouse gases by 2050 com

pared to 
1990, through a series of consecutive five yearly carbon budgets. The U

K
 w

as the first country in the w
orld 

to translate the scientific evidence of clim
ate risk into a long-term

 legal fram
ew

ork. This w
as possible due a 

very strong political consensus that U
K

 could and should act to reduce its contribution to the global clim
ate 

problem
. As w

as argued at the tim
e, dem

onstrating leadership in this w
ay subsequently catalysed other 

countries to follow
 suit, and now

 m
ore than 60 countries have passed law

s that seek to address their im
pact 

on the clim
ate. 

The U
K

’s approach to m
anaging the risk of clim

ate change reflects our political situation. The actors and 
actions contributing to clim

ate change are, for the m
ost part, w

ithin the private sector. Political leaders 
therefore used the rule of law

 to create a new
 carbon em

issions m
anagem

ent system
, guiding future policy-

m
aking, w

hich includes additional law
s and regulations, at an E

U
 and U

K
 level, and influencing com

pany 
decision-m

aking. 

The political context in other countries differs and different responses to clim
ate risk can be expected. For 

exam
ple, in C

hina w
here there is a higher degree of state involvem

ent in planning the econom
y, the response 

to clim
ate change is em

bodied in the five-year plan. This blueprint sets out a vision w
ith specific targets to 

achieve it, w
hich in turn provides a fram

ew
ork for the financing of program

m
es and projects. In the U

S, 
w

ith the political deadlock at a Federal level, progress on clim
ate change is being pursued at a State and city 

level. Som
e states, such as C

alifornia, have passed com
prehensive legislative packages applying em

issions 
standards and introducing carbon pricing. E

lsew
here, in the absence of new

 law
s, the existing C

lean Air Act is 
being used to trigger action, though it is still subject to legal challenge.

There are, how
ever, irrespective of jurisdiction, som

e com
m

on challenges in the politics of tackling 
greenhouse gas em

issions. There are m
any pow

erful interest groups w
hose current business m

odels are 

incom
patible w

ith the changes needed to reduce the risk of clim
ate change. This creates political tension, 

w
here efforts to regulate existing activities are m

et w
ith stiff opposition, resulting in blocking or w

atering 
dow

n of proposed interventions. The global nature of the problem
, coupled w

ith fears about econom
ic 

com
petitiveness, can be a pow

erful argum
ent against unilateral action. In this context, politicians need to 

think carefully about helping to m
anage transition in key sectors of the econom

y. This m
ay m

ean providing 
com

pensations and targeting incentives tow
ards technologies that can be deployed in the m

ost carbon 
intensive sectors. 

M
oves to incentivise new, cleaner, potentially disruptive technologies have proven in m

any cases politically 
easier to introduce. H

ow
ever, if they are perceived as too costly, political support can be w

ithdraw
n, 

som
etim

es abruptly. Increasing the num
ber of voices representing cleaner w

ays of doing things can create a 
m

ore balanced political clim
ate, as can w

ell resourced and targeted civil society representations. 

The next international clim
ate change agreem

ent w
ill not be a top-dow

n legislative fram
ew

ork based on 
politically determ

ined carbon budgets. It w
ill instead be a m

ore inclusive, less determ
inistic docum

ent 
that reflects a shared w

ill to act. The degree of action, how
ever, could easily fall w

ell short of w
hat a risk 

based assessm
ent of the science w

ould im
ply is necessary. So w

e m
ust use the tim

e that rem
ains to build 

confidence, strengthen political w
ill, and ensure that this agreem

ent represents the best that is possible w
ithin 

this current fram
ew

ork. At the sam
e tim

e, w
e m

ust think hard about how
 to increase the effectiveness of our 

action in the years ahead. 

A priority m
ust be to find w

ays in w
hich international action can increase the m

om
entum

 that is already 
apparent in the deploym

ent of cleaner technologies and prevent re-investm
ent in high carbon infrastructure. 

The M
ontreal Protocol to phase out ozone-destroying chem

icals show
ed that an international agreem

ent can 
be rem

arkably effective w
hen it is focussed on technological standards in a specific econom

ic sector. The 
sam

e approach can be applied to m
any of the sources of carbon em

issions. For exam
ple, the E

U
, C

hina and 
the U

S all have different standards regulating the em
issions from

 pow
er stations and vehicles. If these few

 
large econom

ies agreed to have the sam
e standards, sector participants across the w

orld w
ould be strongly 

incentivised to m
eet them

; and as technological progress is likely to outpace expectations, governm
ents could 

agree together to a tim
etable of progressively tighter standards. In any sector, a critical m

ass of countries 
taking a lead w

ill help to incentivise others to follow. 

The fight to secure a proportionate response to clim
ate risk w

ill continue, and a deeper, shared understanding 
of that risk can only help to serve as a spur to action. 

R
idding the w

orld of slavery w
as a hundred year battle. The battle to rid the w

orld of excessive greenhouse 
gases is already a quarter of a century old and m

uch progress has been m
ade. The hum

an m
ind is geared 

for problem
 solving, and m

ore and m
ore people are applying them

selves to the task. O
ver the next quarter 

century, the pace of positive change looks set to increase. W
ith sufficient political w

ill, I rem
ain confident that 

w
e can and w

ill avert the w
orst-case clim

ate change scenarios that threaten our very existence. 
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To w
in this battle, w

e m
ust deploy equally pow

erful forces in favour of change: the pow
er of hum

an ingenuity, 
the pow

er of technology, and the pow
er of leadership. W

e m
ust m

atch the law
s of physics w

ith a w
ill and a 

determ
ination that is equally unyielding. 

The greatest risks of clim
ate change arise w

hen thresholds are crossed: w
hat had been gradual becom

es 
sudden; w

hat had been inconvenient becom
es intolerable. The greatest reductions in risk w

ill be w
on in the 

sam
e w

ay. G
radual, increm

ental m
easures w

ill not be enough: w
e m

ust seek out non-linear, discontinuous, 
transform

ational change. 

Political leadership can and should be a source of non-linear change. It can m
ove a governm

ent from
 inaction 

to action, and a society from
 apathy to engagem

ent. W
ith existing technology, there is already the opportunity 

for political leadership to dram
atically change the trajectory of any country’s em

issions in the short term
.

Technological innovation is a natural source of non-linear change. N
ew

 technologies can em
erge slow

ly, but 
then displace old ones rapidly and suddenly w

hen som
e invisible threshold is crossed. W

e need to accelerate 
this pace of change, and bring forw

ard those thresholds, in all the technologies that are needed to w
in the 

battle. Above all, w
e m

ust use both technological progress, and policy m
easures such as carbon pricing, to 

cross as soon as possible the threshold at w
hich clean energy becom

es cheaper than fossil energy. 

In finance, sm
all changes in the rules of the gam

e can produce large changes in results. The right adjustm
ents 

to regulations and incentives w
ill dram

atically alter the flow
 of m

oney, sending m
ore of it in a direction that 

serves our long-term
 econom

ic interests. 

The pow
er of non-linear change is not reserved to political leaders, technologists and m

arkets. Social change 
can also be discontinuous, unpredictable, and dram

atic. The battle against slavery (or colonialism
) m

ay have 
taken a century, but w

hen change finally cam
e, it cam

e quickly. 

The risks of clim
ate change are am

plified by feedbacks: rising tem
peratures m

elt ice; sea stripped of ice takes 
in m

ore heat; and the tem
peratures rise faster. To w

in this battle, w
e m

ust set up our ow
n cycles of positive 

feedback. Political interventions m
ust change m

arket sentim
ent, so that the m

arket sends m
ore investm

ent 
into clean energy technologies, so that this accelerates technological progress, so that new

 political 
interventions becom

e possible. 

In this battle, every country m
ust contribute according to w

hat it can do best. Those m
ost responsible for the 

cum
ulative em

issions in the atm
osphere m

ust do the m
ost. C

ountries that are rich in energy from
 sunlight, 

w
ind, rivers, tides, and geotherm

al heat m
ust push the boundaries of technological innovation in exploiting 

those resources, and take the lead in bringing them
 to the global m

arket. The largest producing and 
consum

ing countries m
ust w

ork together to m
ake sure the global m

arket benefits from
 their econom

ies of 
scale, bringing dow

n the costs of clean energy for all, at the sam
e tim

e as im
proving access to energy for the 

poorest. And w
hile all countries have a role to play in reducing the subsidies given to polluting energy, those 

that host the hubs of global finance should take the lead in revising the rules of the gam
e. 

Just as the risks of clim
ate change are both im

m
ediate and long-term

, w
e m

ust act both im
m

ediately and w
ith 

a long-term
 view. A risk that grow

s over tim
e w

ill not be m
anaged successfully if our horizons are short-term

. 
U

ltim
ately, the risks of clim

ate change w
ill only be under control w

hen w
e have reduced global em

issions to 
near zero. So w

hile w
e m

ust do all in our pow
er to reduce em

issions now, w
e m

ust also follow
 a path that 

increases our pow
er to do m

ore in the future. 

The risks of clim
ate change m

ay be greater than is com
m

only realized, but so is our capacity to confront 
them

. An honest assessm
ent of risk is no reason for fatalism

. If w
e counter inertia w

ith ingenuity, m
atch 

feedback w
ith feedback, and find and cross the thresholds of non-linear change, then the goal of preserving a 

safe clim
ate for the future need not be beyond our reach. 

M
any of our parents and grandparents fought for the future of their countries, m

aking greater sacrifices than 
m

ost of us w
ill ever have to. N

ever m
ind w

hat w
e ow

e to future generations; it is the least w
e ow

e to the past 
that w

e should m
ake a decent fight of this battle now. 

London, B
eijing, D

elhi, C
am

bridge (M
A) 

14 June 2015 
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M
e

th
o

d
s

R
elating global tem

perature rise to local clim
atic conditions relevant to heat stress  

W
e used the H

adG
E

M
2-E

S clim
ate m

odel values
1 for tem

perature and hum
idity (dew

 point) to calculate 
the heat stress index W

et B
ulb G

lobe Tem
perature (W

B
G

T) for 67,000 global grid cells over land (0.5 x 
0.5 degrees), for different tim

e periods (1993, 2025, 2050, 2075 and 2200; each estim
ated as 25-30-year 

averages), on the R
C

P8.5 scenario pathw
ay. This provided approxim

ate data on grid-cell level heat stress 
change during tw

o centuries.

The heat stress levels w
ere calculated as 30-year averages for each calendar m

onth, so the June values are 
an average of 900 June days. W

e calculated the intra-m
onth daily variability of the heat levels and standard 

deviations (assum
ing G

aussian distributions), w
hich can be used to identify low

er lim
its for the hottest 10%

 
of calendar m

onth days (‘hottest 3 days’). 

R
elating clim

atic conditions to core body tem
peratures and heat stress  

The W
B

G
T index com

bines tem
perature and hum

idity w
ith estim

ates of likely air m
ovem

ent over the skin 
and additional heat from

 heat radiation to produce a physiologically relevant heat exposure level, w
hich can 

be used in clim
ate change health im

pact assessm
ents. 2 The heat stress level also depends on m

etabolic rate 
(physical activity level) and clothing. 

D
etails of the W

B
G

T m
ethod and its calculation and interpretation can be found in the C

lim
ateC

H
IP Technical 

R
eport 2014:4 at w

w
w.C

lim
ateC

H
IP.org. 3 The m

apping of heat stress in relation to w
ork and other physical 

activities has been described in detail for parts of Asia. 4 

The relationship betw
een W

B
G

T levels and physiological lim
its w

as estim
ated using the de D

ear (U
niversity 

of N
SW

, Australia) form
ula, w

hich is available as the W
W

W
 Therm

al C
om

fort Index C
alculator (http://w

eb.
arch.usyd.edu.au/~

rdedear/) to estim
ate effects on core body tem

perature. The W
B

G
T calculations contain 

the variables that are inserted into the de D
ear form

ulas that then calculate the tim
e trend up to four hours of 

the core body tem
perature (70kg person, light clothing).

H
ow

 uncertainty in the m
odelled future clim

ate change is addressed. 
There is uncertainty as to how

 m
uch clim

ate w
ill change due to increased em

issions of greenhouse gases and 
consequently how

 W
B

G
T w

ill change in the future. To address som
e of this uncertainty, the W

B
G

T for the 
end of the 21

st century w
as calculated at different levels of global m

ean tem
perature change using a pattern 

scaling technique to derive the local tem
perature change

5 and assum
ing the H

adG
E

M
2-E

S spatial pattern 
of w

arm
ing. The different levels of tem

perature change chosen w
ere based on the distribution of m

odelled 
end of the 21

st century tem
perature rise for R

C
P8.5 from

 the W
orld C

lim
ate R

esearch Program
m

e’s (W
C

R
P) 

C
ouple M

odel Inter-com
parison Project (phase 5; C

M
IP5)

6 and presented in the International Panel on 
C

lim
ate C

hange (IPC
C

) Fifth Assessm
ent R

eport. 7 The calculated W
B

G
T values in this w

ork therefore reflect 
som

e of the uncertainty in the tem
perature response to increased clim

ate forcing but do not include the 
uncertainty in the local response to clim

ate change since only one spatial pattern of w
arm

ing is used (i.e one 
m

odel, H
adG

E
M

2-E
S) or the uncertainty in the future changes to hum

idity. 

A
N

N
E

X
E

S
G

e
o

g
ra

p
h

ic a
re

a
s 

The three geographic areas in this study w
ere in N

orth India, South-E
ast C

hina and South-E
ast U

SA. The 
num

bers of grid cells included w
ere 281, 953 and 602 respectively. 

N
 India: Includes R

ajastan, Punjab, H
aryana, C

handighar, D
elhi, B

ihar and U
ttar Pradesh

SE
 U

SA
: Louisiana, M

ississipi, Alabam
a, G

eorgia, Florida, S C
arolina, N

 C
arolina, Virginia, W

 Virginia, 
K

entucky, Tennessee, Arkansas 

SE
 C

hina: The area below
 the tw

o straight lines in the m
ap.

P
o

p
u

la
tio

n
 

For each grid cell w
e also had estim

ates of local population num
bers in four age groups, and w

e calculated 
population-w

eighted heat exposure probabilities for the adult and elderly population (ages >
=

 15 years). The 
population database until 2099 w

as based on U
N

 Population office estim
ates (calculations by B

riggs, 2014) 
and after 2099 w

e used total estim
ated population changes: 

Since our ‘probability’ estim
ates for the highest global tem

perature changes (in 2200) w
ere based on 

proportion of population, changes in population num
ber betw

een 2085 and 2200 did not need to be taken 
into account. For sim

plicity, w
e assum

ed that there w
as no change over tim

e in the relative spatial distribution 
of population during the second century. 

H
ours of w

ork lost (see additional results, on the follow
ing page) 

The risk functions for lost w
ork capacity due to heat w

ere presented in the C
lim

ateC
H

IP Technical R
eport 

2014:4 at w
w

w.C
lim

ateC
H

IP.org. 8 
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This figure displays the results in an alternative w
ay, show

ing estim
ates of the proportion of w

ork hours 
lost in the three study areas due to heat, at different levels of physical activity, in relation to global average 
tem

perature increase (0 to +
8 degrees C

). i

Percentage of hours lost
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For a given clim
ate pathw

ay (or em
issions scenario), socio-econom

ic scenario and im
pact indicator, the 

principal sources of uncertainty w
hich determ

ine the risk that clim
ate change has a specified im

pact can 
be classified into three; (i) the overall m

agnitude of clim
ate change (as indicated by change in global m

ean 
tem

perature, for exam
ple), (ii) the spatial and seasonal distribution of changes in relevant clim

atic variables 
associated w

ith a given overall m
agnitude of clim

ate change, and (iii) the translation of these local and 
regional clim

ate changes into ‘im
pact’. The effects of all these uncertainties on risk and how

 it changes over 
tim

e could be assessed by undertaking m
ultiple sim

ulations under all possible plausible conditions, but this is 
not feasible in practice. The range in potential im

pacts of clim
ate change through the 21

st century is therefore 
estim

ated here by com
bining estim

ates of the probability distributions of changes in global m
ean surface 

tem
perature – under a given clim

ate pathw
ay - for each year w

ith dam
age functions relating change in global 

m
ean surface tem

perature to im
pact. 

C
hanges in tem

perature through the 21
st century w

ere estim
ated using a probabilistic version

1 of the M
AG

IC
C

 
sim

ple clim
ate m

odel, 2 w
hich is run w

ith m
ultiple param

eter com
binations to produce distributions of 

tem
perature change by year. 

D
am

age functions for each im
pact indicator w

ere constructed by scaling the patterns of clim
ate change 

as sim
ulated by different clim

ate m
odels to defined changes in global m

ean tem
perature and estim

ating 
im

pacts corresponding to each tem
perature change by com

bining a spatial im
pacts m

odel w
ith defined 

socio-econom
ic scenario. 3 In this application, 21 clim

ate m
odel patterns w

ere used, 4 so there are therefore 
21 different dam

age functions (representing the 21 different patterns of change in clim
ate) for each tim

e 
period (because the socio-econom

ic characteristics vary over tim
e). E

ach of the 21 clim
ate m

odel patterns 
is assum

ed to be equally plausible. Im
pacts w

ere assessed under tw
o clim

ate pathw
ays – represented by the 

R
C

P2.6 and R
C

P8.5 scenarios – and under three socio-econom
ic scenarios defining change in population. 

The socio-econom
ic scenarios represent m

edium
, low

 and high population grow
th assum

ptions, and are taken 
from

 the Shared Socio-econom
ic Pathw

ays (SSPs) projections. 5

Im
pacts on exposure to w

ater stress and river flooding are based on river flow
s as sim

ulated using the 
M

acPD
M

 global hydrological m
odel. 6 w

hich operates at a spatial resolution of 0.5x0.5o. The period 
1961-1990 is used to define the reference baseline clim

ate. W
ater resources per capita is calculated for 

approxim
ately 1300 river basins and islands, and regional and global totals of people in different w

ater stress 
classes are calculated by sum

m
ing the num

bers of people in w
atersheds in those classes. 7 

The average annual num
ber of people in m

ajor floodplains affected by floods greater than the current 30-year 
return period flood is estim

ated by calculating the change in the probability of experiencing the m
agnitude 

of the current 30-year flood in the future in each grid cell, and m
ultiplying by the grid cell floodplain 

population. 8 B
asin-scale changes in the annual probability of experiencing a flood exceeding the current 

30-year return period flood w
ere estim

ated by calculating the w
eighted average of changes in each grid 

cell w
ithin the basin, w

eighting by floodplain population (so unpopulated grid cells do not contribute to the 
average).
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Im
pacts on drought frequency are based on changes in the 12-m

onth standardised precipitation index 
(SPI) calculated from

 m
onthly precipitation. A ‘drought’ is defined as a m

onth w
ith an index of less than 

-2 as calculated over the clim
ate baseline period (1961-1990). This occurs just under 2%

 of the tim
e in the 

baseline period, and can be regarded as an extrem
e drought. C

hange in the average annual area of cropland
9 

experiencing such a drought is estim
ated by calculating the change in frequency of this threshold. The U

N
D

P 
2009 G

lobal Assessm
ent R

eport on D
isaster R

isks
10 uses the SPI (calculated over 6 m

onths) alongside a 
m

easure of precipitation variability to characterise drought risks; their assessm
ent uses an SPI threshold of 

-1, w
hich occurs approxim

ately 15%
 of the tim

e.

There are, of course, a num
ber of caveats w

ith this assessm
ent. The estim

ated distribution of potential 
changes in tem

perature in a year is based on one sim
ple clim

ate m
odel – M

AG
IC

C
 – w

ith one set of plausible 
param

eters. The spatial patterns of change in clim
ate are estim

ated from
 21 clim

ate m
odels, all of w

hich 
are assum

ed equally plausible: a different ensem
ble of clim

ate m
odels could give a different indication of 

the range of potential changes in a region. The dam
age functions are based on scaling patterns of change 

from
 these clim

ate m
odels, w

hich basically assum
es that clim

ate in a region varies linearly w
ith global m

ean 
tem

perature: 11 this m
ay not be the case, and there m

ay be substantial ‘step changes’ or non-linearities in 
specific regions. O

nly one im
pact m

odel is used to estim
ate hydrological changes, and different m

odels can 
give different responses to the sam

e change in clim
ate. 12 The range in potential im

pacts is therefore probably 
underestim

ated, although the probability of exceeding a threshold is likely to be m
ore robust (there are no 

indications that the M
acPD

M
 m

odel used here is system
atically different from

 other global hydrological 
m

odels). Finally, there are different potential indicators for change in w
ater stress, flood risk and drought 

risk, and these m
ay give different indications of the global and regional effect of clim

ate change. 

The results should therefore be interpreted as indicative only: the differences betw
een clim

ate pathw
ays and 

betw
een places are m

ore robust than the actual m
agnitudes of im

pact and risk.

E
n

d
n

o
te

s

1. 
L

o
w

e
, J. A

., C
. H

u
n

tin
g

fo
rd

, S
. C

. B
. R

a
p

e
r, C

. D
. Jo

n
e
s, S

. K
. L

id
d

ico
a
t, a

n
d

 L
. K

. G
o

h
a
r (2

0
0

9
). ‘H

o
w

 d
iffi

c
u

lt 
is it to

 re
co

ve
r fro

m
 d

a
n

g
e
ro

u
s leve

ls o
f g

lo
b

a
l w

a
rm

in
g

?’ E
n
v
iro

n
m

e
n

ta
l R

e
se

a
rc

h
 L

e
tte

rs, 4
(1),0

14
0

12
 

10
.10

8
8

/174
8

-9
3

2
6

/4
/1/0

14
0

12
.

2
. 

M
e
in

sh
a
u

se
n

, M
., S

. C
. B

. R
a
p

e
r, a

n
d

 T. M
. L

. W
ig

ley
 (2

0
11). ‘E

m
u

la
tin

g
 co

u
p

le
d

 a
tm

o
sp

h
e
re

-o
ce

a
n

 a
n

d
 

c
a
rb

o
n

 cyc
le

 m
o

d
e
ls w

ith
 a

 sim
p

le
r m

o
d

e
l, M

A
G

IC
C

6
-P

a
rt 1: M

o
d

e
l d

e
sc

rip
tio

n
 a

n
d

 c
a
lib

ra
tio

n
’. A

tm
o

sp
h

e
ric

 
C

h
e
m

istry
 a

n
d

 P
h

y
sic

s, 11(4
), 14

17-14
5

6
, 10

.5
19

4
/a

c
p

-11-14
17-2

0
11.

3
. 

A
rn

e
ll, N

.W
., B

ro
w

n
, S

., G
o

slin
g

, S
.N

., H
in

ke
l, J., H

u
n

tin
g

fo
rd

, C
., L

lo
yd

-H
u

g
h

e
s, B

., L
o

w
e
, J.A

., O
sb

o
rn

, T., 
N

ic
h

o
lls, R

.J. Z
e
la

zo
w

ski, P. (2
0

14
). ‘G

lo
b

a
l-sc

a
le

 c
lim

a
te

 im
p

a
c
t fu

n
c
tio

n
s: th

e
 re

la
tio

n
sh

ip
 b

e
tw

e
e
n

 c
lim

a
te

 
fo

rc
in

g
 a

n
d

 im
p

a
c
t’. C

lim
a
tic

 C
h

a
n

g
e
 d

o
i 10

.10
0

7/s10
5

8
4

-0
13

-10
3

4
-.

4
. 

M
e
e
h

l, G
. A

., C
. C

o
vey, T. D

e
lw

o
rth

, M
. L

a
tif, B

. M
c
A

va
n

ey, J. F. B
. M

itc
h

e
ll, R

. J. S
to

u
ffe

r, a
n

d
 K

. E
. Tay

lo
r (2

0
0

7
). 

‘T
h

e
 W

C
R

P
 C

M
IP

3
 m

u
ltim

o
d

e
l d

a
ta

se
t - A

 n
ew

 e
ra

 in
 c

lim
a
te

 c
h

a
n

g
e
 re

se
a
rc

h
.’ B

u
lle

tin
 o

f th
e
 A

m
e
ric

a
n

 
M

e
te

o
ro

lo
g

ic
a
l S

o
c
ie

ty, 8
8

(9
), 13

8
3

-
5

. 
O

’N
e
ill, B

C
, K

rie
g

le
r, E

., R
ia

h
i, K

., E
b

i K
L

, H
a
lle

g
a
tte

, S
, C

a
rte

r, T
R

, M
a
th

u
r, R

, va
n

 V
u

u
re

n
 D

P
 (2

0
14

). ‘A
 n

ew
 

sce
n

a
rio

 fra
m

ew
o

rk fo
r c

lim
a
te

 c
h

a
n

g
e
 re

se
a
rc

h
: th

e
 co

n
ce

p
t o

f sh
a
re

d
 so

c
io

-e
co

n
o

m
ic

 p
a
th

w
ay

s.’ C
lim

a
tic

 
C

h
a
n

g
e
 12

2
 3

8
7-4

0
0

. T
h

e
 sce

n
a
rio

s a
re

 ava
ila

b
le

 fro
m

 h
ttp

s://se
c
u

re
.iia

sa
.a

c
.a

t/w
e
b

-a
p

p
s/e

n
e
/S

sp
D

b
/.

6
. 

G
o

slin
g

, S
.N

. &
 A

rn
e
ll, N

.W
. (2

0
10

). ‘S
im

u
la

tin
g

 c
u

rre
n

t g
lo

b
a
l rive

r ru
n

o
ff w

ith
 a

 g
lo

b
a
l h

yd
ro

lo
g

ic
a
l m

o
d

e
l: 

m
o

d
e
l rev

isio
n

s, va
lid

a
tio

n
 a

n
d

 se
n

sitiv
ity

 a
n

a
ly

sis.’ H
yd

ro
lo

g
ic

a
l P

ro
ce

sse
s 2

5
 (7

), 112
9

-114
5

. d
o

i:10
.10

0
2
/

h
y
p

.7
7
2
7.

7. 
T

h
e
 m

e
th

o
d

o
lo

g
y
 is th

e
 sa

m
e
 a

s in
 G

o
slin

g
, S

.N
. &

 A
rn

e
ll, N

.W
. (2

0
13

). ‘A
 g

lo
b

a
l a

sse
ssm

e
n

t o
f th

e
 im

p
a
c
t o

f 
c
lim

a
te

 c
h

a
n

g
e
 o

n
 w

a
te

r sc
a
rc

ity.’ C
lim

a
tic

 C
h

a
n

g
e
 d

o
i:10

.10
0

7/s10
5

8
4

-0
13

-0
8

5
3

-x
, b

u
t u

sin
g

 d
iffe

re
n

t so
c
io

-
e
co

n
o

m
ic

 sce
n

a
rio

s.
8

. 
T

h
e
 sim

u
la

tio
n

 o
f fl

o
o

d
 fl

o
w

s is d
e
sc

rib
e
d

 in
 A

rn
e
ll, N

.W
. &

 G
o

slin
g

, S
.N

. (2
0

14
). ‘T

h
e
 im

p
a
c
ts o

f c
lim

a
te

 c
h

a
n

g
e
 

o
n

 rive
r fl

o
o

d
 risk a

t th
e
 g

lo
b

a
l sc

a
le

.’ C
lim

a
tic

 C
h

a
n

g
e
 d

o
i:10

.10
0

7/s10
5

8
4

-0
14

-10
8

4
-5

, a
lth

o
u

g
h

 th
e
 in

d
ic

a
to

r 
h

e
re

 is d
iffe

re
n

t.
9

. 
R

a
m

a
n

ku
tty

 N
, E

va
n

 A
T, M

o
n

fre
d

a
 C

, F
o

ley
 JA

 (2
0

0
8

). ‘F
a
rm

in
g

 th
e
 p

la
n

e
t: 1. G

e
o

g
ra

p
h

ic
 d

istrib
u

tio
n

 o
f g

lo
b

a
l 

a
g

ric
u

ltu
ra

l la
n

d
s in

 th
e
 ye

a
r 2

0
0

0
.’ G

lo
b

a
l B

io
g

e
o

c
h

e
m

ic
a
l C

yc
le

s 2
2
. d

o
i: G

b
10

0
3

 10
.10

2
9

/2
0

0
7
g

b
0

0
2
9

5
2
.

10
. U

N
D

P
 (2

0
0

9
) R

isk a
n

d
 p

o
ve

rty
 in

 a
 c

h
a
n

g
in

g
 c

lim
a
te

: 2
0

0
9

 G
lo

b
a
l A

sse
ssm

e
n

t R
e
p

o
rt o

n
 D

isa
ste

r R
isk 

R
e
d

u
c
tio

n
. U

N
D

P
: N

ew
 Y

o
rk.

11. 
A

rn
e
ll, N

.W
., B

ro
w

n
, S

., G
o

slin
g

, S
.N

., H
in

ke
l, J., H

u
n

tin
g

fo
rd

, C
., L

lo
yd

-H
u

g
h

e
s, B

., L
o

w
e
, J.A

., O
sb

o
rn

, T., 
N

ic
h

o
lls, R

.J. Z
e
la

zo
w

ski, P. (2
0

14
). ‘G

lo
b

a
l-sc

a
le

 c
lim

a
te

 im
p

a
c
t fu

n
c
tio

n
s: th

e
 re

la
tio

n
sh

ip
 b

e
tw

e
e
n

 c
lim

a
te

 
fo

rc
in

g
 a

n
d

 im
p

a
c
t.’ C

lim
a
tic

 C
h

a
n

g
e
 d

o
i 10

.10
0

7/s10
5

8
4

-0
13

-10
3

4
-.

12
. 

S
c
h

ew
e
, J., H

e
in

ke
, J., G

e
rte

n
, D

., H
a
d

d
e
la

n
d

, I., A
rn

e
ll, N

.W
., C

la
rk, D

.B
., D

a
n

ke
rs, R

., E
isn

e
r, S

., F
e
ke

te
, B

., C
o

lo
n

-
G

o
n

za
le

z, F.J., G
o

slin
g

, S
.N

., K
im

, H
., L

iu
, X

., M
a
sa

ki, Y
., P

o
rtm

a
n

n
, F.T., S

a
to

h
, Y

., S
ta

c
ke

, T., Ta
n

g
, Q

., W
a
d

a
, 

Y
., W

isse
r, D

., A
lb

re
c
h

t, T., F
rie

le
r, K

., P
io

n
te

k, F., W
a
rszaw

ski, L
. &

 K
a
b

a
t, P. (2

0
14

). ‘M
u

lti-m
o

d
e
l a

sse
ssm

e
n

t 
o

f w
a
te

r sc
a
rc

ity
 u

n
d

e
r c

lim
a
te

 c
h

a
n

g
e
.’ P

ro
ce

e
d

in
g

s o
f th

e
 N

a
tio

n
a
l A

c
a
d

e
m

y
 o

f S
c
ie

n
ce

s 111, 3
2
4

5
-3

2
5

0
 

d
o

i.10
.10

7
3

/p
n

a
s.12

2
2
4

6
0

110
.



China National
Expert Committee
on Climate Change

Hosts of the project workshops

Sponsors

Open access. Some rights reserved. 

This work is licensed under the Creative Commons Attribution-Noncommercial 4.0. 
International (CC BY-NC 4.0) licence. You are free to copy and redistribute the material 
in any medium or format and remix, transform, and build upon the material, under the 
following terms: you must give appropriate credit, provide a link to the licence, and indicate 
if changes were made. You may do so in any reasonable manner, but not in any way that 
suggests the licensor endorses you or your use. 

Content which appears in this report but comes from other sources is subject to its original 
copyright.

To view the full licence, visit:  
www.creativecommons.org/licenses/by-nc/4.0/legalcode


