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Climate change impacts happen in a complex web of interactions 
between the physical climate and socio-economic structures

���2

Population Affluence

GDP

Technology and
mitigation policy

Greenhouse gas
emissions

Vulnerability and
adaptive capacity

Greenhouse gases/
climate forcing

Changes in mean climate
(temperature, precipitation,

sea level...)

Adaptation policy
and infrastructure

Greenhouse gas
intensity

Weather
(climate variability)

Changes in
experienced climate

Market and
non-market

impacts

Energy and
resources demand



Getting damages “right” means good “best” 
estimates and good “1%” estimates
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“If there's a 1% chance [of 
extreme climate change 
impacts], we have to treat it as a 
certainty in terms of our 
response.”



Getting damages “right” means good “best” 
estimates and good “1%” estimates
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“If there's a 1% chance [of 
extreme climate change 
impacts], we have to treat it as a 
certainty in terms of our 
response.”

(Actually, he was talking about Pakistani assistance for an al-
Qaeda nuclear weapon.)



Climate vs. weather

• New Jersey is wetter than Arizona.	


• One day, it was raining in Arizona while it was sunny 
in New Jersey. 
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Climate vs. weather

• Average temperatures are increasing over time.	


• It sometimes snows during the winter.
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http://coastal.er.usgs.gov/hurricanes/sandy/
photo-comparisons/newjersey.php

Mantoloking, NJ after Sandy

Mantoloking, NJ before Sandy

http://coastal.er.usgs.gov/hurricanes/sandy/photo-comparisons/newjersey.php
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http://coastal.er.usgs.gov/hurricanes/sandy/
photo-comparisons/newjersey.php

Mantoloking, NJ after Sandy

Mantoloking, NJ before Sandy

When we think about damages, we have to think 
about the interactions between variability (i.e., 

weather) and changes in the mean (i.e., climate).

http://coastal.er.usgs.gov/hurricanes/sandy/photo-comparisons/newjersey.php


So what do the physical 
models say?
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Global temperature projections
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Figure 12.40: Temperature projections for SRES scenarios and the RCPs. (a) Time-evolving temperature distributions 
(66% range) for the four RCP scenarios computed with the ECS distribution from Rogelj et al. (2012) and a model 
setup representing closely the carbon-cycle and climate system uncertainty estimates of the AR4 (grey areas). Median 
paths are drawn in yellow. Red shaded areas indicate time periods referred to in panel b. (b) Ranges of estimated 
average temperature increase between 2090 and 2099 for SRES scenarios and the RCPs respectively. Note that results 
are given both relative to 1980–1999 (left scale) and relative to pre-industrial (right scale). Yellow ranges indicate 
results obtained by Rogelj et al. (2012). Colour-coding of AR4 ranges is chosen to be consistent with AR4 (Meehl et 
al., 2007). RCP2.6 is labelled as RCP3-PD here. 
  

AR5

RCP 8.5 
(roughly, 
business-
as-usual):	


!
3-7°C 

(5-13°F) 
above 
pre-

industrial	

by 2100



But, like Tip O’Neill said of 
politics, all climate change 
is local – no one lives at 

the global mean.
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Models (and 
physics) agree:	


!
Land warms 
faster (and 

oceans slower) 
than the global 

mean, and 
Arctic warms 
especially fast.

Final Draft (7 June 2013) Chapter 14     IPCC WGI Fifth Assessment Report 

Do Not Cite, Quote or Distribute 14-144 Total pages: 145 

 

 

 

FAQ 14.1, Figure 1: Projected 21st century changes in annual mean and annual extremes (over land) of surface air 

temperature and precipitation: a) mean surface temperature per °C of global mean change, b) 90th percentile of daily 

maximum temperature per °C of global average maximum temperature, c) mean precipitation (in % per °C of global 

mean temperature change), and d) fraction of days with precipitation exceeding the 95th percentile. Sources: Panels a) 

and c) projected changes in means between 1986–2005 and 2081–2100 from CMIP5 simulations under RCP4.5 

scenario (see Chapter 12, Figure 12.40); Panels b) and d) projected changes in extremes over land between 1980–1999 

and 2081–2100 (from Orlowsky and Seneviratne, 2012).  

 



Projected 
years of 

departure 
from range 
of historical 
(1860-2005) 
variability 

!
New York City: 

~2050

���11
http://www.soc.hawaii.edu/mora/PublicationsCopyRighted/Cities%20Timing.html	


after Mora et al. (2013)

Based on CMIP5, RCP 8.5, 1σ error of ±~14-20 years

http://www.soc.hawaii.edu/mora/PublicationsCopyRighted/Cities%20Timing.html


Changes in temperature extremes in New York City
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Hydrological changes ambiguous in most of U.S. outside southwest
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Figure 12.24: Change in annual mean runoff (mm) relative to the reference period 1986–2005 projected for 2081–2100 
from the CMIP5 ensemble. Hatching indicates regions where the multi model mean is less than one standard deviation 
of internal variability. Stippling indicates regions where the multi model mean is greater than two standard deviations of 
internal variability and where 90% of models agree on the sign of change (see Box 12.1). The number of CMIP5 
models used is indicated in the upper right corner of each panel. 
  

Final Draft (7 June 2013) Chapter 12 IPCC WGI Fifth Assessment Report 

Do Not Cite, Quote or Distribute 12-148 Total pages: 175 

 

 
 
Figure 12.24: Change in annual mean runoff (mm) relative to the reference period 1986–2005 projected for 2081–2100 
from the CMIP5 ensemble. Hatching indicates regions where the multi model mean is less than one standard deviation 
of internal variability. Stippling indicates regions where the multi model mean is greater than two standard deviations of 
internal variability and where 90% of models agree on the sign of change (see Box 12.1). The number of CMIP5 
models used is indicated in the upper right corner of each panel. 
  

AR5

Annual mean runoff change (2081-2100)



Global sea-level rise projections
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Figure 13.27: Compilation of paleo sea level data, tide gauge data, altimeter data (from Figure 13.3), and central 

estimates and likely ranges for projections of global-mean sea level rise for RCP2.6 (blue) and RCP8.5 (red) scenarios 

(Section 13.5.1), all relative to pre-industrial values. 

 

AR5

AR5 projects likely	

~30-100 cm (1-3.3’) 
global sea level rise 
between 2000 and 

2100

SLR in New York City	

will be greater due to	

land subsidence, ocean	

circulation changes, by	


about 0.5-1’



Tropical storm event projections (2081-2099 vs. 2000-2019)
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Figure 14.17: General consensus assessment of the numerical experiments described in Supplementary Material Tables 

14.SM.1–14.SM.4 in the. All values represent expected percent change in the average over period 2081–2100 relative to 

2000–2019, under an A1B-like scenario, based on expert judgment after subjective normalisation of the model 

projections. Four metrics were considered: the percent change in I) the total annual frequency of tropical storms, II) the 

annual frequency of Category 4 and 5 storms, III) the mean Lifetime Maximum Intensity (LMI; the maximum intensity 

achieved during a storm’s lifetime), and IV) the precipitation rate within 200 km of storm centre at the time of LMI. For 

each metric plotted, the solid blue line is the best guess of the expected percent change, and the coloured bar provides 

the 67% (likely) confidence interval for this value (note that this interval ranges across –100% to +200% for the annual 

frequency of Category 4 and 5 storms in the North Atlantic). Where a metric is not plotted, there is insufficient data 

(denoted "insf. d.") available to complete an assessment. A randomly drawn (and coloured) selection of historical storm 

tracks are underlain to identify regions of tropical cyclone activity. 

AR5



And what are the impacts?
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Food security: warming, precipitation changes cause 
decreases in yields and increase in variability 

���17 Saul Loeb / AFP - Getty Images

See next talk by 
Wolfram 
Schlenker



U.S. ENERGY SECTOR VULNERABILITIES TO CLIMATE CHANGE AND EXTREME WEATHER 

 31 

 
Figure 21. Hurricane storm tracks and locations of coastal energy infrastructure 
The map depicts storm tracks of hurricanes and tropical storms from 1980–2012 that have caused more than $1 billion in damage. The costliest 
storms are often those that intersect areas with dense coastal energy infrastructure. 
Data sources: NOAA 2013a, NOAA 2013d, NOAA 2012h, EIA 2013b 

Energy infrastructure is 
vulnerable to extreme events

���18

DOE (2013)

NY Mag (2012)

High summer temperatures drive 
up electricity demand, even as 

higher water temperatures, 
reduced runoff can decrease 

thermoelectric capacity



Human health: Increased ground-level ozone, longer pollen season 
are projected to increase allergies and asthma
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Projected increase in ozone-related ER visits by children in 2020s	

vs. 1990s as a result of climate change (Sheffield et al., 2011: A2 scenario)

http://www.nlm.nih.gov/medlineplus/ 
asthmainchildren.html

Bielory et al. (2012) 
estimate an ~30% increase 
in medical expenses for 
allergies and asthma as a 
result of climate change 
over next decade

http://www.nlm.nih.gov/medlineplus/
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Climate Central (2013)	

http://sealevel.climatecentral.org/

Coastal flooding

Areas submerged 
with 10’ sea level rise 
plus storm surge (= 
~100 year storm 

today, 10 year storm 
w/  16” sea-level rise)

Below 10’ in NYC	

!

• $188 billion property	

• 1.1 million people (35% 

high social vulnerability)	

• 464 thousand housing 

units	

• 75 fire stations	

• 31 hospitals

http://sealevel.climatecentral.org/
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Biodiversity 
hotspots are 
being rapidly 

pushed outside 
the range of 

historical 
vulnerability 
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arrival of unprecedented climates: 2050 under RCP45 (about 23 years
earlier than the global average), or 2034 under RCP85 (about 17 years
earlier than the global average) (Fig. 3). With the exception of marine
birds, whose hotspots are located at high latitudes (Extended Data
Fig. 5d; see also ref. 39), unprecedented climates will occur at the latest
by 2063 (RCP45) or 2042 (RCP85) in the hotspots of all other taxa
considered (Fig. 3). Overall these results suggest that the overarching
effect of climate change on biodiversity may occur not only as a result
of the largest absolute changes in climate at high latitudes but also
perhaps more seriously from small but prompt changes in the tropics.
In short, the tropics will be highly vulnerable to climate change for at
least three reasons: first, the earliest emergence of unprecedented cli-
mates will be there; second, tropical species are more vulnerable to small
climate changes; and third, this region holds most of the Earth’s species.

Discussion
The biological responses expected from the rapid emergence of histori-
cally unprecedented climates are likely to be idiosyncratic40 and will
depend on attributes such as species adaptive capacity, current genetic
diversity, ability to migrate, current availability of habitats, disruption
of ecological interactions, and ecological releases40–44. Although the
extent of these responses in the future has been a topic of debate45,46,
considerable changes in community structure3 and extinction10 have
been shown to have coincided with the emergence of unprecedented
climates in the past. In addition, recent short-term extreme climatic
events have been associated with die-offs in terrestrial47–49 and marine37

ecosystems, highlighting the potentially serious consequences of reaching
historically unprecedented climates. Unfortunately, key conservation
strategies such as protected areas, which may ameliorate the extent of
several anthropogenic stressors, are unlikely to provide refuge from the
expected effects of climate change, because protected areas within bio-
diversity hotspots will experience unprecedented climates at the same
time as non-protected hotspot areas (Fig. 4a; see also ref. 50). The expan-
sion and/or effectiveness of protected areas and other conservation

strategies could be further impaired by limited governmental capacity,
because the earliest emergence of unprecedented climates will occur
among hotspots predominantly located in low-income countries
(Fig. 4b and Extended Data Fig. 6).

The emergence of unprecedented climates could also induce res-
ponses in human societies1,2,13–16,19–22, and the resulting adjustments
could be considerable because according to RCP45 roughly 1 billion
people (about 5 billion people under RCP85) currently live in areas
where climate will exceed historical bounds of variability by 2050
(Fig. 5a). The fact that the earliest climate departures occur in low-income
countries (Fig. 5b) further highlights an obvious disparity between those
who benefit economically from the processes leading to climate change
and those who will have to pay for most of the environmental and social
costs. This suggests that any progress to decrease the rate of ongoing
climate change will require a bigger commitment from developed coun-
tries to decrease their emissions but will also require more extensive
funding of social and conservation programmes in developing countries
to minimize the impacts of climate change. Our results on the projected
timing of climate departure from recent variability shed light on the
urgency of mitigating greenhouse gas emissions if widespread changes
in global biodiversity and human societies are to be prevented.

RCP85
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                  relative to global average
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Figure 3 | The projected timing of climate departure from recent variability
in global biodiversity hotspots. These plots indicate the difference between the
average year in which the climate exceeds bounds of historical variability for each
hotspot and the estimated global averages. The analysis was run independently
for each hotspot, using mean annual air temperature for terrestrial taxa (green
bars) or sea surface temperature for marine taxa (blue bars). Plots are centred at
the respective global mean year for atmospheric (green numbers) and marine
(blue numbers) environments. Horizontal bars rank the hotspots chronologically
according to the mean year of unprecedented climates under RCP85. Horizontal
black lines indicate the standard deviation among cells in the hotspots.
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13 taxonomic biodiversity hotspots considered. a, Comparison of the year at
which the climate exceeds bounds of historical variability between hotspots and
protected areas in those hotspots. The dotted line shows the 1:1 relationship.
b, Comparison of the year at which the climate exceeds bounds of historical
variability in hotspots against the average Gross Domestic Product (GDP) per
person for the countries encompassing the hotspots. The trend line for RCP45 is
modelled with y 5 0.001x 1 2045.2 (r2 5 0.75, P , 0.05; n 5 13 hotspots) and
for RCP85 with y 5 0.0007x 1 2030.4 (r2 5 0.75, P , 0.05; n 5 13 hotspots).
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y 5 0.0004x 1 2034.5 (r2 5 0.25, P , 0.05; n 5 200 countries or territories).
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Impacts occur in a context of social vulnerability – for example, 
wealthier societies are better able to cope with tropical storms
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Empirically:	

damages as % of 
GDP go down 

with income, and 
also go down with 
population density 
(hardening effect?)

NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE1357
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Figure 4 | Climate change impacts on tropical cyclone damage by region
in 2100. Damage is concentrated in North America, East Asia and Central
America–Caribbean. Damage is generally higher in the CNRM and GFDL
climate scenarios.

global tropical cyclone damage to increase by US$53 billion yr�1

(almost double the 2100 baseline). These aggregate global results are
consistent with most of the findings in the literature concerning the
effect of climate change on damage induced by tropical cyclones10–12
except for one study that predicts much smaller damages8. The
climate change damage is equal to 0.01%ofGWP in 2100.

The results in this paper, however, reveal that the distribution of
climate-change damage is not even across the world. Figure 4 shows
the damage caused by climate change in each region.NorthAmerica
has the highest average damage of US$26 billion yr�1, which is half
of the global damage. East Asia and Central America–Caribbean
average damages of US$15 and US$10 billion yr�1 respectively.
The increased intensities of North Atlantic and western North
Pacific storms are causing these effects. The average additional
damage in the remaining regions of the world combined is
just US$2 billion yr�1. The rest of the world has small effects,
partly because climate change has mixed impacts on tropical
cyclones in nearby oceans. North Africa–Middle East and South
America are rarely struck by tropical cyclones in this data set. The
storms striking Europe tend to be of low intensity. Sub-Saharan
Africa does get hit by tropical cyclones but there is relatively
less in harm’s way.

Figure 5 shows the damage divided by GDP by region. This
measure reveals which regions face the highest risk from tropical
cyclones. The Caribbean–Central American region has the highest
damage per unit of GDP with 0.37%. North America, East Asia and
Oceania also have above average rates of damage per unit of GDP
because all of these regions are predicted to have more frequent
high-intensity storms.

The countries predicted to have the largest impacts and the
largest impacts per GDP are all predicted to have more frequent
high-intensity tropical cyclones. The two countries with the highest
average aggregate damage are theUnited States (US$25 billion yr�1)
and China (US$15 billion yr�1). Of all the affected countries, these
two have the largest future economies at risk. The countries with the
highest damage per unit of GDP tend to be tropical islands. These
islands have particularly high damage per unit of GDP because each
storm affects amuch larger fraction of their economy.

As well as changes in the expected damage caused by climate
change, it is also important to understand the probability
distribution of tropical cyclone damage. The probability density
function of damage is highly skewed, leading to substantial damages
in the tail of the distribution. With the present climate, almost
93% of tropical cyclone damage is caused by only 10% of
the storms. Stated another way, the remaining 90% of tropical
cyclones cumulatively cause only 7% of the damage. Tropical
cyclone damage is a fat-tailed phenomenon, where the tail of the
distribution is more influential than the body.
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Figure 5 | Climate change impacts on tropical cyclone damage divided by
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distribution even more skewed, resulting in shorter return periods for high
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Figure 6 shows a transformation of the probability damage
distribution. It illustrates the relationship between the damage and
the return period for the Geophysical Fluid Dynamics Laboratory
(GFDL) climate simulations. The return period is 1/probability.
It reflects the expected amount of time in which to observe a
storm causing each amount of damage somewhere on the planet.
For example, a 1% annual probability would have a 100-year
return period. Both the damage and return period are in log
base 10 to show what happens in the tail of the distribution.
The figure shows that the probability density function of tropical
cyclone damage both before and after climate change is quite
skewed. The figure also shows that climate change has a negligible
effect on common small storms, but increases the intensity of
large storms. With the nonlinear damage function, this increased
intensity translates into a significant increase in damage. The
return period for highly damaging storms becomes shorter. Low-
intensity storms do not change much but high-intensity storms
become more frequent.

We conduct a sensitivity analysis to quantify the role that several
factors play on the estimated impact of climate change on tropical
cyclone damage. Three factors stand out. The predicted global
damage varies a great deal across climate models: Centre National
de Recherche Meteorologiques (CNRM; ref. 14; US$80 billion),
European Centre for Medium Range Weather Forecasts-Hamburg
(ECHAM; ref. 15; US$14 billion), GFDL (ref. 16; US$79 billion) and

NATURE CLIMATE CHANGE | VOL 2 | MARCH 2012 | www.nature.com/natureclimatechange 207

Mendelsohn et al. (2012)

www.thewesterlysun.com

http://www.thewesterlysun.com
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Adaptation isn't optimal, but is important; 
understanding the costs of climate change require an 

understanding of adaptation dynamics.



���25 Lenton et al. (2008)

Careful attention needs to be given to instabilities, both 
natural and human, and their human consequences.
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locations and times, the annual maximum Tmax of this sampled in
all locations and years, and annual maximum wet-bulb TW ðmaxÞ.
The distribution of T is broad, with a most-common value near
25 °C and a thin tail reaching to 50 °C (albeit with very few points
above 40 °C). The distribution of Tmax shows that a large majority
of locations reaches 30 °C at some point during a typical year, and
a few reach close to the 50 °C global record. Shifting either of
these curves warmer by a few degrees would only move a tiny
fraction of their area into uncharted territory (above 50 °C).

By constrast, the highest instantaneous TW anywhere on Earth
today is about 30 °C (with a tiny fraction of values reaching 31 °C).
The most-common TW ðmaxÞ is 26–27 °C, only a few degrees lower.
Thus, peak potential heat stress is surprisingly similar across
many regions on Earth. Even though the hottest temperatures
occur in subtropical deserts, relative humidity there is so low that
TW ðmaxÞ is no higher than in the deep tropics (Fig. 1B). Likewise,
humid midlatitude regions such as the Eastern United States,
China, southern Brazil, and Argentina experience TW ðmaxÞ during
summer heat waves comparable to tropical ones, even though
annual mean temperatures are significantly lower. The highest
values of T in any given region also tend to coincide with low
relative humidity. Maxima of TW ðmaxÞ over the decade are higher

than those shown by nearly 1 °C in most tropical regions and up to
2 °C in midlatitudes (though still never exceeding 31 °C), so our
focus on annual events may underestimate the danger. Also, we
use six-hourly data, which has a similar but smaller effect.

The likely reason for the apparent ceiling on TW is a convective
instability mechanism. We find essentially identical results for
quantities near or 50 m above the surface (see SI Text). The
equivalent potential temperature θe, a measure of air buoyancy
and atmospheric stability, is a monotonic function of TW and air
pressure. Values that exceed a threshold determined by tempera-
tures aloft will produce storm activity that cools air near the sur-
face, limiting θe (22). The corresponding ceiling on TW increases
with pressure, explaining why TW ðmaxÞ is positively correlated with
this (r ¼ 0.71), and why equator-ward of 45 N∕S, most locations
where TW ðmaxÞ < 26 °C are above 650 m elevation. Most other
locations are in areas of very low storm activity and rainfall.
Because TW ðmaxÞ and human population are both larger at low
elevations and in rainy regions, 58% of the world’s population
in 2005 resided where TW ðmaxÞ ≥ 26 °C (population data obtained
from Columbia University, sedac.ciesin.columbia.edu/gpw).

The simplest prediction of global warming’s effect on TW ðmaxÞ
is to assume a uniform upward shift of the TW distribution. A 4 °C
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Fig. 1. (A) Histograms of 2-meter T (Black), Tmax (Blue), and TWðmaxÞ (Red) on land from 60S–60N during the last decade (1999–2008). “Max” histograms are
annual maxima accumulated over location and year, while the T histogram is accumulated over location and reanalysis time. Data are from the ERA-Interim
reanalysis 4xdaily product (similar results are found for the 50m level from the NCEP reanalysis, see SI Text). (B) Map of TWðmaxÞ. (C and D) Same as A and B but
from a slab-ocean version of the CAM3 climate model that produces global-mean surface temperature close to modern values. (E and F) Same as C and D but
from a high-CO2 model run that produces a global-mean T 12 °C warmer; accounting for GCM bias, the TWðmaxÞ distributions are roughly what would be
expected with 10 °C of global-mean warming relative to the last decade (see text). Dashed line in E is TWðmaxÞ reproduced from C. White land areas in F exceed
35 °C.
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