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Observed	changes	
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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).  

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

•  Available studies have been conducted on a hemispheric 
scale 

•  Require very strong assumptions 
 

•  A few “event attribution” studies have been conducted 
(including for the Calgary floods, Teufel et al, 2016) 

   Precipitation extremes 

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  
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		Projected	changes	
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5.2 Changes in precipitation extremes

The CMIP5 multi-model ensemble median changes in annual mean and extreme
precipitation are displayed in Fig. 4 as simulated in 2046–2065 and 2081–2100 relative
to 1986–2005 in the RCP4.5 experiment. As in CMIP3, global relative changes in
20-year return values of annual maximum daily precipitation exceed changes in
annual mean precipitation. For example, the global multi-model median change
in extreme precipitation is about 10% by the end of the 21st century in the RCP4.5
scenario compared to about 5% for mean precipitation. Similarly amplified changes
in extreme precipitation are also reported by Sillmann et al. (2013b) for precipitation-
based indices that represent more moderate and more frequent extremes. There
are regions where annual mean precipitation is projected to decrease (e.g., Central
America, parts of Africa, Australia) but the intensity of precipitation extremes
increases. The corresponding return periods for late 20th century 20-year extreme
precipitation events are reduced almost everywhere over the globe, except for drying
subtropical regions. The approximate relationship of a factor of two in return period
reduction with a 10% increase in the amplitude of P20 reported by K07 for CMIP3
also holds in the CMIP5 ensemble.

It has been argued that changes in extreme precipitation may follow changes
in temperature according to the Clausius–Clapeyron relationship that predicts an
increase in moisture availability of about 6–7% per ◦C (e.g., Boer 1993; Allen and
Ingram 2002). Figure 5 displays the percentage changes in globally averaged P20 as a
function of global annual mean temperature changes as simulated by the CMIP5
models in 2046–2065 and 2081–2100 in the three emission scenarios. The linear
regression fit is indicated by the dashed line with the slope of about 6%/◦C. This value

∆P, %, 2046–2065, +3.4%

∆P, %, 2081–2100, +4.6%

∆ P20 , %, 2046–2065, +8.5%

∆ P20 , %, 2081–2100, +10.9%

Ret.per.(P20), 2046–2065, 12.3 yrs

Ret.per.(P20), 2081–2100, 10.8  yrs

−

−

Fig. 4 Top row: The CMIP5 multi-model median relative change (%) in the annual mean
precipitation rate (left) and in 20-year return values of annual extremes of daily precipitation
(middle) simulated in 2046–2065 relative to 1986–2005 in the RCP4.5 experiment. The corresponding
median of return periods, in years, for 1986–2005 20-year events is shown in the right panel. Bottom
row: The same as above but for the 2081–2100 period. Global averages, or global medians for
the return periods, are indicated in the titles. Changes that are not significant at the 5% level are
indicated by cross-hatching
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Fig. 2. The extreme value statistics in this figure are estimated for each year in the
running 51-year time slices using the maximum-likelihood method with time as a
covariate following K05. Changes in temperature extremes are in ◦C while changes
in precipitation extremes are expressed as percentage change from the reference
period. The latter are also expressed in terms of waiting times, in years, for 1986–
2005 20-year events P20.

Results in Fig. 2 are generally consistent with previous studies. In particular,
cold extremes generally warm faster than warm extremes. The land-averaged multi-
model median change in Tmax,20 by the end of the 21st century is 1.2 ◦C, 2.4 ◦C and
5.4 ◦C in the RCP2.6, RCP4.5 and RCP8.5 experiments, respectively, compared to
the corresponding changes of 1.7 ◦C, 3.2 ◦C, and 6.2 ◦C for Tmin,20. The magnitude
of the precipitation extremes over land increases appreciably with global warming,
with the multi-model median increasing by about 6%, 12% and 30% in the RCP2.6,
RCP4.5 and RCP8.5 experiments respectively by the year 2100. Correspondingly,
return periods for 1986–2005 20-year events are reduced to about 14, 11 and 6 years,
respectively. There is appreciable inter-model uncertainty in the magnitude of
the projected future changes over global land for a particular forcing scenario as
indicated by the dotted lines for individual models and the associated inter-quartile
range. Inter-scenario differences in the multi-model response become the dominant
component in the overall uncertainty of the projected changes of temperature and
precipitation extremes by about 2050.
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Fig. 2 The CMIP5 multi-model ensemble change in 20-year return values of annual maximum
temperature !Tmax,20 (◦C, top left), annual minimum temperature !Tmin,20 (◦C, top right), and
annual extremes of daily precipitation !P20 (%, bottom left) averaged over global land relative to
1986–2005 in the historical, RCP2.6, RCP4.5 and RCP8.5 experiments. The corresponding spatial
median over land of return periods of 1986–2005 P20 (years) is displayed in the bottom right
panel. Thick solid lines are multi-model ensemble medians. Shading indicates the multi-model
ensemble inter-quartile (25–75%) range. Dotted lines indicate individual model simulations. Small
discontinuities in the multi-model median near years 1950 and 2035 are a consequence of the
different multi-model ensemble sizes before and after years 1950 and 2035 (SM Table S2)
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Fig. 2 The CMIP5 multi-model ensemble change in 20-year return values of annual maximum
temperature !Tmax,20 (◦C, top left), annual minimum temperature !Tmin,20 (◦C, top right), and
annual extremes of daily precipitation !P20 (%, bottom left) averaged over global land relative to
1986–2005 in the historical, RCP2.6, RCP4.5 and RCP8.5 experiments. The corresponding spatial
median over land of return periods of 1986–2005 P20 (years) is displayed in the bottom right
panel. Thick solid lines are multi-model ensemble medians. Shading indicates the multi-model
ensemble inter-quartile (25–75%) range. Dotted lines indicate individual model simulations. Small
discontinuities in the multi-model median near years 1950 and 2035 are a consequence of the
different multi-model ensemble sizes before and after years 1950 and 2035 (SM Table S2)
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Intensity 

Frequency 

Change in magnitude of 20-year 1-day event 

Change in frequency of 20-year 1-day event 

Uncertainty	

Kharin et al (2013) 
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Discussion	
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Discussion	
•  Understanding of the impact of anthropogenic forcing 

on extremes remains limited 
–  But it IS safe to conclude that stationarity is dead 

•  Projected changes are large 
–  Emissions scenario, time horizon and model 

dependent 
•  We do not yet know much about accumulation 

periods shorter than 1-day 
•  If we could produce robust, complete future IDF 

curves, would we know what to design for? 
–  Average 2% annual probability of failure over a 50-year 

design lifetime? 
–  Maximum 2% probability of failure in any year of a 50-

year design lifetime? 
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Key	message:	
	

Sta$onarity	is	dead,	but	we	don’t	yet	
have	a	good	approach	for	dealing	with	
non-sta$onarity.	

www.pacificclimate.org  
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Mean daily precipitation in the MIROC4h  
grid box centered on 49.1N, 123.2W (Vancouver) 
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For some evaluation of CMIP5 models wrt precipitation extremes see  
•  for indices, Sillmann et al (2013, JGR), 
•  for long-period return values, Kharin et al (2013, Climatic Change) 


