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ABSTRACT 24 

Heavy rainfall and flooding associated with tropical cyclones (TCs) are responsible for a large 25 

number of fatalities and economic damage worldwide. Despite their large socio-economic 26 

impacts, research into heavy rainfall and flooding associated with TCs has received limited 27 

attention to date, and still represents a major challenge. Our capability to adapt to future changes 28 

in heavy rainfall and flooding associated with TCs is inextricably linked to and informed by our 29 

understanding of the sensitivity of TC rainfall to likely future forcing mechanisms. Here we use a 30 

set of idealized high-resolution atmospheric model experiments produced as part of the U.S. 31 

CLIVAR Hurricane Working Group activity to examine TC response to idealized global-scale 32 

perturbations: the doubling of CO2, uniform 2K increases in global sea surface temperature 33 

(SST), and their combined impact. As a preliminary but key step, daily rainfall patterns of 34 

composite TCs within climate model outputs are first compared and contrasted to the 35 

observational records. To assess similarities and differences across different regions in response 36 

to the warming scenarios, analyses are performed at the global and hemispheric scales and in six 37 

global TC ocean basins. The results indicate a reduction in TC daily precipitation rates in the 38 

doubling CO2 scenario (on the order of 5% globally), and an increase in TC rainfall rates 39 

associated with a uniform increase of 2K in SST (both alone and in combination with CO2 40 

doubling; on the order of 10-20% globally). 41 

  42 
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1. INTRODUCTION 43 

Every year, tropical cyclones (TCs) are responsible for a large number of fatalities and vast 44 

economic damages (e.g., Rappaport 2000, Pielke et al. 2008, Zhang et al. 2009, Jonkman et al. 45 

2009, Czajkowski et al. 2011, 2013, Mendelsohn et al. 2012, Peduzzi et al. 2012). To compound 46 

these TC hazards, over the last few decades there has been an increase in population and 47 

infrastructure in global coastal regions resulting in increased TC-related damages (e.g., 48 

Mendelsohn et al. 2012, Peduzzi et al. 2012); this demographic change is acting in addition to 49 

the TC changes projected to occur as a result of climate change. 50 

Although heavy rainfall is a major hazard associated with TCs, few studies have examined 51 

the rainfall patterns associated with these storms. A recent analysis of observations found that 52 

over the period 1994–2008 TC-related heavy rainfall events in the United States occurred over 53 

twice as often as the long-term average (Kunkel et al. 2010). Using satellite-based estimates of 54 

rainfall, Lau and Zhou (2012) point to an increase in north Atlantic TC rainfall over the period 55 

1988-2007. At the same time, they also identified a decrease in TC rainfall in the north Pacific. 56 

Over China, Ren et al. (2006) found decreasing trends in both TC total precipitation and 57 

frequency of torrential rain, while Ying et al. (2011) found increasing trends in the intensity of 58 

tropical cyclone precipitation at some locations over southeast China. Based on climate model 59 

outputs, Knutson and Tuleya (2004) found a tendency for larger near-storm precipitation rates in 60 

TCs in CO2 warming scenarios. In a review of TC/climate change studies, Knutson et al. (2010) 61 

found seven studies reporting an increase in TC-related rainfall (various metrics) under climate 62 

warming scenarios and no studies with decreases. Overall, TC-related rainfall rates are projected 63 

to increase on the order of 20% within 100km from the storm center for the late 21
st
 century 64 

(Knutson et al. 2010). More recently, Knutson et al. (2013) used a range of global climate 65 
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models (GCMs), including outputs from climate models produced under phase 5 of the Coupled 66 

Model Intercomparison Project (CMIP5; Taylor et al. 2012), and found an increase in the 67 

average precipitation rate in north Atlantic TCs of about 10%, rising to over 20% within 100km 68 

of the storm center. Because of the observed and projected changes in TC rainfall and especially 69 

because of their large socio-economic effects, it is essential to evaluate TC rainfall patterns under 70 

warming scenarios.  71 

The main goals of this study are to undertake a global scale analysis in six TC basins to 72 

analyse possible changes in TC rainfall under different warming scenarios using GCM runs. The 73 

research questions we will address are: 74 

1) How well can GCMs reproduce the TC rainfall structure present in the observational 75 

records? Despite the simplicity of the question, very few studies have examined the 76 

capability of GCMs in reproducing the rainfall characteristics compared to the 77 

observational records.  78 

2) What are the possible changes in TC rainfall that can be expected under different 79 

idealized warming scenarios? We will be able to address this question using a series of 80 

idealized experiments conducted in support of the U.S. CLIVAR – Hurricane and 81 

Climate Working Group. 82 

The analyses will leverage on three state-of-the-art atmospheric models, and examine the 83 

changes in TC rainfall structure and magnitude in six TC genesis basins under three warming 84 

scenarios: (1) a doubling of CO2 in the atmosphere with no change in SST, (2) a uniform 2K rise 85 

in global SST, and (3) a doubling of CO2 plus a uniform 2K rise in SST. The expectation prior to 86 

performing the analyses is for a decrease in TC rainfall under the CO2-doubling experiment and 87 

for an increase associated with the global increase in SST. It is more difficult to know a priori 88 
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what to expect from a combination of changes in both CO2 and SST because of the potentially 89 

opposite effects associated with the changes in these two forcings. One of the main objectives of 90 

the U.S. CLIVAR working group, and these experiments, is to quantify changes in tropical 91 

cyclone characteristics in a warming climate. 92 

This paper is organized as follows. The next section contains a description of the data, 93 

methods and models used. Section 3 presents the results, and is followed by Section 4, in which 94 

we summarize the main points of this study. 95 

2. DATA AND METHODS 96 

Six TC genesis basins were used in this analysis, four in the northern hemisphere (north 97 

Atlantic (NA), eastern north Pacific (EP), western north Pacific (WP), north Indian (NI)) and two 98 

in the southern hemisphere (south Indian (SI) and southern Pacific (SP)). The delineation of 99 

these basins is the same as the one used in Camargo et al. (2005), with the only exception that we 100 

combine their Australian and south Pacific basins into the southern Pacific basin, which extends 101 

eastward from 110W longitude, in order to have a larger storm sample. We also perform 102 

analyses at the global and hemispheric scales. 103 

Observed TC tracks were taken from the International Best Track Archive for Climate 104 

Stewardship (IBTrACS v03r04; Knapp et al. 2010). It represents a unified database of global TC 105 

tracks, including data from numerous TC forecast centers around the world and other sources. 106 

The IBTrACS includes the latitude and longitude of the center of circulation of the recorded 107 

storms, maximum sustained wind and minimum central pressure every six hours during the 108 

storms’ lifetime. Here we focus on the period 1997-2012 because it matches the period for which 109 

relatively high quality daily rainfall data are available globally. 110 
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Rainfall data are available over the period 1997-2012 through the Global Precipitation 111 

Climatology Project (GPCP; Huffman et al. 2001). This dataset provides global rainfall at the 112 

daily scale with a 1°×1° resolution. GPCP is obtained by merging different satellite-based 113 

rainfall estimates (in particular within and outside the latitude band 40° north-south) and rain 114 

gage data. Here GPCP is used as reference dataset for the comparison with modelled data. It is 115 

worth keeping in mind, though, that these are rainfall estimates based on satellite data, and not 116 

direct measurements of rainfall. Our assumption is that the uncertainties associated with this 117 

product are much smaller than what we would expect from modelled rainfall data. 118 

These observational records will be used to evaluate the capability of three climate models in 119 

reproducing the rainfall characteristics associated with TCs. In this study we will use outputs 120 

from the Geophysical Fluid Dynamics Laboratory (GFDL) High Resolution Atmospheric Model 121 

(HiRAM), the Centro Euro-Mediterraneo per i Cambiamenti Climatici (CMCC), and the 122 

Community Atmosphere Model Version 5.1 (CAM5) model. The models are forced by 123 

climatological SSTs [1981-2005 average from HadISST (Rayner et al. 2003)]. The GCM run by 124 

CMCC builds on ECHAM5 (Roeckner et al. 2003) with the same resolution employed in the 125 

CMCC fully coupled model (Scoccimarro et al. 2011): a T159 horizontal resolution, 126 

corresponding to a Gaussian grid of about 0.75° × 0.75° and a vertical resolution with 31 hybrid 127 

sigma-pressure levels with top at 10 hPa. The convection parameterization is based on the mass 128 

flux concept (Tiedtke 1989) modified following Nordeng (1994). Moist processes are treated 129 

using a mass conserving algorithm for the transport of the different water species and potential 130 

chemical tracers (Lin and Rood 1996). The transport is resolved on the Gaussian grid. A more 131 

detailed description of the ECHAM5 atmospheric model performance can be found in Roeckner 132 

et al. (2006).  133 
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The model used for this study is a newer version of the Geophysical Fluid Dynamics 134 

Laboratory (GFDL) High Resolution Atmospheric Model (HIRAM) utilized in Zhao et al. 135 

(2009), Zhao and Held (2010), and Held and Zhao (2011) for studies of global hurricane 136 

climatology, variability, and change with global warming. It is a 50km resolution model using a 137 

cubed-sphere dynamical core and the Bretherton et al. (2004) convection scheme for both 138 

shallow and deep cumulus clouds. The main difference in the newer version is that it 139 

incorporates a new land model (GFDL LM3). The atmospheric dynamical core of the model was 140 

also updated to improve efficiency and stability. As a result of these changes, there are minor 141 

retunings of the atmospheric parameters in the cloud and surface boundary layer 142 

parameterizations necessary to achieve the top-of-atmosphere (TOA) radiative balance (Zhao et. 143 

al 2012). This model is also the version of HIRAM used for the GFDL participation in the Fifth 144 

Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5) high-145 

resolution time-slice simulations.  146 

The Community Atmospheric Model, version 5.1 (CAM5), developed by the U.S. 147 

Department of Energy and the National Science Foundation was integrated using a finite volume 148 

dynamical core on a latitude-longitude mesh of approximately 0.25
o
 with 30 vertical levels 149 

(Bacmeister et al. 2013, Wehner et al. 2013). The CAM5 physical parameterization package uses 150 

the Zhang and McFarlane (1995) deep convective parameterization and the University of 151 

Washington (UW) shallow convection scheme (Park and Bretherton 2009).  The convective 152 

parameterization includes a dilute entraining plume (Neale et al. 2008) and a convective 153 

momentum transport approximation as used in the previous version of the model, CAM4 154 

(Richter and Rasch 2008). The moist boundary layer turbulence scheme is that of Bretherton and 155 
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Park (2009). A description of the surface flux parameterizations, an important driver for tropical 156 

cyclogenesis, is described in Neale et al. (2010). 157 

Each model had four simulations: (1) present day (Present-Day), (2) a doubling of CO2 in the 158 

atmosphere (2×CO2), (3) a uniform 2K rise in SST (+2K), and (4) a doubling of CO2 plus a 159 

uniform 2K rise in SST (2×CO2+2K). The number of years in terms of rainfall data varied from 160 

model to model (20 years for GDFL, ten years for CMCC, and nine years for CAM5). The 161 

tracking algorithm used to identify TCs in the GFDL outputs is similar to what is described in 162 

Zhao et al. (2009). The tracking for the CMCC model is based on Walsh (1997) and Walsh et al. 163 

(2007). Detailed information on the ability of climate models in representing TCs can be found 164 

in Walsh et al. (2013). The tracking algorithm for the CAM5 model follows closely the method 165 

and thresholds of Knutson et al (2007) and has been generalized to execute efficiently on very 166 

large numbers of processors (Prabhat et al. 2011). 167 

Here we focus on the evaluation of the highest rain-producing TCs both in the models and 168 

observations. For each 1200 UTC time step of each TC in the IBTrACS or in the GFDL, CMCC 169 

and CAM5 models, the rainfall in a 10°×10° grid around the center of circulation of the storm 170 

was extracted based on the information available in the track files; these rainfall fields represent 171 

daily rainfall accumulations and were then averaged over the storm lifetime to form a gridded 172 

composite mean of the daily rainfall associated with a particular storm. We note that only time 173 

steps when the TC center was south of 30°N (for the northern hemisphere), or north of 30°S (for 174 

the southern hemisphere) were used to guard against extra-tropical dynamics affecting the TC 175 

rainfall patterns. The composite mean TC rainfall patterns were then ranked according to the 176 

highest average rainfall within a 5°-radius around the TC center, and the top 10% of the TCs 177 

were selected. The selection of a 5°-radius around the TC center is consistent with other studies 178 
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in the literature (e.g., Hart and Evans 2001, Ren et al. 2006, Kunkel et al. 2010). We use a 179 

percentage rather than a specific number of storms to account for differences in the number of 180 

TCs in different basins and amongst the models. Finally all the TC time steps (or storm days) in 181 

the top 10% of TCs were averaged to produce a composite mean of the TC storm days. 182 

Supplementary Table 1 summarizes the number of TC storm days for each model, scenario and 183 

basin. The western Pacific is the northern hemispheric basin with the largest number of TC days 184 

with the exception of CAM5 (possibly due to a TC genesis more in the central Pacific, resulting 185 

in storms counted in the eastern Pacific). We also notice the low TC activity in the CMCC model 186 

in the north Atlantic and eastern Pacific due to this model’s known issues in generating TCs in 187 

these basins (Scoccimarro et al. 2011). The results presented in the next section are related to 188 

TC-daily rainfall for the top 10% rainiest TCs. 189 

 190 

3. RESULTS 191 

3.1.Observations 192 

Figure 1 is based on GPCP data and shows the composite mean precipitation patterns 193 

associated with the top-10% rainiest TCs in each of the six basins, together with the 194 

corresponding hemispheric composites. For the northern hemisphere, the rainfall patterns have a 195 

southwest-northeast orientation. The areas with maximum rainfall vary among the basins, from 196 

the eastern quadrants in the north Atlantic to the southwest quadrant in the western Pacific; these 197 

differences may partly be an artefact of the coarse resolution of GPCP (1°×1°), but are also likely 198 

to be associated with the different storm morphology in these basins. There is also a large spread 199 

in the number of TC storm days used in the composites, with the north Indian basin having the 200 

fewest and the western Pacific the most fields used (see panel titles in Figure 1). The average 201 
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rainfall footprint is also very different from basin to basin. Most of the rainfall is concentrated 202 

within a 5°-radius for the north Atlantic and the eastern Pacific, with the latter showing the 203 

smallest rainfall averages among the basins in the northern hemisphere. On the other hand, the 204 

rainfall footprint for the western Pacific is much larger, consistent with the discussion in Chan 205 

and Chan (2012) related to the storm size in these basins. Overall, the TCs in the northern 206 

hemisphere present a well-defined structure, with the largest composite daily rainfall close to the 207 

center of circulation of the storms and decreasing as we move further away.  208 

In the southern hemisphere the rainfall patterns tend to be mirror images of those observed in 209 

the northern hemisphere, with a northwest-southeast structure, and the areas of maximum 210 

composite rainfall predominantly occurring in the southeast TC quadrant. Beside the fact that 211 

over the 1997–2012 period there were more than twice as many TC days in the northern 212 

hemisphere compared with the southern hemisphere, another difference is related to the rainfall 213 

magnitudes. In the southern hemisphere, while most of the (storm-relative) rainfall is within a 214 

5°-radius of the storm center, on average the rainfall intensities are lower than in the northern 215 

ocean basins. Part of the asymmetry in the rainfall patterns could be due to the storm motion and 216 

the fact that we are working with rainfall at the daily scale. 217 

The median radial profiles of composite TC rainfall rates have similar structure among the 218 

different basins, with the highest rainfall rates near the center of circulation (Figure 2), and 219 

differences that are related to the different interactions that these storms have with the 220 

environment in which they develop in each basin (Lonfat et al. 2004). Owing to the coarse GPCP 221 

resolution (1°×1°) the eyewall structure is not captured in these profiles. These profiles are 222 

similar to the ones described in Jiang et al. (2008) for the north Atlantic, and Lonfat et al. (2004) 223 

at the global scale once we account for GPCP’s coarser resolution. More specifically, the TCs in 224 
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the northern Indian have the largest rainfall rates close to the center of circulation, and a rapid 225 

decrease as distance from the TC center increases. The storms in the western Pacific have the 226 

largest composite daily rainfall rates overall, in agreement with the results in Figure 1. 227 

Conversely, the eastern Pacific TCs are generally characterized by the smallest rainfall rates. 228 

Compared to the southern Indian, the average daily rainfall rates associated with storms in the 229 

southern Pacific is consistently larger for any distance from the storm center. The results for both 230 

hemispheres are consistent with the rainfall profiles in Lonfat et al. (2004). 231 

3.2.Models 232 

In this subsection we compare the rainfall patterns for the three models and examine the TC 233 

rainfall response to the three idealized warming scenarios. We will start with results at the global 234 

(Figure 3) and hemispheric scales (Supplementary Figures 1-2), and then examine changes in TC 235 

rainfall in each of the six ocean basins. At the global scale, the three models provide a consistent 236 

response to the different scenarios. In the 2×CO2 run the intensity of the composite TC rainfall 237 

weakens compared to the Present-Day run. The reduction due to 2×CO2 may be due to two 238 

superimposing components. The first is a reduction in global mean precipitation associated with 239 

a weaker radiative cooling rate due to a doubling in CO2. The second is a weakening of TC 240 

intensity due to an increase in surface relative humidity and a slight increase of tropospheric 241 

stability (e.g., Sugi and Yoshimura 2004, Yoshimura and Sugi 2005, Held and Zhao 2011, Zhao 242 

et. al 2013). The +2K, and 2×CO2 + 2K simulations both have higher rainfall than in the Present-243 

Day one, which is due to the increased SST that leads to higher air temperatures, higher water 244 

vapour content and increased rainfall (Scoccimarro et al. 2013). Yoshimura and Sugi (2005) 245 

discuss the opposing effects of increasing SST and CO2 in terms of precipitation and dry static 246 

stability. Our analyses lead to similar conclusions when we stratify the results into northern and 247 
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southern hemispheres (Supplementary Figures 1-2). Based on the summary values in Table 1 for 248 

area- and daily-averaged precipitation associated with the top-10% rainiest TCs, our modelling 249 

results indicate a reduction in precipitation in the doubling CO2 scenario on the order of 5% 250 

globally, and an increase in composite TC rainfall associated with a uniform increase of 2K in 251 

SST (both alone and in combination with CO2 doubling) on the order of 10-20% globally. 252 

After performing analyses at the global and hemispheric scales, we focus on the each 253 

individual ocean basin, comparing and contrasting the results from the three models under the 254 

three warming scenarios at a much more regional scale. We start with the GFDL model. The 255 

composite mean TC rainfall patterns for the four northern hemispheric basins for the Present-256 

Day and three warming simulations are shown in Figure 4. For the most part the patterns have an 257 

ellipsoidal shape, with some structures exhibiting the expected southwest-northeast shape in the 258 

northern hemisphere. Moreover, the rainfall patterns in the different basins tend to be similar to 259 

the observations, with the TCs in the western (eastern) Pacific having the largest (smallest) 260 

footprints. All basins, however, have maximum composite TC rainfall occurring in the top-left 261 

quadrant, which differs from the observed patterns (Figure 1). Generally, the TC rainfall 262 

intensities are comparable to the observations, with a tendency towards overestimation. To the 263 

best of our knowledge, this is the first time that global comparisons between observed and 264 

simulated TC rainfall composites have been performed. 265 

Keeping in mind these similarities and differences between modelled and observed rainfall 266 

while interpreting the following results, we now examine the potential changes in TC rainfall 267 

under three different scenarios based on the GFDL model. In the 2×CO2 run (Figure 4 second 268 

column) the intensity of the composite TC rainfall weakens compared to the Present-Day 269 

simulation (~5%-15%; Table 1), as shown by the reduced footprint of the largest rainfall areas. 270 
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In the case of 2×CO2, atmospheric radiative cooling rate decreases due to a reduction of TOA 271 

(top of atmosphere) outgoing long-wave radiative flux. In equilibrium state, the reduction in 272 

atmospheric radiative cooling rate must balance by a reduction in surface precipitation and 273 

evaporation. Since surface winds do not change significantly in these GCMs, surface relative 274 

humidity must increase. The increase of surface relative humidity reduces surface evaporation 275 

potential (or thermodynamic disequilibrium), which is the primarily driving force for TC genesis 276 

and intensity. Thus, this explains the general reduction of TC rainfall intensity in the 2×CO2 277 

case. In addition, the increase in CO2 concentration tend to slightly warm surface temperature 278 

over tropical lands which leads to slight warmer upper tropospheric temperature, contributing to 279 

a slight increase in tropospheric stability which may also be partially responsible for the 280 

reduction in rainfall intensity in the 2×CO2 case. The +2K, and 2×CO2 + 2K simulations both 281 

have higher TC rainfall rates than in the Present-Day run (up to 25% in the eastern Pacific; Table 282 

1). These results are valid for all the northern hemispheric basins, with the exception of the north 283 

Atlantic, where TC rainfall intensity is higher than the Present-Day run for the +2K, but not for 284 

the 2×CO2 + 2K (Table 1).  285 

These results are corroborated in the median TC radial rainfall profiles in Figure 5 computed 286 

based on the top-10% rainiest TCs; the simulations for a 2K increase in global SST (whether 287 

with or without doubling CO2) show the largest increase in rainfall at all distances. Similarly, a 288 

doubling of CO2 alone results in a rainfall decrease at most ranges. These TC rainfall profiles 289 

also highlight the capability of the GFDL in capturing how the largest daily rainfall rates occur 290 

away from the storm center (approximately between 2° and 4°). These results are consistent with 291 

Lonfat et al. (2004) and Jiang et al. (2008), even though the maximum herein tends to occur 292 

further away than in the aforementioned observational studies.  293 
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In the south Indian and south Pacific basins, the maximum TC rainfall from the GFDL is 294 

mostly in the bottom-left quadrant, the opposite of the northern hemisphere (cf. Figures 4 and 6). 295 

There is some evidence for the southeast-northwest orientation in the composite mean rainfall 296 

patterns, although the structures are not as well-defined as in the observations (Figure 1). 297 

Moreover, there a tendency toward larger average TC rainfall values. 298 

The rainfall response for the south Indian and south Pacific basins to different warming 299 

scenarios in the GFDL is generally similar to the changes for the basins in the northern 300 

hemisphere. The increase in global SST results in an overall increase in TC daily rainfall rates 301 

(Table 1); on the other hand, a doubling of CO2 results in comparable average rainfall values 302 

(Table 1). The median rainfall profiles in Figure 5 (bottom panels) highlight the differences in 303 

responses for the two basins. While for the southern Indian basin the median rainfall profiles 304 

tend to be generally very similar regardless of the warming scenario, we observe more variability 305 

in the southern Pacific. Interestingly, the TC rainfall in the +2K scenarios is generally the largest 306 

close to the center of circulation, while it is the smallest for the 2×CO2 one. On the other hand, as 307 

we move away from the center of the storm, the largest rainfall intensities are for the 2×CO2 308 

scenario. These results suggest that, by doubling CO2 we should expect a rainfall decrease close 309 

to the center of the storm but also a widening of the areas associated with heavier rainfall.  310 

We have also examined the potential changes in daily TC rainfall rates associated with a 2K 311 

increase in SST based on the Clausius-Clapeyron relationship (14% increase in the Present-Day 312 

scenario; Figure 5). For the north Atlantic, Knutson et al. (2013) found that the use of the 313 

Clausius-Clapeyron relationship was able to well describe the TC rainfall rate changes at 200-314 

400km from the center of circulation, while other processes were dominant at shorter distances. 315 

In our study and based on the GFDL global model, it is hard to find consistent results across 316 
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basins and range. In the north Atlantic and south Pacific Oceans, the TC rainfall changes in the 317 

+2K scenario are in general agreement with what we would expect based on the Clausius-318 

Clapeyron relationship. On the other hand, with the exception of the eastern Pacific, the rainfall 319 

increases in the other basins are less than what expected based on a 7%/K increase in 320 

atmospheric humidity.  321 

The regional rainfall composite and profile results for CMCC are similar to the ones 322 

presented for the GFDL model for the six ocean basins and the three warming scenarios. Note 323 

that the analyses related to the north Atlantic are presented but not discussed because of the 324 

known issues that the CMCC model has in generating TCs in this basin (Scoccimarro et al. 325 

2011). The same holds for the eastern Pacific, for which the number of TC days used to compute 326 

the rainfall composites and profiles is much smaller than in the observations and in the GFDL 327 

model. These deficiencies in sample size are too large to be ascribed to the shorter records 328 

available for the CMCC model (10 years) and are more likely due to simulation deficiencies of 329 

the model. 330 

Figure 7 shows the composite TC daily rainfall patterns for the basins in the northern 331 

hemisphere for the CMCC model. The rainfall composites for the storms in the western Pacific 332 

and the north Indian oceans exhibit structures similar to those for the observations (Figure 1), 333 

even though the TC rainfall amounts are generally larger. Moreover, the location of the areas 334 

with the largest rainfall amounts is similar to those identified in the observations. The changes in 335 

rainfall patterns for the different scenarios lead us to the same conclusions as those drawn for the 336 

GFDL model.  337 

By increasing the global SST by 2K, there is an increase in composite TC rainfall rates in the 338 

western Pacific and the north Indian Oceans for the CMCC model. At the same time, rainfall 339 
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rates tend to decrease for the doubled CO2 case (Table 1). This holds for both rainfall mean 340 

composites (Figure 7) and median radial profiles (Figure 8). Despite the coarser resolution of the 341 

CMCC model, there are still indications that the rainfall tends to increase from the center of the 342 

storm up to about 2°-3°, and decrease afterwards.  343 

In the southern hemisphere the TC rainfall patterns from the CMCC model are similar to the 344 

observations (Figure 9). The major rainfall axis is oriented northwest to southeast as in Figure 1, 345 

even though the average rainfall tends to be higher than observed. The different warming 346 

scenarios provide results consistent with the northern hemisphere, as well as with those from the 347 

GFDL model. The global increase in SST results in an increase in TC rainfall rates, which is 348 

more marked closer to the center of the storms. On the other hand, in the 2×CO2 scenario we 349 

observe a reduction in rainfall rates, with a narrowing of the areas of higher rainfall close to the 350 

center of circulation. These conclusions are also supported by the analyses of the rainfall profiles 351 

(Figure 8, bottom panels), in which warmer SST tends to translate to larger rainfall amounts, 352 

with some differences depending on the distance from the center (possibly related to the 353 

asymmetry of the precipitation near the center of the storms and changes in the location of 354 

maximum rainfall). If we try to interpret the changes in rainfall profile using the Clausius-355 

Clapeyron relationship, we have results similar to those for the GFDL model, with the profiles 356 

for the +2K scenario exhibiting less rainfall than expected according to a 7%/K increase in 357 

atmospheric moisture. There is actually a better agreement between the 2K+2×CO2 profiles and 358 

those based on a 14% increase in rainfall from the Present-Day scenario. 359 

The CAM5 is the model with the highest spatial resolution (approximately 0.25°). There are 360 

both similarities and differences with respect to the observational record and the other two 361 

models at the ocean-basin scale. Qualitatively, the TC rainfall patterns for the Present-Day runs 362 
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are consistent with the observations and the other models, even though the rainfall values tend to 363 

be larger than those based on GPCP and the fields are less smooth because of the higher spatial 364 

resolution (Figure 10). There are a few differences in terms of the TC rainfall days. In the 365 

observations and the GFDL and CMCC models, the western Pacific has the largest number of 366 

TC days, followed by the eastern Pacific. For the CAM5 model, on the other hand, the number of 367 

TC storm days is the largest for the eastern Pacific, followed by the western Pacific. Despite the 368 

differences in TC days, the storms in the western Pacific are the ones with the largest composite 369 

rainfall footprint followed by the north Atlantic TCs. Finally, while the CMCC and GFDL 370 

models and observations indicate that the rainfall associated with eastern Pacific TCs is the 371 

smallest among the basins in the northern hemisphere, this is not the case for the CAM5 model, 372 

for which storms in the north Indian Ocean have the smallest rainfall values.  373 

Examination of the model results for the three warming scenarios for the CAM5 model does 374 

not allow a consistent interpretation of the results for all the basins. Compared to the Present-Day 375 

climate runs (Table 1), the rainfall associated with north Atlantic, western Pacific and north 376 

Indian TCs decreases for a doubling in CO2, while it increases for the eastern Pacific storms. On 377 

the other hand, there is a general increase in TC rainfall rates for the two scenarios involving a 378 

+2K increase in global SST (Table 1). The differences among scenarios can also be assessed for 379 

different distances from the center of circulation (Figure 11, top and middle rows). Despite the 380 

finer resolution, there is not the clear enhancement in rainfall rates as we move 100-300km from 381 

the center of circulation discussed for the GFDL model and reported in observational studies 382 

(e.g., Lonfat et al. 2004, Jiang et al. 2008). We can also clearly see the changes in rainfall 383 

profiles in response to the different scenarios. Based on the GFDL and the CMCC models and 384 

published studies (e.g., Sugi and Yoshimura 2004, Yoshimura and Sugi 2005), we would have 385 
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expected a decrease in rainfall associated with a CO2-doubling. The response to increasing global 386 

SST is generally consistent with the other models. 387 

Figure 12 shows the composite mean daily TC rainfall rate patterns for the basins in the 388 

southern hemisphere for the CAM5 model. The results for the Present-Day climate are similar to 389 

the observational record, with the same orientation and larger rainfall associated with the storms 390 

in the south Pacific rather than in the south Indian Ocean. For both basins, there is an overall 391 

decrease in TC rainfall rates for the 2×CO2 scenario (Table 1). In the +2K case, there is an 392 

increase in TC rainfall for the south Indian and a marginal decrease for the south Pacific. Finally, 393 

more TC rainfall is generally associated with the 2×CO2+2K scenario. 394 

The TC rainfall profiles based on the CAM5 model for the two basins in the southern 395 

hemisphere show similarities and differences with respect to the other models. For the south 396 

Indian, there is not a large degree of variability among scenarios (see Figures 5 and 8 for 397 

comparison with the GFDL and CMCC models). On the other hand, the median profiles for the 398 

TCs in the south Pacific suggest an overall reduction in TC rainfall in the three warming 399 

scenarios compared to the Present-Day run, in particular close to the center of circulation. This 400 

response is different from what is observed in the other models regardless of the ocean basin. 401 

Further work is necessary to assess what the possible causes for the discrepancies between 402 

CAM5 and the GFDL and CMCC are in the south Pacific. Similar to what was found for the 403 

CMCC and GFDL models, it is difficult to interpret the results associated with the +2K scenario 404 

in terms of a simple Clausius-Clapeyron relationship scaling argument. 405 

4. CONCLUSIONS 406 

This study aimed to examine potential changes in rainfall associated with TCs at the global 407 

scale under different idealized global-scale perturbations. Results are based on three state-of-the-408 
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art atmospheric models (GFDL, CMCC and CAM5) and three idealized perturbation 409 

atmospheric general circulation experiments (the radiative perturbation from doubling CO2 but 410 

keeping SST fixed, increasing the global SST by 2K, and a combination of the two).  411 

An important step we undertook prior to the examination of the models’ response to the 412 

different scenarios involved the assessment of the models’ capability in reproducing the TC 413 

rainfall patterns in the observational records. Our findings suggest that these models are able to 414 

characterize the rainfall rate distribution associated with TCs reasonably well, both in terms of 415 

rainfall mean spatial composites and radial profiles. Our results, however, also indicate that there 416 

are discrepancies between modelled and observed TC rainfall. These discrepancies are related to 417 

both the location of the rainfall maximum and the rainfall magnitudes. Despite the relevance of 418 

the TC rainfall hazard, it appears that the model evaluation of the rainfall fields is generally 419 

lacking in a number of studies describing modelling of TC activity. We hope that this study 420 

could represent a first step towards a more comprehensive and widespread effort in assessing the 421 

skill of models in reproducing the rainfall properties associated with TCs. 422 

With these model limitations in mind, we examined how TC rainfall would change in 423 

response to three forcing perturbations. Even though we highlighted some differences among 424 

models and basins, our results point to a reduction in composite TC rainfall rates (both in terms 425 

of spatial extent and magnitude) in direct response to a doubling in CO2, with SSTs remaining 426 

unchanged. On the other hand, a 2K global increase in SST points to the opposite result, with an 427 

overall increase in TC rainfall rates in all models. The spatial structure of the precipitation 428 

changes are less consistent than the spatially-averaged changes, and we found that there are no 429 

consistent patterns among basins and distance from the center of circulation. Results at the global 430 

and hemispheric scales point to an average TC rainfall reduction when doubling CO2 on the 431 
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order of 5%, and an increase associated with a global warming of the SST by 2K (both alone and 432 

in combination with CO2 doubling) on the order of 10-20%. For individual basins, the response 433 

seen in the global and hemispheric means is recovered, although with slightly more inter-model 434 

spread, and some inter-basin differences. However, the overall tendency of the rainfall in the 435 

idealized perturbations is recovered across most basins for all models (Table 1), including the 436 

increase in response to a combined doubling of CO2 and an increase in global SST. There are 437 

indications that the response to both doubling of CO2 and 2K warming together is not a linear 438 

sum of the responses to each forcing agent individually (Table 1), with the area-averaged 439 

increase in TC rainfall in response to both forcing agents often exceeding the increase in 440 

response to a 2K increase alone – even though the response to CO2 increases alone is for a 441 

precipitation decrease. Because this result was unexpected to us, and because of the relatively 442 

small sample size, we choose to stop at remarking on its apparent existence, but leave further 443 

exploration and assessment of its mechanisms – to the extent that it is real – to future work. 444 

These results add to an expectation that greenhouse gas induced tropical warming should 445 

lead to an increase in rainfall rates of individual TCs (e.g., Knutson and Tuleya 2004; Knutson et 446 

al. 2010, 2013). Current generation GCMs project, under a wide range of projected 21
st
 century 447 

forcing scenarios, a robust warming of the tropics and tropical cyclone basins over the 21
st
 448 

century (e.g., Zhao et al. 2009, Vecchi and Soden 2007, Villarini and Vecchi 2012, Knutson et 449 

al. 2013). Based on these projections, an increase in SST by 2K over their study area is within 450 

the realm of possibilities – arising largely from, and accompanied by, increases in greenhouse 451 

gases. Our results indicate that the decreases in TC precipitation rates from CO2 increases alone 452 

are not sufficient, in these three GCMs, to compensate for the SST-driven increases in TC 453 

rainfall rates. If current GCM projections of tropical warming and the rainfall modelling results 454 
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described here and elsewhere are realized, then the hazard associated with rainfall from 455 

individual TCs should be increasing over the course of this century.  456 
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number of TC storm days used in the composite is given in the panel titles. The units are 633 

mm/day, and the x and y axes correspond to degrees from the TC center. 634 
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Figure 2: Top panel: Median radial rainfall profiles for the northern hemispheric basins including 636 
the north Atlantic (NA), eastern Pacific (EP), western Pacific (WP), north Indian (NI), and all 637 

northern hemispheric basins (NH). Bottom panel: Median radial rainfall profiles for the southern 638 
hemispheric basins including the south Indian (NI), south Pacific (SP), and all southern 639 

hemispheric basins (SH). The units are mm/day, and the x axis corresponds to degrees from the 640 
TC center. 641 
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Figure 3: Composite weighted mean daily rainfall rate patterns at the global scale for each of the 643 

three models and the different scenarios. The weights are computed based on the number of TC 644 
storm days in each basin (see Supplementary Table 1). The units are mm/day, and the x and y 645 

axes correspond to degrees from the TC center. Note that the color bar extends over a different 646 
range for the GFDL model. 647 

 648 
Figure 4: Composite mean daily rainfall patterns (in mm/day) for the storm days in the top-10% 649 

rainiest TCs in the four GFDL simulations (columns) and in the four northern hemispheric TC 650 
basins (rows). The number of TC storm days used in each composite is given in the panel titles, 651 

and the x and y axes correspond to degrees from the TC center of circulation. 652 
 653 

Figure 5: Median radial rainfall profiles for the northern (top two rows) and southern (bottom 654 
panels) hemispheric basins in the four GFDL simulations. (X axis corresponds to degrees from 655 

the TC center. The line “Present Day (CC)” refers to the rainfall profile for the “Present Day” 656 
increased by 14%, corresponding to a moisture increase according to the Clausius-Clapeyron 657 

relationship for a 2K increase in SST. The bin size is 1 decimal degree. 658 
 659 

Figure 6: Composite mean daily rainfall patterns (in mm/day) for the storm days in the top-10% 660 
rainiest TCs in the four GFDL simulations (rows) and in the two southern hemispheric TC basins 661 

(columns). The number of TC storm days used in each composite is given in the panel titles, and 662 
the x and y axes correspond to degrees from the TC center. 663 

 664 
Figure 7: As in Figure 4, but for the CMCC model. Note that the color bar extends over twice the 665 

range in Figure 4. 666 
 667 

Figure 8: As in Figure 5, but for the CMCC model. 668 
 669 

Figure 9: As in Figure 6, but for the CMCC model. 670 
 671 

Figure 10: As in Figure 4, but for the CAM5 model. Note that the color bar extends over twice 672 
the range in Figure 4. 673 
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Figure 11: As in Figure 5, but for the CAM5 model. Note that 0.5° bins are used instead of the 1° 675 
bins used in Figures 5 and 8. 676 

 677 
Figure 12: As in Figure 6, but for the CAM5 model. 678 
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Table 1. Percentage changes of the three warming scenarios with respect for the Present-Day 680 

runs for the three models for the different basins and at the global and hemispheric scales. 681 

Results are representative of a 5°-radius area around the center of circulation for each storm. 682 

 683 
 GFDL CMCC CAM5 

 2×CO2 +2K 2×CO2+2K 2×CO2 +2K 2×CO2+2K 2×CO2 +2K 2×CO2+2K 

Global -6.1 9.1 11.7 -5.4 10.7 12.8 -1.4 13.2 16.5 

North hemisphere -8.9 7.8 13.3 -6.7 15.7 17.1 1.3 14.1 16.1 

South hemisphere 0.4 12.6 8.8 -6.2 0.9 4.5 -8.0 10.1 18.0 

North Atlantic -16.7 18.2 -11.8 -1.8 4.5 11.1 -8.4 -0.4 8.5 

East Pacific -6.5 25.1 17.0 -6.0 14.0 24.3 12.9 17.0 27.8 

West Pacific -5.9 2.5 16.5 -8.1 15.8 14.8 -11.1 17.1 3.7 

North Indian -17.7 0.2 17.6 1.7 21.0 21.2 -1.5 18.7 19.2 

South Indian 1.1 7.3 5.8 -9.5 -1.8 -1.4 -7.6 16.4 25.6 

South Pacific -0.9 19.9 12.9 -4.5 1.8 5.3 -10.3 -0.3 10.6 
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 686 

Figure 1: Composite mean observed (GPCP) daily rainfall rate patterns in the six ocean basins, 687 

as well as the composites for the northern and southern hemispheres’ top-10% rainiest TCs. The 688 

number of TC storm days used in the composite is given in the panel titles. The units are 689 

mm/day, and the x and y axes correspond to degrees from the TC center.  690 
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 691 

Figure 2: Top panel: Median radial rainfall profiles for the northern hemispheric basins including 692 

the north Atlantic (NA), eastern Pacific (EP), western Pacific (WP), north Indian (NI), and all 693 

northern hemispheric basins (NH). Bottom panel: Median radial rainfall profiles for the southern 694 

hemispheric basins including the south Indian (NI), south Pacific (SP), and all southern 695 

hemispheric basins (SH). The units are mm/day, and the x axis corresponds to degrees from the 696 

TC center. 697 
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 699 

Figure 3: Composite weighted mean daily rainfall rate patterns at the global scale for each of the 700 

three models and the different scenarios. The weights are computed based on the number of TC 701 

storm days in each basin (see Supplementary Table 1). The units are mm/day, and the x and y 702 

axes correspond to degrees from the TC center. Note that the color bar extends over a different 703 

range for the GFDL model. 704 

 705 

  706 
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 707 

Figure 4: Composite mean daily rainfall patterns (in mm/day) for the storm days in the top-10% 708 

rainiest TCs in the four GFDL simulations (columns) and in the four northern hemispheric TC 709 

basins (rows). The number of TC storm days used in each composite is given in the panel titles, 710 

and the x and y axes correspond to degrees from the TC center of circulation. 711 

 712 
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 713 

Figure 5: Median radial rainfall profiles for the northern (top two rows) and southern (bottom 714 

panels) hemispheric basins in the four GFDL simulations. (X axis corresponds to degrees from 715 
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the TC center. The line “Present Day (CC)” refers to the rainfall profile for the “Present Day” 716 

increased by 14%, corresponding to a moisture increase according to the Clausius-Clapeyron 717 

relationship for a 2K increase in SST. The bin size is 1 decimal degree.  718 
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 719 

Figure 6: Composite mean daily rainfall patterns (in mm/day) for the storm days in the top-10% 720 

rainiest TCs in the four GFDL simulations (rows) and in the two southern hemispheric TC basins 721 

(columns). The number of TC storm days used in each composite is given in the panel titles, and 722 

the x and y axes correspond to degrees from the TC center.  723 
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 724 

Figure 7: As in Figure 4, but for the CMCC model. Note that the color bar extends over twice the 725 

range in Figure 4.  726 
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 728 

Figure 8: As in Figure 5, but for the CMCC model. 729 
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 731 

Figure 9: As in Figure 6, but for the CMCC model. 732 
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 734 

 735 

Figure 10: As in Figure 4, but for the CAM5 model. Note that the color bar extends over twice 736 

the range in Figure 4. 737 
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 739 

Figure 11: As in Figure 5, but for the CAM5 model. Note that 0.5° bins are used instead of the 1° 740 

bins used in Figures 5 and 8. 741 
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 743 

Figure 12: As in Figure 6, but for the CAM5 model. 744 
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