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Modifica:ons	des	condi:ons	
clima:ques	extrêmes;		

sont-elles	réelles,	ou	tout	simplement	
imaginées?	
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The	context	for	this	talk	
•  Extensive reporting in the media on extreme events 

–  Google News searches of Canadian new publications for the past 
year find  

•  55,300 items that refer to “extreme weather”  
•  17,500 items that refer to “drought”  
•  31,400 items that refer to “floods” 

–  Similar searches for 2006 yield very small numbers  
•  Public perception is that frequency and intensity is 

increasing 
•  Growing economic impact of extreme events, which we 

are experiencing via increases in insurance premiums 
•  Growing concern that is expressed by the insurance 

industry, for example, via annual reporting by Munich Re 
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Geophysical events 
(Earthquake, tsunami, volcanic activity) 

Meteorological events  
(Tropical storm, extratropical storm,  
convective storm, local storm) 

Hydrological events 
(Flood, mass movement) 

Loss events 

Climatological events 
(Extreme temperature, drought, wildfire) 

Selection of catastrophes 
Overall losses ≥ US$ 1,500m 

NatCatSERVICE 

Loss events worldwide 2014  
Geographical overview 
 
 

© 2015 Münchener Rückversicherungs-Gesellschaft, Geo Risks Research, NatCatSERVICE – As at January 2015 

Drought 
Brazil, 2014 

Winter damage 
Japan, 7–16 Feb 

Winter damage  
USA, Canada, 5–8 Jan 

Drought 
USA, 2014 

Earthquake 
China, 3 Aug 

Floods 
India, Pakistan, 
3–15 Sep 

Floods 
United Kingdom, 
Dec 2013–Feb 2014 

Severe storms 
France, Belgium, 
Germany, 
7–10 Jun 

Flash floods 
USA,11–13 Aug 

Cyclone Hudhud 
India,  
11–13 Oct 

Severe storms 
USA, 18–23 May 

Severe storms 
USA, 2–4 Apr 

Severe storms 
USA, 27 Apr–1 May 

Severe storms 
USA, 3–5 Jun 

Typhoon Rammasun 
China, Philippines, Vietnam,  
11–22 Jul 

Source: Munich Re, NatCatSERVICE, 2015 

Hurricane Odile 
Mexico, 11–17 Sep 

980 
Loss events 

Typhoon Kalmaegi 
China, Philippines, Vietnam, 
12–20 Sep 

Floods 
Bosnia and Herzegovina,  
Serbia, Croatia, Romania, 
13–30 May 

890 loss 
events in 

2013 

The 5 largest losses in 2013 were Calgary ($5.7B), hurricanes Manuel 
and Ingrid in Mexico ($5.8B), earthquakes in China ($6.8B), typhoon 
Haiyan ($10B), floods in western and eastern Europe ($15.2B) 
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Financial Losses   
 

Billions of US$ 
Inflation adjusted 
 

Overall 
Insured 
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Overall losses and insured losses 1980–2013 (in US$ bn)
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  Overall losses  
(2013 values)*

  Of which insured losses  
(2013 values)*

 Trend: Overall losses

 Trend: Insured losses

  Source: Munich Re

*  Values adjusted for inflation using 
the Consumer Price Index (CPI) of 
each country. 

1980 1985 1990 1995 2000 2005 2010

is now based on country-specific 
threshold values. This means that 
events can now be compared more 
objectively with each other, irrespec-
tive of specific developments in indi-
vidual countries.

Fatalities

Two natural catastrophes alone 
accounted for 56% of the 20,500 
fatalities across the world. In June, 
heavy monsoon rain triggered 
de structive flash floods and wide-
spread flooding in India, causing the 
deaths of 5,500 people. In November, 
Typhoon Haiyan hit the Philippines, 
China and Vietnam. The Philippine 
islands of Leyte and Samar were dev-
astated and over 6,200 people lost 
their lives. 

Two heatwaves were also among  
the most deadly events of 2013. 
Between April and June, over 550 
died in India as a result of the heat. In 
July, temperatures in the UK rose to 
over 33.5°C for several days; the 
deaths of 760 people were linked to 
the hot weather. The death toll in 
Pakistan following an earthquake 
reached approximately 400 and a 
further quake in the Philippines cost 
the lives of over 200 people. 

Losses

A breakdown of the aggregate losses 
of US$ 135bn between the four main 
perils reveals some substantial devi-
ations from the long-term average. 
49% of aggregate losses in 2013 
were attributable to windstorms 
(1980–2012: 40%) and 37% to floods 
(1980–2012: 22%). Asia accounted 
for almost half of all overall economic 
losses in 2013. Chief among the 
causes of these losses were Typhoons 
Haiyan and Fitow as well as earth-
quakes, floods and droughts in 
China. 

The events producing the greatest 
economic losses in 2013 were the 
floods in May and June in central  
and eastern Europe, which cost  
US$ 15bn, followed by Typhoon Hai-
yan in Southeast Asia in November, 
which cost more than US$ 10bn. The 
earthquake in China in April caused 
losses of US$ 6.8bn, the floods in 

Canada in June cost US$ 5.7bn and 
Typhoon Fitow, which hit China and 
Japan in October, caused damage 
totalling US$ 5bn.

The insured losses of US$ 35bn  
were caused primarily by floods and 
hail in central Europe and by severe 
thunderstorms and floods in North 
America. The hailstorms in Germany 
were the costliest event for the insur-
ance industry worldwide, with a total 
claims bill of US$ 3.7bn. 

>>  The latest analyses, charts, and 
 statistics are available as free 
 downloads from the Touch Natural 
 Hazards section of our website:  
www.munichre.com/touch

OUR EXPERT 

Petra Löw is a specialist in the field  
of natural catastrophes and trend 
analyses. She is a NatCatSERVICE 
consultant in Geo Risks Research/
Corporate Climate Centre. 
ploew@munichre.com
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Number of loss events 1980–2013
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  Geophysical events: 
Earthquake, tsunami,  
volcanic eruption

  Meteorological events:  
Tropical storm, extratropical 
storm, convective storm, 
local storm

  Hydrological events:  
Flooding, mass movement

  Climatological events: 
Extreme temperatures, 
drought, wildfire

 Source: Munich Re
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Events: 890
Percentage distribution worldwide

Fatalities: 20,500
Percentage distribution worldwide

 
Overall losses: US$ 135bn
Percentage distribution worldwide

Insured losses: US$ 35bn
Percentage distribution worldwide

The year in  
figures
Petra Löw

In 2013, the NatCatSERVICE regis-
tered 890 loss events worldwide  
with overall losses of US$ 135bn and 
insured losses of US$ 35bn. These 
figures mean that 2013, like 2012, 
can be described as a relatively mod-
erate year. The number of events in 
2013 was lower than in 2012 (920) 
but still exceeded the ten-year (790) 
and 30-year (630) average. 

Aggregate losses suffered by econo-
mies across the world as a result of 
natural catastrophes were well below 
the ten-year average and also failed 
to approach the US$ 175bn of the 
previous year. Insured losses were at 
the same level as in the last ten years 
but also remained below 2012 figures. 

At about 20,500, the number of fatal-
ities was twice that of 2012 but still 
well below the ten-year average of 
over 100,000.

Number of events

Of the total of 890 loss events, 90% 
fell into the category of weather-
related natural catastrophes and 10% 
were of a geophysical nature. There 
was also an extraterrestrial event in 
the form of a meteorite strike in Rus-
sia. The percentage distribution of 
the main perils within the geophysi-
cal, meteorological, hydrological and 
climatological fields is roughly in line 
with the average of the past 30 years, 
albeit with slight deviations. Events 
such as heatwaves, cold spells, 
droughts and forest fires were less 
frequent at 9% (instead of 13%), as 
were geophysical events with 10% 
(instead of 13%). However, the figures 
for windstorms and floods were 
slightly higher at 5% and 2% respec-
tively. 

An examination of the distribution of 
loss events by continent reveals that 
America, Africa and Australia all 
maintained their long-term average, 
with figures of 32% for America and 
8% each for the other two. On the 
other hand, Europe experienced 6% 
fewer loss events while Asia re -
corded a plus of 5%. 

The Munich Re NatCatSERVICE 
database subdivides the events of  
a year into catastrophe categories 
according to their monetary and 
humanitarian impact. We extensively 
revised this categorisation in 2013. 
The previous six-level classification 
has been reduced to four levels and 

10%
44%
37%
9%

5%
38%
49%
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7%
49%
37%

7%

<1%
71%
27%

2%

Number of events 
 
 

Geophysical 
Meteorological (storms) 
Hydrologic (flooding, 

mass movements) 
Climatological 

(temperature 
extremes, drought, 
wildfire) 
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More	context:	the	Calgary	flood,	2013		

Flood waters rush by the Okotoks 32nd Street bridge, June 20, 2013, courtesy Stephanie N. Jones 

•  100,000 displaced, 5 deaths 
•  Costliest disaster event in Canadian history 
•  Estimated $5.7B USD loss ($1.65B USD insured) 
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Calgary	flood,	2013		

The Centre Street Bridge in Calgary (June 21, 2013), courtesy Ryan L.C. Quan 
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Calgary	flood,	2013		

Calgary East Village (June 25, 2013), courtesy Ryan L.C. Quan 
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The	Calgary	Flood	in	the	Media	
•  Public discourse often quickly makes the link to 

climate change (e.g., Maclean’s, Alberta flooding 
sets records, prompts calls for action on climate 
change, 24 June 2013) 

•  The majority of Canadians believe that climate 
change is to blame (Toronto Star, 24 July 2013) 

•  Even if we can’t attribute cause, we as scientists 
point to the similarity between recent events and 
projected change (eg, CBC News, Calgary floods 
spotlight cities’ costly failure to plan for climate 
change, 28 July 2013) 



9 Photo: F. Zwiers (Cordova Bay Sunrise) 

Hence	the	ques:ons	

1.  Are extreme events 
more frequent and 
intense than in the 
past and is human 
activity the driving 
force? 

2.  Did human influence 
on the climate cause 
the devastating event 
that has just occurred? 

1.  Review of research 
on long-term 
changes in extremes 
and whether human 
influence is a factor 

2.  Brief introduction to 
“event attribution” 

…	and	par@al	answers	



10 Photo: F. Zwiers (Ring-Necked Duck, Victoria) 

Detec@on	and	aCribu@on	of	Long	
Term	Change	in	Extremes	
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Some	defini@ons	
•  Detection of change is the process of 

demonstrating that the climate or a system 
affected by the climate has changed in some 
defined statistical sense  

•  Attribution is the process of evaluating the 
relative contributions of multiple causal factors to 
a change or event with an assignment of  
statistical confidence 

•  Casual factors refer to external influences 
–  Climate: anthropogenic and/or natural  
–  Systems affect by climate: climate change  

IPCC Good Practice Guidance Paper on Detection and Attribution, 2010 
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Usual	assump@ons	
•  Key forcings have been identified 
•  Signals and noise are additive 
•  Model simulation of large-scale forcing response 

patterns ok, but signal amplitude is uncertain 

•  Involve simple statistical models 
•  Complex implementation due to data volumes 

(which are both small and large) 

Methods	

à leads to a regression formulation 
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That	formula@on	has	been	evolving	
•  Hasselmann (1979, 1993) 
•  Hegerl et al (1996, 1997) 
•  Tett et al (1999) 

! = !∗ + !!
!! = !!∗ + !!!
!∗ = !!

!

!!!
!!∗
!

•  Allan and Stott (2003) 
•  Huntingford et al (2006) 
•  Hegerl and Zwiers (2011) 
•  Ribes et al (2013a, 2013b) 
•  Hannart et al (2014) 
•  Hannart (2015, accepted) 

! = !∗ + !!
!! = !!∗ + !!!
!∗ = !!∗

!

!!!

! •  Ribes et al (in review) 

! = !!!!
!

!!!
+ !!
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•  Not completely straightforward 
•  Relatively easy for indices of moderate extremes 

(such as frequency indices) 
•  Best to use extreme value theory for rarer 

extremes (e.g., study of change in the annual 
maximum or long period return levels) 

•  Methods for extremes are actively evolving 
(taking dependence into account is a key issue) 

•  For temperature extremes 
–  Large body of literature, high confidence   

•  For precipitation extremes 
–  Emerging evidence, medium or lower confidence 

Adapta@on	to	extremes	
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Photo: F. Zwiers (Lanzhou) 

Temperature	extremes	

   See WCRP summer school on extremes, ICTP, July, 2014 
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Temperature	extremes	
•  Extremes warmed during the “global warming 

hiatus” 
– Seneviratne et al, 2014; Sillmann et al, 2014 

•  D&A studies looking at either frequency of 
events or event intensity consistently find that 
human influence has  
–  Increased the frequency of warm extremes,  
–  Intensified warm extremes, 
–  Reduced the frequency of cold extremes, and 
–  Weakened cold extremes 

•  Supported by high confidence in attribution of 
change in mean temperature 
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Figure 2.32 |  Trends in annual frequency of extreme temperatures over the period 1951–2010, for (a) cold nights (TN10p), (b) cold days (TX10p), (c) warm nights (TN90p) and (d) 
warm days (TX90p) (Box 2.4, Table 1). Trends were calculated only for grid boxes that had at least 40 years of data during this period and where data ended no earlier than 2003. 
Grey areas indicate incomplete or missing data. Black plus signs (+) indicate grid boxes where trends are significant (i.e., a trend of zero lies outside the 90% confidence interval). 
The data source for trend maps is HadEX2 (Donat et al., 2013c) updated to include the latest version of the European Climate Assessment data set (Klok and Tank, 2009). Beside 
each map are the near-global time series of annual anomalies of these indices with respect to 1961–1990 for three global indices data sets: HadEX2 (red); HadGHCND (Caesar et 
al., 2006; blue) and updated to 2010 and GHCNDEX (Donat et al., 2013a; green). Global averages are only calculated using grid boxes where all three data sets have at least 90% 
of data over the time period. Trends are significant (i.e., a trend of zero lies outside the 90% confidence interval) for all the global indices shown.
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+ indicates the trend is statistically significant (at the 10% level) Fig. 2.32, IPCC AR5 WG1, Chapter 2 (See also Donat et al, 2013) 

210

Chapter 2 Observations:  Atmosphere and Surface

2

Figure 2.32 |  Trends in annual frequency of extreme temperatures over the period 1951–2010, for (a) cold nights (TN10p), (b) cold days (TX10p), (c) warm nights (TN90p) and (d) 
warm days (TX90p) (Box 2.4, Table 1). Trends were calculated only for grid boxes that had at least 40 years of data during this period and where data ended no earlier than 2003. 
Grey areas indicate incomplete or missing data. Black plus signs (+) indicate grid boxes where trends are significant (i.e., a trend of zero lies outside the 90% confidence interval). 
The data source for trend maps is HadEX2 (Donat et al., 2013c) updated to include the latest version of the European Climate Assessment data set (Klok and Tank, 2009). Beside 
each map are the near-global time series of annual anomalies of these indices with respect to 1961–1990 for three global indices data sets: HadEX2 (red); HadGHCND (Caesar et 
al., 2006; blue) and updated to 2010 and GHCNDEX (Donat et al., 2013a; green). Global averages are only calculated using grid boxes where all three data sets have at least 90% 
of data over the time period. Trends are significant (i.e., a trend of zero lies outside the 90% confidence interval) for all the global indices shown.

Trend (days per decade)

(a) Cold Nights

(b) Cold Days

(c) Warm Nights

(d) Warm Days

Trend (days per decade)

Trend (days per decade)

Trend (days per decade)

20

10

0

-10

-20
1950    1960    1970    1980    1990    2000    2010 

20

10

0

-10

-20
1950    1960    1970    1980    1990    2000    2010 

30

20

10

0

-10
1950    1960    1970    1980    1990    2000    2010 

30

20

10

0

-10
1950    1960    1970    1980    1990    2000    2010 

An
om

al
y 

(d
ay

s)
An

om
al

y 
(d

ay
s)

An
om

al
y 

(d
ay

s)
An

om
al

y 
(d

ay
s)

HadEX2
HadGHCND
GHCNDEX



19 

210

Chapter 2 Observations:  Atmosphere and Surface

2

Figure 2.32 |  Trends in annual frequency of extreme temperatures over the period 1951–2010, for (a) cold nights (TN10p), (b) cold days (TX10p), (c) warm nights (TN90p) and (d) 
warm days (TX90p) (Box 2.4, Table 1). Trends were calculated only for grid boxes that had at least 40 years of data during this period and where data ended no earlier than 2003. 
Grey areas indicate incomplete or missing data. Black plus signs (+) indicate grid boxes where trends are significant (i.e., a trend of zero lies outside the 90% confidence interval). 
The data source for trend maps is HadEX2 (Donat et al., 2013c) updated to include the latest version of the European Climate Assessment data set (Klok and Tank, 2009). Beside 
each map are the near-global time series of annual anomalies of these indices with respect to 1961–1990 for three global indices data sets: HadEX2 (red); HadGHCND (Caesar et 
al., 2006; blue) and updated to 2010 and GHCNDEX (Donat et al., 2013a; green). Global averages are only calculated using grid boxes where all three data sets have at least 90% 
of data over the time period. Trends are significant (i.e., a trend of zero lies outside the 90% confidence interval) for all the global indices shown.

Trend (days per decade)

(a) Cold Nights

(b) Cold Days

(c) Warm Nights

(d) Warm Days

Trend (days per decade)

Trend (days per decade)

Trend (days per decade)

20

10

0

-10

-20
1950    1960    1970    1980    1990    2000    2010 

20

10

0

-10

-20
1950    1960    1970    1980    1990    2000    2010 

30

20

10

0

-10
1950    1960    1970    1980    1990    2000    2010 

30

20

10

0

-10
1950    1960    1970    1980    1990    2000    2010 

An
om

al
y 

(d
ay

s)
An

om
al

y 
(d

ay
s)

An
om

al
y 

(d
ay

s)
An

om
al

y 
(d

ay
s)

HadEX2
HadGHCND
GHCNDEX

Change	in	Frequency	of	“Extremes”	
(TN90p) 

(TX90p) 

+ indicates the trend is statistically significant (at the 10% level) Fig. 2.32, IPCC AR5 WG1, Chapter 2 (See also Donat et al, 2013) 



20 

Change	in	magnitude	of	annual	extremes	

Y. Kim et al.

1 3

truncations (Allen and Tett 1999). The confidence intervals 
for the scaling factors are obtained following Ribes et al. 
(2013).

3  Results

3.1  Observed and modeled trends

Figure 1 illustrates observed patterns of PI trends for the 
four extreme indices over three periods. Positive trends 
mean weaker cold extremes and stronger warm extremes. 
The magnitude of the trends is substantial over broad areas, 
and locally often exceeds 0.5 % (PI trends expressed in % 
probability) per year, or 25 % over the 50-year periods of 
record, indicating a strong tendency for the warmest warm 
and cold extremes to occur near the end of the record. 
Overall positive trends are dominant in cold extremes (TNn 
and TXn) during the three periods, although there are large 
areas of decreasing trends in TXn in the 5100 period, in 
particular over eastern North America where average tem-
peratures also show a so-called ‘warming hole’ (Portmann 
et al. 2009). Over the three periods, warming trends of cold 
extremes in the Asia region tend to weaken, while they 

strengthen over North America. For the warmest days and 
nights (TNx and TXx), a mixture of positive and negative 
trends is apparent during 5100, but positive trends occur 
over larger regions during the 5605 and 6110 periods. The 
5100 trend patterns are consistent with those in Min et al. 
(2013) where HadEX data were used, suggesting weak 
influence of the use of different datasets in regions where 
both HadEX and HadEX2 provide data coverage.

Trend patterns in PI simulated by the ALL and NAT 
multi-models are displayed in Figs. 2 and 3, respectively. 
Trends are first calculated for individual models and then 
averaged to estimate multi-model mean trends. These 
maps are spatially smoother than the corresponding maps 
for the observations (Fig. 1) because multi-model averag-
ing has removed a substantial amount of the influence of 
internal climate variability. The historical ALL runs exhibit 
warming almost everywhere for all extreme indices and all 
three periods, meaning weakening of cold extremes and 
intensification of warm extremes responding to the com-
bined natural-plus-anthropogenic forcings. Trends in cold 
extremes tend to increase more over high latitudes while 
warm extremes exhibit stronger trends over the subtropics. 
This difference in trend patterns between cold and warm 
extremes is generally consistent with CMIP3 results (Min 

Fig. 1  Geographical patterns of observed trends in PI of tempera-
ture extremes (% probability per year) during three 50-year periods 
(1951–2000; 5100, 1956–2005; 5605, and 1961–2010; 6110). Row 
and column indicate three periods and four extreme temperature indi-
ces (TNn, TXn, TNx, and TXx), respectively. Positive trends mean 

weakening of cold extremes in TNn and TXn and intensification of 
warm extremes in TNx and TXx. Analysis is confined to grid points 
with 40 years or more of data for each variable for each period. The 
observed TNx mask has been applied to all variables for consistency
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Attribution of extreme temperature changes during 1951–2010
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Fig. 2  As in Fig. 1, but for multi-model mean PI trends (% probability per year) from ALL simulation. Refer to Table 1 for the list of model 
runs

Fig. 3  As in Fig. 1, but for multi-model mean PI trends (% probability per year) from NAT simulation. Refer to Table 1 for the list of model 
runs

Models 

Kim et al, 2015, Fig 1 and 2  
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Attribution of extreme temperature changes during 1951–2010
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Fig. 2  As in Fig. 1, but for multi-model mean PI trends (% probability per year) from ALL simulation. Refer to Table 1 for the list of model 
runs

Fig. 3  As in Fig. 1, but for multi-model mean PI trends (% probability per year) from NAT simulation. Refer to Table 1 for the list of model 
runs

Models 
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FIG. 1. Scaling factors and their 90% confidence intervals for annual extreme temperatures for ALL and ANT forcings over different regions for the period 1961–2000. Grid points with

sufficient data are marked with the same color for each region, while areas without sufficient data are marked gray. Detection is claimed at the 10% significance level if the 90% confidence
interval of a scaling factor lies above the zero line. The red, green, blue, and purple bars correspond to TNn, TXn, TNx, and TXx, respectively.
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FIG. 1. Scaling factors and their 90% confidence intervals for annual extreme temperatures for ALL and ANT forcings over different regions for the period 1961–2000. Grid points with
sufficient data are marked with the same color for each region, while areas without sufficient data are marked gray. Detection is claimed at the 10% significance level if the 90% confidence
interval of a scaling factor lies above the zero line. The red, green, blue, and purple bars correspond to TNn, TXn, TNx, and TXx, respectively.
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Scaling factors and 
uncertainty ranges 

TNn - Coldest night annually 
TXn - Coldest day annually 

TNx - Warmest night annually 
TXx - Warmest day annually FIG. 3. Estimated waiting times (yr) and their 5% and 95% uncertainty limits for 1960s 20-yr return values of annual extreme daily temperatures in the 1990s climate based on extreme

value analyses of observed extreme temperatures fitted to GEV distributions whose location parameters vary with simulated extreme temperature responses to ALL or ANT forcings. The
red, green, blue, and purple bars correspond to TNn, TXn, TNx, and TXx, respectively.
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FIG. 3. Estimated waiting times (yr) and their 5% and 95% uncertainty limits for 1960s 20-yr return values of annual extreme daily temperatures in the 1990s climate based on extreme
value analyses of observed extreme temperatures fitted to GEV distributions whose location parameters vary with simulated extreme temperature responses to ALL or ANT forcings. The
red, green, blue, and purple bars correspond to TNn, TXn, TNx, and TXx, respectively.
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Change in waiting times for 20-
year events (1990’s vs 1960’s) 

Years 

Zwiers, et al., 2011, J Climate 

Detec@on	and	aCribu@on	results	
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Limita@ons	
•  Observational data 

–  Need long homogeneous records of daily data 
–  Geographical coverage 
–  Traceability, updatability of indices 
–  Order of operations 

•  Process understanding and representation in 
models, such as 
–  Coupled land-atmosphere feedback processes 
–  Representation of blocking in models 



24 Photo: F. Zwiers (Longji) 

Precipita@on	extremes	
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•  Observational studies suggest intensification is 
occurring, although local detection is very hard (eg., 
Westra et al, 2013) 

•  Expectation of intensification is supported by  
–  attribution of warming (eg, Bindoff et al, 2013),  
–  attribution of observed increase in atmospheric water 

vapour content (eg, Santer et al, 2007), and  
–  D&A studies of change in mean precipitation (eg., 

Zhang et al., 2007; Noake et al., 2012; Polson et al, 
2013; Marvel and Bonfils, 2013; Wu et al, 2013) and 
surface salinity (eg., Pierce et al., 2012).  

•  But very few D&A studies yet on extreme 
precipitation (eg, Min et al 2011, Zhang et al, 2013) 

   Precipitation extremes 
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Sta@ons	with	significant	trends	in	annual	
maximum	1-day	precipita@on		(1900-2009)	

•  Tests conducted at the 5% level (two sided) 
•  There are more statistically significant increasing trends than expected by 

random chance (blue bootstrap distributions for rejection rate). this issue in more detail by conducting a nonstationary
extreme value analysis using the global near-surface
temperature trend as the covariate. Similar to theMann–
Kendall test described above, we commence by analyzing
the set of 8326 stations with more than 30 years of data
over the period from 1900 to 2009, with the average re-
cord length being 53 years. We also analyze longer pe-
riods of record and different time windows and discuss
the results from these alternative analyses later in this
section.
We use the likelihood ratio test to evaluate the hy-

pothesis that the extremes are varying in response
to global mean near-surface temperature variations
against the null hypothesis that there is no significant
covariation. To this end, we classified stations as ‘‘sig-
nificant positive association,’’ ‘‘significant negative as-
sociation,’’ and ‘‘no significant association’’ with the
global mean near-surface temperature series. Once
again, we used a 5% significance level, which means
that under the null hypothesis, about 2.5% of stations
should show significant positive association and about
2.5% should show significant negative association by
random chance.

1) GEOGRAPHIC DISTRIBUTION OF STATIONS

EXHIBITING SIGNIFICANT TRENDS

The results of the analysis show that 10.0% of stations
globally had statistically significant positive associations
with the annual global mean near-surface temperature
series and 2.2% had significant negative associations.
The spatial locations of these stations are given in Fig. 5,
and the larger number of positive associations relative to
negative associations is clearly apparent. The uneven

geographic distribution of stations is also evident, with
locations that have long records being well represented
in North America (particularly the United States),
western Europe, and South Africa. In contrast, the
majority of the African landmass, Indonesia, parts of
South America, and the sparsely populated areas of
Australia are particularly poorly represented, either
because the records are unavailable or because they
were shorter than the 30-yr threshold used in this
analysis.

FIG. 3. Percentage of stations showing statistically significant (left) increasing and (right) decreasing trends based
on the Mann–Kendall test. The histogram represents the distribution of results from 1000 bootstrap realizations of
the global annual maximum rainfall data, and the red dot represents the value from the observed data.

FIG. 4. Percentage of sample with increasing trends based on the
Mann–Kendall test. The blue histogram was obtained from re-
sampling with 1000 replicates, and the red dot was based on the
observed sample.
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• 8376 stations with > 30 yrs data, median length 53 yrs 
• Significant positive (10.0% of stations, expect 2.5%) 
• Significant negative (2.2% of stations, expect 2.5%) 
• Estimate of mean sensitivity over land is ~7%/K  

Is	there	an	associa@on	between	annual	maximum	
1-day	precipita@on	and	global	mean	temperature?			

Westra et al (2013, Fig. 5) 
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Trends	in	Annual	maximum	1-day	
Precipita@on	Extremes	(1951-2005)	 18
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Figure S5. Linear trends of extreme precipitation indices (PI) during 1951-2005 in 266"
observations (OBS, first row; and OBS with 9-point spatial smoothing, second row), 267"
in model simulations with combined anthropogenic and natural forcing (ALL, third 268"
row), in model simulations with natural forcing (NAT, fourth row). For each pair of 269"
panels, results are shown for annual maximum one-day (RX1day) and five-day 270"
(RX5day) precipitation amounts. For model simulations, ensemble means of trends 271"
from individual simulations are displayed. Units: probability (in percent) over 55 year 272"
period. 273"
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Detec@on	and	aCribu@on	results	
We can detect the human influence on precipitation 
extremes using formal detection and attribution methods: 

•  Climate models that include anthropogenic external 
forcing intensify precipitation similarly to observed 

•  Climate models with only natural external forcing fail 
to intensify precipitation 

 Attributed intensification: 
•  3.3% increase over 55 years due to human effects 

•  uncertainty range [1.1 – 5.8]%  
•  5.2% increase per degree of warming 

•  uncertainty range [1.3 – 9.3]%  

Estimated waiting time for 1950’s 20-year event: 
~15-yr in the early 2000’s  

Zhang et al., 2013 (see also Min et al 2011) 
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Limita@ons	
•  Data (availability, spatial coverage, record length, 

quality, observational uncertainty between 
dataset) 

•  Confidence in models (e.g., circulation impacts, 
topography, parameterization of sub-grid scale 
processes) 

•  Low signal-to-noise ratio with possible offsetting 
influences from GHGs and aerosols (different for 
means than for extremes)  

•  Spatial and temporal scaling 
•  Characterization of spatial dependence 
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Terrestrial	hydrological	cycle	

Photo: F. Zwiers (Canmore, AB) 



32 

•  Very limited literature on D&A of mean change in 
hydrologic quantities 
–  Barnett et al, 2008 (Western US) 
–  Najafi et al, 2016 (part of BC; see AGU poster H43E-1551) 
–  Both detect thermodynamic impact on snowpack and streamflow 

•  Strong need for study of extremes given impacts 
•  Limitations include 

–  Data (very often inhomogenious due to river regulation) 
–  Complex spatial variation in hydrologic sensitivity (Grieve et al, 

2014; Kumar et al, 2015) which complicates robust detection of 
responses (Kumar et al, AGU poster GC53B-1199)  

–  Complexity and uncertainty in the modelling chain that ultimately 
allows an assessment of change in stream flow, etc 

–  Confounding effects 

   Hydrologic extremes 
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Storms	
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•  Some evidence of attributable long-term change in 
surface pressure distribution (indicative of long-term 
circulation change) 

•  Few, if any, D&A studies of long-term change in 
position of extratropical storm tracks, storm frequency 
or intensity 

•  Limitations include 
–  Data (length of record, homogeneity) 
–  Models (eg, broad range of frequency biases in the 

occurrence of explosive cyclones in CMIP5 class models – 
Seiler and Zwiers, 2015a, 2015b) – and concern about 
whether resolution in climate models is sufficient to model 
storm details relevant to impacts correctly 

   Storms 
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Answers	to	ques@on	1	

Are extreme events more 
frequent and intense than in the 
past and is human activity the 
driving force? 

Photo: F. Zwiers (Big Trout Lake, Algonquin) 

•  IPCC Assessment Reports 
a good source 

•  Very likely in the case of 
temperature extremes 

•  Lower confidence for 
virtually everything else 
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Phenomenon and 
direction of trend

Assessment that changes occurred (typically 
since 1950 unless otherwise indicated)

Assessment of a human 
contribution to observed changes Early 21st century Late 21st century

Warmer and/or fewer 
cold days and nights 
over most land areas

Very likely {2.6}

Very likely
Very likely 

Very likely {10.6}

Likely
Likely  

Likely {11.3} Virtually certain {12.4}

Virtually certain
Virtually certain 

Warmer and/or more 
frequent hot days and 
nights over most land areas

Very likely {2.6}

Very likely
Very likely

Very likely {10.6}

Likely
Likely (nights only)

Likely {11.3} Virtually certain {12.4}

Virtually certain
Virtually certain

Warm spells/heat waves. 
Frequency and/or duration 
increases over most 
land areas

Medium confidence on a global scale 
Likely in large parts of Europe, Asia and Australia {2.6}

Medium confidence in many (but not all) regions
Likely

Likelya

 {10.6}

Not formally assessed
More likely than not

Not formally assessedb

 {11.3}
Very likely 
 {12.4}

Very likely
Very likely

Heavy precipitation events.
Increase in the frequency, 
intensity, and/or amount 
of heavy precipitation

Likely more land areas with increases than decreasesc 
 {2.6}

Likely more land areas with increases than decreases
Likely over most land areas

Medium confidence 
 {7.6, 10.6}

Medium confidence
More likely than not

Likely over many land areas 
 {11.3}

Very likely over most of the mid-latitude land 
masses and over wet tropical regions  {12.4}

Likely over many areas
Very likely over most land areas

Increases in intensity 
and/or duration of drought

Low confidence on a global scale 
Likely changes in some regionsd {2.6}

Medium confidence in some regions
Likely in many regions, since 1970e  

Low confidence {10.6}

Medium confidencef

More likely than not

Low confidenceg {11.3} Likely (medium confidence) on a regional to 
global scaleh  {12.4}

Medium confidence in some regions
Likelye

Increases in intense 
tropical cyclone activity

Low confidence in long term (centennial) changes 
Virtually certain in North Atlantic since 1970 {2.6}

Low confidence
Likely in some regions, since 1970 

Low confidencei  
 {10.6}

Low confidence
More likely than not

Low confidence  
 {11.3}

More likely than not in the Western North Pacific 
and North Atlanticj {14.6}

More likely than not in some basins
Likely

Increased incidence and/or 
magnitude of extreme 
high sea level 

Likely (since 1970) {3.7}

Likely (late 20th century)
Likely 

Likelyk {3.7}

Likelyk

More likely than notk

Likely l {13.7} Very likely l {13.7}

Very likelym

Likely

Likelihood of further changes

Table SPM.1 |  Extreme weather and climate events: Global-scale assessment of recent observed changes, human contribution to the changes, and projected further changes for the early (2016–2035) and late (2081–2100) 21st century. 
Bold indicates where the AR5 (black) provides a revised* global-scale assessment from the SREX (blue) or AR4 (red). Projections for early 21st century were not provided in previous assessment reports. Projections in the AR5 are relative to 
the reference period of 1986–2005, and use the new Representative Concentration Pathway (RCP) scenarios (see Box SPM.1) unless otherwise specified. See the Glossary for definitions of extreme weather and climate events.

* The direct comparison of assessment findings between reports is difficult. For some climate variables, different aspects have been assessed, and the revised guidance note on uncertainties has been used for the SREX and AR5. The availability of new information, improved scientific understanding, continued 
analyses of data and models, and specific differences in methodologies applied in the assessed studies, all contribute to revised assessment findings.

Notes:
a Attribution is based on available case studies. It is likely that human influence has more than doubled the probability of occurrence of some observed heat waves in some locations.
b Models project near-term increases in the duration, intensity and spatial extent of heat waves and warm spells.
c In most continents, confidence in trends is not higher than medium except in North America and Europe where there have been likely increases in either the frequency or intensity of heavy precipitation with some seasonal and/or regional variation. It is very likely that there have been increases in central 

North America.
d The frequency and intensity of drought has likely increased in the Mediterranean and West Africa, and likely decreased in central North America and north-west Australia.
e AR4 assessed the area affected by drought. 
f SREX assessed medium confidence that anthropogenic influence had contributed to some changes in the drought patterns observed in the second half of the 20th century, based on its attributed impact on precipitation and temperature changes. SREX assessed low confidence in the attribution of changes 

in droughts at the level of single regions.
g There is low confidence in projected changes in soil moisture.
h Regional to global-scale projected decreases in soil moisture and increased agricultural drought are likely (medium confidence) in presently dry regions by the end of this century under the RCP8.5 scenario. Soil moisture drying in the Mediterranean, Southwest US and southern African regions is consistent 

with projected changes in Hadley circulation and increased surface temperatures, so there is high confidence in likely surface drying in these regions by the end of this century under the RCP8.5 scenario.
i There is medium confidence that a reduction in aerosol forcing over the North Atlantic has contributed at least in part to the observed increase in tropical cyclone activity since the 1970s in this region.
j Based on expert judgment and assessment of projections which use an SRES A1B (or similar) scenario.
k Attribution is based on the close relationship between observed changes in extreme and mean sea level.
l There is high confidence that this increase in extreme high sea level will primarily be the result of an increase in mean sea level. There is low confidence in region-specific projections of storminess and associated storm surges.
m SREX assessed it to be very likely that mean sea level rise will contribute to future upward trends in extreme coastal high water levels.

Assessment of observed change Phenomenon Human contribution? 

Warmer/fewer 
cold days, nights 

Warmer/more hot 
days, nights 

More frequent/
longer hot spells 
and heat waves 

More frequent/
intense heavy 
precipitation 

More intense/
longer droughts 

Increased intense 
tropical cyclone 

activity  

More frequent/higher 
extreme sea levels 

>90, >90, >90 

MC, MC, >66 

LC,  MC,  >66 

LC,   LC,  >66 

>90, >90, >90 

>66, >66, >66   

>66, >66, >66 

>99, >66, >66 

>66, NA,  >50 

>99, >66, >66 

MC, MC, >50 

LC, MC, >50 

LC,  LC, >50 

>66, >66, >50 
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Event	aCribu@on	

Photo: F. Zwiers (Jordan River kite day) 
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Event	ACribu@on	…	
•  Is what reporters and the public ask us to do 

immediately after (or during) an event 
•  The usual question (did climate change cause 

this) is not well posed 
•  Might ask 

–  Did climate change increase the intensity? 
–  Was the event more likely to happen because the 

climate had changed? 
•  We can aim to respond on three time scales 

–  Immediately 
–  Within the media cycle (maximum 1-2 weeks) 
–  Research time scale 
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Event	aCribu@on	
•  How we respond is important because (we might 

suspect that) adaptation decisions are still most 
often taken in the wake of damaging events 

•  A key new paper is Hannart et al (2016) – Causal 
counterfactual theory for the attribution of weather 
and climate-related events 
–  Distinguishes between “necessary” and “sufficient” 
–  Could be a high likelihood that anthropogenic climate 

change was necessary for the event to occur, but a 
small likelihood that it was sufficient to cause the event 

•  Adaptation needs to account for all possible 
causes (sufficiency), but event attribution focuses 
on who/what is to blame (necessity) 
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China’s	Summer	of	2013	

Photo: F. Zwiers (Yangtze River) 
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Eastern China is densely observed 
 

• 1749 stations (1955 onwards) 
• JJA mean temperature increased 

0.82°C over 1955-2013 
•  records were broken at more 

than 45% of stations in JJA 2013 

JJA mean temperature in Eastern China	
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The multi-model ensemble mean (ALL forcing) 
well simulates the observed temperature record. 	

Observed and simulated JJA mean 
temperature in Eastern China (1955-2012)	

125 (26) 
49 (12) 

Anomalies relative to 1955-1984 

Sun et al, Nature Climate Change, 2014 
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JJA mean temperature in Eastern China	
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•  How rare was this event? 
•  once in 270-years in control simulations  
•  once in 29-years in “reconstructed” observations 
•  once in 4.3 years relative to the climate of 2013   

•  Fraction of Attributable Risk in 2013: (p1 – p0)/p1≈ 0.984 
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Calgary	flood,	2013		

Looking towards downtown Calgary from Riverfront Avenue (June 21, 2013), courtesy Ryan L.C. Quan 
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Calgary	floods	(Teufel	et	al,	submiCed)	

 

 46 

 

 

Figure 13. Return times of (a) average May-June evapotranspiration over the northern 

Great Plains, (b) maximum 1-day and (c) 3-day May-June precipitation over southern 

Alberta, in present-day (red) and pre-industrial ensembles (blue). Gray horizontal 

lines show (a) average evapotranspiration during the 14-21 June period, (b) average 

precipitation on 20 June and (c) average precipitation during the 19-21 June period, 

for the members of the CRCM5_Ref ensemble. Black dashed lines show (b) average 

precipitation across the region on 20 June and (c) average precipitation during the 19-

21 June period, as estimated from CaPA.  
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Frequency doubles (~25-yr à ~12 yr) 

Magnitude increases ~10% 

Southern Alberta MJ max 1-day precip 
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Calgary	floods	(Teufel	et	al,	submiCed)	

Distribution of 
annual May-June 
maximum 1-day 
Bow River Basin 
precipitation in 
CRCM5 under 
factual and counter-
factual conditions 
(conditional on 
prevailing global 
pattern of SST 
anomalies) 
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Figure 14. Return times of maximum 1-day (left) and 3-day (right) May-June 

precipitation (top) and surface runoff (bottom) in present-day (red) and pre-industrial 

ensembles (blue), over the western BRB. Gray horizontal lines show the average 

precipitation (top) and average surface runoff (bottom) over this region on 20 June 

(left) and during the 19-21 June period (right) for the members of the CRCM5_Ref 

ensemble. Black dashed lines show the average precipitation over this region on 20 

June (top left) and during the 19-21 June period (top right), as estimated from CaPA. 
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47 Photo: F. Zwiers (Emlyn Cove) 

Frac@on	of	ACributable	Risk	
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Frac@on	of	ACributable	Risk	
•  Many event attribution studies focus on the 

“Fraction of Attributable Risk” 

•  Use observations to define the event 
•  Use models to estimate the probabilities 
•  Many studies “condition” on climate state 
•  For the Chinese hot summer event, FAR ≈ 0.98 
•  For southern Alberta precip, FAR ≈ 0.50 

FAR = p1 − p0
p1

=1− p0
p1

p1 = Prob of event in factual world 
p0 = Prob of event in “counterfactual” world 
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Answers	to	ques@on	2	

Did human influence on the 
climate cause the devastating 
event that has just occurred? 

Photo: F. Zwiers (Big Trout Lake, Algonquin) 

•  Not quite the right question 
•  Can sometimes say 

something about frequency 
or intensity 

•  Still a developing science 
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Conclusions	

Photo: F. Zwiers (Ucluelet) 
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Conclusions	
•  Understanding of the impact of anthropogenic 

forcing on extremes remains limited 
–  Relatively high confidence for temperature extremes 
–  Some confidence in precipitation extremes 
–  Can say relatively little about storms, droughts, floods 

•  Often very limited by data (models and methods 
can be improved; historical data is much harder) 

•  Need further methodological development and 
improved process understanding 

•  Event attribution is increasingly undertaken 
–  Still much work to do to develop methods and 

capabilities, understand implications of framing 
choices, and develop objective evaluation techniques 



52 Photo: F. Zwiers (Emlun Cove sunrise) 

Ques@ons?	

www.pacificclimate.org  


