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Abstract 39 

    By using the Weather Research and Forecasting (denoted as WRF) model driven by two 40 

super high resolution global models, High Resolution Atmospheric Model (denoted as 41 

HiRAM) and Meteorological Research Institute Atmospheric General Circulation Model 42 

(denoted as MRI), this study investigates the dynamical downscaling simulation and 43 

projection of extreme precipitation activities (including intensity and frequency) in Taiwan 44 

during the Mei-Yu seasons (May and June). The analyses focus on two time period 45 

simulations: the present-day (1979-2003, historical run) and the future (2075-2099, RCP8.5 46 

scenario). For the present-day simulation, our results show that the bias of HiRAM and MRI 47 

in simulating the extreme precipitation activities over Taiwan can be reduced after dynamical 48 

downscaling using the WRF model. For the future projections, both the dynamical 49 

downscaling models (i.e., HiRAM-WRF and MRI-WRF) project that extreme precipitation 50 

will become more frequent and more intense over western Taiwan, but less frequent and less 51 

intense over eastern Taiwan. The east-west contrast in the projected changes in extreme 52 

precipitation in Taiwan are found to be a local response to the enhancement of southwesterly 53 

monsoonal flow over the coastal regions of South China, which leads to an increase in water 54 

vapor convergence over the windward side (i.e., western Taiwan) and a decrease in water 55 

vapor convergence over the leeward side (i.e., eastern Taiwan). Further examinations of the 56 

significance of the projected changes in extreme precipitation that affect the agriculture 57 

regions of Taiwan show that the southwestern agriculture regions will be affected by extreme 58 

precipitation events more frequently and more intensely than the other subregions. This 59 

finding highlights the importance of examining regional differences in the projected changes 60 

in extreme precipitation over the complex terrain of East Asia.  61 

 62 

Keywords: dynamical downscaling; extreme precipitation; future projection; East Asia  63 

64 
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1. Introduction 65 

Extreme precipitation has always been a crucial research subject in many countries (e.g., 66 

Endo et al. 2009; Agel et al. 2015; Herman and Schumacher 2016; Loriaux et al. 2017). In 67 

Taiwan, long-term climatic statistics show that the Mei-Yu season (May and June, or MJ) is 68 

one of the major precipitation periods, and approximately 26.3% of annual precipitation falls 69 

during this period (estimated from Fig. 1 of Chen et al. 2004). Although the Mei-Yu season 70 

precipitation can provide the water supply for people’s livelihoods in Taiwan, it is common to 71 

see extreme precipitation events during this period bring disastrous floods and result in 72 

economic losses to agriculture. For example, heavy rainfall induced by the Mei-Yu front 73 

system from June 2 to June 4, 2017, caused significant damage in Taiwan. Approximately 74 

6,000 hectares of cropland were destroyed, and the economic losses from this natural disaster 75 

reached approximately 9 million (U.S. dollars) according to the Council of Agriculture, 76 

Executive Yuan in Taiwan. Extensive studies examining the observational data have found 77 

that Mei-Yu season extreme precipitation in Taiwan is mostly attributed to the frontal types of 78 

precipitation events (including the rainstorms embedded in the frontal system) (e.g., Chen et 79 

al. 1989; Chen and Chen 2003; Yeh and Chen 2004; Chen et al. 2011; Wu et al. 2016). Huang 80 

and Chen (2015) further noted that the occurrence frequency of frontal precipitation in Taiwan 81 

declined (a negative trend) during the Mei-Yu seasons of 1982-2012, which was due to the 82 

changes in the East-Asian monsoonal circulation over the past several decades. It is likely that 83 

future changes in the East-Asian monsoonal circulation might also play an important role in 84 

affecting the Mei-Yu season extreme precipitation activities in Taiwan. 85 

Many studies have compared the present-day simulation and the future projection of 86 

extreme precipitation over various countries by using global models to assess future climate 87 

changes (e.g., Walsh et al. 2008; Dulière et al. 2011; Shi and Durran 2015; Suzuki et al. 2015; 88 

Park et al. 2016). According to the Intergovernmental Panel on Climate Change (IPCC) 89 
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reports (IPCC 2013), most global models project that the extreme precipitation is very likely 90 

to become more intense and more frequent over most of the mid-latitude land masses and wet 91 

tropical regions. However, it is well-known that most global models cannot capture the 92 

regional precipitation features over areas with complex terrains well (Huang and Wang 2017). 93 

Therefore, more studies tend to assess the future changes in precipitation in Taiwan using 94 

dynamical downscaling methods (i.e., using the outputs of global models to drive a 95 

higher-resolution regional model) (e.g., Huang et al. 2016a, 2016b, 2016c). For example, 96 

Huang et al. (2016a, 2016b) used Weather Research and Forecasting (WRF) driven by two 97 

super high resolution global models and noted that the dynamical downscaling approach adds 98 

valuable information in the present-day simulation of diurnal precipitation over Taiwan and 99 

nearby regions (including South China and Luzon). Huang et al. (2016a, 2016b) and others 100 

(e.g., Huang and Wang 2017) showed that most global models have problems capturing the 101 

right timing of the appearance of the diurnal precipitation maximum in Taiwan. Such a bias 102 

can be reduced using the WRF dynamical downscaling simulation (Huang et al. 2016a, 103 

2016b). As inferred from these documented studies, the use of a WRF dynamical downscaling 104 

approach might be a good method to reduce the bias of global models in simulating the 105 

Mei-Yu season extreme precipitation activities over Taiwan. This issue has not been examined 106 

by Huang et al. (2016a, 2016b) or other studies, and it is examined herein.  107 

The main objectives of this study are as follows: (1) to clarify whether the WRF 108 

dynamical downscaling approach can add valuable information when simulating the Mei-Yu 109 

season extreme precipitation activities (including intensity and frequency) in Taiwan; (2) to 110 

clarify whether the projected changes in the Mei-Yu season extreme precipitation activities in 111 

Taiwan are location dependent; and (3) to clarify whether the findings of issues (1)-(2) are 112 

dependent on the models. The analyses were particularly focused on the projected changes in 113 

extreme precipitation activities over agricultural regions because it can provide useful 114 
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information to the local government when establishing long-term disastrous prevention 115 

policies. Detailed information on the models, the observational data and the analyses methods 116 

are introduced in Section 2. Comparisons of the abilities of the models to simulate the 117 

extreme precipitation activities in Taiwan during the present-day (1979-2003, under the 118 

historical run) are presented in Section 3. The projected changes, which are defined as the 119 

difference between the future projection at the end of the 21
st
 century (2075-2099, under the 120 

RCP8.5 scenario) and the present-day simulation, are documented in Section 4. A discussion 121 

of the possible causes of the projected changes in the extreme precipitation activities in 122 

Taiwan is given in Section 5. A concluding remark is provided in Section 6. 123 

 124 

2. Models, observations and methodology 125 

2.1 Models  126 

Throughout this study, the analyses are based on two time period simulations at the 127 

present-day (1979-2003, under the historical run) and at the end of the 21
st
 century 128 

(2075-2099, under the RCP8.5 scenario). Here, two super high resolution global models are 129 

adopted to provide forcings for driving the dynamical downscaling models. The first global 130 

model we used is the High Resolution Atmospheric Model (HiRAM), which has a horizontal 131 

resolution of approximately 25 km and originated from the Geophysical Fluid Dynamics 132 

Laboratory (GFDL) Atmospheric Model version 2.1 (Zhao et al. 2009). The second global 133 

model we used is the Meteorological Research Institute Atmospheric General Circulation 134 

Model version 3.2 (MRI-AGCM3.2; hereafter MRI), which has a horizontal resolution of 135 

approximately 20 km and was jointly developed by the Japan Meteorological Agency and the 136 

Meteorological Research Institute (Mizuta et al. 2012). The dynamical downscaling 137 

experiments, which have a 5-km horizontal resolution, are conducted using the Weather 138 

Research and Forecasting (WRF) model version 3.5.1 (Skamarock et al. 2008) driven by 139 
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HiRAM and MRI. Hereafter, WRF driven by HiRAM and MRI are denoted as HiRAM-WRF 140 

and MRI-WRF, respectively.  141 

Figure 1 shows the domain used for the dynamical downscaling simulations. In WRF, 142 

the planetary boundary layer simulations use the Noah land surface model (Tewari et al. 2004), 143 

the Yonsei-University boundary layer scheme (Hong et al. 2006) and the Monin-Obukhov 144 

surface layer scheme (Monin and Obukhov 1954). The microphysics parameterizations 145 

use the WRF Single-Moment five-class schemes (Hong et al. 2004). The CAM3 (version 3 of 146 

NCAR Community Atmosphere Model) radiation scheme (Collins et al. 2004) is used and the 147 

RCP8.5 greenhouse gas (GHG) concentration is considered in the longwave radiation 148 

calculation. No cumulus parameterizations are applied for reasons given in Huang et al. 149 

(2016c). Spectral nudging (Miguez-Macho et al., 2004) is applied to the atmospheric 150 

conditions only and not to the boundary layer. The wavenumber used for the spectral nudging 151 

in WRF is 4, the cutoff wavelength is approximately 2000 km/4=500 km, and the meso-alpha 152 

scale feature of global models is kept. The nudged variables are horizontal winds, temperature, 153 

and geopotential height from top of the planetary boundary layer to the top of the model. The 154 

nudging coefficient is 0.0003 s
-1

, which is the default value in WRF. These WRF settings 155 

follow Huang et al. (2016a, 2016b, 2016c). The sea surface temperature (SST) warming 156 

pattern used in HiRAM, MRI global model runs and HiRAM-WRF, MRI-WRF regional runs 157 

are the same, which is the multi-model ensemble mean of future changes (between 2075–158 

2099 and 1979–2003) in long-term climatological means and linear trends projected by 28 159 

CMIP5 models. This SST warming pattern is the same as the ensemble mean pattern used in 160 

Kitoh and Endo (2016) and Kusunoki (2017). In this study, only this SST warming pattern is 161 

added to the observed monthly SST that retained the observed interannual variability in 1979–162 

2003. The four SST warming patterns defined by Mizuta et al. (2014) based on cluster 163 

analysis were no used in this study. 164 
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2.2 Observational data and methodology 165 

 To evaluate the capabilities of the models in illustrating the characteristics of extreme 166 

precipitation in Taiwan, we adopted the remapping daily gridded local precipitation data 167 

during May and June of 1979-2003 as the observational reference. The gridded precipitation 168 

data were provided by the Taiwan Climate Change Projections and Information Platform 169 

(TCCIP; http://tccip.ncdr.nat.gov.tw/v2/index.aspx), with a horizontal resolution of 5 km. The 170 

climatological mean of Mei-Yu season precipitation (denoted as Pav; unit: mm/day) at the 171 

present-day (future) were obtained by averaging the precipitation on all days of May and June 172 

from 1979-2003 (2075-2099).  173 

To quantitatively clarify the changes in extreme precipitation events, many studies (e.g., 174 

Haylock et al. 2006; Nowbuth 2010; Bürger et al. 2012; Ning et al. 2015; Kim et al. 2018) 175 

have adopted the Statistical and Regional dynamic Downscaling of Extremes (STARDEX; 176 

https://crudata.uea.ac.uk/projects/stardex/deis/Core_Indices.pdf) indices suggested by the 177 

European Union. In this study, two frequently used core indices, prec90p and R90N, from 178 

STARDEX were adopted to help quantitatively measure the extreme precipitation activities 179 

(including intensity and frequency). The prec90p (unit: mm/day), which represents the 90
th

 180 

percentile of rainfall intensity, is obtained by the following steps. First, all examined rainy 181 

days (defined as days with precipitation > 0.1 mm/day) are ranked from small to large based 182 

on the magnitude of their related daily precipitation area-averaged over Taiwan. Second, the 183 

value of the area-averaged precipitation intensity ranked at the 90
th

 percentile (i.e., top 10%) 184 

is defined as prec90p. Then, days with the daily precipitation area-averaged over Taiwan 185 

larger than prec90p were selected to make the composites of intensity for extreme 186 

precipitation events (denoted as PR90).  187 

Table 1 reports the present-day values of prec90p estimated from the observations and 188 

models. It should be noted that a model with a more realistic prec90p value (i.e., the value for 189 
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a precipitation event ranked at the 90
th

 percentile) would not necessarily imply a more 190 

realistic PR90 (i.e., the average value for cases with precipitation ranked above the 90
th

 191 

percentile) (e.g., Acharya et al. 2017). The R90N (unit: days per MJ), which represents the 192 

number of days with daily precipitation intensity larger than prec90p, were counted for each 193 

grid over the domain of Taiwan (Fig. 2a) to make the composites of occurrence frequency for 194 

extreme precipitation events. In this study, the thresholds used for the composites of selected 195 

variables (PR90 and R90N) in the future are the same as those used for the composites in the 196 

present-day.  197 

In Section 4, the percentage of projected changes of selected variables relative to the 198 

present-day values is obtained based on Eq. (1): 199 

Percentage (%) = 
(future minus present) 

present 
 × 100%         (1) 200 

To determine the significance of projected changes (i.e., future minus present) in selected 201 

variables, a two-tailed student’s t-test was used based on the effective degrees of freedom 202 

(Von Storch and Zwiers 1999). 203 

 204 

3. Present-day simulation 205 

From the observational topography (shaded area in Fig. 2), it is noted that Taiwan is 206 

characterized by a complex local topography, with north-south oriented high mountains 207 

located at the central region. Divided by the central high mountains, the slope in the east of 208 

Taiwan is steeper than that in the west where vast plains are located. The comparison of these 209 

observational characteristics with the topography used in HiRAM (red contours in Fig. 2a) 210 

and MRI (red contours in Fig. 2b) shows that the complicated high mountain range over 211 

central Taiwan cannot be represented well in either HiRAM or MRI. In contrast, the 212 

topography used in WRF (red contours in Fig. 2c) depicts a more delicate Taiwan terrain 213 

structure. Previous studies have suggested that terrain plays an important role in modulating 214 
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precipitation (e.g., Smith 1980, 1989; Ogura and Yoshizaki 1988; Wang and Chang 2012). 215 

Furthermore, according to the review of Kitoh (2017), the improvements in precipitation 216 

simulation by regional climate models (as compared to global climate models) might be 217 

caused by the better representation of topography and underlying land surface, with an urban 218 

canopy scheme included in some regional models. As WRF has a better representation of 219 

topography than HiRAM and MRI (Fig. 2), a dynamical downscaling simulation using WRF 220 

might produce a more realistic representation of Mei-Yu season precipitation in Taiwan.  221 

To prove above assumption, we first evaluate the spatial distribution of the 222 

climatological mean of Mei-Yu season precipitation (Pav; Fig. 3) over Taiwan extracted from 223 

observation and model simulations at the present-day (1979-2003). From the observation (Fig. 224 

3a), it is noted that Pav generally has maximum values over central and southwest Taiwan, 225 

where the windward side of the mountains frequently interact with the prevailing 226 

southwesterly monsoonal flow (Wang et al. 2005). For HiRAM (Fig. 3b) and MRI (Fig. 3c), 227 

the distribution of maximum values of Pav is mostly located over eastern Taiwan. In contrast, 228 

HiRAM-WRF (Fig. 3e) and MRI-WRF (Fig. 3f) simulated the maximum mean precipitation 229 

values mainly in the central mountain region of Taiwan. Visually, it seems that HiRAM-WRF 230 

and MRI-WRF are more capable than HiRAM and MRI in depicting the spatial distribution of 231 

Pav in Taiwan. To provide the statistical evidence for this suggestion, we evaluate the spatial 232 

correlation coefficient (SCC) and the root-mean-square error (RMSE) between the simulated 233 

and the observed Pav and summarize the results in Fig. 3d. Indeed, compared to the Pav 234 

simulated by HiRAM-WRF and MRI-WRF, the Pav simulated by HiRAM and MRI have 235 

higher RMSE values and lower SCC values. However, it should be noted that even though the 236 

downscaled simulation of precipitation distribution is more realistic than that of the related 237 

global model, it still suffers some eastward displacement. This bias represents the fact that 238 

HiRAM-WRF and MRI-WRF tend to produce more precipitation in the high mountains than 239 
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on the windward side of the high mountains (i.e., the areas with larger Pav in the observation). 240 

As inferred from this result, it is expected that a similar bias might also exist in the dynamical 241 

downscaling simulation of extreme precipitation over Taiwan.  242 

To clarify the above inference, we evaluate the model performances in simulating the 243 

composites of precipitation intensity for extreme events (i.e., PR90; see Section 2 for 244 

definition) at the present-day. From the observation (Fig. 4a), it is noted that the maximum 245 

values of PR90 are located in the central and southwest region of Taiwan, which is similar to 246 

that of Pav (Fig. 3a). The close relationship between Pav and PR90 over Taiwan is revealed 247 

not only during the Mei-Yu season but in other seasons as well (not shown). However, when 248 

examining the larger domain of variables shown in Fig. 3a and Fig. 4a (not shown), we found 249 

that the similarity between Pav and PR90 does not appear over other nearby land areas (e.g., 250 

Southeast China). This suggests that the aforementioned close relationship between Fig. 3a 251 

and Fig. 4a is a local feature (i.e., location-dependent).  252 

Focusing on the domain of Taiwan, the similarity between Pav and PR90 is revealed not 253 

only in the observation but also in the model simulations. For example, the aforementioned 254 

model bias regarding the pattern shift of Pav is also revealed in the simulation of PR90 in 255 

both HiRAM (Fig. 4b) and MRI (Fig. 4c) simulations. Compared to Fig. 4b-c, the related 256 

dynamical downscaling simulations (Fig. 4e-f) are more capable of representing the location 257 

of maximum PR90 over the central mountain range that are similar to the observations. 258 

Statistical examinations of the SCC and RMSE for the comparison between observed and 259 

simulated PR90 (see Fig. 4d) show that the dynamical downscaling simulations (i.e., 260 

HiRAM-WRF and MRI-WRF) have a better skill (i.e., higher SCC value and lower RMSE 261 

value) than its related global models (i.e., HiRAM and MRI) in depicting the spatial 262 

distribution of PR90. However, similar to what was inferred from the result of Fig. 3, 263 

HiRAM-WRF and MRI-WRF also suffer some eastward displacement in the simulation of 264 
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PR90, even though the bias is much smaller compared to what is revealed in HiRAM and 265 

MRI.  266 

In Fig. 4, the difference between HiRAM-WRF and MRI-WRF is clearly observed. 267 

Kitoh (2017) has noted that because the boundary conditions of regional downscaling models 268 

originally come from global models, the large-scale circulation component of the projections 269 

in the regional downscaling models will not change much from that of the parent global 270 

models. Consistent with Kitoh (2017), we note that the large difference between 271 

HiRAM-WRF and MRI-WRF in Fig. 4 comes from the large difference between their parent 272 

global models (i.e., HiRAM and MRI). On the other hand, despite the fact that the simulated 273 

magnitudes of Pav and PR90 over Taiwan by HiRAM-WRF and MRI-WRF are smaller than 274 

those simulated by their respective global models, the SCC and RMSE of HiRAM-WRF and 275 

MRI-WRF are closer to observations than the global models (Fig. 4d). This suggests that the 276 

dynamical downscaling method adds value to the simulation of Pav and PR90.  277 

Next, we compare the observed and simulated spatial distributions of R90N (see Section 278 

2 for definition) at the present-day to determine the abilities of the models to illustrate the 279 

occurrence frequency of extreme precipitation. It is noted that the areas with larger R90N 280 

values (Fig. 5) are also the areas with larger PR90 values (Fig. 4). This feature is true for both 281 

the observation and the model simulations. Relative to their related global models, 282 

HiRAM-WRF and MRI-WRF have higher SCC values and lower RMSE values in simulating 283 

R90N over Taiwan (see Fig. 5d). The consistent findings revealed in Figs. 3-5 lead to a 284 

suggestion that the dynamical downscaling approach not only add values in the simulation of 285 

mean status of precipitation but also add values in the simulation of extreme precipitation 286 

activities (including intensity and frequency) during the Mei-Yu seasons. Based on these 287 

results, we then adopt only HiRAM-WRF and MRI-WRF for the rest of the examinations and 288 

discussions of issues related to future projections.  289 
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 290 

4. Future projection 291 

Figure 6 shows the percentage of projected changes (see Eq. 1 for method of calculation) 292 

in Pav, PR90 and R90N area-averaged over Taiwan, estimated by HiRAM-WRF and 293 

MRI-WRF during the Mei-Yu seasons of the future (2075-2099) and the present (1979-2003). 294 

Overall, both HiRAM-WRF and MRI-WRF project an increase (<15%) in Pav, PR90 and 295 

R90N area-averaged over Taiwan in the future compared to the present. Despite the 296 

magnitude difference between HiRAM-WRF and MRI-WRF, the sign of projected changes 297 

shown in Fig. 6 is found not to be model dependent. However, statistical examinations show 298 

that none of the changes in Fig. 6 passed the significance test with 90% confidence intervals. 299 

This leads us to question whether the local community should worry about the future changes 300 

in Mei-Yu season extreme precipitation changes in Taiwan. This issue is examined further 301 

herein. 302 

In view of earlier literature (e.g., Huang and Wang 2017), most studies that examined the 303 

projected changes in Mei-Yu season precipitation over Taiwan have mainly considered 304 

Taiwan as a whole but have not paid attention to regional differences. This study is different 305 

from previous studies, as it is also interested in understanding (1) whether or not there is a 306 

regional difference in the projected changes in Mei-Yu season extreme precipitation in Taiwan, 307 

and (2) how the agricultural regions over Taiwan will likely be affected by the Mei-Yu season 308 

extreme precipitation changes in the future. To answer the first question, we examined the 309 

spatial distribution of the projected changes in Pav, PR90 and R90N over Taiwan estimated by 310 

HiRAM-WRF and MRI-WRF, based on the differences between the Mei-Yu seasons of the 311 

future (2075-2099) and the present (1979-2003). The results are given in Fig. 7. Notably, the 312 

distribution of the projected changes in Pav, PR90 and R90N (see Fig. 7) is characterized by a 313 

clear east-west contrast, with positive (negative) values in the west (east) side of the mountain 314 
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range. Such a similarity between the projected changes in Pav, PR90 and R90N leads to the 315 

suggestion that not only the mean precipitation but also the extreme precipitation, will 316 

enhance (suppress) in western (eastern) Taiwan in the future during the Mei-Yu seasons. Most 317 

importantly, unlike the area-averaged values over the whole Taiwan region (Fig. 6) that do not 318 

reveal significant changes due to the cancellation between positive (western side) and 319 

negative (eastern side) changes, the changes in Pav, PR90 and R90N become significant when 320 

examining their regional distributions (Fig. 7). 321 

Furthermore, based on the geographical location and the sign of projected changes 322 

shown in Fig. 7, we divided the agricultural regions of Taiwan into three areas (Fig. 8) to 323 

examine the related future changes. Figure 9 shows the percentage change in the projected 324 

differences between the future and the present (see Eq. 1 for method of calculation) for the 325 

selected indices (i.e., Pav, PR90 and R90N) area-averaged over the northwestern agricultural 326 

region (blue slash in Fig. 8), the southwestern agricultural region (red dot in Fig. 8), the 327 

eastern agricultural region (purple backslash in Fig. 8), and all of the agricultural regions of 328 

Taiwan. For the northwestern agricultural region, projected increases in Pav, PR90 and R90N 329 

are revealed in both the HiRAM-WRF and MRI-WRF simulations, but only the increase in 330 

Pav and PR90 projected by MRI-WRF passed the significance test. In contrast, the 331 

southwestern agricultural region shows a significant increase (more than 25%; see Fig. 9) in 332 

Pav, PR90 and R90N, as projected by HiRAM-WRF and MRI-WRF. For the eastern 333 

agricultural region, decreases in Pav, PR90 and R90N are projected by both HiRAM-WRF 334 

and MRI-WRF; however, only the projected changes in PR90 passed the significance test. 335 

Most of Pav, PR90 and R90N (except PR90 in HiRAM-WRF) are projected to significantly 336 

increase in the future, when considering the agricultural regions of Taiwan as a whole.  337 

Obviously, when looking into the regional differences over the agricultural regions, the 338 

potential impact of future changes in the Mei-Yu season extreme precipitation in Taiwan 339 
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becomes nonignorable. These findings highlight the importance of examining the regional 340 

differences over complex terrain (such as Taiwan), in addition to the frequently discussed 341 

area-averaged values, when projecting the future changes of extreme precipitation activities. 342 

This information is particularly important to the local community, because it suggests that 343 

different long-term plans are necessary for different regions to prevent the potential damage 344 

from future changes in extreme precipitation during the Mei-Yu seasons.  345 

Notably, because the main difference between Fig. 6 and Fig. 9 is the mountainous 346 

region being included or not, one might infer from Fig. 6 and Fig. 9 that the projected changes 347 

in Pav, PR90 and R90N for the mountainous region are not significant. Indeed, by calculating 348 

the changes over the mountainous region for Pav, PR90 and R90N (not shown), we note that 349 

the changes are small (due to the cancellation between the positive values in most western 350 

mountainous areas and the negative values in most eastern mountainous areas) and not 351 

significant (at the 90% confidence interval).  352 

 353 

5. Possible explanation of projected change in extreme precipitation activities 354 

What might be the causes for the extreme precipitation to become more (less) frequent 355 

and more (less) intense over western (eastern) Taiwan in the future than in the present-day? 356 

Previous observational studies have suggested that the formation of Mei-Yu season heavy 357 

precipitation events over Taiwan might be attributed to the intensification of (1) orographic 358 

lifting (i.e., windward side) of southwesterly monsoon wind (e.g., Skamarock 1989; Chen et 359 

al. 2005; Sampe and Xie 2010) and (2) water vapor flux convergence (e.g., Johnson and 360 

Bresch 1991; Huang and Chen 2015). Therefore, examining the changes in these two factors 361 

between the future and present-day might give us a clue for determining the projected changes 362 

in Mei-Yu season extreme precipitation activities over Taiwan. This is discussed below. 363 

    First, prior to detailed examination, we evaluate the capability of models in simulating 364 
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the present-day atmospheric circulation. Here, the present-day observed wind fields were 365 

extracted from Modern Era Retrospective-Analysis for Research and Applications (MERRA) 366 

reanalysis data (Rienecker et al. 2011), following Huang et al. (2016c). Figure 10 shows 367 

composites of the low-level circulation for the Mei-Yu season extreme precipitation days (i.e., 368 

days with area-averaged daily precipitation ranked in the top 10%) extracted from present-day 369 

MERRA reanalysis data (Fig. 10a), HiRAM-WRF (Fig. 10b) and MRI-WRF (Fig. 10c). By 370 

comparing Fig. 10a and Figs. 10b-c, it can be seen that present-day simulations with both 371 

HiRAM-WRF and MRI-WRF are capable of reproducing the MERRA reanalysis data that 372 

Taiwan is under the influence of southwesterly monsoonal flow at the low level. To 373 

quantitatively evaluate the wind fields, we calculate the spatial correlation of vorticity 374 

between Fig. 10b (Fig. 10c) and Fig. 10a, and the value is larger than 0.73 (0.68) and is 375 

significant at the 90% confidence interval.   376 

After verifying the capability of the WRF dynamical downscaling method in simulating 377 

present-day atmospheric circulation, we compare the differences between the composites of 378 

low-level circulation superimposed with precipitation for the Mei-Yu season extreme 379 

precipitation days in the present-day (Fig. 11a-b) and its projected changes in the future (Fig. 380 

11c-d). As seen in Fig. 11, HiRAM-WRF and MRI-WRF both project that the low-level 381 

southwesterly monsoonal flow along the coastal regions of South China will be stronger in the 382 

future than in the present-day, despite the difference that the projected change in wind 383 

direction is more southerly in HiRAM-WRF, but more westerly in MRI-WRF. Note that 384 

western (eastern) Taiwan is on the windward (leeward) side of the intensification of low-level 385 

southwesterly monsoonal winds. Considering the effect of orographic lifting, it is reasonable 386 

to find that the low-level wind convergence is projected to be enhanced (suppressed) over 387 

western (eastern) Taiwan (figure not shown). This change in dynamical lifting and associated 388 

low-level wind convergence are the possible causes explaining why HiRAM-WRF and 389 
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MRI-WRF both project that extreme precipitation will become more (less) frequent over 390 

western (eastern) Taiwan.  391 

Many studies examining the characteristics and causes of precipitation changes over 392 

Taiwan during the past have suggested that the changes in precipitation over Taiwan are 393 

location dependent and occur in response to changes in related atmospheric circulation (e.g., 394 

Chen et al. 2010; Chou et al. 2011; Tu and Chou 2013). This suggestion can also explain the 395 

projected changes in extreme precipitation over Taiwan and surrounding regions seen in Fig. 396 

11c-d that show extreme precipitation will be enhanced (suppressed) over the windward 397 

(leeward) side of Taiwan, Southeast China and Luzon. Notably, according to the definition of 398 

PR90, the date of the PR90 composite shown in Fig. 11 is common among all grids. One 399 

might question whether the features revealed in Fig. 11 would be drastically changed if 400 

different composite dates suitable for only extreme precipitation on the eastern side of Taiwan 401 

were selected. To clarify this concern, we conducted additional examinations (not shown) and 402 

confirmed that similar features can be found even when composite dates suitable for only the 403 

extreme precipitation on the eastern side were selected.  404 

Regarding the causes of past and future changes in atmospheric circulation simulated by 405 

various global models, a detailed review of the literatures can be found in Kitoh (2017). 406 

Unfortunately, the two global models used in this study (i.e., HiRAM and MRI) do not 407 

provide simulations driven by different forcings (e.g., natural variability and anthropogenic 408 

forcing). Thus, it is not possible for this study to comment on the main reason driving the past 409 

and future changes in circulation shown in Fig. 11. Future studies should be performed to 410 

clarify this issue once the data are available for analysis.  411 

Finally, we examine the simulated and projected changes in vertically integrated 412 

moisture flux convergence, denoted as (−∇ ∙ Q), to explain the moisture supply for the 413 

extreme precipitation intensity over Taiwan, following Huang et al. (2016c). Here, the 414 
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calculation of the convergence of vertically integrated moisture flux [denoted as (Q)] is 415 

based on Eq. (2) as follows:  416 

(Q) = [ 
1

𝑔
(∫ Vq dp

𝑝𝑠

300
)],                    (2) 417 

where V denotes the horizontal wind vectors, q is the specific humidity, g is gravity and p is 418 

the pressure level (Chen et al. 1988). As revealed in Fig. 12a-b, both HiRAM-WRF and 419 

MRI-WRF simulations at the present-day show that the water vapor flux is convergent from 420 

nearby regions to Taiwan, and it provides the moisture supply for the formation of extreme 421 

precipitation over Taiwan. For the future changes (Fig. 12c-d), HiRAM-WRF and MRI-WRF 422 

have both projected more (less) water vapor flux will converge into western (eastern) Taiwan. 423 

In association with the water vapor flux changes, extreme precipitation will be more (less) 424 

intense over western (eastern) Taiwan.  425 

According to Banacos and Schultz (2005), the moisture flux (·Vq) can be separated 426 

into V·q (advection term) and q·V (convergence term), e.g., ·Vq= V·q  q·V. 427 

By examining the variables associated with precipitation changes over areas near Taiwan, 428 

many studies have shown that ·Vq is mainly dominated by its related convergence term 429 

(e.g., Huang et al. 2015); similar findings are also revealed when we separate Figs. 12c-d into 430 

related advection and convergence terms (not shown). By examining the projected changes in 431 

vertically integrated specific humidity [i.e., q_vint = 
1

𝑔
(∫ q dp

𝑝𝑠

300
)], we note that the future 432 

change of q_vint is positive for all of eastern and western Taiwan (see Fig. 13c-d). In other 433 

words, the change in specific humidity (i.e., q) is unlikely to be responsible for the ―east-west 434 

difference‖ of sign change in (−q·V). This implies that the east-west difference in (−∇ ∙ Q) 435 

(Fig. 12c-d) is not mainly caused by the spatial changes in moisture (Fig. 13c-d) but rather by 436 

the spatial changes in wind circulation (Fig. 11c-d). The projected increase in the low-level 437 

moisture amount (Fig. 13c-d) is important in determining the magnitude of (−q·V) as well 438 
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as the associated magnitude of (−∇ ∙ Q) (Fig. 12c-d). In other words, the changes in low-level 439 

moisture may play an important role in determining whether the changes in moisture flux 440 

convergence are significant or not. 441 

In summary, it is suggested that the east-west contrast revealed in the projected changes 442 

of occurrence frequency and intensity of Mei-Yu season extreme precipitation over Taiwan 443 

are the local responses to the projected changes in large-scale wind circulation and (−∇ ∙ Q) 444 

over the East-Asian monsoon region. 445 

 446 

6. Conclusion 447 

This study examines the simulation and future projection of Mei-Yu season extreme 448 

precipitation activities over Taiwan based on the dynamical downscaling simulations using 449 

WRF driven by HiRAM and MRI (denoted as HiRAM-WRF and MRI-WRF, respectively). 450 

From the present-day simulations (1979-2003, historical run), our analyses show that the use 451 

of a dynamical downscaling approach (i.e., HiRAM-WRF and MRI-WRF) is more capable 452 

than the use of the original global models (i.e., HiRAM and MRI) in simulating the intensity 453 

(i.e., PR90) and frequency (i.e., R90N) of extreme precipitation over Taiwan. In particular, 454 

similar to the observations, HiRAM-WRF and MRI-WRF can capture the feature with more 455 

intense and more frequent extreme precipitation revealed over the central mountainous areas 456 

than the other subregions of Taiwan, while HiRAM and MRI cannot. A possible explanation 457 

for the better skill of HiRAM-WRF and MRI-WRF in capturing the extreme precipitation 458 

activities in Taiwan is attributed to the fact that the topography used in the dynamical 459 

downscaling simulation is closer to the real observed topography. 
 460 

For the future projections (2075-2099, RCP8.5 scenario), when considering the changes 461 

over Taiwan as a whole (i.e., the area-averaged values), HiRAM-WRF and MRI-WRF both 462 

project that the Mei-Yu season precipitation will become more frequent and more intense in 463 
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the future than in the present; however, the projected changes do not pass the significance test. 464 

By contrast, when considering the regional differences, HiRAM-WRF and MRI-WRF both 465 

project that Mei-Yu season extreme precipitation will increase over western Taiwan but 466 

decrease over eastern Taiwan, with most of the areas passing the significance test. The 467 

occurrence frequency and intensity of extreme precipitation over the agricultural regions of 468 

southwestern Taiwan are projected to significantly increase (more than 25%) in the future 469 

than in the present. Furthermore, examinations on the related maintenance mechanisms show 470 

that the regional difference in the projected changes of extreme precipitation over Taiwan is a 471 

local response to the future changes of low-level wind circulation and moisture convergence 472 

over the East-Asian monsoon region.  473 

Notably, this is the first study to present the regional difference in the projected changes 474 

of Mei-Yu season extreme precipitation with a focus over the agricultural regions of Taiwan. 475 

This information is particularly important for the local community when considering 476 

long-term plans for different areas in preventing the potential damage caused by the extreme 477 

precipitation changes under global warming. In addition to the criterion of the 90
th

 percentile 478 

(Fig. 7), we also tested the criterion of the 95
th

 percentile (Fig. 14), and the projected changes 479 

are similar between each other, suggesting the findings of this study are robust. However, it 480 

should be noted that the projected changes might be different if different emission scenarios 481 

are used (e.g., Shiogama et al. 2010; Wang et al. 2017). Additionally, due to the possibility of 482 

a difference between the projected changes of large-scale atmospheric circulation between the 483 

middle and late 21
st
 century, the projected changes might be different between the middle and 484 

late 21
st
 century (e.g., Kim et al. 2018). Further studies are recommended to clarify these 485 

issues (different emission scenarios and different simulation periods) in the near future.  486 
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List of Figures 653 

Fig. 1 Geographic location of Taiwan and model domain (dark pink box) used in WRF 654 

simulations. The land areas are shaded in gray.  655 

Fig. 2 Topography of Taiwan obtained from the observation (shaded) and models (contours) 656 

of (a) HiRAM, (b) MRI and (c) WRF. The color scale is given in the bottom right. The 657 

contour interval is 500 meters. 658 

Fig. 3 The spatial distribution of mean precipitation (denoted as Pav, unit: mm/day) over 659 

Taiwan extracted from (a) the observation and the model simulations of (b) HiRAM, 660 

(c) MRI, (e) HiRAM-WRF and (f) MRI-WRF, averaged during May and June of 661 

1979-2003. The spatial correlation coefficient (SCC) and the root-mean-square error 662 

(RMSE; unit: mm/day) obtained from the comparison between (a) and (b, c, e, and f) 663 

are documented in (d).  664 

Fig. 4 As in Fig. 3, but for the spatial distribution of composites of extreme precipitation 665 

intensity, i.e., PR90 (see Section 2 for definition), estimated by (a) the observation and 666 

(b, c, e, and f) the models. The spatial correlation coefficient (SCC) and the root-mean 667 

square error (RMSE; unit: mm/day) obtained from the comparison between (a) and (b, 668 

c, e, and f) are documented in (d).  669 

Fig. 5 Similar to Fig. 4, but for the spatial distribution of composites of extreme precipitation 670 

frequency, i.e., R90N (see Section 2 for definition), estimated by (a) the observation 671 

and (b, c, e, and f) the models. The spatial correlation coefficient (SCC) and the 672 

root-mean square error (RMSE; unit: days per MJ) obtained from the comparison 673 

between (a) and (b, c, e, and f) are documented in (d).  674 

Fig. 6 The percentage (%) of projected changes (future minus present) of selected variables 675 

(Pav, PR90 and R90N) area-averaged over all of Taiwan, relative to the corresponding 676 

area-averaged values at the present-time, i.e., [
(future minus present)

present 
 × 100% ], 677 
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estimated by HiRAM-WRF and MRI-WRF. None of the values pass the 90% 678 

significance t-test. The Student’s t-test of Pav is calculated with the annual mean value 679 

from each year, following Kimoto et al. (2005). 680 

Fig. 7 Projected changes (i.e., future minus present) of selected variables (Pav, PR90 and 681 

R90N) estimated by (a) HiRAM-WRF and (b) MRI-WRF. The areas with significant 682 

changes at the 90% confidence interval over Taiwan are marked by a slash.  683 

Fig. 8 The topography (shaded) and agricultural region (marked areas) of Taiwan. Based on 684 

features revealed in Fig. 7, the agricultural regions are divided into three, including 685 

northwestern (blue slash), southwestern (red dot) and eastern (purple backslash) 686 

agricultural regions of Taiwan. The information for agricultural regions are provided 687 

by the Council of Agriculture, Executive Yuan in Taiwan 688 

(http://aldoc.coa.gov.tw/aldoc/). 689 

Fig. 9 Similar to Fig. 6, but for the percentage (%) of projected changes (future minus present) 690 

of selected variables, (a) Pav, (b) PR90 and (c) R90N, area-averaged over selected 691 

agricultural regions, estimated by HiRAM-WRF and MRI-WRF based on Eq. (1) 692 

listed in Section 2. The abbreviations of NW, SW, E, and TW represent the agricultural 693 

regions (marked areas in Fig. 8) of northwestern Taiwan, southwestern Taiwan, eastern 694 

Taiwan, and Taiwan as a whole, respectively. The change in percentage significant at 695 

90% confidence intervals is marked by an asterisk. The Student’s t-test of Pav is 696 

calculated with the annual mean value from each year, following Kimoto et al. (2005). 697 

Fig. 10 Composites of low-level circulation superimposed with vorticity at 925 hPa for the 698 

extreme rainfall cases ranked above the 90
th

 percentile during the present-day: (a) 699 

MERRA (the reanalysis data), (b) the HiRAM-WRF simulation and (c) the MRI-WRF 700 

simulation.  701 

Fig. 11 Composites of precipitation intensity (PR90; shaded) and low-level circulation at 925 702 
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hPa [V(925hPa); vectors] for the extreme precipitation events ranked at the top 10%, 703 

estimated by (a) HiRAM-WRF and (b) MRI-WRF present-day simulations. (c)-(d) 704 

correspond to (a)-(b), but for the difference between the future (2075-2099) and the 705 

present-day (1979-2003) simulations of [PR90, V(925hPa)] of extreme precipitation 706 

events. In (c)-(d), the changes in vectors pass (do not pass) the 90% significance 707 

t-test are colored by black (gray), and only the areas with significant precipitation 708 

changes (at 90% confidence intervals) are shaded. 709 

Fig. 12 Composites of convergence of vertically integrated moisture flux [i.e., (-∇·Q); 710 

contours] superimposed with the related moisture transportation (vectors) and 711 

precipitation intensity (PR90; shaded) for the extreme precipitation events ranked at 712 

the top 10%, estimated by (a) HiRAM-WRF and (b) MRI-WRF present-day 713 

simulations. (c)-(d) correspond to (a)-(b), but for the difference between the future 714 

(2075-2099) and the present-day (1979-2003) simulations of [PR90, (-∇·Q)] of 715 

extreme precipitation events. In (c)-(d), the changes in vectors pass (do not pass) the 716 

90% significance t-test are colored by black (gray), and only the areas with 717 

significant precipitation changes (at 90% confidence intervals) are shaded. The 718 

dashed contour lines in c and d indicate negative values. The unit of contours is 10
-5 719 

kg·m
-2

·s
-1

. 720 

Fig. 13 Composites of vertically integrated specific humidity, denoted as q_vint, for the 721 

extreme precipitation events ranked at the top 10%, estimated by (a) HiRAM-WRF 722 

and (b) MRI-WRF present-day simulations. (c)-(d) correspond to (a)-(b), but for the 723 

difference between the future (2075-2099) and the present-day (1979-2003) 724 

simulations of q_vint of extreme precipitation events. In (c)-(d), the areas with 725 

significant changes (at 90% confidence intervals) are marked by a slash. The q_vint 726 

over the mountain areas are not plotted.  727 
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Fig. 14 Similar to Fig. 7, but showing the projected changes (future minus present) in PR95 728 

and R95N estimated by composites of extreme cases ranked above 95
th

 percentile, 729 

simulated by (a) HiRAM-WRF and (b) MRI-WRF. 730 

  731 
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Table 1 The value of daily precipitation (unit: mm/day) area-averaged over Taiwan ranked at 732 

the 90
th

 percentile of the data during May and June of 1979-2003 (denoted as 733 

prec90p).  734 

      

 
Observation HiRAM MRI HiRAM-WRF MRI-WRF 

prec90p 28.9 27.23 22.35 26.49 21.18 

 735 

 736 



South 

China 

Sea

Taiwan

South 

China

Luzon

Fig. 1 Geographic location of Taiwan and model domain (dark pink

box) used in WRF simulations. The land areas are shaded in

gray.



Fig. 2 Topography of Taiwan obtained from the observation (shaded) and models (contours) of (a)

HiRAM, (b) MRI and (c) WRF. The color scale is given in the bottom right. The contour

interval is 500 meters.

(a) HiRAM vs. OBS (b) MRI vs. OBS (c) WRF vs. OBS



Fig. 3 The spatial distribution of mean precipitation (denoted as Pav, unit: mm/day) over

Taiwan extracted from (a) the observation and the model simulations of (b)

HiRAM, (c) MRI, (e) HiRAM-WRF and (f) MRI-WRF, averaged during May and

June of 1979-2003. The spatial correlation coefficient (SCC) and the root-mean-

square error (RMSE; unit: mm/day) obtained from the comparison between (a) and

(b, c, e, and f) are documented in (d).

(a) OBS (MJ mean) (b) HiRAM (c) MRI
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m
m

/d
a

y

m
m

/d
a

y

m
m

/d
a

y

m
m

/d
a

y

m
m

/d
a

y

S
C

C

RMSE

H: HiRAM

M: MRI

HW: HiRAM-WRF

MW: MRI-WRF



As in Fig. 3, but for the spatial distribution of composites of extreme precipitation

intensity, i.e., PR90 (see Section 2 for definition), estimated by (a) the observation

and (b, c, e, and f) the models. The spatial correlation coefficient (SCC) and the

root-mean square error (RMSE; unit: mm/day) obtained from the comparison

between (a) and (b, c, e, and f) are documented in (d).

Fig. 4

m
m

/d
a

y

(a) OBS (PR90) (b) HiRAM (c) MRI

(e) HiRAM-WRF(d) SCC & RMSE (f) MRI-WRF

m
m

/d
a

y

m
m

/d
a

y
m

m
/d

a
y

m
m

/d
a

y

S
C

C

RMSE

H: HiRAM

M: MRI

HW: HiRAM-WRF

MW: MRI-WRF



Similar to Fig. 4, but for the spatial distribution of composites of extreme precipitation

frequency, i.e., R90N (see Section 2 for definition), estimated by (a) the observation

and (b, c, e, and f) the models. The spatial correlation coefficient (SCC) and the root-

mean square error (RMSE; unit: days per MJ) obtained from the comparison between

(a) and (b, c, e, and f) are documented in (d).

Fig. 5

(a) OBS (R90N) (b) HiRAM (c) MRI

(e) HiRAM-WRF(d) SCC & RMSE (f) MRI-WRF
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Fig. 6 The percentage (%) of projected changes (future minus present) of selected

variables (Pav, PR90 and R90N) area-averaged over all of Taiwan, relative to

the corresponding area-averaged values at the present-time, i.e.,

[
������ ��	�
 ���
�	�

���
�	� 
 � 100%], estimated by HiRAM-WRF and MRI-WRF.

None of the values pass the 90% significance t-test. The Student’s t-test of

Pav is calculated with the annual mean value from each year, following

Kimoto et al. (2005).

Pav PR90     R90N

HiRAM-WRF
MRI-WRF

%



Projected changes (i.e., future minus present) of selected variables (Pav, PR90 and

R90N) estimated by (a) HiRAM-WRF and (b) MRI-WRF. The areas with significant

changes at the 90% confidence interval over Taiwan are marked by a slash.

Fig. 7

(a) Projected changes in (Pav, PR90 and R90N) by HiRAM-WRF

(b) Projected changes in (Pav, PR90 and R90N) by MRI-WRF
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Fig. 8 The topography (shaded) and agricultural region (marked areas) of Taiwan.

Based on features revealed in Fig. 7, the agricultural regions are divided

into three, including northwestern (blue slash), southwestern (red dot) and

eastern (purple backslash) agricultural regions of Taiwan. The information

for agricultural regions are provided by the Council of Agriculture,

Executive Yuan in Taiwan (http://aldoc.coa.gov.tw/aldoc/).

m

northwestern

eastern

southwestern



(a) Pav (b) PR90                                 (c) R90N

% % %

Fig. 9 Similar to Fig. 6, but for the percentage (%) of projected changes (future minus present) of

selected variables, (a) Pav, (b) PR90 and (c) R90N, area-averaged over selected

agricultural regions, estimated by HiRAM-WRF and MRI-WRF based on Eq. (1) listed in

Section 2. The abbreviations of NW, SW, E, and TW represent the agricultural regions

(marked areas in Fig. 8) of northwestern Taiwan, southwestern Taiwan, eastern Taiwan,

and Taiwan as a whole, respectively. The change in percentage significant at 90%

confidence intervals is marked by an asterisk. The Student’s t-test of Pav is calculated with

the annual mean value from each year, following Kimoto et al. (2005).



Fig. 10

(b) HiRAM-WRF; Present (c) MRI-WRF; Present(a) MERRA; Present
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Composites of low-level circulation superimposed with vorticity at 925 hPa for the extreme

rainfall cases ranked above the 90th percentile during the present-day: (a) MERRA (the

reanalysis data), (b) the HiRAM-WRF simulation and (c) the MRI-WRF simulation.



Fig. 11 Composites of precipitation intensity (PR90; shaded) and low-level circulation at 925 hPa

[V(925hPa); vectors] for the extreme precipitation events ranked at the top 10%, estimated

by (a) HiRAM-WRF and (b) MRI-WRF present-day simulations. (c)-(d) correspond to (a)-

(b), but for the difference between the future (2075-2099) and the present-day (1979-2003)

simulations of [PR90, V(925hPa)] of extreme precipitation events. In (c)-(d), the changes

in vectors pass (do not pass) the 90% significance t-test are colored by black (gray), and

only the areas with significant precipitation changes (at 90% confidence intervals) are

shaded.
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Fig. 12

(a) HiRAM-WRF; Present (c) HiRAM-WRF; Future - Present
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Composites of convergence of vertically integrated moisture flux [i.e., (-∇·Q); contours]

superimposed with the related moisture transportation (vectors) and precipitation

intensity (PR90; shaded) for the extreme precipitation events ranked at the top 10%,

estimated by (a) HiRAM-WRF and (b) MRI-WRF present-day simulations. (c)-(d)

correspond to (a)-(b), but for the difference between the future (2075-2099) and the

present-day (1979-2003) simulations of [PR90, (-∇·Q)] of extreme precipitation events.

In (c)-(d), the changes in vectors pass (do not pass) the 90% significance t-test are

colored by black (gray), and only the areas with significant precipitation changes (at 90%

confidence intervals) are shaded. The dashed contour lines in c and d indicate negative

values. The unit of contours is 10-5 kg·m-2·s-1.
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Fig. 13 Composites of vertically integrated specific humidity, denoted as q_vint, for the

extreme precipitation events ranked at the top 10%, estimated by (a) HiRAM-WRF

and (b) MRI-WRF present-day simulations. (c)-(d) correspond to (a)-(b), but for

the difference between the future (2075-2099) and the present-day (1979-2003)

simulations of q_vint of extreme precipitation events. In (c)-(d), the areas with

significant changes (at 90% confidence intervals) are marked by a slash. The

q_vint over the mountain areas are not plotted.
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(a) Projected changes in (PR95 and R95N) by HiRAM-WRF

(b) Projected changes in (PR95 and R95N) by MRI-WRF

Fig. 14 Similar to Fig. 7, but showing the projected changes (future minus

present) in PR95 and R95N estimated by composites of extreme cases

ranked above 95th percentile, simulated by (a) HiRAM-WRF and (b)

MRI-WRF.
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梅雨期の台湾における極端降水活動の力学的ダウンスケーリング 
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要旨 

  

本研究では、２つの超高解像度全球モデル、High Resolution Atmospheric Model（以下

HiRAM）と気象研究所大気大循環モデル（以下MRI）、で駆動したWeather Research and 

Forecasting Model（以下WRF）を用いて、梅雨期（5月、6月）の台湾における極端降水活動

（強度と頻度を含む）の力学的ダウンスケーリングシミュレーションと将来予測について

調べる。解析は現在気候（1979-2003、歴史実験）と将来（2075-2099、RCP8.5シナリオ）の

２つの期間に焦点を当てる。現在気候実験では、HiRAMとMRIによる台湾での極端降水活

動のシミュレーションのバイアスが、WRFを用いた力学的ダウンスケーリングで減少する

ことを示している。将来予測では、両ダウンスケールモデル（HiRAM-WRFとMRI-WRF）

ともに、極端降水が台湾西部でより頻繁でより強くなること、台湾東部では頻度が少なく

強度が弱くなることを予測している。台湾の極端降水変化で予測された東西コントラスト

は、華南沿岸部での南西モンスーン流の強化による局所的な応答、すなわち風上側（台湾

西部）での水蒸気収束の増加と風下側（台湾東部）での水蒸気収束の減少のためである。

台湾の農業地域に影響する極端降水変化予測の重要性をさらに調査したところ、台湾南西

部の農業地域が他地域に比べてより頻繁にかつより強く極端降水現象に影響を受けること

が示された。このことは、複雑な地形を持つ東アジアにおいて、極端降水の変化の地域的

差異を考察することの重要性を示している。 

 


