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Abstract: 24 

In this work the authors investigate possible changes in the distribution of heavy precipitation 25 

events under a warmer climate, using the results of a set of 20 climate models taking part in the  26 

Coupled Model Intercomparison Project phase 5 effort (CMIP5). Future changes are evaluated as 27 

the difference between the last four decades of the 21st and the 20th Century assuming the 28 

Representative Concentration Pathway RCP8.5 scenario. As a measure of the width of the right tail 29 

of the precipitation distribution, we use the difference between the 99th and the 90th percentiles. 30 

Despite a slight tendency to underestimate the observed heavy precipitation, the considered CMIP5 31 

models well represent the observed patterns in terms of the ensemble average, during both summer 32 

and winter seasons for the 1997-2005 period. Future changes in average precipitation are consistent 33 

with previous findings based on CMIP3 models. CMIP5 models show a projected increase for the 34 

end of the twenty-first century of the width of the right tail of the precipitation distribution, 35 

particularly pronounced over India, South East Asia, Indonesia and Central Africa during boreal 36 

summer, as well as over South America and southern Africa during boreal winter.  37 

38 
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 38 

1. Introduction 39 

Changes in the frequency and intensity of extreme events can affect human health directly through 40 

heat waves and cold spells and indirectly through floods or pollution episodes (Zwiers and Kharin 41 

1998, Parry et al. 2007, Peterson et al. 2008). The associated societal implications make an accurate 42 

simulation of extremes by climate models a particularly relevant issue. In the past years many 43 

studies have been undertaken  to analyze  intense precipitation events using coupled and uncoupled 44 

General Circulation Models (GCMs) (Wetherald and Manabe 1999, Kharin and Zwiers 2000, 45 

Hegerl et al. 2004, Kharin et al. 2007, Hegerl et al., 2007, Kiktev et al. 2007, Carril et al. 2008, Min 46 

et al. 2009, Seager et al. 2012), investigating their capability in detecting changes of extreme 47 

precipitation, when analyzing  twentieth  and twenty-first  century climate simulations. Model 48 

projections indicate  intensification of extreme precipitation in a warming climate leading to  wet 49 

areas getting wetter and dry areas getting drier (Chou et al 2009). The availability of a new set of 50 

climate simulations for the twenty-first century, carried out with state of the art coupled GCMs 51 

produced for the fifth Coupled Model Intercomparison Project (CMIP5, Meehl and Bony, 2012), 52 

gives us the possibility to investigate future changes in intense precipitation following one of the 53 

Representative Concentration Pathways (RCPs) considered as illustrative of potential future 54 

scenarios. The present analysis is performed following the RCP8.5 scenario, the one with the 55 

highest rate of increase in greenhouse gas concentrations within the new set of RCPs. The main aim 56 

of this work is to inspect changes in the shape of the right tail of the precipitation events distribution 57 

under warmer conditions, comparing the last part of  the twenty-first century with the last part of 58 

the twentieth century, as simulated by a set of CMIP5 climate models. The paper is organized as 59 

follows.  Section 2 describes the data and provides an overview of the methodology used, Section 3 60 

presents the results of the analyses, and Section 4 summarizes the main points of the study and 61 

concludes the paper. 62 
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 63 

2. Data and Methodology 64 

2.1. Reference data 65 

For this analysis we use daily precipitation fields from a subset of the CMIP5 multimodel 66 

ensemble, consisting of simulations of the twenty  and twenty-first century climate performed with 67 

20 coupled ocean-atmosphere climate models (see table 1).  CMIP5 simulations are conducted in 68 

support of the fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC-69 

AR5). The horizontal resolution of the atmospheric component of the considered models ranges 70 

from about 0.75 to about 3.5 degrees with a median of 1.7 degrees. Two periods are analysed: the 71 

period 1966-2005 (hereafter PRESENT), corresponding to the last part of the ‘historical’ CMIP5 72 

simulation and the period 2061-2100 (hereafter FUTURE), run under the high-end RCP8.5 scenario 73 

(Riahi et al. 2011, Taylor et al. 2012). The ‘historical’ simulation is performed forcing CMIP5 74 

models with observed concentrations of greenhouse gasses, aerosols, ozone and solar irradiance, 75 

starting from an arbitrary point of a quasi-equilibrium control run. The RCP8.5 scenario follows a 76 

rising radiative forcing pathway leading to 8.5 W/m2 in 2100.  77 

For this analysis we make use of daily precipitation fields. The capability of the CMIP5 78 

models to simulate the present climate in terms of heavy precipitation events has been assessed 79 

using daily data from the Global Precipitation Climatology Project (GPCP, Bolvin et al., 2009), of 80 

the period 1997-2005 (hereafter PRES). On the suitability of the use of GPCP data for investigating 81 

intense precipitation see Shiu et al. 2012 and Liu et al. 2009. In the rest of the paper, for the sake of 82 

simplicity we will refer to the GPCP data as ‘observations’. In this work we aim to assess potential 83 

changes in precipitation extremes that might have a societal impact, thus we mainly focus on 84 

precipitation over land. 85 

86 
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 86 

2.2. Methodology 87 

To investigate how CMIP5 models represent intense precipitation compared to observations, 88 

we computed the 90th and 99th percentiles (hereafter 90p and 99p) over the distribution of 89 

precipitation obtained by aggregating daily precipitation values, belonging to the investigated 90 

period, over each single grid point. Furthermore, in our analysis, we want also to assess how heavy 91 

rainfall, defined as daily events with a precipitation amount greater than the 90p, might change in 92 

intensity. To this aim, we use the difference between the 99p and 90p, where the former is 93 

representative of very intense precipitation and the latter is the threshold used to define an event as 94 

heavy rainfall. This metric has been defined, separately for PRESENT and FUTURE climates, to 95 

quantify the width of the right tail of the precipitation distribution. In the present analysis, the 96 

impact of the non stationarity of precipitation time series associated with the high-hand RCP8.5 97 

scenario has been found non significant. Percentiles are computed for each model, on the 98 

corresponding original spatial grid. Individual model results have been then interpolated onto the 99 

GPCP regular grid to allow the multi-model averaging.  100 

For abbreviation purposes, we will refer to ‘future changes’ to indicate changes between the 101 

FUTURE (2061-2100) and the PRESENT (1966-2005) periods.  102 

3. Results 103 

Previous assessments (Kharin et al.  2007, O’Gorman and Schneider  2009) have shown that 104 

climate models provide a realistic representation of  present-day heavy precipitation in the extra-105 

tropics, but uncertainties in heavy precipitation in the Tropics are very large. The 90p and 99p 106 

(Figure 1 shows the zonal average of the 99th percentile computed at each grid point) are 107 

consistently simulated at middle and high latitudes by CMIP5 models, but they tend to 108 

underestimate these indices in the Tropics, especially in the northern summer, but also at high 109 
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latitudes in the Northern Hemisphere during northern winter and Southern Hemisphere during 110 

northern summer (Figure 1). This tendency is noticeably less pronounced when only models with a 111 

horizontal resolution finer than 1.5 degrees are considered (about 50% of the CMIP5 models used  112 

in this analysis, see table 1), but the dispersion around the mean does not change (not shown). The 113 

observed spatially average amount of rainfall, associated with heavy precipitation events (>90p, 114 

computed for each grid cell) over land during the PRES period, is about 55% of the total 115 

precipitation in both winter and summer seasons (circles in Figure 2, first panel). The corresponding 116 

estimate provided by CMIP5 models amounts to less than 45% (squares in Figure 2, first panel) 117 

during the PRESENT period in summer and winter. A closer agreement between CMIP5 models 118 

and observations is found when we focus on the rainfall associated with very intense precipitation 119 

events (>99p): the corresponding amount of water in the observations is about 12% (circles in 120 

Figure 2, second panel), which is within the uncertainty range of the CMIP5 models. The model 121 

results shown in figure 2 do not change considering the 1966-2005 or the shorter 1997-2005 period. 122 

Very similar results have been found using the globally averaged amount of rainfall including 123 

precipitation over the sea (not shown). During the FUTURE period, the CMIP5 box plots are 124 

shifted upward by 2-5%, suggesting a slight increase in the amount of rainfall associated with heavy 125 

precipitation, over land, in a warmer climate.  126 

The width of the range of values attributable to observed (Figure 3, left panels) heavy 127 

precipitation events, as represented by the 99p-90p metric, is reasonably well reproduced by the 128 

CMIP5 ensemble average (Figure 3, right panels). The model ensemble mean properly captures 129 

observed spatial patterns, despite a general tendency to underestimate 99p-90p over most of the 130 

Tropics and, especially, in the Amazonian basin, equatorial Africa, Mediterranean basin and 131 

northern Australia in DJF. In JJA, the models appear to overestimate the intense events in the north-132 

eastern part of the North American and Asian continent and Hymalayan region. The locations 133 

where the intense precipitation appears to be overestimated, correspond with the areas where the 134 

models precipitation has a positive bias (not shown). Future changes in climatological precipitation 135 
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patterns (Figure 4 left panels) are overall coherent with previous findings (Giorgi and Bi, 2009) 136 

obtained using CMIP3 (the previous phase of the Coupled Model Intercomparison Project) models. 137 

During boreal winter a general increase in precipitation over land is found, except for Central 138 

America and South America. During boreal summer, a general increase of precipitation over land at 139 

latitudes higher than 55oN is found and a strong decrease over Southern Europe, up to 60%, is made 140 

apparent (red pattern in figure 4, bottom-left panel). A less intense decrease in the average 141 

precipitation appears also over Western North America, Central America, equatorial South America 142 

and Western Africa around 15o North (figure 4, left panels). Future changes in 90p (Figure 4, 143 

central panels) follow the described changes in average precipitation. The usage of 99p-90p gives 144 

the possibility to better investigate changes in the right tail of the distribution of precipitation 145 

events, especially over regions where both 90p and 99p increase/decrease. In fact, despite the very 146 

similar patterns found in future changes of climatological precipitation and 90p (Figure 4, left and 147 

central panels respectively), the 99p-90p changes, pertaining to heavy precipitation events (Figure 148 

4, right panels), look different: in the FUTURE period the 99p-90p metric increases worldwide, 149 

even over regions where average precipitation and 90p values show a decrease (red patterns in 150 

Figure 4). This is the case of southeast Europe during summer, where the width of the right tail of 151 

the distribution increases, even if nearly the entire precipitation distribution becomes dryer (i.e., 152 

decreases in total, 90p, and 99p precipitation).  Over some regions the 99p-90p increase reaches 153 

180% of the PRESENT period precipitation value (blue patterns in Figure 4, right panels), 154 

amounting to about 8 mm/d over land between 30oS and the Equator, during boreal winter and 155 

involving all continents. These intense positive patterns move northward between 5oS and 15oN 156 

during boreal summer, covering Africa and South America, reaching maximum values of 10 mm/d 157 

over India,  southern China  and Indochina. A future increase in the width of the right tail of the 158 

precipitation events distribution, greater than 5 mm/d, is also evident along the Eastern coast of 159 

Asia, up to Siberia, during the boreal summer. The largest increases in 99p-90p, of greater than 12 160 

mm/d, are found in the Indonesian region in both seasons.. The described long term tendencies for 161 
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the 99p-90p metric were also found in a separate analysis  performed grouping rainfall data over 26 162 

regions (Figure 6) selected following the IPCC special report on extreme events (IPCC, 2012). We 163 

separately assessed the 99p-90p changes for the entire domain and for land-points only. It is found 164 

(not shown) that for both DJF and JJA, the vast majority of the selected regions shows a positive 165 

increment of the 99p-90p index. No significant differences are found with or without the inclusion 166 

of the ocean portion of each regional domain. This positive tendency is more pronounced for the 167 

rightmost part of the rainfall distribution, compared with the leftmost part, as highlighted in figure 7 168 

where changes in moderate heavy, very intense and extreme events (75th ,90th ,99th, 99.9th 169 

percentiles, respectively) in the FUTURE period with respect to the PRESENT period are shown.  170 

4. Discussion and Conclusions 171 

In this paper we apply the difference between 99th and 90th percentile of the daily precipitation 172 

resulting from a set of twenty CMIP5 simulations, with the aim of quantifying potential changes in 173 

the width of the right tail of precipitation distribution, thus to the range of values attributable to a 174 

heavy (greater than 90p) precipitation event.  175 

Precipitation intensity seems to increase more than mean precipitation under a warmer climate, 176 

confirming previous findings (Trenberth et al. 2003; Meehl et al, 2005; Chou et al. 2009). These 177 

changes are consistent with a greater moisture-holding capacity of the warmer air contributing to 178 

greater moisture convergence (Tebaldi et al., 2006) and with the Clausius–Clapeyron dependence 179 

which is relevant for heavy precipitation events (Giorgi et al., 2011), which are able to empty the 180 

atmospheric moisture column (Allen and Ingram 2002; Allan and Soden 2008). It is in fact well 181 

known that increases in atmospheric water vapour content are generally associated with increases in 182 

heavy precipitation in a warmer climate (e.g., Pall et al. 2007, O'Gorman and Schneider 2009). The 183 

width of the right tail of the precipitation event distribution increases almost everywhere (Figure 4 184 

right panels), independently of the direction in which the distribution evolves in a warmer climate, 185 

suggesting more heavy precipitation events especially over the Tropics  during summer. The 186 
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increased availability of water in a warmer climate, is confirmed by the water vapour content 187 

(WCONT), vertically integrated through the atmospheric column. The regions affected by strong 188 

stretching of the right tail of precipitation event distribution in the future (blue patterns in figure 4, 189 

right panels) correspond to strong increased availability of water vapour content in the atmospheric 190 

column (blue patterns in Figure 5, right panels).   191 

To a first approximation, if one considers no changes in precipitation efficiency (here defined as the 192 

ratio of total precipitation to total available moisture), we would link the increased width of the 193 

right tail of FUTURE precipitation distribution to the increased availability of WCONT. Regional 194 

changes in the atmospheric circulation patterns (Hertig et al. 2013) might also alter the statistics of 195 

the heavy rain events. However a conclusive disentangling of the causes underlying the detected 196 

changes in the precipitation distribution is beyond the purpose of this work. In summary, despite the 197 

fact that model projections of future changes in heavy precipitation events in response to global 198 

warming might be underpredicted (Allan and Soden, 2008), a picture of a world with intensifying 199 

heavy precipitation events over the majority of land seems confirmed by CMIP5 model projections 200 

for the end of the twenty-first century, at least following a future scenario with a continuous rise in 201 

radiative forcing during the twenty-first century. This implies increasing risks for natural and 202 

human systems that are sensitive to wet extremes (Kunkel et al. 1999; Giorgi et al., 2011).   203 
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Model name 
Lat x Lon  

(degrees) 
Institute (Institude ID) 

BNU-ESM 2.8 x 2.8 College of Global Change and Earth System Science, Beijing Normal 
University (GCESS) 

CCSM4   0.9 x 1.5 National Center for Atmospheric Research (NCAR) 

CMCC-CESM  3.7 x 3.7 Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC) 

CMCC-CMS  1.9 x 1.9 Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC) 

CMCC-CM 0.8 x 0.8 Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC) 

CNRM-CM5  1.4 x 1.4 Centre National de Recherches Meteorologiques / Centre Europeen de 
Recherche et Formation Avancees en Calcul Scientifique (CNRM- CERFACS) 

CSIRO-Mk3-6-0  1.9 x 1.9 Commonwealth Scientific and Industrial Research Organization in collaboration 
with Queensland Climate Change Centre of Excellence (CSIRO-QCCCE) 

CanESM2 
  2.8 x 2.8 Canadian Centre for Climate Modelling and Analysis (CCCMA) 

FGOALS-s2  1.6 x 2.8 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences 
(LASG-IAP) 

GFDL-CM3  2.0 x 2.5 NOAA Geophysical Fluid Dynamics Laboratory (NOAA GFDL) 

GFDL-ESM2G  2.0 x 2.5 NOAA Geophysical Fluid Dynamics Laboratory (NOAA GFDL) 

GFDL-ESM2M  2.0 x 2.5 NOAA Geophysical Fluid Dynamics Laboratory (NOAA GFDL) 

HadGEM2-CC  1.2 x 1.8 Met Office Hadley Centre (MOHC) 

HadGEM2-ES  1.2 x 1.8 Met Office Hadley Centre (MOHC) 

INM-CM4  1.5 x 2.0 Institute for Numerical Mathematics (INM) 

IPSL-CM5A-MR  1.2 x 2.5 IPSL-CM5A-LR Institut Pierre-Simon Laplace (IPSL) 

MIROC5  1.4 x 1.4 
Atmosphere and Ocean Research Institute (The University of Tokyo), National 
Institute for Environmental Studies, and Japan Agency for Marine-Earth 
Science and Technology (MIROC) 

MPI-ESM-MR  1.9 x 1.9 Max Planck Institute for Meteorology (MPI-M) 

MRI-CGCM3  1.1 x 1.1 Meteorological Research Institute (MRI) 

NorESM1-M  1.8 x 2.5 Norwegian Climate Centre (NCC) 

Tab 1. CMIP5 models involved in this study. Bold values in the second column indicate horizontal 323 

resolution finer than 1.5o. 324 

 325 

326 
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FIG. 1. 99th percentile (99p) of daily precipitation for the period 1997-2005  in CMIP5 historical 328 

simulations (black lines) and observations (red lines), as a function of latitude, over land. Gray lines 329 

represent the minimum (dashed) and maximum (solid) 99th percentiles at each latitude, within the 330 

20 CMIP5 models considered. A logarithmic scale has been adopted for the x axis. Units are 331 

[mm/d].  332 

333 
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 333 

FIG. 2. Box plots of the fraction of precipitation associated with heavy events (>90p, left panel) and 334 

very intense events (>99p, right panel) with respect to the total precipitation amount. The box plots 335 

represent the distribution of the 20 CMIP5 models. In each panel, the first two box plots represent 336 

the boreal winter season (DJF) and the last two box plots represent the boreal summer season (JJA) 337 

under  PRESENT (1966-2005) and FUTURE (2061-2100) periods. The percentage  of water 338 

associated with heavy/very intense events (y-axis) is computed over land at global scale. In each 339 

box plot, the box represents the interquartile range (IQR) and contains 50% of the data; the upper 340 

edge of the box represents the 75th percentile (upper quartile, UQ), while the lower edge is the 25th 341 

percentile (lower quartile, LQ). The horizontal lines within the box are the median, the squares are 342 

the mean. The vertical dashed lines indicate the range of the non-outliers (outliers are values that 343 

are either larger than UQ + 1.5 · IQR or smaller than LQ -1.5 · IQR).  Circles represent the 344 

observed value over the PRES (1997-2005) period.345 
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 346 

 347 

FIG. 3. Measure of the right tail of  the precipitation events distribution, represented as 99p-90p 348 

during the period 1997-2005 as obtained by the observations (left panels) and CMIP5 (average over 349 

the 20 models, right panels). Upper panels refer to boreal winter and lower panels refer to boreal 350 

summer. Units are [mm/d]. 351 

352 
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 352 

FIG. 4. Future changes (2061-2100 – 1966-2005) in average precipitation (left panels), 90th 353 

percentile of precipitation (90p, central panels)  and width of the right tail of the precipitation events 354 

distribution (99p-90p, right panels) following the RCP8.5 CMIP5 scenario, as averaged over the 355 

CMIP5 models. Upper panels refer to boreal winter and lower panels refer to boreal summer.  Units 356 

are [%]. White patterns over land indicate regions with seasonal precipitation lower than 0.5 mm/d. 357 

 358 
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 359 

FIG. 5. Water vapour content (WCONT), vertically integrated through the atmospheric column, 360 

during the 1966-2005 period (left panels) and  increase in 2061-2100 wrt 1966-2005 as averaged 361 

over the CMIP5 models. Upper panels refer to boreal winter and lower panel refer to boreal 362 

summer. Units are [Kg/m2]. 363 
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 364 

FIG. 6.  Regions defined to group rainfall data. 365 

 366 

367 
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 367 

FIG. 7. Future changes (2061-2100 wrt 1966-2005) of moderate (75th percentile, blue), heavy (90th 368 

percentile, light blue), very intense (99th percentile, yellow) and extreme (99.9th  percentile, red) 369 

events computed over 26 areas (defined in figure 6). The first two panels refer to land  only (colors 370 

in figure 6). The last two panels refer to land and ocean.  Boreal winter  is shown in the 1st  and 3rd  371 

panels. Boreal summer is shown in the 2nd and 4th panels. Units are [%]. 372 
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