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Introduction 
Over recent years, there has been considerable evidence of a human influence on 
extreme precipitation in conjunction with global warming. The present-day global 
climate has changed substantially, characterised by warmer global mean surface 
temperatures and increased anthropogenic greenhouse gas (GHG) concentrations. The 
mean temperature change was 0.87℃ in 2006-2015 relative to 1850-1900, and this 
positive increase has long been recognised as a potential threat to human societies and 
natural ecosystems (Hoegh-Guldberg et al., 2018). The most intense precipitation 
events observed today are projected to almost double in occurrence for each additional 
degree Celsius of global warming (Myhre et al., 2019). The consequent increase in the 
frequency and magnitude of high impact precipitation extremes strengthens the 
evidence of how an increase of 1.5, 2 or even 3 °K could impact the natural order. 
However, there are regional differences (Cardell et al., 2020; Rajczak & Schär, 2017), 
like decrease or no change for the southern part of Europe (Coppola et al., 2020; 
Lionello & Scarascia, 2020; Tramblay & Somot, 2018) but a substantial increase over 
northern Europe (Madsen et al., 2014). Considering the potential for more robust 
increases in precipitation extremes, projections of future extremes with global warming 
will help understand some of the most damaging aspects of anthropogenic climate 
change. Since the 2016 Paris agreement, there has been a consensus among the world 
nations to hold global warming below 2°C and pursue efforts to limit it to 1.5°C above 
the preindustrial levels. This deliverable is a report about the assessment of extreme 
precipitation changes to three different target temperatures using multiple climate 
models from CMIP6. Unlike the expected response of precipitation to increasing GHG 
concentrations, potential changes in the spatiotemporal distribution of daily 
precipitation extremes and the seasonal changes in their occurrences are a matter of 
concern given their relevance to disaster-risk management and adaptation planning. 
 

Extreme Precipitation Indices 
Defining an “extreme” is a difficult task as it is diverse across the globe (IPCC, 2012). 
The most common way used is by adopting the indices established by the Expert Team 
on Climate Change Detection and Indices (ETCCDI). However, not all extreme 
precipitation indices can be used for global or regional purposes. For instance, those 
based on thresholds cannot be used when the thresholds are extremely rare in some 
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regions while very common in other parts. Here we deliberately chose the precipitation 
index RX1DAY (annual maximum one-day precipitation) of the ETCCDI set, a block 
maxima. It is defined as the maximum daily precipitation (PRij) amount on a day i in a 
year j. We also determine the day of the year when RX1DAY occurs. Daily precipitation 
data from Europe-wide E-OBS (gridded observational rainfall product) and 18 
individual CMIP6 models, interpolated into a typical 1x1 grid, is used to compute the 
RX1DAY and its occurrences. Since the study focuses on land over the European 
domain, we have downsized and masked the model data to the Europe-wide E-OBS 
domain before computations. 

Target Global Warming Levels 
We frame the projections by considering the changes at a specified global warming 
target temperature of 1.5, 2 and 3 °K above the preindustrial levels. We defined 
preindustrial as the 1850-1900 average to be 
consistent with the forthcoming 6th IPCC 
Assessment Report. Also, most of the 
observed global warming has occurred 
since 1900 since the 18th-century industrial 
revolution in Europe. Climate sensitivity, or 
simulated temperature response to GHG 
forcing increase, is different for different 
models (Vial et al., 2013). As a 
consequence, the point in time when global 
mean temperature change targets are 
reached varies considerably. Models with 
high sensitivity reach specified targets 
earlier than low climate sensitivity models. 
However, some low sensitivity models may 
not reach higher targets before 2100, the 
common endpoint of the CMIP scenario 
experiments. The “end of the road” (highest 
emissions) scenario among the new Shared 
Socioeconomic Pathways (SSP5-8.5) is 
used to get maximum warming signals. The 
year when targets are reached for the 18 
CMIP6 models used in this study under the scenario SSP5-8.5 is shown in Table 1. 
Mean, and extreme precipitation statistics are calculated for each model individually 

Model 1.5°K 2°K 3°K 
ACCESS-CM2 2025 2038 2055 
ACCESS-ESM1-5 2027 2039 2060 
BCC-CSM2-MR 2030 2043 2065 
CESM2 2024 2034 2053 
CanESM5 2012 2022 2040 
CNRM-CM6-1 2028 2040 2058 
EC-Earth3 2024 2035 2057 
FGOALS-g3 2027 2045 2072 
GFDL-CM4 2029 2041 2059 
INM-CM5-0 2030 2046 2074 
IPSL-CM6A-LR 2018 2034 2050 
KACE-1-0-G 2014 2023 2043 
MIROC6 2040 2052 2076 
MPI-ESM1-2-HR 2032 2049 2073 
MPI-ESM1-2-LR 2034 2048 2071 
MRI-ESM2-0 2026 2038 2064 
NESM3 2021 2034 2054 
NorESM2-LM 2043 2056 2077 

Table 1: Year when each CMIP6 model reach 
target warming levels for SSP5-8.5 scenario. 



 

D 2.4 
GA	No:813844	

CAFE	
H2020	MSC-ITN	

			 	  
 

 
CAFE project has received funding from the European Union's Horizon 2020 research and 
innovation programme under the Marie Skłodowska-Curie grant agreement No 813844. 

 

 4 

over 21 years, extending from 10 years after and before the middle year. We also 
analysed the projections based on two time periods: 1951-2014, representing the 
historical conditions for the evaluation of the multi-model mean (MMEM); and 2051-
2100, representing future conditions at the end of the century with a large global 
warming signal for determining the change in the seasonality of the extreme 
precipitation.  
 

Projected Changes in extremes  
As shown in figure 1, the regionally averaged extreme precipitation signal reveals the 
increasing trends in the 21st century for all 18 models. This indicates that the extreme 
precipitation will be more frequent and more intense than the present by the end of the 
twenty-first century. However, there can be significant discrepancies among regions and 
seasons, with more evidence for increasing extreme precipitation in summer and winter 
than in other seasons (Madsen et al., 2014). Trends in the intensity of Mediterranean 
rainfall are not always positive (e.g., Serrano-Notivoli et al., 2018) but can also reveal 
increasing extreme daily rainfall (Ribes et al., 2019) despite no evidence of an increase 
in annual mean precipitation. Positive trends in precipitation intensity are more evident 
over northern Europe, although extreme rainfall trends may differ in different seasons 
(Irannezhad et al., 2017). 

End of the century projections 
Theoretical models predict that extreme precipitation intensity could exponentially 
increase with temperatures at a rate (7 %/°C) determined by the Clausius–Clapeyron 
(C–C) relationship in the absence of moisture limitation. Temperature changes lead to 
variations in atmospheric moisture, precipitation, and atmospheric circulation 
(O’Gorman & Schneider, 2009). As the water holding capacity of the air increase  with 

Figure 1: Relative changes (%) in RX1DAY to the pre-industrial period (1850-1900) for 18 CMIP6 
models, using the SSP5-8.5 scenario. The curves are smooth as the internal variability or noise is 
removed by using a spline function with degree-of-freedom 10. 
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the temperature rise, we can expect further alterations of the precipitation extremes 
(e.g., amount, frequency, and intensity) as well as the hydrological cycle (Haerter & 
Berg, 2009; K E Trenberth et al., 2003). Figure 2 shows the projected mean relative 
changes in the precipitation extremes to the local temperature changes at the end of the 
21st century compared to the historical 
period (1951-2014). The maps are marked 
by positive values everywhere, which 
indicate an overall increase in extreme 
precipitation. The relative mean increase to 
the local warming is 3.20%/°K for the 
CMIP6 MMEM and 4.61%/°K for the 
ensemble mean of CanESM5 (figure not 
shown), which is lower than the C-C rate. 
Nevertheless, the more significant warming 
observed over land than over the ocean may 
result in a lower scaling with local mean 
temperature and may not be considered a 
sub-C–C scaling rate. In addition to this 
thermodynamic effect of warming, large-
scale climate modes such as the North 
Atlantic Oscillation (NAO) can also 
contribute to both changes and internal 
variability of heavy precipitation across 
Europe (eg., Cioffi et al., 2015; Messmer et 
al., 2015). For instance, in the positive 
phase, the NAO strengthens the westerly 
flow over the North Atlantic and enhances 
moisture transport over northern Europe (e.g., Gimeno et al., 2016), leading to higher 
frequency and clustering of heavy precipitation in that region (Yang & Villarini, 2019, 
2021). Other large-scale climate modes, such as the East Atlantic and Scandinavia 
patterns, can also play a significant role in precipitation across Europe (e.g., Casanueva 
et al., 2014; Irannezhad et al., 2017).   
 

Figure 2: Change in extreme precipitation 
(ΔRX1DAY, %) with respect to change in the 
mean local surface temperature (ΔT, K) for 
CMIP6 MMEM (18 models) for the period 1951-
2014 to 2051-2100. Stippling denotes regions 
where the MMEM divided by the multi-model 
standard deviation exceeds 1.0. 
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Projection of precipitation extremes for three global 
warming targets 
Given the range of global and annual temperature covered by the SSP5-8.5 scenario, we 
have explored the projected changes in RX1DAY at specified global warming levels 
(1.5, 2 & 3 °K). Figure 3 quantifies the CMIP6 ensemble mean of RX1DAY with respect 
to the pre-industrial period (1850-1900) at the different warming levels.  
We observed a significant increase in the extremes precipitation, while the mean 
precipitation shows (figure not shown) very little change to different levels of warming. 
Certainly, the projected mean precipitation has increased and is characterised by an 
overall positive change throughout the domain. However, changes in the extreme 
precipitation to the target warming is widespread and more intense than the mean 
precipitation values as the latter is limited by energy constraints (Allen & Ingram, 2002). 
This can cause more frequent and severe floods in a future warm climate (e.g., Cubasch 
et al., 2001; Kevin E Trenberth, 1999). The intensity of changes in the extreme 
precipitation almost doubled for the 3K warming than the 1.5K level. This enhancement 
of extreme precipitation is principally caused by the enhancement of atmospheric 
moisture content, which feeds increased moisture to all weather systems.  

In contrast, due to the different interacting drivers of extreme precipitation, some 
regions show a negative value, like the South of Spain and the southern basin of the 
Mediterranean. Even at higher levels of temperature, these values are negative, which 

Figure 3: Maps of projected RX1DAY changes in CMIP6 for 3 GWLs: 1.5K/2K/3K (MMEM). Stippling 
denotes regions where the MMEM divided by the multi-model standard deviation exceeds 1.0. 
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has been suggested to result from limited moisture availability (Hardwick Jones et al., 
2010) or arid conditions (Drobinski et al., 2016). The amplified moisture convergence 
intensifies the effects of extreme precipitation, while the evaporation may counteract the 
precipitation increases in the dry areas (Held & Soden, 2006). It is alarming that there 
is an overall increase in the extremes at all three levels. Even at the lowest target level, 
there is a significant increase. The relationship between the precipitation extremes 
changes as temperatures increase can be linear depending upon the geographical 
location. For the extra-tropics, there exists linear relation, while for the tropics, we 
expect a non-linear change, as this is closely related to the other atmospheric fields 
(Pendergrass et al., 2019). 
 

Recent studies of daily precipitation changes 
concerning water availability also 
established that mean annual precipitation 
maxima aggregated over the world's dry and 
wet regions is likely to increase. To estimate 
the increase in the very extreme 
precipitation (rare), we computed the 20-
year return values (RL20) by fitting a non-
stationary generalised extreme value 
distribution to the annual daily maximum 
precipitation. Figure 4 shows the difference 
between the RL20 for the future and the 
historical period. The RL20 shows the 
extreme events that have a 5% chance of 
occurrence in a particular year, and these 
are remarkably similar to the increase in the 
projected extremes (figures 2, 3). This 
suggests that the rarer precipitation events 
are expected to increase, and it is more likely 
influenced by climate change (Li et al., 2019; 
Myhre et al., 2019; Pendergrass, 2018) and 
can become more common in the future.  

Figure 4: Maps of projected RL20 changes in 
CMIP6 (MMEM of 18 models) for the period 
1951-2014 to 2051-2100 using the non-stationary 
GEV with covariate as ln[CO2] location 
parameter. 
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In a nutshell 
This deliverable gives a short comprehensive summary of the extreme precipitation 
changes at different global warming levels over Europe. It is extracted from the parent 
study entitled "Response of heavy precipitation and meteorological droughts to 
increasing atmospheric CO2 and related global warming". The main points covered here 
are;   

• The climate model projections reassure that the hydrological cycle (mean 
precipitation) is expected to intensify as the Earth warms, enhancing the extreme 
precipitation events and the risks of flooding. 

• The projected changes in extreme precipitation are more intense than the mean 
precipitation for all three levels of warming as the latter is limited by energy 
constraints (with relation to the atmospheric energy budget)  

• The increase in the mean surface temperature enhances the intensity of extreme 
precipitation. There is a widespread increase in the extremes for all three levels 
of warming, with the largest increase observed for the 3 K warming, which is 
twice that of the 1.5 K warming.  

• The rare precipitation events (RL20) are also projected to get enhanced and 
become more common by the end of this century. 

• Most of the time, the increase in the extreme precipitation is consistent with the 
CC rate, which implies its relation to the changes in water holding capacity of the 
atmosphere. Dynamic effects (large scale circulation) also significantly contribute 
to the extreme precipitation changes when there is a departure from the CC rate.  

• Also, large-scale climate modes such as the North Atlantic Oscillation (NAO) 
can contribute to both changes and internal variability of heavy precipitation 
across Europe.   

The deliverable covers all the major points promised at the beginning of this project, 
mainly focusing on assessing extreme weather events with stabilized global mean 
temperature and the relative risks associated. Our analysis was originally done for the 
whole global domain, which will be submitted as a paper. The paper will discuss the 
CMIP6 model uncertainties in projected extreme precipitation. We also expect to 
submit one more paper that summarises the changes in extreme precipitation and 
seasonality over Europe, which will also discuss the physics behind these changes.  
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Avenue of opportunities & Future Plans 
We have not discussed the influence of the internal climate variability on extreme 
precipitation changes. Instead, we have analysed the seasonality changes of the extreme 
precipitation. While the interplay between internal climate variability and climate 
change is an open question, serious research needs to be done to estimate the relationship 
between these. There is a large avenue of opportunities for potential research with 
regard. Some of the points that we will focus on moving forward are; 

 
• Quantify the uncertainties in the projection of extreme precipitation and 

distinguish both model uncertainties and internal variability. 
 

• Study the seasonality changes in occurrences of extremes. We found a slight 
overall delay (figure not shown) in the seasonality of the extreme precipitation 
events over Europe. However, there exists a notable regional difference in this 
modelled shift. We will need to look further into this by including more models 
and analysing more regions of interest by combining high model agreement and 
regional consistency on the sign change. Also, focus on the physics behind the 
seasonality changes for different regions (especially over Europe and the South 
Asian monsoon domain). 
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