
 
 

 

 

 

Supplemental Material 
 

 

 

© Copyright 2021 American Meteorological Society (AMS)  

For permission to reuse any portion of this work, please contact 

permissions@ametsoc.org. Any use of material in this work that is determined to be “fair 

use” under Section 107 of the U.S. Copyright Act (17 USC §107) or that satisfies the 

conditions specified in Section 108 of the U.S. Copyright Act (17 USC §108) does not 

require AMS’s permission. Republication, systematic reproduction, posting in electronic 

form, such as on a website or in a searchable database, or other uses of this material, 

except as exempted by the above statement, requires written permission or a license 

from AMS. All AMS journals and monograph publications are registered with the 

Copyright Clearance Center (https://www.copyright.com). Additional details are provided 

in the AMS Copyright Policy statement, available on the AMS website 

(https://www.ametsoc.org/PUBSCopyrightPolicy). 

http://www.ametsoc.org/PUBSCopyrightPolicy
mailto:permissions@ametsoc.org
https://www.copyright.com/
https://www.ametsoc.org/PUBSCopyrightPolicy


Quantifying the human influence on the intensity of extreme 1- and 5-day precipitation 

amounts at global, continental, and regional scales 

Qiaohong Sun1, Francis Zwiers1, 2, Xuebin Zhang3, Jun Yan4 

1 Pacific Climate Impacts Consortium, University of Victoria, Victoria, British Columbia V8W 

2Y2, Canada. 

2 Nanjing University of Information Science and Technology, Nanjing, China; 

3 Climate Research Division, Environment and Climate Change Canada, Toronto, Ontario M3H 

5T4, Canada 

4 Department of Statistics, University of Connecticut, Storrs, CT 

 

 

Corresponding author: Qiaohong Sun (sunqh@uvic.ca)



1 The B-spline smoothing method 

The signal vector at time 𝑡 and location 𝑠 can be smoothed by using the B-spline method as 

follows. Let 𝛾𝑡𝑠𝑖 be a raw signal estimate under the 𝑖𝑡ℎ external forcing at grid box 𝑠 in year 𝑡. 

We approximate these values with a quadratic spline: 

𝛾𝑡𝑠𝑖 = 𝛼𝑠𝑖,0 + ∑ 𝛼𝑠𝑖,𝑘𝐵𝑘(𝑡)𝐾
𝑘=1 + 𝛿𝑡𝑠𝑖                                               (S1) 

where the 𝐵𝑘(𝑡)′𝑠, 𝑘 = 1, … , 𝐾, are a set of B-spline basis functions with 𝐾 degree of freedom, 

𝛼𝑠𝑖,𝑘 = (𝛼𝑠𝑖,1, … , 𝛼𝑠𝑖,𝐾) are basis function coefficients, 𝛼𝑠𝑖,0 is an intercept term, and 𝛿𝑡𝑠𝑖 is a 

residual term. If the spline is quadratic (of degree 2) and knots are placed every 5 years over a 

65-year period, then 𝐾 = 14, then a B-spline basis matrix (65 ×14) is generated for a polynomial 

spline (see figure S1). The 2nd ~ 12th basis curves each span 3 intervals. For example, in the 2nd 

basis curve, the years with values above 0 extend from 1951 to 1963 and the 3rd basis curve 

spans 1955-1968. For boundary basis curves, however, the years with values above 0 span fewer 

intervals; in particular, the 1st basis curve spans 1951 to 1958, the 13th basis curve spans 2005 to 

2013, the 14th basis curve spans 2010 to 2014. The coefficients and intercept are estimated by 

least squares. 

The signal values  �̂�𝑡𝑠𝑖 are estimated by equation (S1) after substituting the coefficients and 

intercept obtained by least squares and are used in place of  𝛾𝑡𝑠𝑖 in the Equation (2) in the main 

text. This procedure was used to estimate the smoothed ALL and NAT forcing signals at each 

grid box. Estimates of the ANT forcing signal were obtained as the ratio between the ALL and 

NAT signal estimates.  

  



2 Scaling factor confidence interval construction 

Confidence intervals for the scaling factors are constructed using a two-level block 

bootstrap procedure that accounts for uncertainty in signal and scaling factor estimation. 

2.1 Signal bootstrap 

For each climate model, resampling is performed to generate additional bootstrap samples of 

its ensemble of simulations in a way that retains temporal signal structure, spatial dependence, 

and as much temporal dependence as possible. Each such bootstrap sampled ensemble is then 

used to produce a bootstrap estimate of that model’s smoothed signal. To begin, the 65-year 

period 1950-2014 is first broken into non-overlapping M-year periods, with the last period 

possibly truncated. For example, if M=11, the resulting periods would be 1950-1960, 1961-

1971, …, 1994-2004 and 2005-2014, with the last block being 10-years in length. Bootstrapping 

now proceeds as follows: 

A. For each ensemble member 

a1) For each M-year period 

i. Choose an ensemble member at random  

ii. Extract the M-year period from that ensemble member 

b1) Join up the selected M-year blocks in time order to produce a simulated ensemble 

member 

B.  Repeat this process n times, where n is the number of ensemble members, to produce 

a simulated ensemble 

C.  Produce a smoothed signal estimate from the simulated ensemble, with b-spline knot 

placement at N-year intervals. 



This bootstrapping process ensures that forced response (over time) is preserved in the 

simulated ensemble members as well as spatial correlation and, depending on the choice of M, 

serial correlation up to or somewhat beyond ENSO time scales. The selection of the length of 

bootstrapping block M determines the extent to which natural low frequency variability is 

retained, while the choice of N determines the placement of spline knots and thus the degree of 

temporal signal smoothing. To examine if results are sensitive to different combinations of M 

and N, we compared detection results with different selections of M (5 or 11 years block length) 

and N (the spline knots are placed every 5 years or 11 years, see discussed in the supplementary 

material and Figure S3-S8). Detection results are similar for all combinations (Figure S3-S5). On 

the other hand, the width of the confidence interval for scaling factor that is applied to the 

smoothed signal estimate is slightly affected by the combination of M and N (Figure S6-S8). In 

particular, confidence intervals are a little wider for the combination (M=11 and N =5) than for 

the combination (M=5 and N=5) over most regions, likely because more low-frequency 

variability in retained the bootstrapping process. In contrast, the width of confidence intervals in 

the combination (M=11 and N=5) tend to be slightly narrower than in the combination (M=11 

and N=11) over most regions, suggesting that the retention of additional signal detail when using 

N=5 is beneficial. Overall, however, detection results are not very sensitive to the choice of 

block length and knot placement interval. The combination of M=11 and N=5 is finally selected 

considering the low-frequency variability and details of signal retained.  

In total, 32 CanESM2 and CMIP6 bootstrap ensemble signal estimates were produced.  

2.2 Scaling factor uncertainty estimation 

The second level of bootstrapping is used to estimate scaling factor uncertainty, taking signal 

uncertainty as represented by the bootstrap samples of signals produced above into account. This 



involves repeatedly fitting the bootstrap estimates of CanESM2 or CMIP6 ensemble signals to 

the observations of ln(Rx1day) and ln(Rx5day) to estimate scaling factors, bootstrapping 

residuals after removal of the scaled signals, and refitting signals. The second level bootstrapping 

therefore proceeds as follows. For each of the 32 bootstrap signal estimates: 

D. The residual series are obtained by subtracting the estimated change in the GEV 

location parameter with time from the log observed extreme values; that is, we 

calculate 𝜖�̂�𝑠 = ln(𝑌𝑡𝑠) − ∑ �̂�𝑖 ln(�̂�𝑡𝑠𝑖)𝑖=1,…,𝑙  where 𝛽 is the vector of estimated 

scaling factors.  

a2) The residual series is randomly reordered using 5-year blocks to produce 

reordered residuals 𝜖t̃s. 

b2) A bootstrap sample of the data �̃�𝑡𝑠 = 𝜖�̃�𝑠 + ln ∑ �̂�𝑖 ln(�̂�𝑡𝑠𝑖)𝑖=1,…,𝑙  is obtained from 

the reordered residuals. 

c2) The CSE-I method is applied to this sample to estimate 𝛽.  

d2) Steps a2) - c2) are repeated 32 times. 

The two levels of bootstrapping result in 32×32=1024 β estimates that are used to construct 

scaling factor confidence intervals that account for sampling uncertainty.



 

Figure S1. Plots for the spline basis matrix (a) with the spline knots are placed every 5 years, 

and the raw (blue) and smoothed (red) Rx1day signal estimates from the CanESM2 ALL forcing 

large ensemble at a mid-latitude Northern Hemisphere location (longitude=19.6875°E, 

latitude=54.4162°N) using the B-spline method. 



 

Figure S2. A comparison between ALL forcing smoothed signal estimates from models (red 

lines) and changes in the observations (black lines) over N. Europe (NEU). Smoothed signal 

estimates are shown for each location in NEU. Here, 𝑌𝑡𝑠 and �̂�𝑡𝑠 are the observed extremes and 

the median of the fitted GEV distributions with parameters of �̂�𝑡𝑠, �̂�𝑠, and  𝜉𝑠, �̂� and �̂�𝑡𝑠, where �̂� 

and �̂�𝑡𝑠 are the scaling factor and smoothed ALL forcing signal estimates in the one-signal 

detection analysis. The black lines are the time dependent smoothed annual spatial median, 

annual lower spatial quartile and annual upper spatial quartile of the observations for all stations 

in NEU. Temporal smoothing of the annual spatial quartiles and medians was performed with the 

B-spline method with the spline knots are placed every 5 years.   



 

Figure S3. Point estimates of the scaling factors for Rx1day (black) and the corresponding 90% 

confidence intervals for single-signal (ALL) detection analysis with combinations of different 

length of block in bootstrapping and the spline knots placement at the global and continental 

scales based on CanESM2 simulations. Best estimates (data points) and 5-95% uncertainty 

ranges (error bars) of scaling factors are displayed for ALL signals. M=5 or 11 mean that 

extreme values are sampled with replacement in 5-years or 11-years blocks. N=5 or 11 mean that 

the spline knots are placed every 5 years or 11 years.



 

Figure S4. Point estimates of the scaling factors for Rx1day and the corresponding 90% 

confidence intervals for two-signal (ANT and NAT) detection with different combinations of 

different length of block in bootstrapping and the spline knots placement at the global and 

continental scales based on CanESM2 simulations. Best estimates (data points) and 5-95% 

uncertainty ranges (error bars) of scaling factors are displayed for ANT (red) and NAT (blue) 

signals. M=5 or 11 mean that extreme values are sampled with replacement in 5-years or 11-

years blocks. N=5 or 11 mean that the spline knots are placed every 5 years or 11 years.



 

Figure S5. Point estimates of the scaling factors for Rx1day and the corresponding 90% 

confidence intervals for two-signal (ANT and NAT) detection with different combinations of 

different length of block in bootstrapping and the spline knots placement over 16 regions used in 

the IPCC WGI 6th assessment report. Best estimates (data points) and 5-95% uncertainty ranges 

(error bars) of scaling factors are displayed for ANT (red) and NAT (blue) signals. M=5 or 11 

mean that extreme values are sampled with replacement in 5-years or 11-years blocks. N=5 or 11 

mean that the spline knots are placed every 5 years or 11 years.



 

Figure S6. The width of the 90% confidence intervals for scaling factors for Rx1day in the 

single-signal (ALL) detection analysis with different combinations of different length of block in 

bootstrapping and the spline knots placement at the global and continental scales based on 

CanESM2 simulations. M=5 or 11 mean that extreme values are sampled with replacement in 5-

years or 11-years blocks. N=5 or 11 mean that the spline knots are placed every 5 years or 11 

years.



 

Figure S7. The width of the 90% confidence intervals for scaling factors of ANT and NAT 

forcings for Rx1day in the two-signal (ANT and NAT) detection analysis with different 

combinations of different length of block in bootstrapping and the spline knots placement at the 

global and continental scales based on CanESM2 simulations. M=5 or 11 mean that extreme 

values are sampled with replacement in 5-years or 11-years blocks. N=5 or 11 mean that the 

spline knots are placed every 5 years or 11 years.



 

Figure S8. The width of the 90% confidence intervals for scaling factors of ANT and NAT 

forcings for Rx1day in the two-signal (ANT and NAT) detection analysis with different 

combinations of different length of block in bootstrapping and the spline knots placement over 

16 regions used in the IPCC WGI 6th assessment report based on CanESM2 simulations. M=5 or 

11 mean that extreme values are sampled with replacement in 5-years or 11-years blocks. N=5 or 

11 mean that the spline knots are placed every 5 years or 11 years. 



 

Figure S9. Spatial patterns of long-term trends (Unit: %/65yrs) in Rx1day and Rx5day during 

1950-2014 from observations (a, b), CanESM2 large ensemble with ALL forcing (c, d) and NAT 

forcing (e, f), and CMIP6 multi-model simulations with ALL forcing (g, h) and NAT forcing (i, 

j). To make the spatial pattern of observation more comparable to that from model simulations, 

the annual maxima from the stations are averaged within each 5.0° x 5.0° grid box, and then 

linear trends are calculated for each grid cell. Annual extremes CanESM2 and CMIP6 annual are 

regridded to the same 5.0° x 5.0° resolution grid and then the linear trends were calculated. The 

numbers indicate the median of linear trends over grid cells over global land. 



 

 

Figure S10. Point estimates of the scaling factors for RX1day (left) and RX5day (right) and the 

corresponding 90% confidence intervals for single-signal (ALL) detection analyses at the global 

and continental scales using CanESM2 signals with the weight according to the density of 

stations in the combined score equation (CSE). Best estimates (data points) and 5-95% 

uncertainty ranges (error bars) of scaling factors are displayed for ALL signals.  


