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Calgary	flood,	2013		

Calgary East Village (June 25, 2013), courtesy Ryan L.C. Quan 

•  100,000 displaced, 5 deaths 
•  2nd costliest (?) disaster event in Canadian history 
•  Estimated $5.7B USD loss ($1.65B USD insured) 
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Changes	in	mean	precipita3on	

Global mean anomaly 
in annual accumulation 

Trend in annual 
accumulation (GPCC) 

SPM

Summary for Policymakers

8

B.2 Ocean

Ocean warming dominates the increase in energy stored in the climate system, accounting 
for more than 90% of the energy accumulated between 1971 and 2010 (high confidence). 
It is virtually certain that the upper ocean (0−700 m) warmed from 1971 to 2010 (see Figure 
SPM.3), and it likely warmed between the 1870s and 1971. {3.2, Box 3.1}

• On a global scale, the ocean warming is largest near the surface, and the upper 75 m warmed by 0.11 [0.09 to 0.13] °C 
per decade over the period 1971 to 2010. Since AR4, instrumental biases in upper-ocean temperature records have been 
identified and reduced, enhancing  confidence in the assessment of change. {3.2}

• It is likely that the ocean warmed between 700 and 2000 m from 1957 to 2009. Sufficient observations are available for 
the period 1992 to 2005 for a global assessment of temperature change below 2000 m. There were likely no significant 
observed temperature trends between 2000 and 3000 m for this period. It is likely that the ocean warmed from 3000 m 
to the bottom for this period, with the largest warming observed in the Southern Ocean. {3.2}

• More than 60% of the net energy increase in the climate system is stored in the upper ocean (0–700 m) during the 
relatively well-sampled 40-year period from 1971 to 2010, and about 30% is stored in the ocean below 700 m. The 
increase in upper ocean heat content during this time period estimated from a linear trend is likely 17 [15 to 19] × 
1022 J 7 (see Figure SPM.3). {3.2, Box 3.1} 

• It is about as likely as not that ocean heat content from 0–700 m increased more slowly during 2003 to 2010 than during 
1993 to 2002 (see Figure SPM.3). Ocean heat uptake from 700–2000 m, where interannual variability is smaller, likely 
continued unabated from 1993 to 2009. {3.2, Box 9.2}

• It is very likely that regions of high salinity where evaporation dominates have become more saline, while regions of 
low salinity where precipitation dominates have become fresher since the 1950s. These regional trends in ocean salinity 
provide indirect evidence that evaporation and precipitation over the oceans have changed (medium confidence). {2.5, 
3.3, 3.5}

• There is no observational evidence of a trend in the Atlantic Meridional Overturning Circulation (AMOC), based on the 
decade-long record of the complete AMOC and longer records of individual AMOC components. {3.6} 

Figure SPM.2 |  Maps of observed precipitation change from 1901 to 2010 and from 1951 to 2010 (trends in annual accumulation calculated using the 
same criteria as in Figure SPM.1) from one data set. For further technical details see the Technical Summary Supplementary Material. {TS TFE.1, Figure 2; 
Figure 2.29} 
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in global precipitation discussed in AR4 are uncertain, owing in part 
to issues in data coverage in the early part of the 20th century (Wan 
et al., 2013).

In summary, confidence in precipitation change averaged over global 
land areas is low for the years prior to 1950 and medium afterwards 
because of insufficient data, particularly in the earlier part of the record. 
Available globally incomplete records show mixed and non-significant 
long-term trends in reported global mean changes. Further, when vir-
tually all the land area is filled in using a reconstruction method, the 
resulting time series shows less change in land-based precipitation 
since 1900.
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Figure 2.28 |  Annual precipitation anomalies averaged over land areas for four 
latitudinal bands and the globe from five global precipitation data sets relative to a 
1981–2000 climatology.

Table 2.9 |  Trend estimates and 90% confidence intervals (Box 2.2) for annual precipitation for each time series in Figure 2.28 over two common periods of record. 

Data Set Area
Trends in mm yr–1 per decade

1901–2008 1951–2008
CRU TS 3.10.01 (updated from Mitchell and Jones, 2005) Global 2.77 ± 1.46 –2.12 ± 3.52

GHCN V2 (updated through 2011; Vose et al., 1992) Global 2.08 ± 1.66 –2.77 ± 3.92

GPCC V6 (Becker et al., 2013) Global 1.48 ± 1.65 –1.54 ± 4.50

Smith et al. (2012) Global 1.01 ± 0.64 0.68 ± 2.07

2.5.1.2 Spatial Variability of Observed Trends

The latitude band plots in Figure 2.28 suggest that precipitation over 
tropical land areas (30°S to 30°N) has increased over the last decade 
reversing the drying trend that occurred from the mid-1970s to mid-
1990s. As a result the period 1951–2008 shows no significant overall 
trend in tropical land precipitation in any of the datasets (Table 2.10). 
Longer term trends (1901–2008) in the tropics, shown in Table 2.10, 
are also non-significant for each of the four data sets. The mid-latitudes 
of the NH (30°N to 60°N) show an overall increase in precipitation 
from 1901 to 2008 with statistically significant trends for each data 
set. For the shorter period (1951–2008) the trends are also positive 
but non-significant for three of the four data sets. For the high lat-
itudes of the NH (60°N to 90°N) where data completeness permits 
trend calculations solely for the 1951–2008 period, all datasets show 
increases but there is a wide range of magnitudes and the infilled 
Smith et al. series shows small and insignificant trends (Table 2.10). 
Fewer data from high latitude stations make these trends less certain 
and yield low confidence in resulting zonal band average estimates. 
In the mid-latitudes of the SH (60°S to 30°S) there is limited evidence 
of long-term increases with three data sets showing significant trends 
for the 1901–2008 period but GHCN having negative trends that are 
not significant. For the 1951–2008 period changes in SH mid-latitude 
precipitation are less certain, with one data set showing a significant 
trend towards drying, two showing non-significant drying trends and 
the final dataset suggesting increases in precipitation. All data sets 
show an abrupt decline in SH mid-latitude precipitation in the early 
2000s (Figure 2.28) consistent with enhanced drying that has very 
recently recovered. These results for latitudinal changes are broadly 
consistent with the global satellite observations for the 1979–2008 
period (Allan et al., 2010) and land-based gauge measurements for the 
1950–1999 period (Zhang et al., 2007a).

In AR4, maps of observed trends of annual precipitation for 1901–2005 
were calculated using GHCN interpolated to a 5° × 5° latitude/longi-
tude grid. Trends (in percent per decade) were calculated for each grid 
box and showed statistically significant changes, particularly increas-
es in eastern and northwestern North America, parts of Europe and 
Russia, southern South America and Australia, declines in the Sahel 
region of Africa, and a few scattered declines elsewhere. 

Figure 2.29 shows the spatial variability of long-term trends (1901–
2010) and more recent trends (1951–2010) over land in annual precip-
itation using the CRU, GHCN and GPCC data sets. The trends are com-
puted from land-only grid box time series using each native data set 
grid resolution. The patterns of these absolute trends (in mm yr–1 per 
decade) are broadly similar to the trends (in percent per decade)  relative 
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		Historical	and	future	changes	in	BC	-	Winter	(DJF)		

Precipitation change relative to 1986-2005 

Historical 1900-2012 trend: 18.3% (not significant)    
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Changes	in	mean	precipita3on	
•  Overall, uncertain due to the state of the data 
•  Do have several studies that indicate there has 

been human influence on the distribution of 
precipitation at very large scales 

•  Provides some basis for thinking there might also 
be discernable changes in extremes (since to 
zeroth order, precipitation variability is 
proportional to the mean) 
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Annual	maximum	1-day	precipita3on	
trends,	1900-2009	

•  Tests conducted at the 5% level (two sided) 
•  8.6% showed significant increasing trends (red dot, left) 
•  2.0% showed significant decreasing trends (red dot, right) 
•  Increasing trends substantially more frequent 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.

3910 JOURNAL OF CL IMATE VOLUME 26
Percentage of significant Mann-Kendall trend tests based on 8376 

GHCN-D stations with 30-years or more data (median length 53 years) 
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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  

			Assessment	of	associa3on	between	annual	maximum	
1-day	precipita3on	and	global	mean	temperature			

Westra et al (2013, Fig. 5) 



11 

• Use global mean temperature as a covariate in an 
extreme value analysis using the GEV distribution 

• 64% of locations show a positive association 
• Estimate of mean sensitivity over land is ~7%/K 

		Link	with	global	mean	temperature	

Zonal band median sensitivity 

Upper 2.5% critical value 

Latitude (centre of 10° moving window) ß SP NP à 
EQ 

Westra et al (2013, Fig. 5) 
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IPCC	assessment	of	changes	in	extremes	
•  Heavy precipitation:  

–  Frequency has likely increased in more land regions 
than where it has decreased.  

•  Intensity of heavy precipitation:  
–  Confidence varies regionally, very likely has intensified in 

North America. 

IPCC WG1 AR5 Table SPM-1 
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		Model	assessment	

Photo: F. Zwiers 
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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) 
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				Detec3on	of	human	influence	

Photo: F. Zwiers 
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		Detec3on	and	a>ribu3on	
•  Standard D&A paradigm involves 3 equations: 

 

 ! = Y!"#$%& + !!
Observed change – 

!! = X!!"#$%& + !! !
Simulated (multi-model) change due to ith type of forcing – 

Y!"#$%& = !!X!!"#$%&
!

!!!
!!

Relationship between observed and simulated signals – 

­ Assumes residuals are Gaussian 
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		Detec3on	and	a>ribu3on	
•  Adaptation to extremes 

1.  Indices + standard paradigm 

2.  Transform to a probability index + standard 
paradigm 
•  Fit GEV distribution locally 
•  Apply probability integral transform 

3.  Use standard paradigm to make inferences about 
changing extreme value distribution parameters 

4.  Include covariates in EV distribution parameters 

http://www.wcrp-climate.org/index.php/ictp2014-about 
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PI	Trends	(RX1D;	1951-2005)	
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		Detec3on	results	–	1951-2005	

•  Space-time (3 regions, 5 year means à 33-dim problem) 

•  54 ALL runs (14 models), 34 NAT runs (9 models) 

•  No dimension reduction (>15000 years control, 31 models) 
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		Interpreta3on	
•  Estimate PI for RX1day increased 4.0 [1.4 – 6.8]% 

over 1951-2005 due to anthropogenic forcing 
•  Implies 

–  RX1day intensification of 3.3 [1.1 – 5.8] % 
–  Sensitivity of 5.2 [1.3 – 9.3] %/K 
–  Waiting time for early 1950’s 20-year event reduced to 

~15 years 
–  Fraction of Attributable Risk ≈ 25% 

•  For extremes 
–  Primary response appears to be thermodynamic 
–  Station data do not allow us to see a dynamic response 
–  Offsetting effects of GHGs and aerosols may be too 

subtle to detect with current methods 
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IPCC	a>ribu3on	assessment	(AR5)	
•  It is very likely that anthropogenic forcing has 

contributed to the observed changes in the 
frequency and intensity of daily temperature 
extremes on the global scale since the mid-20th 
century. 

•  There is medium confidence that anthropogenic 
forcing has contributed to a global-scale 
intensification of heavy precipitation over the 
second half of the 20th century in land regions.  

•  There is low confidence in attributing changes in 
drought, tropical cyclone. 

IPCC WG1 AR5 Table SPM-1 
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	Prac3cal	applica3ons:		
	 	 	Engineering	design	values	

Photo: F. Zwiers 
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Engineering	design	values	
•  IDF curves 

–  Typically calculated locally assuming stationarity 
–  A collection of curves for different return periods that 

describe expected intensities as a function of 
accumulation period (from 5 minutes to 24 hours). 

–  Sometimes exploit empirical scaling between extremes 
of daily accumulation and sub-daily accumulations 

•  PMP 
–  Engineering concept used to ensure dam safety 
–  Used to estimate maximum water input into a reservoir 
–  Calculation often involves maximizing the product of 

precipitable water and precipitation efficiency within a 
given storm domain 
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IDF	curve	example	–	London	CS	 CS = Composite 
         Station 
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IDF	curve	diagnos3cs	–	London	CS	
Return level estimates 
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•  Trend not statistically significant 
•  Gumbel fit “reasonable”, but fitted distribution seems to 

have a heavier tail than observed 
•  Contrary to the general observation that observed 

precipitation is mildly heavy tailed 
•  Possible artefact of a composite station? 
•  Fit seems better at shorter accumulations 
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A	few	of	the	many	research	ques3ons	
•  How do we account for nonstationarity? 
•  How do we borrow information from nearby locations? 
•  Do climate models reproduce observed heuristic scaling relationships 

between precipitation extremes at different accumulations? 
•  At what space and time scales can we reliably exploit scaling 

between precipitation and other better understood and simulated 
variables (e.g., temperature)? 

•  Will scaling relationships change in the future? 
•  Can temperature scaling be used  

–  to predict sub-daily extremes at locations without sub-daily data 
–  to project future changes in sub-daily extremes? 

•  Can we provide a firm statistical footing for the calculation of PMP to 
enable reliable uncertainty estimation? 

•  How should the practitioner community design for changing risks – 
and whose interests should they protect in doing so?  
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	“Binning”	scaling	

Photo: F. Zwiers 
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Binning	Scaling	  

 

 

 

 

Figure 1. Relationship between extreme (summer maximum) 1-h precipitation and the daily 

dew point temperatures during wet days at 5 observing stations in the Netherlands based on 

the temperature binning method. Super CC scaling (around 14%/°C) between precipitation and 

dew point temperature is clearly seen. The dotted lines represent the 7%/°C (black) and the 

14%/°C (red) rates.  

Idea:  
Find a relationship 
between high conditional 
percentiles of hourly 
precipitation and the 
conditional wet-day mean 
dew point temperature 

•  Known as the “binning 
method” of Lenderink and 
van Meijgaard, 2008 

•  Bins are usually 2°C wide 

•  Example to right is for 5 
stations in the 
Netherlands  

 

“Super” 
Clausius-

Clapeyron 
scaling of 
~14%/K 
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Binning	scaling	
•  Does it provide a reliable means for projecting 

change in sub-daily precipitation extremes? 
•  Binning sensitivity seems to contradict 

–  Observed and projected long-term changes in daily 
extremes (first part of the talk; ~7%/°C) 

–  Observed relationship between annual max hourly 
extremes and antecedent dew point temperature 
(significant and ~6-7%/°C as opposed to 14%/°C) 

–  Observed long term trends (or lack there of) in wet-day 
dew point temperature (significant) and annual max 
hourly precip extremes (not significant) 
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Photo: F. Zwiers 

			Summary/Discussion	
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Discussion	
•  Conditional percentiles are not annual extremes, and the annual 

extreme does not consistently occur at the same temperature 
•  Translating a statement about how a binning curve might change in 

the future into a statement about how annual extreme events (and 
thus risk) might change is non-trivial. 

•  No magic bullet – conservative advice to practitioners in the Northern 
mid-latitudes would be to use Clausius-Clapeyron or slightly higher. 

•  But this is still contingent upon having robust, reliable, IDF curves and 
PMP estimates for the current climate. 
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GCM	based	projec3ons	(if	3me	permits)	

Photo: F. Zwiers 
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	CMIP5	RCP4.5	precipita3on	projec3ons	

% 

Change in 20-yr extremes relative to 1986-2005 

Kharin et al (2013, Fig. 4) 
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	CMIP5	Projec3ons	of	20-yr	1-day	events	

Event magnitude 
(relative to 1986-2006) 

Return period 
(relative to 1986-2006) 

Kharin et al (2013, Fig. 2) 
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	CMIP5	precipita3on	sensi3vity	

Planetary 
sensitivity of  

20-year extremes 

Sensitivity of  
global mean  
precipitation 

Kharin et al (2013, Fig. 5) 
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Questions? 


