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Abstract 38 

The characteristics of diurnal rainfall in the East Asian continent consist of a 39 

propagating regime over the Yangtze River and a non-propagating regime in southeast China. 40 

Simulations of these two diurnal rainfall regimes by 18 CMIP5 models were evaluated from the 41 

historical experiment of 1981-2005. The evaluation led to the identification of one model, the 42 

CMCC-CM that replicated the key characteristics of diurnal rainfall regimes including the 43 

propagation of moisture convergence. Using the CMCC-CM to assess the future (2076-2100) 44 

change of diurnal evolution and propagation projected by the RCP4.5 experiment, it was found 45 

that propagating diurnal rainfall will enhance and expand southward into the non-propagating 46 

regime in southeast China. This change in diurnal rainfall is attributed to the intensification of 47 

diurnal land-sea thermal contrast over eastern China and the southward shift of the upper-level 48 

jet stream over 20
o
-30

o
N. Similar projected changes in diurnal rainfall and associated large-scale 49 

dynamical mechanisms were also depicted by four other models (GFDL-ESM2G, 50 

GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) showing a higher skill in representing the 51 

diurnal rainfall regimes over East Asia. If such model projection holds true, southeast China will 52 

experience an increase in the eastward propagating diurnal rainfall, which could further impact 53 

Taiwan. 54 

 55 
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1.  Introduction: 58 

Simulation of diurnal rainfall cycle is one of the greatest challenges facing global 59 

climate models (GCMs) (Slingo et al., 2004; Dai and Trenberth, 2004). Poor representation of 60 

the diurnal cycle affects a model’s ability in capturing regional climate variability (Wang et al., 61 

2007; Yuan, 2013). Evaluating and improving the simulation of diurnal rainfall (i.e. test from 62 

model resolution, convective scheme, radiative scheme, cloud processes, etc.) has been a subject 63 

of active research (Lin et al., 2000; Yang and Slingo, 2001; Zhang, 2003; Collier and Bowman, 64 

2004; Dai, 2006; Lee et al., 2007; Sato et al., 2009; Li et al., 2015). Earlier studies noted that 65 

most GCMs tended to produce inaccurate timing in the evolution of diurnal rainfall, particularly 66 

over landmass in which rainfall occurs too early (e.g., Dai, 2006; Hara et al., 2009; Yuan et al., 67 

2013). The distribution of diurnal rainfall in GCMs is generally too homogenous (e.g., Collier 68 

and Bowman 2004). Furthermore, GCMs tended to misrepresent the propagating behavior of 69 

diurnal rainfall in the eastern slope of large mountains (Lee et al., 2007; Ploshay and Lau, 2010; 70 

Yuan et al., 2012). Increasing model resolution and adjusting treatment of convection are among 71 

the common methods in improving diurnal rainfall simulations (e.g., Arakawa and Kitoh, 72 

2005; Dirmeyer et al., 2011; Bacmeister et al., 2013; Yuan et al., 2013; Li et al., 2015). 73 

In the East Asian continent, the complex local circulations involving land-sea breezes 74 

and mountain-valley winds cause regional differences in diurnal rainfall variations (e.g., Zhao et 75 

al., 2005; Yu et al., 2007; Kikuchi and Wang, 2008; Zhou et al., 2008; Huang and Chan, 2012; 76 

Huang et al., 2013; Hsu et al., 2014). Observational studies have noted that diurnal rainfall 77 

occurring west of 110
o
E peaks in the midnight or early morning (Asai et al., 1998; Wang et al., 78 

2004; Yu et al., 2007; Li et al., 2008). In the southern part of East Asia to the east of 110
o
E, the 79 

timing of diurnal rainfall over land is dominated by daytime maxima (Yu et al., 2007; Chen et al., 80 

2009). Among these geographical differences, two distinct regimes of diurnal rainfall are 81 
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present: (a) the Yangtze River (dotted box in Fig. 1) that exhibits a propagating behavior of 82 

diurnal rainfall (e.g., Yu et al., 2007) and (b) southeast China (orange outline in Fig. 1) that 83 

features non-propagating (afternoon) diurnal rainfall (e.g., Huang et al., 2010). The mechanisms 84 

responsible to such a regional difference in diurnal rainfall have been studied extensively (e.g., 85 

Wallace, 1975; Oki and Musiake, 1994; Yang and Slingo, 2001; Nesbitt and Zipser, 2003; 86 

Sorooshian et al., 2002; Yu et al., 2007; Huang et al., 2010; Huang and Wang, 2014). 87 

Earlier studies indicated that the solenoidal circulation between the Tibetan Plateau and 88 

its leeside lowlands contributes to the extent of the propagating diurnal rainfall over the Yangtze 89 

River (Wang et al., 2004; Hirose and Nakamura, 2005; Wang et al, 2005; Huang et al., 2010). 90 

There, the East Asian jet stream drives the diurnal convection initiated east of the Tibetan 91 

Plateau to propagate eastward (Wang et al., 2004). In contrast, the afternoon rainfall peak over 92 

the southeast China is mainly induced by the diurnal variation of low-level atmospheric 93 

instability associated with solar heating (Huang and Chan, 2012). Meanwhile, the afternoon sea 94 

breeze over the mountains in southern China results in low-level convergence of water vapor 95 

fluxes to support the formation of afternoon convection (e.g., Yu et al., 2009).  96 

These documented characteristics of diurnal rainfall over East Asia have been used as 97 

metrics in evaluating climate models (e.g., Betts and Jakob, 2002; Dai and Trenberth, 2004). 98 

Yuan (2013) evaluated 8 IPCC AR5 models forced by prescribed sea surface temperature over 99 

subtropical China by dividing total precipitation into stratiform and convective categories. Yuan 100 

(2013) found that most models simulated the stratiform rainfall with a correct diurnal phase but 101 

produced the wrong phase for the convective rainfall. In Yuan et al. (2013), one particular model 102 

(CAM5) was identified to have the same bias in the convective rainfall in eastern China. To the 103 

authors’ knowledge, coupled model simulations of the propagating and non-propagating diurnal 104 

rainfall regimes over East Asia have not been examined in detail. This aspect of model 105 
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evaluation is important when it comes to projecting the future diurnal rainfall changes.  106 

As part of the phase-5 Coupled Model Intercomparison Project (CMIP5), several climate 107 

modeling centers provide 3-hourly rainfall simulation for both the 20
th

 century and future 108 

climate scenarios (Taylor et al., 2012). The output of these CMIP5 models, which utilize a large 109 

variety of horizontal resolution and model physics, gives researchers a new means to evaluate 110 

diurnal rainfall simulations and assess projections. The main objective of this study is to 111 

evaluate 18 CMIP5 models (listed in Table 1) in the simulation of diurnal rainfall over East 112 

Asia. These models and other data sources adopted for the analyses are introduced in Section 2. 113 

It is anticipated that, among this subset of CMIP5 models, the ones that perform better in 114 

resolving diurnal rainfall would provide researchers a better tool to investigate future changes; 115 

thus, in Section 3 we show that one particular model, the Centro Euro-Mediterraneo sui 116 

Cambiamenti Climatici Climate Model (hereafter CMCC-CM) (Scoccimarro et al., 2011), was 117 

capable of depicting both the correct timing of propagating diurnal rainfall over the Yangtze 118 

River and the non-propagating diurnal rainfall over southeast China. In Section 4, the 119 

characteristics and possible causes of the projected change in the diurnal rainfall over the 120 

focused areas are discussed. A conclusion is given in Section 5.  121 

 122 

2. Data and Method 123 

The 18 CMIP5 models that provide 3-hourly rainfall output for both the historical 124 

experiment (for the present time period from 1981 to 2005) and the RCP4.5 experiment (for the 125 

future period from 2076 to 2100) are listed in Table 1 for their name, institute, horizontal 126 

resolution, and references. These model outputs were produced from fully coupled simulations, 127 

which are different from those forced by prescribed SST as used in Yuan (2013). One model that 128 

stood out from the evaluation (to be discussed in Section 3) is the CMCC-CM; it comprises the 129 
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OPA 8.2 ocean component (Madec et al., 1998) and the ECHAM5 atmospheric component 130 

(Roeckner et al., 2006). The parameterization of convection in CMCC-CM uses a modified 131 

mass flux concept (Tiedtke, 1989), following Nordeng (1994).  132 

For observational data, we used 3-hourly Tropical Rainfall Measuring Mission (TRMM) 133 

3B42 satellite precipitation (Simpson et al., 1996). The TRMM 3B42 dataset provides rain rate 134 

beginning in 1998 at the spatial resolution of 0.25° longitude  0.25° latitude. TRMM has been 135 

widely used for the depiction of diurnal rainfall over East Asia (Hong et al., 2005; Zhou et al., 136 

2008; Huang and Chan, 2012; Huang and Wang, 2014). Other meteorological variables 137 

(including wind fields, humidity, etc.) were derived from the 3-hourly Modern-Era 138 

Retrospective Analysis for Research and Applications (MERRA) reanalysis (Rienecker et al., 139 

2011) at the spatial resolution of 0.667° longitude  0.5° latitude. Hereafter, the analyses focus 140 

on May and June for the pronounced diurnal rainfall variability and associated eastward 141 

propagation (e.g. Wang et al., 2012; Chang et al., 2015). All results are presented for southeast 142 

China local time, which is the universal time + 8 h (i.e., 08 LT corresponds to 00 UTC).  143 

 144 

3. The simulation of diurnal variation at present climate 145 

The spatial-temporal variations of diurnal rainfall were depicted by the Empirical 146 

Orthogonal Function (EOF) analysis applied on the long-term, 3-hourly TRMM precipitation, 147 

following Huang and Chen (2015). The first EOF (Fig. 1a) portrays the geographical 148 

dependence of diurnal rainfall regimes over East Asia, one along the Yangtze River and the 149 

other over southeast China. The southeast China regime features non-propagating diurnal 150 

rainfall with the maximum occurring around 1700 local time (Yu et al., 2007; Chen et al., 2009), 151 

while the Yangtze River regime exhibits a propagation with an early morning maximum west of 152 
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110
o
E and an afternoon/evening maximum to the east (Asai et al., 1998; Wang et al., 2004; Yu et 153 

al., 2007; Li et al., 2008). The first principal component (PC) in Fig. 1b can be used to infer the 154 

temporal characteristics of afternoon rainfall peak over the two regimes. The negative values in 155 

PC1 and E1 of Fig. 1b together infer the “early morning rainfall peak” over the upper Yangtze 156 

River at 2-11 local time. Combined with the transition depicted by the 2
nd

 EOF between 157 

morning and afternoon (shown in the Supplementary Fig. S1a), an eastward propagation of the 158 

diurnal rainfall along the Yangtze River is duly delineated. Hence, the EOF analysis was used as 159 

a metric to evaluate the general evolution of diurnal rainfall simulations over East Asia.  160 

Following Fig. 1 the EOF analysis of the all-model ensemble mean of diurnal rainfall is 161 

shown in Fig. 2a. The ensemble simulations depicted the overall land-sea contrast with a large 162 

diurnal variability over land, similar to the observation. However, the ensemble simulations 163 

failed to produce the midnight/early morning rainfall over the Yangtze River west of 110
o
E, 164 

implying a deficiency in capturing the propagation of diurnal rainfall. Moreover, the simulated 165 

diurnal rainfall maximum occurs 3-6 hours earlier than the observation, as shown in the PC of 166 

Fig. 2a. These biases echo those observed by Yuan (2013) that most GCMs could not simulate 167 

the correct timing of diurnal rainfall in East Asia.  168 

Next, we evaluated the individual CMIP5 models by conducting the EOF analysis 169 

over the domain of Fig. 2a. Based on the individual EOF results (not shown), two variables were 170 

compared: (1) the temporal correlation coefficient (Tcorr) between the first PCs of observed and 171 

simulated rainfall and (2) the spatial root-mean-square-error (RMSE) between the first EOFs of 172 

observed and simulated rainfall. The evaluation of Tcorr and RMSE is shown in Fig. 3. Among 173 

the 18 models, CMCC-CM stands out by exhibiting the highest Tcorr with the lowest RMSE. 174 

Although four other models (GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) 175 

also appeared to perform better than the rest, their phasing of diurnal rainfall is too early (not 176 
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shown); a similar problem was noted for MRI-CGCM3 by Yuan (2013). As shown in Fig. 2b, 177 

CMCC-CM was able to depict (1) an accurate timing of maximum diurnal rainfall over 178 

southeast China, Taiwan and the Luzon Island and (2) the midnight/early morning rainfall over 179 

the Yangtze River west of 110
o
E. This level of performance of CMCC-CM is also illustrated in 180 

the 2
nd

 EOF mode (Supplementary Fig. S1). Together, the combination of the 1
st
 and 2

nd
 EOF 181 

modes explains more than 95% of the total diurnal variability for both the observation and the 182 

model simulations. Thus, the rest of EOF modes were neglected. 183 

To further illustrate the performance of CMCC-CM in simulating the characteristics 184 

of diurnal rainfall, we show in Fig. 4 the longitude-time evolution of the observed and simulated 185 

rainfall across the Yangtze River regime (27
o
-33

o
N, 105

o
-120

o
E) and southeast China regime 186 

(21
o
-25

o
N, 110

o
-118

o
E). From the observation (Figs. 4a-b), the diurnal rainfall along the 187 

Yangtze River is characterized by an eastward propagation in the aforesaid latitudinal zones; this 188 

is in contrast to the dominant local diurnal mode over southeast China (and Taiwan around 189 

120
o
E) as noted in Huang et al. (2013). In Fig. 4b, a weak propagating signal is also observed 190 

along the latitudes of 21
o
-25

o
N to the west of southeast China (i.e. the non-propagating rainfall 191 

region). All these features of diurnal rainfall were captured by CMCC-CM (Figs. 4c-d). To 192 

highlight the comparison between the observation and the CMCC-CM simulation, we removed 193 

the daily means from the observed and simulated diurnal rainfall, which is shown in Fig. 5. 194 

Compared to Fig. 4a, rainfall occurring during 14-20 LT along the Yangtze River Valley 195 

(27
o
-33

o
N, 110

o
-120

o
E) also appears to be part of the propagating rainfall system (Fig. 5a). 196 

Other models’ representation of the longitude-time evolution of diurnal rainfall across the 197 

Yangtze River and southeast China regimes is displayed in the Supplementary Fig. S2 and Fig. 198 

S3, respectively.  199 

To more quantitatively evaluate the model performance in Figs. S2-3, a statistical 200 
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analysis of spatial correlation (Scorr) and RMSE for each model is provided in Fig. 6. It appears 201 

that models with a better skill in terms of 1
st
 EOF of diurnal rainfall (ref., Fig. 3), including 202 

CMCC-CM, GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1, also performed 203 

better in depicting the propagating regime over the Yangtze River and the non-propagating 204 

regime over the southeast China. Among all models, CMCC-CM stands out with the highest 205 

Scorr and lowest RMSE in both the propagating and non-propagating diurnal rainfall. The 206 

consistent evaluation results between Fig. 3 and Fig. 6 validate that CMCC-CM can provide a 207 

more reliable diurnal rainfall simulation.  208 

Next, to understand the diurnal rainfall formation mechanism further, we examined 209 

the horizontal distributions of CMCC-CM’s diurnal rainfall anomalies and associated 210 

convergence of column integrated moisture fluxes (·Q)
1
 based on the present climate (Fig. 211 

7a). The role of ·Q in contributing to the change of diurnal rainfall variation over southeast 212 

China was examined by Huang et al. (2010) through the diagnosis of water vapor budget 213 

equation
2
. Using observational data, Huang et al. (2010) showed that the change in diurnal 214 

rainfall over southeast China is mostly contributed by the changing ·Q rather than by 215 

evaporation or water vapor storage alone. An earlier study by Chen (2005) also demonstrated 216 

that moisture convergence is the major factor in maintaining the change of diurnal rainfall over 217 

the East Asian summer monsoon region (covering both southeast China and Yangtze River 218 

region). As shown in Fig. 7a, CMCC-CM was capable of capturing the diurnal variation and 219 

                                                      

1
 Here, (·Q)= ∇∙ (∫ V⃑⃑ q dp

300 hPa

p0
), where V denotes the horizontal wind, q is the specific humidity, and p is the 

pressure level. 

2
 ),

t

W
()Q(EP




  where P, E and W is the precipitation, the evaporation and the total precipitable 

water, respectively. 
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propagation of moisture convergence that translates into the formation of rainfall, similar to the 220 

observation (not shown). Overall, a stronger (weaker) moisture convergence corresponds to a 221 

larger (smaller) change in diurnal rainfall and this echoes the observation by Huang et al. (2013) 222 

that model’s performance in depicting the moisture convergence is the key to simulating the 223 

diurnal rainfall over East Asia.  224 

 225 

4. Future change in diurnal rainfall  226 

 CMCC-CM 227 

Since CMCC-CM ranked the best in depicting the characteristics of diurnal rainfall over 228 

East Asia, it was selected for the following assessment of future change. Figure 7b shows the 229 

difference of CMCC-CM’s rainfall and moisture convergence between the future period of 230 

2076-2100 (under RCP4.5) and the present period of 1981-2005. Towards the end of the 21
st
 231 

century, the eastward propagating of diurnal rainfall is projected to enhance and expand 232 

southward. By examining the longitude-time evolutions of the differences in precipitation and 233 

moisture convergence between the two periods, as shown in Fig. 8, the atmospheric moisture 234 

convergence following the propagating rainfall episodes will increase correspondingly. 235 

Consequently, southeast China will likely be affected by the eastward propagation diurnal 236 

rainfall episodes.  237 

Yang and Slingo (2001) have mentioned that the rainfall over lands can propagate to 238 

adjacent oceans. Despite the limited propagating distance (Yang and Sligno 2001), it is not 239 

uncommon for the remnant of diurnal convective systems in southeast China to propagate 240 

eastward across the Taiwan Strait, which is only 180-km wide. More recently, Huang and Wang 241 

(2014) have shown that diurnal convection in Taiwan Strait can affect western Taiwan through 242 

the interaction between a land-sea breeze-like regional circulation and the local thermally driven 243 
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circulation. These previous studies lend support to the inference made here that an enhancement 244 

in the diurnal rainfall systems in southeast China can potentially impact Taiwan. 245 

The increase in atmospheric moisture and associated convergence can be explained by 246 

the projected warming (Supplementary Fig. S4a) that would lead to an increase in water vapor 247 

evaporated from the surface (e.g., Qu et al., 2014). Also, the projected change in diurnal 248 

temperature variation (Supplementary Fig. S4b) suggests that the diurnal land-sea thermal 249 

contrast over the subtropical China will intensify under the global warming. This change in 250 

diurnal temperature can lead to an intensification of daytime sea breeze, which results in an 251 

increase of diurnal wind convergence in the coastal areas. Regarding the propagating feature, 252 

previous studies (e.g., Wang et al., 2004) suggested that the East Asian jet stream drives the 253 

diurnal convection initiated east of the Tibetan Plateau to propagate eastward along the Yangtze 254 

River. Examination of CMCC-CM’s mean zonal wind over the subtropical China (Fig. 9a) and 255 

its future change reveals a southward shift in the region around 20
o
-30

o
N (Fig. 9b). As shown in 256 

Fig. 9c by the vertical section of zonal wind across 105
o
-115

o
E, the increase in westerly winds is 257 

deep (reaching 500 hPa) and this can facilitate the eastward propagation of diurnal convection, 258 

i.e. to migrate southward from central China to southeast China and Taiwan.  259 

Earlier studies (Li et al., 2010; Sun et al., 2010; Xu et al., 2011; Zhu et al., 2012) have 260 

suggested that global warming may result in decreases of the meridional temperature gradient 261 

(i.e. warmer north and colder south) and the jet stream over Northeast Asia. Consistent with 262 

these studies, CMCC-CM’s projection of a decreased East Asian jet stream near 35
o
-50

o
N (Fig. 263 

9c) is associated with the decreased meridional temperature gradient north of 30
o
N, as inferred 264 

from Supplementary Fig. S4a. These results confirm that the projected change in upper-level 265 

atmospheric circulation plays an important role in modulating the propagation and trajectory of 266 

diurnal rainfall over East Asia; this is in agreement with what was seen in the present climate 267 
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(e.g. Wang et al., 2012; Chang et al., 2015). 268 

 269 

 Other Models 270 

Even though the other CMIP5 models did not perform as well as CMCC-CM, they did 271 

provide useful information about the projection of large-scale circulation patterns and associated 272 

diurnal rainfall. Here, we examined the vertical section of zonal wind across 105
o
-115

o
E 273 

(Supplementary Fig. S5) and the longitude-time evolution of diurnal rainfall (Supplementary 274 

Figs. S6-7) projected by the individual models. Except for CMCC-CM, four models 275 

(GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) that show a better skill in 276 

Fig. 3 and Fig. 6 also projected an increase in westerly wind over 20
o
-35

o
N. Corresponding to 277 

this circulation change, these four models projected an increase in the eastward propagating 278 

rainfall over East Asia; this can be seen in the Supplementary Figs. S6-7. The consistent 279 

projections of these four models lend support to the CMCC-CM’s projected change in diurnal 280 

rainfall and associated dynamical mechanisms. Together, the ensemble projections of the diurnal 281 

rainfall evolution and associated dynamical mechanisms from these five better-skill models are 282 

displayed in Fig. 10a and Figs. 11a-c, respectively.  283 

By comparison, most other models with a poor skill in the diurnal rainfall only depicted 284 

the non-propagating feature (Supplementary Figs. S2-3). For these models, most of the 285 

projections of large-scale circulation show that the upper-level westerly wind over (105
o
-115

o
E, 286 

20
o
-35

o
N) will weaken in the future (Supplementary Fig. S5), while the projected diurnal 287 

rainfall will still be dominated by local convection (Supplementary Figs. S6-7). Regardless, 288 

these poor-skill models showed a corresponding relationship between the projected changes in 289 

the eastward propagation of diurnal rainfall and the large-scale circulation (i.e. a weaker 290 

westerly jet with a weaker eastward propagation); this is shown in Fig. 10b and Fig. 11d-f. 291 
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 292 

5. Conclusion 293 

The capability of 18 CMIP5 models in simulating the characteristics of diurnal rainfall 294 

over the Yangtze River and southeast China were evaluated using outputs from the historical 295 

experiment. Results show that one particularly model, CMCC-CM, was capable of depicting 296 

both the correct timing of propagating diurnal rainfall over the Yangtze River and the 297 

non-propagating diurnal rainfall over southeast China. Diagnostic analyses further indicated that 298 

the performance of CMCC-CM in depicting the diurnal rainfall over East Asia is related to its 299 

simulations of moisture convergence, which is a major driver of diurnal rainfall in the region. 300 

Based upon the future changes of rainfall and moisture convergence simulated by CMCC-CM 301 

(under RCP4.5), the eastward propagation of diurnal rainfall will likely enhance and expand 302 

southward towards the end of the 21
st
 century. This tendency means that southeast China and 303 

Taiwan will increasingly experience the eastward-propagating episodes of diurnal rainfall.  304 

Possible causes of the intensification of diurnal rainfall variation and eastward 305 

propagating feature were discussed. The projected intensification of diurnal rainfall is attributed 306 

to the intensification of diurnal land-sea thermal contrast over eastern China under the warming 307 

climate, in which stronger daytime sea breeze coupled with more water vapor evaporated from 308 

the surface promotes moisture convergence over land. These changes in atmospheric 309 

thermodynamic conditions support the projected intensification of diurnal rainfall. Meanwhile, 310 

the intensification of upper-level westerly wind revealed over 20
o
-30

o
N will shift (or expand) 311 

the eastward propagation of diurnal rainfall southward, likely into the non-propagating regime 312 

in southeast China and Taiwan. Notably, except for CMCC-CM, four other models 313 

(GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) also projected the increase 314 

in westerly jet over 20
o
-35

o
N and the enhancement in the eastward propagating rainfall over 315 
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East Asia. The consistent projections of these models lend support to the suggested mechanism 316 

from which future diurnal rainfall will evolve in response to the large-scale circulation changes. 317 

Future work should focus on understanding coupled models’ performance of the large-scale 318 

rainfall and convective rainfall separately, and associated maintenance mechanisms. 319 
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Figure Captions: 487 

Fig. 1 The first mode of EOF analysis on the long-term, 3-hourly TRMM 3B42 precipitation, 488 

following Huang and Chen (2015): (a) eigen-vector (E1) and (b) eigen-coefficient (PC1). 489 

In (a), the domains of the Yangtze River regime (red dotted box) and southeast China 490 

regime (orange outline) are marked to help the discussions in the manuscript. In (b), the 491 

result is presented for southeast China local time (LT), and the % value indicates the 492 

percentage of the total variance of the analyzed variable explained by its corresponding 493 

EOF mode. The contour interval of (a) is 0.1 and the color scale is given in the top.  494 

Fig. 2 Similar to Fig. 1, but for the 3-hourly precipitation from: (a) the ensemble mean of 18 495 

CMIP5 models listed in Table 1, (b) the CMCC-CM.  In (a), the spread between the 496 

ensemble members are shaded by the grey color. The contour interval of (a)-(b) is 0.1 497 

and the color scale is given in their top. 498 

Fig. 3 The evaluation of 18 CMIP5 models’ performance based on the individual EOF results of 499 

the diurnal rainfall over the same domain of Fig. 1a. The orange filled bars represent the 500 

temporal correlation coefficient (Tcorr) between the first PCs of observed and simulated 501 

rainfall.  The blue outlined bars represent the spatial root-mean-square-error (RMSE) 502 

between the first EOFs of observed and simulated rainfall.  The blue dotted line 503 

indicates the ensemble mean of the spatial RMSE.  The corresponding models of “a” to 504 

“r” are listed in the right bottom.  505 

Fig. 4  The longitude-time evolution of observed diurnal rainfall averaged over (a) the Yangtze 506 

River regime (27
o
-33

o
N, 105

o
-120

o
E) and (b) southeast China regime (21

o
-25

o
N, 507 

110
o
-118

o
E) extracted from long-term, 3-hourly TRMM 3B42 precipitation. The 508 

longitudinal range of the focused Yangtze River regime (105
o
-120

o
E) and southeast 509 

China regime (110
o
-118

o
E) are outlined in (a) and (b), respectively.  (c)-(d) is similar to 510 
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(a)-(b), but for the model output of CMCC-CM from historical experiment. The location 511 

of Taiwan is indicated by TW in (b). In (c)-(d), the maximum centers of diurnal rainfall 512 

are linked by black thick lines to help the discussions in the manuscript. The color scale 513 

and the corresponding topography averaged over the latitudinal zone of (27
o
-33

o
N) or 514 

(21
o
-25

o
N) are given in the bottom for (a)-(d).  515 

Fig. 5 Corresponding to Fig. 4, but for the diurnal anomalies of precipitation (P; with daily 516 

mean removed). 517 

Fig. 6 Spatial correlation (Scorr) and root mean square error (RMSE) for the longitude-time 518 

evolution of P(27
o
-33

o
N) (supplementary material of Fig. S1) and P(21

o
-25

o
N) 519 

(supplementary material of Fig. S2) between 18 CMIP5 models (denoted by a to r) and 520 

TRMM observation. Full names of the models (a to r) are referred to Fig. 4. 521 

Fig. 7 (a) The horizontal distributions of CMCC-CM’s diurnal rainfall anomalies (shaded) and 522 

associated convergence of column integrated moisture fluxes (·Q) (contoured) based 523 

on the present climate of 1981-2005 from historical experiment.  (b) The difference of 524 

CMCC-CM’s rainfall and moisture convergence between the future period of 2076-2100 525 

(under RCP4.5) and the present period of 1981-2005.  In (a)-(b), the vectors of moisture 526 

fluxes are added, and the red dashed line with symbol “X” indicates the propagation of 527 

diurnal rainfall.  The color scale of (a)-(b) is given in their right bottom.  The contour 528 

interval of (a)-(b) is 0.02 mm h
-1

 and 0.01 mm h
-1

, respectively.  529 

Fig. 8 Similar to Fig. 4, but for the longitude-time evolutions of the differences in precipitation 530 

between the future period of 2076-2100 (under RCP4.5) and the present period of 531 

1981-2005 for (a) (27
o
-33

o
N) and (b) (21

o
-25

o
N).  (c)-(d) is similar to (a)-(b), but for 532 

the differences in moisture convergence between the two periods.  To help discussions 533 
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made in the paper, the black thick lines in Fig. 4c are added in (a) and (c), while the 534 

black thick line in Fig. 4d is added in (b) and (d).    535 

Fig. 9 (a) The horizontal distribution of CMCC-CM’s climatological mean circulation at 250 536 

hPa, superimposed with speed of zonal wind [i.e. (V, u) (250 hPa)], based on the present 537 

climate of 1981-2005 from historical experiment.  (b) The differences in (V, u) at 250 538 

hPa between the future period of 2076-2100 (under RCP4.5) and the present period of 539 

1981-2005.  (c) The vertical cross-section of u averaged over (105
o
-115

o
E) for the 540 

present climate (contoured) superimposed with its related differences in u between future 541 

and present (shaded).  The domain of (105
o
-115

o
E) is outlined in (a).  The color scale 542 

of (a)-(c) is given in their right bottom, and the contour interval of (c) is 2 ms
-1

.  543 

Fig. 10 (a) The difference of ensemble mean of rainfall between the future period of 2076-2100 544 

(under RCP4.5) and the present period of 1981-2005 for the five better-skill-models 545 

(including CMCC-CM, GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and 546 

MRI-ESM1, which shows better skill in Fig. 3 and Fig. 6). (b) is similar to (a), but for 547 

the ensemble mean of poor-skill-models (rest models). In (a), the red dashed line with 548 

symbol “X” indicates the propagation of diurnal rainfall. The color scale of (a)-(b) is 549 

given in their right bottom. The contour interval of (a)-(b) is 0.01 mm h
-1

.  550 

Fig. 11 Similar to Fig. 9, but for the ensemble mean of (a)-(c) better-skill-models (including 551 

CMCC-CM, GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-ESM1) and 552 

(d)-(f) poor-skill-models (rest models). The identification of better-skill-models and 553 

poor-skill-models are based on the results of Fig. 3 and Fig. 6 (see related discussion in 554 

Section 4). 555 

 556 

  557 
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Table 1 CMIP5 models evaluated and their attributes 558 

 559 
   560 

Acronym  Model full name Center/country Resolution 

(lon.xlat.) 

Reference 

ACCESS1-0 Australian Community Climate and 

Earth-System Simulator, version 1.0 

Commonwealth Scientific and Industrial 

Research Organization/Bureau of 

Meteorology, Australia 

1.875° x 

1.25° 

Bi et al. 

(2013) 

ACCESS1-3 Australian Community Climate and 

Earth-System Simulator, version 1.3 

Commonwealth Scientific and Industrial 

Research Organization/Bureau of 

Meteorology, Australia 

1.875° x 

1.25° 

Bi et al. 

(2013) 

BCC-CSM1 Beijing Climate Center, Climate System 

Model, version 1.1 

Beijing Climate Center, Meteorological 

Administration, China 

2.8° x 2.8° Xin et al. 

(2013) 

BCC-CSM1-

m 

Beijing Climate Center, Climate System 

Model, version 1.1 (moderate resolution) 

Beijing Climate Center, Meteorological 

Administration, China 

1.125° x 

1.125° 

Xin et al. 

(2013) 

BNU-ESM Beijing Normal University-Earth System 

Model  

College of Global Change and Earth 

System Science (GCESS), China  

2.8° x 2.8° Ji et al. (2014) 

CMCC-CM Centro Euro-Mediterraneo  sui 

Cambiamenti Climatici (CCMC) Climate 

Model 

Centro Euro-Mediterraneo sui 

Cambiamenti Climatici, Italy 

0.75° 

x0.75° 

Scoccimarro 

et al. (2011) 

CNRM-CM5 Centre National de Recherches 

Météorologiques Coupled Global Climate 

Model, version 5 

National Centre for Meteorological 

Research, France 

1.4° x 1.4° Voldoire et al. 

(2013) 

GFDL-CM3 Geophysical Fluid Dynamics Laboratory 

Climate Model version 3 

NOAA Geophysical Fluid Dynamics 

Laboratory, USA 

2.5° x 2.0° Donner et al. 

(2011) 

GFDL-ESM2

G 

Geophysical Fluid Dynamics Laboratory 

Earth Science Model 2 with  
Generalized Ocean Layer Dynamics 

component 

NOAA Geophysical Fluid Dynamics 

Laboratory, USA 

2.5° x 2.0° Donner et al. 

(2011) 

GFDL-ESM2

M 

Geophysical Fluid Dynamics Laboratory 

Earth Science Model 2 with Modular 

Ocean Model, version 4.1 

NOAA Geophysical Fluid Dynamics 

Laboratory, USA 

2.5° x 2.0° Donner et al. 

(2011) 

INMCM4 Institute of Numerical Mathematics 

Coupled Model, version 4.0 

Institute for Numerical Mathematics, 

Russia 

2.0° x 1.5° Volodin et al. 

(2010) 

IPSL-CM5A-

LR 

L'Institut Pierre-Simon Laplace Coupled 

Model, version 5A, low resolution 

Institute Pierre Simon Laplace, France 3.75° x 

1.875° 

Dufresne et 

al. (2013) 

IPSL-CM5A-

MR 

L'Institut Pierre-Simon Laplace Coupled 

Model, version 5A, medium resolution 

Institute Pierre Simon Laplace, France  2.5° x 1.25° 

 

Dufresne et 

al. (2013) 

MIROC5 Model for Interdisciplinary Research on 

Climate, version 5 

Atmosphere and Ocean Research 

Institute (The University of Tokyo), 

National Institute for Environmental 

Studies, and Japan Agency for 

Marine-Earth Science and 

Technology, Japan 

1.4° x 1.4° Watanabe et 

al. (2011) 

MIROC-ESM Model for Interdisciplinary Research on 

Climate Earth System Model 

Japan Agency for Marine-Earth Science 

and Technology, Atmosphere and Ocean 

Research Institute (The University of 

Tokyo), and National Institute for 

Environmental Studies, Japan 

2.8° x 2.8° 

 

Watanabe et 

al. (2011) 

MIROC-ESM

-CHEM 

Model for Interdisciplinary Research on 

Climate Earth System Model, chemistry 

coupled version 

Japan Agency for Marine-Earth Science 

and Technology, Atmosphere and Ocean 

Research Institute (The University of 

Tokyo), and National Institute for 

Environmental Studies, Japan 

2.8° x 2.8° 

 

Watanabe et 

al. (2011) 

MRI-CGCM3 Meteorological Research Institute 

Coupled General Circulation Model, 

version 3 

Meteorological Research Institute, Japan 1.1° x 1.1° 

 

Yukimoto et 

al. (2012) 

MRI-ESM1 Meteorological Research Institute - Earth 

System Model version 1 

Meteorological Research Institute, Japan 1.1° x 1.1° 

 

Yukimoto et 

al. (2012) 



Fig. 1 The first mode of EOF analysis on the long-term, 3-hourly TRMM 3B42 precipitation,

following Huang and Chen (2015): (a) eigen-vector (E1) and (b) eigen-coefficient

(PC1). In (a), the domains of the Yangtze River regime (red dotted box) and southeast

China regime (orange outline) are marked to help the discussions in the manuscript. In

(b), the result is presented for southeast China local time (LT), and the % value

indicates the percentage of the total variance of the analyzed variable explained by its

corresponding EOF mode. The contour interval of (a) is 0.1 and the color scale is given

in the top.

(a) E1 for P(TRMM) (b) PC1; 63.3%

mm·h-1



Fig. 2 Similar to Fig. 1, but for (a) the ensemble mean of 18 CMIP5 models and (b) the

CMCC-CM model. In (a), the spread between the ensemble members are shaded

by the grey color.

(a) E1 for P(Ensemble)

(b) E1 for P(CMCC-CM)

PC1 of (a); 78.2%

PC1 of (b); 65.3%

mm·h-1

mm·h-1



Fig. 3 The evaluation of 18 CMIP5 models’ performance based on the individual EOF

results of the diurnal rainfall over the same domain of Fig. 1a. The orange filled

bars represent the temporal correlation coefficient (Tcorr) between the first PCs of

observed and simulated rainfall. The blue outlined bars represent the spatial root-

mean-square-error (RMSE) between the first EOFs of observed and simulated

rainfall. The blue dotted line indicates the ensemble mean of the spatial RMSE.

The corresponding models of “a” to “r” are listed in the right bottom.

0.32

0.16



Fig. 4 The longitude-time evolution of observed diurnal rainfall averaged over (a) the

Yangtze River regime (27o-33oN, 105o-120oE) and (b) southeast China regime (21o-

25oN, 110o-118oE) extracted from long-term, 3-hourly TRMM 3B42 precipitation.

The longitudinal range of the focused Yangtze River regime (105o-120oE) and

southeast China regime (110o-118oE) are outlined in (a) and (b), respectively. (c)-

(d) is similar to (a)-(b), but for the model output of CMCC-CM from historical

experiment. The location of Taiwan is indicated by TW in (b). In (c)-(d), the

maximum centers of diurnal rainfall are linked by black thick lines to help the

discussions in the manuscript. The color scale and the corresponding topography

averaged over the latitudinal zone of (27o-33oN) or (21o-25oN) are given in the

bottom for (a)-(d).

Topography Topography

Topography Topography

Taiwan



Corresponding to Fig. 4, but for the diurnal anomalies of precipitation (∆P; with

daily mean removed).

Fig. 5

Topography Topography

Topography Topography
Taiwan
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Scorr of longitude-time evolution of ∆P(27o-33oN)  : 

Scorr of longitude-time evolution of ∆P(21o-25oN)  :

RMSE of longitude-time evolution of ∆P(27o-33oN) :   a to r  

RMSE of longitude-time evolution of ∆P(21o-25oN) :   a to r 

mean

mean

Spatial correlation (Scorr) and root mean square error (RMSE) for the longitude-time

evolution of ∆P(27o-33oN) (supplementary material of Fig. S1) and ∆P(21o-25oN)

(supplementary material of Fig. S2) between 18 CMIP5 models (denoted by a to r)

and TRMM observation. Full names of the models (a to r) are referred to Fig. 4.

Fig. 6



Fig. 7 (a) The horizontal distributions of CMCC-CM’s diurnal rainfall anomalies (shaded) and

associated convergence of column integrated moisture fluxes (−∇·Q) (contoured) based

on the present climate of 1981-2005 from historical experiment. (b) The difference of

CMCC-CM’s rainfall and moisture convergence between the future period of 2076-2100

(under RCP4.5) and the present period of 1981-2005. In (a)-(b), the vectors of moisture

fluxes are added, and the red dashed line with symbol “X” indicates the propagation of

diurnal rainfall. The color scale of (a)-(b) is given in their right bottom. The contour

interval of (a)-(b) is 0.02 mm h-1 and 0.01 mm h-1, respectively.

mmh-1 mmh-1



Fig. 8 Similar to Fig. 4, but for the longitude-time evolutions of the differences in precipitation

between the future period of 2076-2100 (under RCP4.5) and the present period of 1981-

2005 for (a) (27o-33oN) and (b) (21o-25oN). (c)-(d) is similar to (a)-(b), but for the

differences in moisture convergence between the two periods. To help discussions in the

manuscript, the black thick lines in Fig. 4c are added in (a) and (c), while the black thick

line in Fig. 4d is added in (b) and (d).

mmh-1mmh-1

mmh-1mmh-1

; Future-Present

; Future-Present

; Future-Present

; Future-Present

Topography

Topography

Topography

Topography
Taiwan



Fig. 9 (a) The horizontal distribution of CMCC-CM’s climatological mean circulation at

250 hPa, superimposed with speed of zonal wind [i.e. (V, u) (250 hPa)], based on

the present climate of 1981-2005 from historical experiment. (b) The differences in

(V, u) at 250 hPa between the future period of 2076-2100 (under RCP4.5) and the

present period of 1981-2005. (c) The vertical cross-section of u averaged over

(105o-115oE) for the present climate (contoured) and differences between two

periods (shaded). The domain of (105o-115oE) is outlined in (a). The color scale of

(a)-(c) is given in their right bottom, and the contour of (c) is 2 ms-1.
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ms-1
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Fig. 10 (a) The difference of ensemble mean of rainfall between the future period of 2076-

2100 (under RCP4.5) and the present period of 1981-2005 for the five better-skill-

models (including CMCC-CM, GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and

MRI-ESM1, which shows better skill in Fig. 3 and Fig. 6). (b) is similar to (a), but for

the ensemble mean of poor-skill-models (rest models). In (a), the red dashed line with

symbol “X” indicates the propagation of diurnal rainfall. The color scale of (a)-(b) is

given in their right bottom. The contour interval of (a)-(b) is 0.01 mm h-1.

mmh-1

mmh-1

mmh-1

mmh-1

mmh-1

mmh-1

mmh-1

mmh-1

(a) ∆P(better-skill-models); Future-Present (b) ∆P(poor-skill-models); Future-Present



Fig. 11 Similar to Fig. 9, but for the ensemble mean of (a)-(c) better-skill-models

(including CMCC-CM, GFDL-ESM2G, GFDL-ESM2M, MRI-CGCM3, and MRI-

ESM1) and (d)-(f) poor-skill-models (rest models). The identification of better-

skill-models and poor-skill-models are based on the results of Fig. 3 and Fig. 6 (see

related discussion in Section 4).

better-skill-models

better-skill-models

(c) (u, ∆u)(105o~115oE); better-skill-models

poor-skill-models

poor-skill-models

(f) (u, ∆u)(105o~115oE); poor-skill-models



Supplementary 

Fig. S1 (a) The second EOF mode corresponding to Fig. 1. (b) and (c) is similar to (a),

but for the second EOF mode corresponding to Fig. 2a and Fig. 2b, respectively.

(a) E2 for P(TRMM) PC2 of (a); 31.8%

mm·h-1

(b) E2 for P(Ensemble) PC2 of (b); 19.6%

mm·h-1

(c) E2 for P(CMCC-CM) PC2 of (c); 32.2%

mm·h-1



Fig. S2

Supplementary 

Similar to Fig. 5c, but for the diurnal anomalies of precipitation (∆P; with daily

mean removed) over the Yangtze River regime (27o-33oN) from observation and

18 CMIP models. The five better-skill models (as identified based on the results

of Fig. 3 and Fig. 6) are outlined by red box.



Supplementary 

Fig. S3 Similar to Fig. S2, but for the diurnal anomalies of precipitation (∆P; with daily

mean removed) over the southeast China regime (21o-25oN) .



The difference of CMCC-CM’s surface temperature (Ts) between the future

period of 2076-2100 (under RCP4.5) and the present period of 1981-2005: (a)

daily mean of Ts, (b) diurnal anomalies of Ts at 1700 local time (i.e. the

timing with maximum value for PC1 of Fig. 2b). The color scale of (a)-(b) is

given in their right bottom.

Fig. S4 

Supplementary 

(a) Daily mean of Ts (Future-Present) (b) ∆Ts(17 LT) (Future-Present)

oC oC



Supplementary 

Fig. S5 Similar to Fig. 9c, but for 18 CMIP5 models. The five better-skill models (as

identified based on the results of Fig. 3 and Fig. 6) are outlined by red box.



Supplementary 

Fig. S6 Similar to Fig. 8a, but for 18 CMIP5 models. The five better-skill models (as

identified based on the results of Fig. 3 and Fig. 6) are outlined by red box.



Supplementary 

Fig. S7 Similar to Fig. 8b, but for 18 CMIP5 models. The five better-skill models (as

identified based on the results of Fig. 3 and Fig. 6) are outlined by red box.


