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S1. Supplementary Data   

To investigate the contribution of anthropogenic climate change, we used data from the  

Emergency Events Database (EM-DAT) 1, river discharge data from Global Runoff Data  

Centre (GRDC), global daily discharge reanalysis (referred to as S14FD discharge  

reanalysis; derived from the CaMa-Flood [Catchment-based Macro-scale Floodplain]  

model2 coupled with a land surface model, MATSIRO3, under forcing by the  

S14FD retrospective meteorological forcing dataset4), and large ensemble climate  

experiments based on d4PDF (Database for Policy Decision-Making for Future Climate  

change)5 derived from MRI-AGCM3.2.  

Predicting climate change and quantitatively assessing the factors associated with  

its uncertainty are essential for determining the effects of global warming and developing  

adaptation strategies. However, because abnormal and extreme events have both a low  

occurrence frequency and large internal variability, it was difficult to adequately evaluate  

the natural fluctuations based on the currently available prediction databases, since most  

have relatively small ensemble sizes (<10). Therefore, to better reproduce and evaluate  

extreme climate events, the d4PDF was released by the Ministry of Education, Climate  

Change Risk Information Creation Program, and the Japan Agency for Marine-Earth  

Science and Technology. The large ensemble d4PDF simulations were generated to  
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investigate the detailed probabilistic distribution of historical climate variability. The 

d4PDF was generated based on high-resolution AGCMs and was used to conduct a large 

number of ensemble experiments (up to 100 members), making it possible to reproduce 

extreme weather conditions at the tail of the probability density distribution. The d4PDF 

data are available at the Data Integration and Analysis System (DIAS) 

(http://d4PDF.diasjp.net/). 

The simulation database d4PDF has a horizontal resolution of about 60 km5. Two 

large ensembles of human-induced forcing and without-human-induced (natural) forcing 

experiments were produced in an AGCM-based probabilistic event attribution approach. 

This study used total runoff from these two types of 100 ensemble climate experiments, 

which are described below. 

Historical past simulation (HPB): Contains 100 ensemble members for the 60 years 

from 1951 to 2010. HPB was generated with the forcing of historical anthropogenic 

factors such as the global mean concentration of greenhouse gases and three-dimensional 

distributions of ozone and aerosol5. Moreover, the observed monthly mean sea surface 

temperature (SST), sea ice cover (SIC) (Centennial Observation-Based Estimates of SST, 

version 2 [COBE-SST2]6), and sea ice thickness (SIT) were used as the lower boundary 

condition5. 
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Nonwarming simulation (NAT): The NAT contained the same number of ensembles 

and periods as the HPB experiment. The NAT experiment was generated with the same 

initial and boundary perturbations as the HPB, but external forcing factors such as 

greenhouse gas concentrations, sulfate, black carbon, and organic carbon emissions were 

fixed under pre-industrial conditions. Distribution of ozone was fixed at the 1960–1962 

average, and the warming trend component detected from the SST was excluded (mean 

of 1900–1919)5. 

S2. Supplementary Methods 

a. Generation of large ensemble river discharge simulation 

In order to obtain the large ensemble simulation of river discharge, total runoff from the 

d4PDF experiment data (HPB and NAT) was input into the CaMa-Flood model and 

parameterized by sub-grid-scale topography based on 1 km-resolution CaMa-Flood 

topographic datasets7. The final results of simulated daily river discharges from the 

CaMa-Flood model have a 0.25° × 0.25° resolution. The simulation domain was set on a 

global scale. In this study, we used the default setup of CaMa-Flood version 3.9.6, and 

the simulation period was the same as d4PDF data with the spin-up procedure of repeating 

the first year. Subsequently, the annual maximum daily discharge was obtained for each 

experiment. The time series of annual maximum daily discharge was used for an 
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estimated 10-year return period flood by fitting the Gumbel distribution using the L- 

moment method8,9. The parameters obtained from the HPB were used to calculate return  

periods at the same location and year of the annual maximum daily discharge for the NAT.  

  

b. Evaluation of simulation discharge  

In total, 52 global flood events were identified (Fig. 1 and Supplementary Table 1).  

Twenty-seven of the 52 flood events occurred after 1990. The flood events occurred in  

32 river basins (Supplementary Table 1). Before assessing the effects of human-induced  

climate change on these flood events, it is essential to evaluate the representability of the  

d4PDF derived discharge data. Therefore, a comparison of annual maximum daily  

discharge (AMDD) and the cumulative distribution function (CDF) of the AMDD during  

the period of 1951–2010 for the observations (GRDC and S14FD discharge reanalysis10)  

and HPB were conducted (Supplementary Figure 1 and Supplementary Figure 2).   

Supplementary Figure 1 illustrates the similarity of peak discharge and potential  

differences between the d4PDF-derived AMDD and the observations (GRDC and S14FD  

discharge reanalysis). For the 18 events for which observations were available (red lines  

in Supplementary Figure 1), S14FD and GRDC had similar magnitudes as AMDD. The  

S14FD discharge reanalysis exhibited overestimation in the cases of Missouri, Sao  

Francisco, Rhone, Rhine, Elbe and Sacramento, and underestimation in the Amazon basin.  
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The overestimation of S14FD discharge reanalysis may be attributable to the fact that the  

model does not consider human river management activities, irrigation, or land use.   

The CDF of the AMDD of flood events indicated that the distribution of the  

observed (GRDC) AMDD was within the probable range of the HPB experiment (long- 

term) in 11 basins (Fitzroy, Flinders, Rhine, Elbe, Missouri, Ohio, Mississippi, and  

Susquehanna River basins) of the 18 basins for which long-term observations were  

available (black lines in Supplementary Fig. 2). The remaining seven basins (the Niger,  

Lena, Amur, Chao Phraya, Nam Mum, Amazon, and Sao Francisco River basins)  

exhibited overestimation in the HPB experiment compared to GRDC. Figure 2 also  

illustrates that most of the distribution of CDF of the AMDD S14FD discharge reanalysis  

was within the probable range of the HPB experiment (long-term), except in the Niger,  

Xijiang, Indus, Karun, Magdalena, Parana, Rio Paraguay, Amazon, Rhone, Rhine, and  

Elbe River basins. Most of these basins also showed smaller annual fluctuations in the  

AMDD, perhaps due to human water management. Since we did not remove the biases  

of climatic variables from the AGCM, the errors also reflect errors in variables such as  

precipitation and land surface processes, including evapotranspiration and infiltration.  

Despite the biases in magnitude in these basins, the HPB experiment reasonably  

reproduced the fluctuations in the annual maximum daily discharge in most basins.     
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We also found that representability of d4PDF derived discharge from Fitzroy  

(5101301), Peace (4208450), Amur (2906700), Mississippi (4127501), and  

Murrumbidgee (5204106) river basins were not as good as a past study11 which used  

different large ensemble climate experiment. However, we also found that Indus River  

historical discharge patterns from the HPB experiment (this study) had a more similar  

spatial pattern with reanalyzed discharge compared to the previous study11. CDF of  

annual maximum daily discharge also indicates that results from this study are at least  

somehow within the 5-95 percentile range of HPB simulation compared to the past study.  

  

c. Attribution of flood events — Fraction of Attributable Risk (FAR)  

The fraction of attributable risk (FAR) method was used to assess the difference in the  

probability of flood extremes between the HPB and NAT. FAR was proposed by Allen  

200312, and can be interpreted as an estimate of the probability of necessary causation (by  

anthropogenic forcing) of an event. The FAR is calculated as:  

FAR = (PHPB – PNAT) / PHPB                                             (1)  

Where PHPB and PNAT are the probability of occurrence of a flood event with  

anthropogenic changes and without anthropogenic changes, respectively  

When the FAR is positive (negative), it means that global warming has enhanced  

(suppressed) the occurrence of the flood. If the FAR is close to zero, the contribution of  
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global warming to floods is negligible. Uncertainties in FAR values were estimated using 

the bootstrapping method13. The bootstrap resampling model generated FAR values 1,000 

times based on randomly selected available model simulations with replication. Then, the 

FAR values corresponding to the 50th and 90th percentiles of values in the bootstrapped 

FAR distributions were provided. The effects of anthropogenic climate change on flood 

events (E, enhanced; S, suppressed;) were judged as E (S) when both (FAR) scores were 

between the 50th and 90th percentile of FAR and had the same direction. To analyze the 

uncertainty of the FAR, the lowest 10th percentiles of the FAR values were checked for 

the case of positive values obtained in FAR 50th and FAR 90th. For example, river floods 

for which the 50th and 90th percentiles of FAR had the same direction, but the opposite 

direction of the 10th percentile of FAR, were classified as non-significantly affected by 

anthropogenic climate change. We found that human-induced climate change enhanced 

(suppressed) river floods in a very likely range (with 90% significance) when the 10th, 

50th, and 90th percentiles of the FAR have the same direction (Supplementary Table 1).  

S3. Additional results 

Using the uncertainty range of the FAR generated from bootstrapping results 

(Supplementary Fig. 3) and the CDF/PDF (cumulative and probability distribution 

function) of the AMDD (Supplementary Fig. 4), we evaluated the effects of human-
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induced climate change on the occurrence of flooding (Supplementary Table 1). Among  

the 52 selected flood events for the period of 1951–2010, anthropogenic radiative forcing  

increased the occurrence of 39 flood events (14 events significantly enhanced), most of  

which occurred in Asia (13 flood events) and South America (12 flood events), followed  

by five flood events determined in North America and three flood events in Oceania and  

Europe (Fig. 1, Supplementary Fig. 4 and Supplementary Table 1). Conversely, the  

occurrence of 13 flood events was suppressed (six events were significantly suppressed).  

These included four flood events in North America, three flood events in Asia and Europe,  

two flood events in Oceania, and one flood event in South America.  

a. Africa  

Three flood events (caused by heavy rainfall) were identified in the Africa region (Fig. 1  

and Supplementary Table 1), and human-induced climate change very likely enhanced  

(significantly) the flood in the Niger River (FAR 0.63/0.78/0.88) in 1963. The Limpopo  

River floods in 1961 (FAR -0.14/0.52/0.85) and 1996 (FAR -0.83/0.15/0.65) were non- 

significantly enhanced.  

b. Asia  

In Asia (Fig. 1-2 and Supplementary Table 1), heavy rainfall and the monsoon effect were  

the main causes of the flood events. El Niño and storms also caused river flooding in the  
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Yangtze River in 1998, Mekong River in 1996, and Lena River in 1992. In the NAT  

experiments, the mean CDF/PDFs of the HPB experiment corresponding to the 13 of 16  

flood events were all shifted to a warmer climate (Supplementary Fig. 4 and  

Supplementary Table 1). The FAR values (Supplementary Table 1) indicated that human- 

induced climate change very likely enhanced the Yangtze River flood in 1998 (FAR  

0.17/0.36/0.51), the Indus River flood in 1988 (FAR 0.45/0.63/0.75), the Brahmaputra  

River flood in 1998 (FAR 0.16/0.44/0.61), the Tapi River flood in 1968 (FAR  

0.08/0.32/0.50), the Chao Phraya River flood in 1995 (FAR 0.29/0.50/0.64), and the Chao  

Phraya River flood in 2010 (FAR 0.14/0.47/0.67). Non-significant enhancement was  

found for the Num Mum River flood in 2000 (FAR -0.13/0.42/0.71), the Ganjiang River  

flood in 2010 (-0.40/0.08/0.44), the Xijiang River flood in 1998 (FAR -0.08/0.19/0.40),  

the Indus River flood in 2007 (FAR -0.23/0.23/0.54), the Indus River flood in 2010 (FAR  

-0.49/0.09/0.44), the Karun River flood in 1980 (FAR -0.27/0.35/0.68), the Lena River  

flood in 1992 (FAR -0.28/0.09/0.37), and the Amur River flood in 1985  

(FAR -0.04/0.24/0.47).   

The results of FAR indicated that human-induced climate change suppressed the  

occurrence of flooding in the Songhua River flood in 1975 (FAR -2.35/-0.97/-0.12) and  

the Mekong River flood in 1996 (FAR -1.24/-0.53/-0.10). Non-significant suppression  
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was found for the Ganjiang River flood in 1992 (FAR -0.83/-0.24/0.18).  

c. Europe  

In Europe (Fig. 1), human-induced warming was found to have very likely suppressed  

the Rhine River flood in 1983 (FAR -1.62/-0.78/-0.19) and the Elbe River flood in 1995  

(FAR -1.49/-0.72/-0.20)]. Heavy rainfall was the main cause of floods in this region. The  

Rhone River flood in 1994 (FAR -0.30/0.14/0.45), the Rhine River flood in 1993  

(FAR -0.32/0.16/0.47), and the Elbe River flood in 2003 (FAR -0.27/0.06/0.33) were non- 

significantly enhanced.   

d. North America  

In North America (Fig. 1), the results indicated that the Mississippi River flood in 1975  

(FAR -0.89/-0.43/-0.10) was very likely suppressed by warming. Non-significant  

enhancement was observed in the Missouri River flood in 1986 (FAR -0.35/0.08/0.38),  

the Missouri River flood in 1993 (FAR -0.23/0.16/0.44), the Ohio River flood in 1993  

(FAR -0.15/0.24/0.50), the Mississippi River flood in 1986 (FAR -0.28/0.05/0.31), and  

the Susquehanna River flood in 1996 (FAR -0.25/0.13/0.21) (Supplementary Fig. 4).   

Human-induced climate change very likely suppressed flooding in the Mississippi  

River in 1975 (FAR -0.89/-0.43/-0.10). Non-significant suppression was observed for the  

Sacramento River flood in 1980 (FAR -1.95/-0.63/0.02), the Peace River flood in 1996  
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(FAR -0.25/0.13/0.39), and the Peace River flood in 2009 (FAR -0.87/-0.27/0.21). Heavy  

rainfall and additional snowmelt (Susquehanna River flood in 1996 and Peace River flood  

in 1976) were the main causes of floods in North America.  

e. Oceania  

There was no significant enhancement or suppression of flood events in Oceania (Fig. 1).  

The Fitzroy River flood in 2010 (FAR -1.76/0.48/0.94) and the Flinders River floods in  

1971 (FAR -0.27/0.62/0.93) and 1974 (FAR -0.99/0.19/0.65) were non-significantly  

enhanced, and the Fitzroy River flood in 1973 (FAR -5.11/-0.87/0.38) and the  

Murrumbidgee River flood in 1989 (FAR -2.14/-0.03/0.71) were non-significantly  

suppressed. Heavy rainfall and La Niña-induced heavy rainfall were the main cause of  

floods in this region.  

f. South America  

In South America (Fig. 1 and Supplementary Table 1), human-induced climate change  

very likely enhanced the Magdalena River flood in 1973 (FAR 0.49/0.62/0.72), the  

Magdalena River flood in 2008 (FAR 0.17/0.45/0.63), the Magdalena River flood in 2010  

(FAR 0.11/0.38/0.58), the Amazon River flood in 2000 (FAR 0.16/0.45/0.65), the  

Amazon River flood in 2006 (FAR 0.20/0.35/0.47), the Sao Francisco River flood in 1979  

(FAR 0.60/0.76/0.85), and the Sao Francisco River flood in 1980 (FAR 0.08/0.41/0.61).  
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It is clear that the mean CDF/PDFs of the HPB experiment for the Magdalena, Parana, 

Amazon, and Sao Francisco River flood events shifted to the right (higher in magnitude 

in HPB than that in NAT) (Supplementary Fig. 4). Non-significant enhancement was 

observed for the Magdalena River flood in 1988 (FAR -0.03/0.16/0.31), the Parana River 

flood in 1983 (FAR -0.08/0.21/0.43), the Parana River flood in 1992 

(FAR -0.29/0.13/0.39), and the Sao Francisco River flood in 1985 (FAR -0.41/0.31/0.70). 

Human-induced climate change very likely suppressed the Rio Paraguay River flood in 

1980 (FAR -0.90/-0.40/-0.001). Heavy rain was the main cause of flood events in South 

America. Moreover, La Niña and El Nino events affected the flood extremes in the 

Magdalena River and Parana River floods. 
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Supplementary Table 1. Summary of selected flood events with significant effects of  

human-induced climate change (E, enhanced; S, suppressed). The effects of human- 

induced climate change on flood events were judged as E (S) when all fraction of  

attribution (FAR) scores are plus (minus).   

 Region River GRDC Year Causes 
FAR 

Effect 
 FAR10th FAR50th FAR90th 

1 AF NIGER 1134100 1963 HR14 0.63 0.78 0.88 E* 

2 AF LIMPOPO 1896501 1961 HR15 -0.14 0.52 0.85 E 

3 AF LIMPOPO 1896501 1996 HR16 -0.83 0.15 0.65 E 

4 AS SONGHUA 2106600 1975 HR17 -2.35 -0.97 -0.12 S* 

5 AS GANJIANG 2181850 1992 HR18 -0.83 -0.24 0.18 S 

6 AS GANJIANG 2181850 2010 HR19 -0.40 0.08 0.44 E 

7 AS YANGTZE 2181900 1998 HRE20 0.17 0.36 0.51 E* 

8 AS XIJIANG 2186800 1998 HR21 -0.08 0.19 0.40 E 

9 AS INDUS 2335200 2007 HRM22 -0.23 0.23 0.54 E 

10 AS INDUS 2335200 2010 HRM23 -0.49 0.09 0.44 E 

11 AS INDUS 2335950 1988 HR24 0.45 0.63 0.75 E* 

12 AS KARUN 2423500 1980 HR25 -0.27 0.35 0.68 E 

13 AS MEKONG 2569005 1996 HRS26 -1.24 -0.53 -0.10 S* 

14 AS BRAHMAPUTRA 2851300 1998 HRM27 0.16 0.44 0.61 E* 

15 AS TAPI 2853300 1968 HR28 0.08 0.32 0.50 E* 

16 AS LENA 2903427 1992 HRS29 -0.28 0.09 0.37 E 

17 AS AMUR 2906700 1985 HR30 -0.04 0.24 0.47 E 

18 AS CHAO PHRAYA 2964130 1995 HR31 0.29 0.50 0.64 E* 

19 AS CHAO PHRAYA 2964130 2010 HR32 0.14 0.47 0.67 E* 

20 AS NAM MUN 2969200 2000 HR33 -0.13 0.42 0.71 E 

21 SA MAGDALENA 3103300 1973 HR34 0.49 0.62 0.72 E* 

22 SA MAGDALENA 3103300 1988 HRL35 -0.03 0.16 0.31 E 

23 SA MAGDALENA 3103300 2008 HRL35 0.17 0.45 0.63 E* 

24 SA MAGDALENA 3103300 2010 HRL35 0.11 0.38 0.58 E* 

25 SA PARANA 3265601 1983 HRE36 -0.08 0.21 0.43 E 

26 SA PARANA 3265601 1992 HRE36 -0.29 0.13 0.39 E 

27 SA AMAZON 3618000 2000 HR37 0.16 0.45 0.65 E* 

28 SA AMAZON 3618000 2006 HR37 0.20 0.35 0.47 E* 

29 SA SAO FRANCISCO 3651800 1979 HR38 0.60 0.76 0.85 E* 

30 SA SAO FRANCISCO 3651800 1985 HR39 -0.41 0.31 0.70 E 

31 SA SAO FRANCISCO 3651805 1980 HR40 0.08 0.41 0.61 E* 

32 SA RIO PARAGUAY 3667060 1980 HR41 -0.90 -0.40 -0.001 S* 

33 NA MISSOURI 4122900 1986 HR42 -0.35 0.08 0.38 E 

34 NA MISSOURI 4122902 1993 HR43 -0.23 0.16 0.44 E 

35 NA OHIO  4123050 1989 HR44 -0.15 0.24 0.50 E 

36 NA MISSISSIPPI 4127501 1986 HR45 -0.28 0.05 0.31 E 

37 NA MISSISSIPPI 4127800 1975 HR45 -0.89 -0.43 -0.10 S* 

38 NA SACRAMENTO 4146280 1980 HR46 -1.95 -0.63 0.02 S 

39 NA SUSQUEHANNA 4147703 1996 HRSM47 -0.25 0.13 0.39 E 

40 NA PEACE  4208450 1976 HRSM48 -0.62 -0.13 0.21 S 
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Note: AF, Africa; AS, Asia; EU, Europe; SA, South America; NA, North America; OC,  

Oceania; N/A, not available. HR, Heavy rain; M, monsoon; E, El Nino; S, Strom; L, La  

Niña; SM, Snowmelt; asterisks indicate very likely (90th) changes; Numbers in Causes  

columns are representing the reference number.  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

41 NA PEACE  4208450 2009 HR49 -0.87 -0.27 0.14 S 

42 OC FITZROY 5101301 1973 HRL50 -5.11 -0.87 0.38 S 

43 OC FITZROY 5101301 2010 HRL50 -1.76 0.48 0.94 E 

44 OC FLINDERS 5109151 1971 HR51 -0.27 0.62 0.93 E 

45 OC FLINDERS 5109151 1974 HR51 -0.99 0.19 0.65 E 

46 OC MURRUMBIDGEE 5204106 1989 HR52 -2.14 -0.03 0.71 S 

47 EU RHONE 6139100 1994 HRS53 -0.30 0.14 0.45 E 

48 EU RHINE 6335200 1983 HR54 -1.62 -0.78 -0.19 S* 

49 EU RHINE 6335200 1993 HR55 -0.32 0.16 0.47 E 

50 EU ELBE 6340120 1995 HR56 -1.46 -0.72 -0.20 S* 

51 EU ELBE 6340150 1995 HR56 -0.74 -0.23 0.13 S 

52 EU ELBE 6340150 2003 HR57 -0.27 0.06 0.33 E 
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Figure S1. Comparison of annual maximum daily discharge from 1951–2010 for the 

GRDC, S14FD discharge reanalysis, and HPB (Continuing…). 
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GRDC, S14FD discharge reanalysis, and HPB.  
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Figure S2. Comparison of cumulative density function (CDF) of annual maximum daily  

discharge from 1951–2010 for the GRDC, S14FD discharge reanalysis, and HPB  

(continuing...).   
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Figure S2. Comparison of cumulative density function (CDF) of annual maximum daily  

discharge from 1951–2010 for the GRDC, S14FD discharge reanalysis, and HPB  

(continuing...).   
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Figure S3. Uncertainty assessment of fraction of attributable risk (FAR) using the 

bootstrap technique. 
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Figure S4. Comparison of cumulative and probability distribution function of 

annual maximum daily discharge (AMDD) of HPB and NAT experiments (Continuing…). 
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Figure S4. Comparison of cumulative and probability distribution function of  

annual maximum daily discharge (AMDD) of HPB and NAT experiments (Continuing…).  
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Figure S4. Comparison of cumulative and probability distribution function of 

annual maximum daily discharge (AMDD) of HPB and NAT experiments. 
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Figure S5. Mean rainfall from May- August from HPB (a), NAT (b), and percentage of difference  

between HPB and NAT (c). This figure was made using ESRI ArcGIS software (10.8.1).  
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Figure S6. Mean rainfall from May- August from HPB (a), NAT (b), and percentage of difference 

between HPB and NAT (c). This figure was made using ESRI ArcGIS software (10.8.1). 

 


