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Abstract 13 

Future changes in precipitation extremes and role of tropical cyclones are investigated by a 14 

large ensemble experiment, 6,000 years for the present and 5,400 years under +4 K warming, 15 

with a 60-km mesh atmospheric general circulation model (MRI-AGCM3.2). As in the 16 

previous findings by the authors, the annual maximum 1-day precipitation total (Rx1d) is 17 

projected to increase in the future warmer world almost all over the world, except in the 18 

western North Pacific where a projected decrease of tropical cyclone frequency results in 19 

only small change or even reduction of Rx1d. Furthermore, the large ensemble size enables 20 

us to investigate changes in the tails of the Rx1d distribution. It is found that 90- and 99-21 

percentile values of Rx1d associated with tropical cyclones will increase in a region 22 

extending from Hawaii to the south of Japan. In this region, interannual variability of Rx1d 23 

associated with tropical cyclones is also projected to increase, implying an increasing risk of 24 

rare heavier rainfall events by global warming. 25 

 26 
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1. Introduction 30 

 Global warming leads to changes in various aspects of extreme weather and climate 31 

events. It is assessed that the frequency of heavy precipitation will likely increase in the 21st 32 

century over many areas of the globe (IPCC 2012). Heavy precipitation associated with 33 

tropical cyclones (TCs) is also likely to increase with continued warming (IPCC 2012). 34 

 There are modeling activities to project future climate by global atmosphere-ocean 35 

coupled general circulation model (AOGCM) such as the Coupled Model Intercomparison 36 

Project Phase 5 (CMIP5, Taylor et al. 2012). It is projected that the change rate of heavy 37 

precipitation amounts will become more than that of mean precipitation (Tebaldi et al. 2006; 38 

Sillmann et al. 2013b). The CMIP5 models reasonably reproduce the present-day spatial 39 

distributions of various precipitation indices but the magnitude of precipitation extremes is 40 

underestimated (Sillmann et al. 2013a). It is discussed that high-resolution model is needed to 41 

reproduce weather and climate extremes and to project their future changes (Kitoh et al. 42 

2016). In low-latitudes, TCs have important contributions to heavy precipitation (e.g., 43 

Kamahori 2012). Therefore, models should reasonably reproduce TCs and associated 44 

precipitation to properly project future climate changes. 45 

We have been using a high-resolution global atmospheric general circulation model 46 

(AGCM) version 3.2 developed at the Meteorological Research Institute (MRI) (MRI-47 

AGCM3.2, Mizuta et al. 2012) to project future changes in weather and climate extremes 48 

such as TCs, heavy precipitation and strong winds. Our experiment strategy is described in 49 

Kitoh et al. (2009). The present-day climate is forced by interannually varying observed 50 

monthly sea surface temperature (SST), while the future climate is forced by the SST where 51 

the projected future changes of monthly mean SST climatology by AOGCMs in the CMIP5 52 

or CMIP3 experiments are added to the present-day SST. 53 

Kitoh and Endo (2016a) used the four-member ensemble simulations with different 54 
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SST patterns using the 20-km mesh MRI-AGCM3.2 at the end of the 21st century (2075-55 

2099) under the RCP8.5 scenario. They found that heavy precipitation increases in all 56 

regional domains over land, even where mean precipitation decreases. Using the same data, 57 

Kitoh and Endo (2016b) analysed the annual maximum 1-day precipitation total (Rx1d) and 58 

its relation with TCs. Rx1d is projected to increase in future, with larger increase over the 59 

regions where it is climatologically large. The exception is the western North Pacific where 60 

there is only small change or even reduction of Rx1d is projected. This is mainly related to a 61 

decrease of TC frequency in this region. On the other hand, interannual variability of Rx1d in 62 

the western tropical Pacific increases associated with El Niño (note that in the experiment the 63 

same interannual variability in SST is given in the future climate as in the present-day 64 

climate). However, a sample size of the experiment is small and the statistical significance of 65 

projected changes is low. In order to discuss the statistical significance of Rx1d changes, a 66 

large ensemble size is needed. 67 

 As ensemble size should be limited with the 20-km model due to computational cost, 68 

we made large ensemble simulations with the 60-km model as “Database for Policy Decision 69 

Making for Future Climate Change” (d4PDF) (Mizuta et al. 2017). Although the 60-km 70 

model, compared to the 20-km model, has limitation to quantitatively reproduce TC intensity, 71 

spatial pattern and amount of precipitation extremes are reasonably simulated (Endo et al., 72 

2012). 73 

 Mizuta et al. (2017) described experimental details and preliminary findings of 74 

d4PDF. Yoshida et al. (2017) investigated future changes in global TC activity. They showed 75 

an increase of very intense (category 4 and 5) TC occurrence in the region to the south of 76 

Japan, and a global mean increase of lifetime maximum surface wind speeds and 77 

precipitation. Endo et al. (2017) investigated precipitation extremes in East Asia and showed 78 

that Rx1d robustly increases throughout East Asia. They also showed that spatial patterns of 79 
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future SST changes affect Rx1d quantitatively over oceanic regions in East Asia including 80 

Japan, Korea and coastal China, through modulation of TC activity. 81 

 In this paper, future changes of Rx1d and TC-associated Rx1d are analyzed using 82 

large ensemble d4PDF data. Not only the mean but also tails of the distribution are 83 

investigated. Model and experiment setup are described in Section 2. Model performance to 84 

reproduce Rx1d and its relation with TC in the present-day climate are examined in Section 85 

3. Section 4 investigates their future changes at the 4K warmer world corresponding to the 86 

end of the 21st century. Summary and discussions are given in Section 5. 87 

 88 

2. Model and experiment 89 

a. MRI AGCM 90 

 The model used is a 60-km mesh version of the MRI-AGCM3.2 (Mizuta et al. 2012), 91 

which has 64 layers in the vertical with a top at 0.01 hPa. A mass-flux type cumulus 92 

parameterization scheme (Yoshimura et al. 2015) is used. This model has been used to 93 

investigate future changes of precipitation (Endo et al. 2012: Kusunoki and Mizuta 2013; 94 

Kusunoki 2017) and TC (Murakami et al. 2012b; Sugi and Yoshimura 2012). 95 

 96 

b. Experiment: d4PDF 97 

 Experimental design and some preliminary results of the “Database for Policy 98 

Decision Making for Future Climate Change (d4PDF)” are shown in Mizuta et al. (2017), 99 

Matsueda and Endo (2017), Endo et al. (2017), and Yoshida et al. (2017).  100 

The present-day climate experiment is conducted for the period 1951 to 2010, in 101 

which the observed inter-annually varying monthly-mean SST and sea-ice concentration 102 

(COBE-SST2) (Hirahara et al. 2014) are used as the lower boundary conditions. A 100-103 

member ensemble simulation is conducted with different atmospheric initial conditions as 104 
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well as small perturbations in SST (δSSTs). Here the typical magnitude of δSST is set to be 105 

below the observed uncertainty in monthly time scale, which is 0.2 K, for example, over the 106 

western tropical Pacific. 107 

For the future climate experiment, a 60-year integration with 90 members is 108 

conducted corresponding to conditions around the 2090s under the RCP8.5 scenario. The 109 

prescribed global-mean surface air temperature (SAT) in the future climate is 4.1 K warmer 110 

than the pre-Industrial level or 3.6 K warmer than the present climate (1951−2010). The 111 

future SST is a sum of CMIP5 AOGCM-projected SST anomalies (ΔSSTs) and the observed 112 

SST after removal of the long-term trend component. To cover uncertainty of future SST 113 

projections, six different ΔSSTs (CCSM4, GFDL-CM3, HadGEM2-AO, MIROC5, MPI-114 

ESM-MR, and MRI-CGCM3, denoted as CC, GF, HI, MP, MP, and MR SST, respectively) 115 

are selected based on cluster analysis of tropical ΔSSTs. The ΔSSTs are normalized to give a 116 

global-mean SAT 4 K warmer than the pre-Industrial level. For each of the six ΔSSTs, 15-117 

member ensemble runs are conducted using different atmospheric initial conditions and 118 

different δSSTs (i.e., 90 members in total). In total, we used 6,000 years data for the present 119 

climate, and 5,400 years data for the future climate.  120 

 121 

c. Observation data 122 

 In order to investigate precipitation extremes associated with TC, we use daily 123 

precipitation data. For observed precipitation data, we use Tropical Rainfall Measuring 124 

Mission (TRMM) 3B42 product in version 6 (Huffman et al. 2007), CMORPH (Climate 125 

Prediction Center morphing method) (Joyce et al. 2004), GSMaP (Global Satellite Mapping 126 

of Precipitation) (Ushio et al. 2009), PERSIANN (Precipitation Estimation from Remotely 127 

Sensed Information Using Artificial Neural Networks) (Sorooshian et al. 2000), and GPCP-128 

1dd (Global Precipitation Climatology Project with a 1-degree by 1-degree grid) (Huffman 129 
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and Bolvin 2009). The spatial resolution of data is 0.25 degree for TRMM 3B42, CMORPH, 130 

GSMaP, and PERSIANN, while is is 1.0 degree for GPCP-1dd. For the observed TC tracks, 131 

we use International Best Track Archive for Climate Stewardship (IBTrACS) v03r06 (Knapp 132 

et al. 2010). This TC tracks dataset used in this study covers the 15-year period 1998-2012. 133 

 134 

3. Present-day Rx1d and its relation with tropical cyclones 135 

 The 60-km mesh version of MRI-AGCM3.2 shows good skill in simulating monsoon 136 

circulations and precipitation (Endo et al. 2012; Mizuta et al. 2017). The model successfully 137 

reproduces the pattern as well as the amount of both mean and extreme precipitation globally 138 

and regionally (Endo et al. 2012; Kusunoki 2016, 2017). The model also reproduces various 139 

characteristics of TC such as their intensity and global distribution (Yoshida et al. 2017). 140 

 Figure 1 compares observed Rx1d and simulated Rx1d by the 60-km mesh MRI-141 

AGCM3.2. All are 10-year averages from 2001 to 2010. Model data is also based on one-142 

member for the same period. The observed estimations show large Rx1d over the western 143 

North Pacific, Bay of Bengal, Intertropical Convergence Zone (ITCZ) and South Pacific 144 

Convergence ZONE (SPCZ). There is large uncertainty among different observation-based 145 

estimates. The areal averages of Rx1d between 50°S and 50°N are 75.4 mm (TRMM), 65.6 146 

mm (CMORPH), 79.6 mm (GSMaP), 49.0 mm (PERSIANN), and 39.3 mm (GPCP-1dd). 147 

The uncertainty range is factor 2 from the least GPCP to the largest GSMaP. The 60-km 148 

mesh MRI-AGCM3.2 (Fig. 1f) reproduces the observed Rx1d reasonably with the areal 149 

average amount (58.0 mm) within the observed uncertainty range.   150 

Figure 2a and 2b show the observed Rx1d and Rx1d associated with TCs (Rx1d-TC), 151 

respectively, based on TRMM 3B42 data during 1998-2012. We calculated Rx1d-TC from 152 

daily precipitation within 500 km from the TC center, as precipitation around TCs is 153 

concentrated within a 5-degree radius from the TC center (Kamahori 2012). From this 154 
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definition, the distribution of Rx1d-TC corresponds to that of TC themselves. Its magnitude 155 

is large over the western North Pacific around 10°N-25°N and over the eastern North Pacific 156 

off Mexico. Figure 2c shows that the distribution of Rx1d not associated with TCs (RX1d-157 

nTC) is similar to that of Rx1d. The exception is found in the western tropical Pacific near 158 

the Philippines, where magnitude is significantly less than Rx1d. 159 

 Figures 2d, 12e and 2f are simulated counterparts to Figs. 2a-c by the 60-km mesh 160 

MRI-AGCM3.2 averaged for 6,000 year. The 60-km mesh MRI-AGCM reproduces the 161 

observed Rx1d, Rx1d-TC and Rx1d-nTC but with magnitude slightly underestimated 162 

compared with TRMM data. In particular, simulated Rx1d-TC resembles the observed 163 

features over the Pacific and the Indian Oceans. Simulated Rx1d-TC, however, is greatly 164 

underestimated over the North Atlantic Ocean. This failure is associated with poor TC 165 

reproducibility over the North Atlantic Ocean as noted by Murakami et al. (2012b), but the 166 

reason is not clarified. The 20-km mesh version of MRI-AGCM3.2 better simulates TC 167 

frequency (Murakami et al. 2012a) and Rx1d-TC (Kitoh and Endo 2016b). It is noted that 168 

quantitative accuracy of TRMM data is debatable (Huffman et al. 2007). For example, using 169 

Pacific atoll and island precipitation dataset, Chen et al. (2013) show that TRMM 3B42 tends 170 

to overestimate heavy precipitation frequency at atoll sites but underestimate it at coastal and 171 

island sites with high elevation.  172 

 173 

4. Future changes 174 

 Using the 20-km mesh version of MRI-AGCM3.2, Kitoh and Endo (2016b) showed 175 

that changes in Rx1d in the future climate generally follow the climatological pattern in 176 

Rx1d. There are large increases in Rx1d over the central-eastern equatorial Pacific, the 177 

equatorial Atlantic Ocean, south and east off Japan and SPCZ. An exception is the western 178 

tropical Pacific, where Rx1d is climatologically large but future change is small or even 179 
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negative. This peculiar change is considered to be related to changes in TC activity there 180 

(Kitoh and Endo 2016b). 181 

 Figure 3a shows the future changes in the median (50-percentile) value of Rx1d with 182 

the 60-km mesh MRI-AGCM3.2. Most of the world will experience larger Rx1d in a warmer 183 

world. However, being consistent with the 20-km model results, there are some regions 184 

where Rx1d is projected to decrease in a future warmer world, including the western tropical 185 

Pacific around the Philippines between the equator and 20°N. This is mainly due to a 186 

decrease in Rx1d-TC (Fig. 3d) brought by reductions in TC frequency. 187 

The SST change pattern can affect future precipitation changes in the tropics (Xie et 188 

al. 2010; Ose and Arakawa 2011). In this experiment, as described in Section 2b, six different 189 

geographical patterns of future SST changes (ΔSSTs) are used to cover the most part of the 190 

CMIP5 model uncertainty. Changes in Rx1d, Rx1d-TC and TC frequency in each six sub-191 

ensembles are shown in Fig. 4. Spatial patterns are similar each other with some differences 192 

in magnitude. Prescribed SST anomalies in the equatorial Pacific should be the main reason 193 

of difference among sub-ensembles. For example, the El Niño-like ΔSSTs (HA, MP and MR 194 

SST) result in an intensification of mean and extreme precipitation over the central and 195 

eastern equatorial Pacific region (Mizuta et al. 2017). All six experiments with different SST 196 

patterns consistently show a decrease in Rx1d-TC around the Philippines, although its 197 

magnitude varies greatly between -0.7 mm (MR SST) and -3.4 mm (MI SST). The sub-198 

ensemble with large decrease in TC frequency over the western tropical Pacific (MI SST) 199 

leads to large decrease in Rx1d-TC and then Rx1d there. Similarly, the sub-ensemble with 200 

increase in TC frequency around Hawaii (HA SST) leads to increase in Rx1d-TC and then 201 

Rx1d there. Therefore, there is regionally non-negligible effect of different SST pattern 202 

changes on future Rx1d changes. 203 
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 The above result in Fig. 3a is based on the median values of Rx1d within 6,000 and 204 

5,400 years of the present and future simulations, respectively, where Rx1d is defined in each 205 

year. Extremely large Rx1d may increase more than the mean Rx1d in the future. Figures 3b 206 

and 3c show the future changes in the 90- and 99-percentile values of Rx1d. Their changes in 207 

global mean values are +26.4 mm and +45.2 mm, respectively, which are much larger than 208 

+10.2 mm of the change in the 50-percentile value. As it may not be surprising that the 209 

absolute change in more extremes is larger than that in the mean or median, the changing 210 

ratio is also calculated. Global mean ratio of the changes relative to the present-day value is 211 

+27.5%, +34.2%, and +39.6% in the 50-, 90-, and 99-percentile values of Rx1d, respectively. 212 

Larger increasing rate for higher percentiles by global warming is consistent with previous 213 

findings (O’Gorman, 2012; Scoccimarro et al. 2013; Sillmann et al. 2013b). 214 

 Areal coverage with positive or negative Rx1d changes differs at different threshold 215 

percentiles. Area with positive changes in the 50-, 90-, 99-percentile values of Rx1d is 216 

84.6%, 93.2%, 96.3% of the world, respectively. This indicates that more and more regions 217 

will experience extremely intense precipitation in the future. Even where the mean/median 218 

Rx1d is projected to decrease, magnitude of rare events such as once-in-10-year or once-in-219 

100-year events can increase in the future warmer world. 220 

 Figures 3d, 3e and 3f show the future changes in the 50-, 90-, and 99-percentile 221 

values of Rx1d-TC. The 50-percentile (median) value of Rx1d-TC is projected to decrease 222 

almost all over the world, except for some small regions around Hawaii and the subtropical 223 

North Atlantic. The 90-percentile value of Rx1d-TC will decrease in the tropics as in the 50-224 

percentile value, while it shows an increase in a region extending from the west coast of 225 

Mexico to the south of Japan. Distribution of the changes in 90-percentile values of Rx1d-TC 226 

is similar to that of frequency changes of category 4-5 TCs in this experiment (see Fig. 2f in 227 
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Yoshida et al. 2017). Future weakening of the vertical shear of horizontal wind is considered 228 

as a plausible reason for the intense TC changes in those regions.  229 

Global mean change of the 90-percentile value of Rx1d-TC is negative (decrease in 230 

the future), but that of the 99-percentile value is positive (increase in the future). Except for 231 

the western tropical Pacific and the Indian Ocean where future change is negative, large 232 

increase of extremely intense Rx1d-TC is projected in the Northern Hemisphere subtropics 233 

(Fig. 3f). Coastal regions in East Asia including Japan and Taiwan, Hawaii, western Mexico, 234 

northern Arabian Sea, Madagascar, northwestern Australia, southeastern Brazil, northeastern 235 

America, and western North Africa are among regions with increasing very rare extreme 236 

precipitation events associated with TCs. 237 

 Future changes in the 50-, 90-, and 99-percentile values of Rx1d-nTC are shown in 238 

Figs. 3g, 3h and 3i. They are similar to those of Rx1d, but regions with negative changes are 239 

narrower than in Rx1d, because reduction of TC frequency does not affect Rx1d-nTC. 240 

As Fig. 3 reveals, a sign of TC-associated Rx1d changes depends on the threshold 241 

percentile. Figure 5 shows the largest percentile value in each grid point at which future 242 

changes in Rx1d and Rx1d-TC change their sign. Here this threshold point is defined as the 243 

first percentile at which the future value becomes lower than the present-day value by 244 

searching backward from the maximum value. The threshold point is calculated for 900 years 245 

in 36 combinations of the six future experiments with different ΔSSTs and six non-246 

overlapping 900-year periods of the present-day experiment. The average values of 36 cases 247 

are shown in Fig. 5.  248 

In the mid- and high-latitudes, future Rx1d will increase even at less than 10-249 

percentile threshold. As is shown in Fig. 5a, over most of land area, the threshold is found to 250 

be below 33-percentile. Rx1d only above the 66-percentile will increase in the future over the 251 
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area affected by TCs and over the subtropical oceanic dry areas in the southeastern Pacific 252 

and the southeastern Atlantic. 253 

It is interesting to find that red colors appear over the eastern Tibetan Plateau, where 254 

the largest Rx1d in the future is less than that in the present (this spot can be seen in Fig. 3c). 255 

Kitoh and Arakawa (2016) investigated the future changes in water budget over the eastern 256 

and the western Tibetan Plateau simulated by the 20-km mesh MRI-AGCM. They noted a 257 

projected drying at the surface in the eastern Tibetan Plateau. The drying surface condition, 258 

which also occurs in the 60-km model, may have resulted in least occurrence of extremely 259 

heavy precipitation there in the future climate. 260 

 Figure 5b reveals that the threshold percentile from negative to positive changes in 261 

Rx1d-TC is more than 50-percentile except around Hawaii as already indicated in Fig. 3d. It 262 

is over 80-percentile in the tropical Indian and western Pacific regions including East Asia 263 

around Japan and eastern China, and over the southeastern USA. In those regions, our model 264 

results suggest that extreme TC-associated precipitation once in 5 years will become more 265 

intense in a future warmer climate. 266 

 Large changes in extreme precipitation would lead to changes in interannual 267 

variability. Figures 6a and 6b show the interannual standard deviations of the present-day 268 

Rx1d and Rx1d-TC, respectively. Distribution of standard deviations of Rx1d-TC (Fig. 6b) is 269 

similar to the distribution of Rx1d-TC itself (Fig. 2e). Coefficient of variability (standard 270 

deviation divided by mean) of Rx1d-TC is close to 1 around the main TC active regions. On 271 

the other hand, standard deviations of Rx1d (Fig. 6a) are much smaller than Rx1d itself (Fig. 272 

2d). Globally averaged coefficient of variability of Rx1d is about 0.5. This is because 273 

variability of Rx1d-nTC is smaller than that of Rx1d due to large variability of TC 274 

occurrence. As Rx1d consists of Rx1d-TC and Rx1d-nTC, coefficient of variability of Rx1d 275 

becomes smaller than that of Rx1d-TC. 276 



 

 13 

 Figures 6c and 6d show the future changes in interannual standard deviations of Rx1d 277 

and Rx1d-TC, respectively. The largest increase in Rx1d variability is found over the 278 

equatorial Pacific. In this experiment, the same SST variability, such as El Niño and La Niña, 279 

is prescribed in the present as well as in the future. Moisture rich future atmosphere would 280 

have resulted in large precipitation response to El Niño and La Niña (Kitoh and Endo 2016b). 281 

Other regions with increased Rx1d variability include the Atlantic Ocean, India, and tropical 282 

Africa. It also increases over the region extending from Hawaii to the south of Japan is where 283 

interannual variability in Rx1d-TC also becomes larger in the future climate (Fig. 6d). This 284 

zone corresponds to where intense TCs will be more frequent in future (Yoshida et al. 2017) 285 

and the 90- and 99-percentile values of Rx1d-TC are projected to increase (Figs. 3e and 3f). 286 

 287 

5. Summary and discussions 288 

 A large ensemble experiment, 6,000 years for the present and 5,400 years for the 289 

future warmer world similar to the RCP8.5 scenario, is performed with the 60-km mesh MRI-290 

AGCM3.2. The present-day simulation consists of 100 ensemble members for 60-year period 291 

(1951-2010), while the future simulation consists of 90 ensemble members for 60-year period 292 

at the end of the 21st century. The Rx1d will increase in the future world, except the western 293 

North Pacific. Small changes or even reduction of Rx1d there are mainly related to a 294 

projected decrease of TC frequency in a future climate in this region. This is qualitatively 295 

consistent with the former findings by Kitoh and Endo (2016b) with the 20-km mesh MRI-296 

AGCM3.2. Further findings are obtained thanks to a large ensemble size of this experiment. 297 

Interannual variability of Rx1d increases over most of the western North Pacific. A reduction 298 

in interannual variability of Rx1d is confined near the Philippines. Moreover, 90- and 99-299 

percentile values of Rx1d will increase over most of the world, implying an increasing risk of 300 

heavier rainfall events by global warming. 301 
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As we used the AGCM with fixed SST, one may concern about the effect of air-sea 302 

interaction on the results because it is widely known that ocean-atmosphere coupling process 303 

is essential in the western tropical Pacific at least for seasonal prediction (Wang et al. 2005). 304 

Ogata et al. (2015, 2016) made an experiment with the 60-km mesh MRI-AGCM3.2 to 305 

investigate air-sea interaction effects with an AOGCM with flux adjustment. Necessary flux 306 

adjustment values are obtained by nudging the SST toward the present and future SST used 307 

in the AGCM experiment. Figure 7 shows the future changes in Rx1d and Rx1d-TC in this 308 

experiment, which is very similar to Figs. 3a and 3d, respectively, obtained with the AGCM 309 

without air-sea interaction. Therefore, changes in heavy precipitation are not largely affected 310 

by air-sea interaction, although the mean precipitation changes are greatly affected by 311 

inclusion of air-sea interaction (not shown). This may be due to the fact that time scale of 312 

extreme precipitation such as Rx1d is very short. Ogata et al. (2015, 2016) however found the 313 

effect of air-sea coupling leads to more realistic TC distribution in the present-day climate 314 

simulation. 315 

There are strength and weakness in our experiment (Mizuta et al. 2017). One of 316 

strength of d4PDF is its high resolution. Although it is coarser than the 20-km model used by 317 

Kitoh and Endo (2016b) and others, this global 60-km mesh is still grouped among high-318 

resolution models in literature, which can reproduce TCs to a certain extent. Large ensemble 319 

size (6,000 years for the present and 5,400 years for the future) is the largest advantage of 320 

this data set. Uncertainty of future changes in SST is also considered. There are some 321 

weaknesses. Compared to the 20-km model version and observations, the strength of TC and 322 

associated precipitation is underestimated. As already mentioned, an air-sea coupling is not 323 

included, which may affect some of the TC characteristics (Ogata et al. 2015, 2016). 324 

Moreover, a use of one particular model does not cover a full spectrum of uncertainty. To 325 

overcome demerits of d4PDF experiment, a multi-model approach is desirable. Multi-model 326 
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high-resolution model experiments have started as the High Resolution Model 327 

Intercomparison Project (HighResMIP) (Haarsma et al. 2016), whose results would be 328 

available in a near future. 329 
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Figure Captions 462 

Figure 1. Rx1d climatology estimated by (a) TRMM-3B42, (b) CMORPH, (c) GSMaP, (d) 463 

PERSIANN, and (e) GPCP-1dd for the 12-year period between 2001 and 2010. For (f), 464 

Rx1d based on one-member 60-km mesh MRI-AGCM3.2 corresponds to 2001-2010 is 465 

plotted.  466 

Figure 2. (a, b, c) Observed and (d, e, f) simulated climatology of (a, d) Rx1d, (b, e) TC-467 

associated Rx1d, and (c, f) non-TC-associated Rx1d. Unit is mm. 468 

Figure 3. Projected future changes (future minus present) (a, b, c) Rx1d, (d, e, f) Rx1d-TC 469 

and (g, h, i) Rx1d-nTC at (a, d, g) 50-percentile, (b, e, h) 90-percentile, and (c, f, i) 99-470 

percentile thresholds. Unit is mm. Changes in statistically significant at 95% are color 471 

shaded. Hatches denote where all six members of different ΔSST pattern experiments 472 

have the same sign. 473 

Figure 4. Future changes in (a-f) Rx1d, (g-l) Rx1d-TC, and (m-r) TC frequency. (a, g, m) CC, 474 

(b, h, n) GP, (c, i, o) HA, (d, j, p) MI, (e, k, q) MP, and (f, l, r) MR SST experiments. 475 

Units are mm for Rx1d and Rx1d-TC, and number per 60 years in each grid for TC 476 

frequency. 477 

Figure 5. Largest percentile value in each grid point at which future changes in (a) Rx1d and 478 

(b) Rx1d-TC change sign. Those values are calculated for each experiment (different 479 

SST patterns) and then averaged. 480 

Figure 6. (a) Interannual standard deviations of present-day Rx1d. (b) As in (a) but for Rx1d-481 

TC. (c) Future changes (future minus present) of interannual standard deviations of 482 

Rx1d. (d) As in (c) but for Rx1d-TC. Unit is mm. Hatches denote where all six members 483 

of different ΔSST pattern experiments have the same sign. 484 

Figure 7. Projected future changes (future minus present) of (a) Rx1d and (b) Rx1d-TC from 485 

the 60-km mesh MRI-AGCM with the effect of air-sea interaction. Unit is mm.  486 
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Figure 1. Rx1d climatology estimated by (a) TRMM-3B42, (b) CMORPH, (c) GSMaP, (d) 489 

PERSIANN, and (e) GPCP-1dd for the 12-year period between 2001 and 2010. For (f), 490 

Rx1d based on one-member 60-km mesh MRI-AGCM3.2 corresponds to 2001-2010 is 491 

plotted.  492 
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 495 

 496 

Fig. 2. (a, b, c) Observed and (d, e, f) simulated climatology of (a, d) Rx1d, (b, e) TC-497 

associated Rx1d, and (c, f) non-TC-associated Rx1d. Unit is mm. 498 
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 500 

 501 

Fig. 3. Projected future changes (future minus present) (a, b, c) Rx1d, (d, e, f) Rx1d-TC and 502 

(g, h, i) Rx1d-nTC at (a, d, g) 50-percentile, (b, e, h) 90-percentile, and (c, f, i) 99-503 

percentile thresholds. Unit is mm. Changes in statistically significant at 95% are color 504 

shaded. Hatches denote where all six members of different ΔSST pattern experiments 505 

have the same sign. 506 
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 509 

 510 

Fig. 4. Future changes in (a-f) Rx1d, (g-l) Rx1d-TC, and (m-r) TC frequency. (a, g, m) CC, 511 

(b, h, n) GP, (c, i, o) HA, (d, j, p) MI, (e, k, q) MP, and (f, l, r) MR SST experiments. 512 

Units are mm for Rx1d and Rx1d-TC, and number per 60 years in each grid for TC 513 

frequency. 514 
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 517 

 518 

Fig. 5. Largest percentile value in each grid point at which future changes in (a) Rx1d and (b) 519 

Rx1d-TC change sign. Those values are calculated for each experiment (different SST 520 

patterns) and then averaged. 521 

522 



 

 27 

 523 

 524 

Fig. 6. (a) Interannual standard deviations of present-day Rx1d. (b) As in (a) but for Rx1d-525 

TC. (c) Future changes (future minus present) of interannual standard deviations of 526 

Rx1d. (d) As in (c) but for Rx1d-TC. Unit is mm. Hatches in (b) and (d) denote where all 527 

six members of different ΔSST pattern experiments have the same sign. 528 

 529 
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 531 

 532 

Fig. 7. Projected future changes (future minus present) of (a) Rx1d and (b) Rx1d-TC from the 533 

60-km mesh MRI-AGCM with the effect of air-sea interaction. Unit is mm.  534 
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