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Herein, climate change projections of localized extreme rainfall associated with the Baiu front (Baiu extreme rainfall) are investigated from June to August in Japan under two representative concentration pathway scenarios (RCP2.6 and RCP8.5) by analyzing the numerical simulations of a 5-km-mesh high-resolution regional climate model (NHRCM05), which gives us the probabilistic future projections by using ensemble simulations, and by conducting Pseudo Global Warming (PGW) experiments for two typical events (Kameoka heavy rainfall in 2012 and Hiroshima heavy rainfall in 2014) with the cloud-resolving model, which enables us to elucidate the mechanisms of future change. The NHRCM05 analysis revealed that the frequency of Baiu extreme rainfall would increase by 1.2-times under RCP2.6 and by ≥ 1.5-times under RCP8.5 compared with the present climate. Moreover, the maximum total rainfall would increase due to global warming. To elucidate the mechanisms of rainfall intensification, the PGW experimental results were analyzed. 2012-Kameoka PGW analysis revealed that the rainfall increasing rate was almost twofold compared to the theoretical Clausius-Clapeyron scaling, which was attributed to a nonlinear effect of intensification of the back-building dynamical structure by the convergence in the lower level and the strengthening of the updraft, resulting in localization of water vapor into the cumulonimbus that cause much more buoyancy. Meanwhile, 2014-Hiroshima event experiments indicated that the rainfall decreased with global warming due to water vapor consumption in upstream areas. However, the PGW of 2014-Hiroshima possibly happened to show a decreasing trend as further NHRCM05 analysis of events similar to 2014-Hiroshima showed an increasing trend in rainfall. This study highlights the importance of predicting future changes by combining results obtained from various methods, including climate model analysis or PGW, with a profound understanding of the implications and feature of each result as well as the fact that disaster prevention and adaptation measures are urgently needed.
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1 INTRODUCTION
In Japan, quasi-stationary line-shaped rainfall areas frequently occur, causing severe disasters. This line-shaped heavy rainfall system is named “Senjo-Kousuitai” in Japanese because of its characteristic shape (Kato, 2020) and can be hazardous because the rainfall stagnates in almost the same area for a few hours to half a day. Senjo-kousuitai is caused by various weather phenomena such as fronts, cyclones, or typhoons. It recently occurred in a rainy season called the “Baiu” season (June–July), characterized by a stationary front called the “Baiu” front (T’u and Hwang, 1945; Matsumoto et al., 1971; Kato and Goda, 2001) and a large amount of moisture transport from the East China Sea and the periphery flow from the Pacific High. Such senjo-kousuitai associated with the Baiu front (hereafter referred to as Baiu extreme rainfall) have caused considerable damage, including human fatalities, almost annually after approximately the 2010s in Japan and are one of the main factors responsible for causing severe water-related disasters, including landslides, and pluvial and fluvial flooding, particularly in middle-sized river basins compared to large-sized (P. C. et al., 2018). Moreover, its rapid onset impedes accurate forecasting. The recent unprecedented Baiu extreme rainfall is presumed to be caused by global warming (Imada et al., 2020; Kawase et al., 2022). For instance, according to the Automated Meteorological Data Acquisition System (AMeDAS) at the Asakura station (Fukuoka prefecture), the 2017 Northern Kyusyu heavy rainfall event featured the largest 24-h rainfall total and was responsible for killing 70 people (Cabinet Office, 2017). Furthermore, the 2020 Kumamoto heavy rainfall event formed a relatively large-scale rain band associated with the Baiu front. This subsequently triggered extensive flooding, including a large river (Osakada et al., 2020), and resulted in the death of 60 people (Cabinet Office, 2020). Considering the potential threats posed by Baiu extreme rainfall events, it is essential to develop effective means of projecting detailed future changes in Baiu extreme rainfall under climate change due to global warming.
Baiu extreme rainfall mostly represents a line-shaped back-building-type convective system (Bluestein and Jain, 1985; Seko, 2010) which is a localized phenomenon with a complicated hierarchical spatial structure (Ninomiya and Akiyama, 1991; Wakazuki et al., 2006). It has a spatial scale of meso-β (20–200 km) generated by cumulonimbus organization (a spatial scale of meso-γ: 2–20 km) in the presence of warm and humid air inflow from the southern ocean of Japan toward a stationary front (meso-α: 200–2,000 km). The wind in Figure 1 shows the relative vector of the direction of movement of the Baiu extreme rainfall system. Cumulonimbus develops and moves to the leeward side of the mid-level wind, and convergence occurs at a lower level between the downdraft associated with precipitation and low-level inflow. This, subsequently, induces the generation of a new updraft and continuous formation of new cumulonimbus clouds at the back tip of the line-shaped convective system (back-building). Although individual cumulonimbus clouds develop and disappear continuously, the entire rainfall system becomes stationary, thereby causing the formation of a line-shaped accumulated rainfall spatial distribution on the ground. As the Baiu extreme rainfall has highly localized and complicated characteristics, a model simulation with high spatiotemporal resolution is required to estimate its detailed future changes accurately.
[image: Figure 1]FIGURE 1 | Schematic figure of a Back-building convective system. The vectors of updraft (red) and downdraft (blue) show the relative wind to the movement direction of each cumulonimbus.
Numerous previous studies have been conducted to project future changes in heavy rainfall during the Baiu season in Japan, and one of these approaches is the analysis of climate model simulations. The analysis of climate model simulations is mainly a probabilistic approach that uses ensemble simulations because the resolution is not very high. The studies estimated the statistics of future changes in weather events by using the simulations of the atmospheric global climate models (Kitoh and Uchiyama, 2006; Kusunoki et al., 2011; Hirahara et al., 2012; Okada et al., 2017; Endo et al., 2021) or regional climate models (Kanada et al., 2012; Nakakita et al., 2012; Osakada and Nakakita, 2018a; Nakakita and Osakada, 2018) by assuming certain global warming scenarios. Some studies have used regional climate models; Kanada et al. (2012), in particular, demonstrated that the fraction of intense rainfall (>100 mm/day) to total rainfall amounts over western Japan would increase in early July under the future climate. These predictions were made using a non-hydrostatic regional climate model with a 5-km grid spacing (NHRCM05 hereafter), a very high resolution among climate models, under the A1B scenario. The A1B scenario corresponds to an approximately 3°C increase in the global average surface temperature from the pre-industrial period, previously proposed by the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios (SRES; IPCC, 2000). The precipitation output of NHRCM05 features a high spatial resolution (5 km × 5 km) and temporal resolution (30-min interval), consequently opening a window for accurate simulations of localized intense precipitation, such as the Baiu extreme rainfall itself of the meso-β spatial scale (20–200 km). Furthermore, Nakakita et al. (2012) manually selected Baiu extreme rainfall events from the 30-min precipitation distribution of NHRCM05 under a SRES A1B scenario and also revealed increasing trends of Baiu extreme rainfall in early July as well as nationwide in Japan. Based on Nakakita et al. (2012); Nakakita and Osakada (2018); Osakada and Nakakita (2018a) analyzed NHRCM05 under the Representative Concentration Pathways scenario (RCP; IPCC, 2013) with a radiative forcing of 8.5 W/m2 (RCP8.5), corresponding to an approximately 4°C increase in the global average surface temperature from the pre-industrial period. These studies indicated that Baiu extreme rainfall is also initiated in Hokkaido. This was a notable finding, as Hokkaido represents the northern region of Japan, which has never experienced Baiu extreme rainfall under the present climate of NHRCM05. In addition to qualitative analyses of the frequency, quantitative future projections of rainfall amounts were also conducted. Osakada and Nakakita (2018b) analyzed the Baiu extreme rainfall events obtained from NHRCM05 and reported that the maximum accumulated rainfall per heavy rainfall duration would increase in the future climate under RCP8.5.
In addition to climate model-based analyses, some previous studies have applied the pseudo global warming (PGW) experiment to Baiu extreme rainfall events. PGW is one of the methods that evaluate the impact of global warming by simulating a certain weather event (in some cases—the ideal experiment) with a cloud-resolving model under a “pseudo warming” atmospheric condition. Although it is difficult to generalize the PGW results, it enables us to estimate future projections and discuss the mechanisms of future changes from calculated results with a significantly higher spatiotemporal resolution. The “pseudo warming” condition can be created by adding warming increments such as temperature and water vapor to the present climate atmospheric condition as initial and boundary conditions. Several studies have obtained these warming increments from the simulation outputs of climate models. For instance, Hibino et al. (2018) conducted PGW for the 2014 Hiroshima heavy rainfall event under a 4 K warmer condition. They analyzed the offset effects between atmospheric un-stabilization owing to the increase in water vapor and atmospheric stabilization because of the decrease in temperature lapse rate. Meanwhile, Nayak and Takemi (2020) conducted PGW for the 2017 Northern Kyusyu and 2018 July heavy rainfall events under RCP8.5. In both cases, rainfall intensity increased under future climate conditions, and the scaling rate of rainfall intensity to temperature changes differed from that expected from the theoretical relationship. Osakada and Nakakita (2020) also conducted PGW for the 2012 Kameoka heavy rainfall event under RCP8.5 and revealed that the intensification of a back-building dynamical structure is one of the drivers behind the increased rainfall amount of Baiu extreme rainfall in the future climate.
As described above, several studies on the Baiu front and extreme rainfall have been conducted using various approaches. However, the climate model-based approach is difficult to fully analyze the mechanism of future changes because of the relatively coarser resolution, whereas the PGW approach is difficult to generalize its results. Therefore, this study aims to provide reliable predictions of future changes and to investigate the mechanisms of future changes using both approaches. We believe that the two approaches compensate for the shortcomings of both results and that comparing each result allows for a deeper interpretation of the meaning of the results. In addition, while most previous studies were based on a single scenario, we aimed to clarify the relationship between global warming and future changes using multiple scenarios in our analysis.
This study analyzed climate model simulations and PGW experiments under RCP8.5 and RCP2.6 scenarios to estimate reliable and gradual changes in the Baiu extreme rainfall and investigate the mechanisms of future changes. The main objectives of this study were 1) to estimate the future changes in the frequency and intensity of the Baiu extreme rainfall in Japan from the meso-β scale (20–200 km) by analyzing the precipitation simulation of NHRCM05 under RCP2.6 (scenario to prevent the global average surface temperature from rising by more than 2°C) and RCP8.5. The aim of this study was based on that of Osakada and Nakakita 2018a; Osakada and Nakakita 2018b). The second objective of this study was 2) to conduct PGW experiments for two Baiu extreme rainfall events (the 2012 Kameoka and 2014 Hiroshima heavy rainfall events shown in Figures 2A, B) under RCP2.6 and RCP8.5, consequently elucidating future changes and the mechanisms of change. This study was based on the experience of Osakada and Nakakita (2020; 2021). Finally, 3) the results of the NHRCM05 and PGW simulations are compared and discussed comprehensively. The remainder of this study is organized as follows. The analysis of the climate model simulation is described in Section 3. The PGW experiments are presented in Section 4, and the results from both analyses are compared and discussed in Section 5. Finally, section 6 summarizes the findings of this study.
[image: Figure 2]FIGURE 2 | The characteristics of target events analyzed in PGW experiments. (A and B) Spatial distribution of JMA-Radar-AMeDAS accumulated rainfall for the 2012-Kameoka event (6-h accumulation from 00:00JST on July 15th to 06:00JST on 15 July 2012) and for the 2014-Hiroshima event (8-h from 21:00JST on August 19th to 05:00JST on 20 August 2014). (C and D) Weather map at 09:00JST on 14 July 2012 and at 09:00 JST on 19 August 2014.
2 MATERIALS AND METHODS
2.1 Climate model simulation-based analysis
The analyzed climate model dataset was computed using a non-hydrostatic regional climate model with 5-km grid spacing, NHRCM05 (Kitoh et al., 2015) under RCP2.6 and RCP8.5. NHRCM05 was generated by dynamical downscaling from the atmospheric global climate model MRI-AGCM3.2S (Mizuta et al., 2012). The NHRCM05 simulation period included 20-year present (1981–2000) and future (2077–2096) climate projections. The ensemble members were represented by two members of the present climate (p1 and p2 hereafter), one of RCP2.6 (rcp26_c0), and four of RCP8.5. The two ensemble members of present climate and four ensemble members of RCP8.5 included sea surface temperature (SST) perturbed ensembles (referred to RCP8.5 members as rcp85_c0–c3) (Mizuta et al., 2014). The information of each dataset is shown Supplementary Table S1. The present climate is simulated based on observation SST from 1980 to 2000 and small perturbation of SST and initial condition is added for p2. For future climate, c1–c3 were created by the cluster analysis of SST change patterns projected by the 28 models in the Coupled Model Intercomparison Project phase 5 (CMIP5) (Taylor et al., 2012). In addition, c0 represents the total mean of 28 models, and the patterns of c0 and c2 are associated with El-Nino. However, c1 is opposite to c2, whereas c3 embraces significant warming in the western North Pacific region. Here, there is a resolution limitation in representing Baiu extreme rainfall which has a spatial scale of meso-β in this dataset, as shown in previous studies (Kato, 2020; Oizumi et al., 2020), and it is undeniable that the dataset of NHRCM05 could miss some localized cases. However, for the purpose of statistical analysis of future trends, Baiu extreme rainfall is defined as a case that meets the following criteria.
The spatiotemporal precipitation distributions of the NHRCM05 datasets were used to manually select the Baiu extreme rainfall from June 1 to August 31 by referring to the criteria listed in Supplementary Table S2 (Nakakita et al., 2012; Nakakita and Osakada, 2018). As Nakakita and Osakada (2018) described, even if a tropical cyclone affects the Baiu front remotely, we selected all Baiu extreme rainfall that is not directly caused by a tropical cyclone. Furthermore, we derived statistics of future changes in the Baiu extreme rainfall. Since some Baiu extreme rainfall can also occur in August (if associated with a stationary front), we included August in the analysis. Baiu extreme rainfall was selected only from land areas, except Okinawa Prefecture, located in the southern region of Japan. This decision was sensible because the Baiu season in Okinawa was approximately 1 month earlier than in other regions (Okada and Yamazaki, 2012). In addition, Okinawa is characterized by a subtropical climate, thereby signifying different characteristics during the Baiu season compared with other regions. Moreover, localized Baiu extreme rainfall often occurs inland due to small triggers, such as topography. In some cases, which were caused by large-scale convergence of the Baiu front, such as the 2020 Kumamoto heavy rainfall event, may have been generated from regions over the sea; however, if a section of the line-shaped rain band also covered land areas, we included these events in the analysis because they can induce severe disasters within these regions. Hence, although an all-encompassing analysis is ideally needed, we analyzed only land areas because of their phenomenological characteristics, and heavy rainfall over land can cause disasters.
To analyze the intensity of the Baiu extreme rainfall, the duration of heavy rainfall and the maximum accumulated rainfall were estimated for all Baiu extreme rainfall events retrieved from NHRCM05, while future changes were also investigated. The following definitions proposed by Osakada and Nakakita (2018b) were used for each index: (i) duration refers to “the duration from the appearance to decay (or move away) of the rainfall area over 50 mm/h, however, the intermittent of up to 2-h can be permitted”; and (ii) accumulated rainfall refers to “the value at one grid cell that records the maximum accumulated rainfall during the duration defined above.” For example, if the heavy rainfall over 50 mm/h starts at 04:30, and it weakened at 05:00 once but intensified over 50 mm/h again on 6:00 and continued to 08:30, then the duration is defined as 4-h as shown in Supplementary Figure S1. The 2-h limitation can be explained by the necessity to maintain consistency with the extraction criteria of the Baiu extreme rainfall, as shown in Supplementary Table S2. On this basis, we analyzed intermittent periods of up to 2 h. Moreover, we manually checked and estimated the duration of events as we focused on the stagnation of the entire rainfall system itself. Therefore, one grid shifts of a rainfall area over 50 mm/h did not necessarily imply that the entire rainfall system had shifted.
To verify the NHRCM05 output quantitatively, 14 observational Baiu extreme rainfall events in Japan were also analyzed using surface composite rainfall data from the eXtended RAdar Information Network (XRAIN). The analyzed observational events are listed in Supplementary Table S3. XRAIN is operated by the Ministry of Land, Infrastructure, Transport, and Tourism of Japan and was installed in 2010 as a weather radar network. XRAIN covers major urban areas in Japan with X-band polarimetric radars, which can effectively retrieve accurate rain rates. Moreover, C-band polarimetric radars that can embrace larger areas, compared with X-band radar, have been combined with the evolutionally developed XRAIN since 2016 to achieve a new accurate observational network with a spatially wide measurement footprint (Yamaji et al., 2016). XRAIN data are characterized by a high spatial resolution (250 m × 250 m) and temporal resolution (1-min interval). In our analysis, we calculated the average estimates from XRAIN data spatiotemporally to match the NHRCM05 resolution. We then assessed the duration and accumulated rainfall in the same manner as for the NHRCM05 events.
2.2 PGW-based analysis
This subsection describes the data and experimental settings of the PGW numerical experiments. PGW experiments were applied to the Kameoka rainfall event that occurred in Kameoka City, Kinki region in July 2012 (2012-Kameoka event hereafter), and the Hiroshima rainfall event that occurred in Hiroshima City, Chugoku region in August 2014 (2014-Hiroshima event hereafter). Both were typical Baiu extreme rainfall events in Japan. The details of each event are described in Section 4. For PGW, we used the Cloud Resolving Storm Simulator (CReSS) version 3.4.3 (Tsuboki and Sakakibara, 2002), a cloud-resolving, non-hydrostatic, quasi-compressible atmospheric model designed for highly accurate simulations of meso-scale phenomena. In particular, we applied version 3.4.3, which considers the falling velocity of cloud particles. The horizontal resolution was set to 500 m for the 2012-Kameoka event and 1,000 m for the 2014-Hiroshima event. Both events were somewhat localized, with some surrounding rainfall disturbances around the 2014-Hiroshima event. Accordingly, we set a broader calculation area for the 2014-Hiroshima event with a coarser resolution than those for the 2012-Kameoka event. Hibino et al. (2018) conducted the numerical simulation with 500-m resolution for 2014-Hiroshima event, and Oizumi et al. (2020) also showed the effectiveness of 250-m resolution simulation for 2014-Hiroshima event. However, our aim was to represent Baiu extreme rainfall in all experiments including the PGW experiments (Osakada and Nakakita, 2021), and to evaluate the effects of global warming on the event. Moreover, since even 1000-m resolution is sufficient to simulate mesoscale convective systems (Prein et al., 2021), then we conducted the PGW experiments simulation with 1000-m resolution for 2014-Hiroshima event. In particular, the vertical resolution was set to an average of 250 m with stretching in all experiments. The grid point value (GPV) analysis data of the Meso-Scale Model of the Japan Meteorological Agency (JMA) were utilized as the atmospheric initial and boundary values, whereas the boundary data with a 3 h resolution were considered. The daily mean SST from JMA NEAR-GOOS was used as the SST boundary condition. The other main experimental designs are presented in Supplementary Table S4, and Figures 3B, C shows the calculation area for each experiment.
[image: Figure 3]FIGURE 3 | (A) The name of region in Japan, (B and C) calculation area of the simulations with CReSS for the 2012-Kameoka event and 2014-Hiroshima event.
We also added global warming increments to the initial and boundary values of the climate experiments. Consequently, the MRI-AGCM3.2S outputs under RCP8.5 and RCP2.6 scenarios were utilized. Although some ensemble members for the present and RCP8.5 future climate have been previously introduced, our study calculated and used the warming increments between the mean SST ensemble results of rcp85_c0 and the present climate p1. The variables for the increment included the monthly mean three-dimensional water vapor mixing ratio, potential temperature, and horizontal distribution of SST to consider thermodynamic changes. It was calculated as the future change between the 25-year mean values of rcp85_c0 and rcp26_c0 future climate (2075–2099) and p1 (1979–2003). For the 2012-Kameoka event, climate data in July were utilized, whereas the data in August were applied for the 2014-Hiroshima event experiments as the global warming increment. Although an identical atmospheric pattern will never occur in the future, PGW enables us to assess how global warming will have an impact on a specific event if the same event occurs under the future climate. In addition, because the model simulation is allowed to evolve dynamically during an event, the resulting changes caused by thermodynamic changes can also include dynamical changes (Lackmann, 2013).
To elucidate the mechanisms of future changes obtained from the PGW experiments, we focused on the dynamic structure of a back-building system, as shown in Figure 1, and the water vapor supply from the south. The dynamic structure of a series of cumulonimbus clouds is important for the precipitation process, resulting in rainfall on the ground. In addition, rainfall would not occur without an abundant supply of water vapor from the south, and the back-building system would not be maintained. Therefore, these two elements are essential for considering the mechanisms of future changes in the Baiu extreme rainfall. The convergence and updraft were analyzed as indices representing the dynamical structure, and convective available potential energy (CAPE) was analyzed as an index representing the water vapor supply. CAPE represents the buoyancy energy an air parcel can gain when it is adiabatically lifted. Fundamentally, the larger the value, the more water vapor exists at a lower level and the more unstable the atmosphere.
3 FUTURE CHANGES IN THE BAIU EXTREME RAINFALL THROUGH ANALYSIS OF NHRCM05
3.1 Frequency
First, we analyzed future changes in the frequency of the Baiu extreme rainfall obtained from the NHRCM05. Figure 4A shows the occurrence points of all Baiu extreme rainfall events in Japan for each 20-year climate period. Figure 4B illustrates the frequency of occurrence in each region.
[image: Figure 4]FIGURE 4 | (A) Occurrence point and (B) occurrence frequency of Baiu extreme rainfall for 20 years projected by NHRCM05 in the present climate and future climate under RCP2.6 (rcp26_c0) and RCP8.5 scenarios. rcp85_c0, c1, c2, and c3 (p1 and p2) denote individual ensemble members of future (present) experiment with different SST change patterns. The SST patterns in rcp85_c0 and rcp85_c2 are similar to the observed interannual variation pattern of ENSO and the pattern of rcp85_c1 is an opposite characteristic to rcp85_c2. rcp85_c3 has larger warming in the western North Pacific. The dashed lines in (A) represent the northernmost area of Baiu extreme rainfall for each climate and the shades for the present climate and RCP8.5 future climate indicate the width of the northernmost for ensemble members. (B) represents the occurrence frequency in each Japanese region shown in Figure 3A.
The nationwide frequency of the Baiu extreme rainfall for 20 years was estimated to be 108 occurrences for p1, 106 for p2, 129 for rcp26_c0, 164 for rcp85_c0, 210 for rcp85_c1, 180 for rcp85_c2, and 170 for rcp85_c3. Notably, the frequency of Baiu extreme rainfall events was projected to increase gradually by approximately 1.2 times under RCP2.6 and at least 1.5 times under RCP8.5. The regional trend analysis indicated that the Baiu extreme rainfall will be initiated in Hokkaido according to all the ensembles under RCP8.5; however, it will not occur in RCP2.6. This finding further suggests that the Baiu extreme rainfall might not occur in Hokkaido if the global average surface temperature is constrained within the 2°C limit of warming. Moreover, the frequency of Baiu extreme rainfall in northern Japan (the Tohoku and Hokuriku areas) will increase with global warming. However, the frequency of Baiu extreme rainfall is somewhat ample even under the present climate in eastern and western Japan (the Toukai, Chugoku, Shikoku and Kyusyu areas) as shown in Figure 4B, and the gradual increase in these areas is not as significant as in northern Japan. Specifically, the frequency of extreme Baiu rainfall will gradually increase with global warming; however, this increase will not be uniform across Japan.
Figure 5 shows the half-monthly seasonal changes in the frequency of occurrence from June to August. Over 75% of all ensemble members under the RCP8.5, the scenario projected that the frequency of Baiu extreme rainfall would increase during the entire period, excluding late July, and significantly increase in early July and early August. Notably, this finding is consistent with previous studies that reported an increase in intense rainfall in early July (Kanada et al., 2012; Nakakita et al., 2012). Moreover, numerous recent observational Baiu extreme rainfall events in Japan occurred in early July (e.g., 5 July 2017, Northern Kyushu heavy rainfall; 5 July 2018, Western Japan heavy rainfall event; 4 July 2020, Kumamoto heavy rainfall event; 3 July 2021, Kanto heavy rainfall event). Notably, the recent observational trends correspond to future projections.
[image: Figure 5]FIGURE 5 | Seasonal changes in the occurrence frequency of Baiu extreme rainfall for the present climate (p1 and p2) and future climate under RCP2.6 and RCP8.5 (c0, c1, c2 and c3) for each half month from June to July.
3.2 Duration-accumulated rainfall
The duration and accumulated rainfall of the Baiu extreme rainfall obtained from the NHRCM05 and XRAIN are shown in Figure 6A, and the histogram and log-normal distribution function fitted to the events of 2- and 2.5-h duration (solid line) and of 2- to 4-h duration (dashed line) is shown in Figure 6B (only log-normal distribution function for the cases of 2- to 4-h duration). The reason why we only fitted the function to only the short-duration events in Figure 6B is that the number of samples decreased as the duration increased (especially for rcp26_c0 and p1-p2) then the goodness of fit was poor. As reported by Osakada et al. (2020), the future climate under RCP8.5 exhibits a statistically significant increase in accumulated rainfall per duration, while the future change under RCP2.6 is challenging to analyze statistically because of the small sample size of the Baiu extreme rainfall from a single ensemble. Thus, in this study, we elucidated the future changes in the distribution as a whole.
[image: Figure 6]FIGURE 6 | (A) Future changes in Baiu extreme rainfall (over 50 mm/h) in terms of duration and accumulated amount and (B) histogram and log-normal probability distribution fitted to accumulated amount which have 2- and 2.5-h duration (solid lines) and have 2- to 4-h duration (dashed lines). Shown are events projected by NHRCM05 present (blue triangles), future under RCP2.6 (yellow circles) and future under RCP8.5 (red circles) experiments (20-year each). Individual ensemble members of the RCP8.5 experiments (c0, c1, c2 and c3) and present experiments (p1 and p2) are distinguished with different opacity in (A). Past real events picked up from XRAIN are denoted with black squares, and the dotted ellipse in (A) schematically highlights the future changes in each climate, not an optimized ellipse.
First, the XRAIN plots indicate that NHRCM05 can realistically reproduce the observed Baiu extreme rainfall via simulation in Figure 6A, and the distribution of rcp26_c0 was in the middle of that of rcp85_c0–c3 and p1–p2 for 2- and 2.5-h duration cases of Figure 6B (solid lines), exhibiting a gradual increase in accumulated rainfall. For the cases for 2- to 4-h with dashed lines in Figures 6A, B gradual change is also seen in the tail of the distribution although there is no clear change compared to the case for 2- and 2.5-h because of the small sample size especially for rcp26_c0. Moreover, the maximum amount of total accumulated rainfall in each duration shown in Figure 6A will gradually increase from p1–p2 to rcp26_c0 and to rcp85_c0–c3. The small sample size makes it impossible to robustly discuss the gradual changes for long-duration cases, however we believe that the same trend should be found for long-duration cases if we can get the large sample of events. In addition to the future changes, the recently discerned observational events, such as the 2017-Northern Kyusyu, 2019-Saga, and 2020-Kumamoto events, were relatively extreme regarding accumulated rainfall compared with the present climate of NHRCM05. However, they may turn to “normal” events in the future climate, indicating that these recent observational events may have already been affected by global warming. This finding indicates that as global warming is exacerbated, the frequency and rainfall amount of the Baiu extreme rainfall will gradually increase. However, the Baiu extreme rainfall duration did not exhibit an increasing trend under RCP2.6 or RCP8.5. Supplementary Figure S2 shows the spatial distribution of the accumulated rainfall for these four long-duration events in the present climate. Osakada and Nakakita (2018a) noted the effect of cyclonic disturbances, such as typhoons, for three out of four events in the Tokai area on the Pacific Sea side. Moreover, Hoshino et al. (2018) reported that future trends exhibit shortened heavy rainfall durations. However, the absence of long-duration Baiu extreme rainfall must be explained under future climate conditions, considering the impact of typhoons on Baiu extreme rainfall and geographical characteristics.
3.3 Summary and discussion of NHRCM05 analysis
Overall, the analysis of NHRCM05 simulations revealed gradual increasing trends for the frequency and rainfall amount of the Baiu extreme rainfall from the present to the future climate under the RCP2.6 and RCP8.5 scenarios. Furthermore, many Baiu extreme rainfall events obtained from ensemble members of NHRCM05 (although the RCP2.6 simulation has only one ensemble) showed the same trend, indicating reliable future changes. Moreover, the addition of the RCP2.6 scenario analysis elucidated the future trend of the Baiu extreme rainfall due to global warming. Meanwhile, similarities between future trends and observational events, such as the frequent occurrence in early July and increased accumulated rainfall in recent events, may imply that global warming has already begun to elicit changes in the Baiu extreme rainfall, and serious mitigating actions might be urgently needed in a warming world.
However, certain characteristics, such as regional or seasonal variations, were also revealed that do not necessarily change uniformly with global warming. In particular, future seasonal changes in the Baiu frontal zone are highly uncertain. For instance, Endo et al. (2021) indicated a lack of consensus on the projection of the Baiu frontal rainfall in July and August based on ensemble projections using a 60 km atmospheric general circulation model. In addition, future changes in the SST spatial pattern throughout the tropics may affect rainfall during the Baiu season around Japan (Okada et al., 2017). Therefore, the seasonal transition of the Baiu frontal zone remains an open issue for climate change research. Although most such studies have described uncertainties regarding the transition of the Baiu front (not extreme rainfall), the seasonal change in the Baiu extreme rainfall should be interpreted with caution. To elucidate the relationship between the degree of global warming and the Baiu extreme rainfall and to increase confidence in future change projections, it is necessary to increase the number of ensembles of RCP2.6 scenario experiments and RCP8.5.
4 PSEUDO GLOBAL WARMING (PGW) EXPERIMENTS
In this section, we explore the future changes in the Baiu extreme rainfall in more detail, as well as the mechanisms underlying these potential changes, by conducting PGW experiments for the typical Baiu extreme rainfall events that have occurred in the past.
4.1 2012-Kameoka Baiu extreme rainfall event
4.1.1 Characteristics of the 2012-Kameoka event
The 2012-Kameoka event was a typical Baiu extreme rainfall event of the back-building type (Osakada and Nakakita, 2020). The Baiu stationary front remained over the Sea of Japan from July 14 to 15, and a line-shaped convective system started to occur at Mt. Rokko in Kobe, located far south of the Baiu front, from around 00:00 JST on July 15. This event caused fluvial flooding and landslides in Kameoka City. Figure 2C shows the weather map of JMA at 09:00 JST on July 14, while Figure 2A illustrates the spatial distribution of JMA Radar-AMeDAS accumulated 6 h of total rainfall (00:00 JST on July 15–06:00 JST on July 15). Notably, the 2012-Kameoka event was characterized by a southerly wind from the Kii Channel into Osaka Bay toward the Baiu front located in the Sea of Japan in the north, which continuously supplied water vapor to the area in which the Baiu extreme rainfall occurred. In addition, cumulonimbus clouds were repeatedly generated from Mt. Rokko and formed a line-shaped rain band.
4.1.2 Future changes in rainfall
We conducted PGW experiments for the 2012-Kameoka event under scenarios RCP2.6 and RCP8.5. Figure 7 shows the spatial distribution of 6 h accumulated rainfall from 00:00 JST to 06:00 JST on July 15, accounting for the primary period when the Baiu extreme rainfall occurred in the present climate experiment, PGW under RCP2.6, and RCP8.5. The relative frequency distributions of rainfall intensity and 6 h accumulated rainfall from 00:00 JST and 06:00 JST are shown in Figure 8. Note that the analysis area of relative frequency was 135˚E–136.5˚E longitude and 34.5°N–35.5°N latitude. The final estimate was derived as a percentage of the total number of meshes in the study area.
[image: Figure 7]FIGURE 7 | Spatial distribution of 6-h accumulated rainfall amount simulated with CReSS (Cloud Resolving Storm Simulator) for the 2012-Kameoka event from 00:00JST to 06:00JST on July 15th. (A) Present climate experiment, (B) pseudo global warming experiment under RCP2.6, and (C) pseudo global warming experiment under RCP8.5 scenario.
[image: Figure 8]FIGURE 8 | Relative frequency distribution of (A) rainfall intensity and (B) 6-h accumulated rainfall for the PGW experimental results for the 2012-Kameoka event. Analyzed area is 135˚E ∼ 136.5˚E longitude and 34.5˚N ∼ 35.5˚N latitude; analyzed period is from 00:00JST to 06:00JTS on July 15th.
The observation shown in Figure 2A recorded 190 mm as the maximum total rainfall, which was well represented in the present experiment in Figure 7A recorded 197 mm as the maximum total rainfall. In addition, the PGW experiments reflected a line-shaped rain band. In the RCP2.6 experiment, the size of the entire rainfall area, including the weak rainfall area, did not significantly differ from that of the present climate experiment; however, the maximum total rainfall was 272 mm, approximately 1.38 times that of the present experiment. In the RCP8.5 experiment, the entire rainfall area, including the weak rainfall area, was also larger than that of the present climate experiment, as well as the maximum total rainfall, which was 329 mm and 1.67 times that of the present experiment. These future changes were identified (Figure 8B), while the relative frequencies of accumulated rainfall for the weak rainfall amount (<100 mm) were relatively the same between the present climate and the RCP2.6 experiment. Moreover, the relative frequency of accumulated rainfall for the entire rainfall amount increased in RCP8.5. Figure 8 also shows that rainfall intensity and total rainfall gradually increased with global warming.
Figure 9 shows that the duration over 50 mm/h and the accumulated rainfall results during the duration of the PGW experiments overlay those in Figure 6A. The XRAIN plot for only the 2012-Kameoka event is shown. The duration and accumulated rainfall were calculated based on the same definitions as for the Baiu extreme rainfall events obtained from NHRCM05. Notably, we identified a representation of the observations in the present experiment. The PGW results revealed a gradual increase in the duration and accumulated rainfall. This gradual increase in accumulated rainfall obtained from PGW is consistent with the NHRCM05 analysis results described in Section 3.2. Furthermore, the same result as that of NHRCM05, implying the cumulus convective parameterization applied, was obtained from the PGW experiments using the cloud-resolving model CReSS without parameterization (Tsuboki and Sakakibara, 2002). This similarity indicates the robustness of the reported result that the rainfall amount of the Baiu extreme rainfall gradually increases as global warming intensifies. However, NHRCM05 showed the decreasing trend of duration while this PGW showed the increase trend of duration. This discrepancy regarding future changes in duration should be elucidated in future studies.
[image: Figure 9]FIGURE 9 | Future changes in Baiu extreme rainfall (over 50 mm/h) in terms of duration and accumulated amount obtained from NHRCM05 and PGW experiment for 2012-Kameoka. Shown are events projected by NHRCM05 present (blue triangles), future under RCP2.6 (yellow circles), future under RCP8.5 (red circles) experiments (20-year each), and the results of PGW present (blue star), RCP2.6 (yellow star), and RCP8.5 (red star). White square represents the observation by XRAIN. Individual ensemble members of the RCP8.5 experiments (c0, c1, c2 and c3) and present experiments (p1 and p2) are distinguished with different opacity.
4.1.3 Clausius-Clapeyron scaling
Next, focusing on the reliable future increasing trend of the total rainfall amount, we compared the future changing rate of rainfall obtained from PGW with the Clausius–Clapeyron scaling. The Clausius–Clapeyron (hereafter CC) equation theoretically formalizes the relationship between the saturated water vapor pressure (the water-holding capacity of the atmosphere) and atmospheric temperature. The CC equation indicates that the saturated water vapor pressure increases by approximately 7% as the temperature increases by 1 K. Considering the findings of Trenberth et al. (2003), we anticipated that rainfall intensity would follow this CC scaling of approximately 6%–7%. In climate change research, numerous studies have compared future changes in extreme precipitation with this CC scaling (Ban et al., 2015; Prein et al., 2017; Nakakita et al., 2020).
In this study, we compared the changing rate of rainfall with the surface temperature change in the atmosphere due to global warming. To explore the period when the precipitation process did not affect temperature, the temperature increase was defined as the change in area-averaged surface temperature at the initial calculation time between the present and PGW experiments. Two indices of rainfall—maximum rainfall intensity and maximum accumulated rainfall—were compared with CC scaling. We selected the following area for analysis:135˚E–136.5˚E longitude and 34.5˚N–35.5˚N latitude. In this area, a line-shaped convective system was evident. We applied the analysis to the 00:00 JST–06:00 JST period. Thus, the index of maximum rainfall intensity was defined as the value of one grid to which the maximum intensity during the period was recorded. Furthermore, the area-averaged accumulated rainfall was defined as the area-averaged 6 h accumulated rainfall. The results are shown in Figure 10, where Figure 10A illustrates the result for maximum rainfall intensity and Figure 10B displays the result for the maximum 6 h accumulated rainfall.
[image: Figure 10]FIGURE 10 | The changing rate of rainfall with the surface temperature change in atmosphere for 2012-Kameoka PGW experiments. (A) Maximum rainfall intensity within the area and duration from 00:00JST to 06:00JST on July 15th and initial area-averaged surface temperature. (B) Maximum 6-h accumulated rainfall from 00:00JST to 06:00JST on July 15th and initial area-averaged surface temperature simulated with CReSS experiments for 2012-Kameoka event. Analyzed area is 135˚E ∼ 136.5˚E longitude and 34.5˚N ∼ 35.5˚N latitude. The dotted lines represent Clausius-Clapeyron scaling (7%) and the dashed lines represent the twice Clausius-Clapeyron scaling (14%). The blue color represents the present climate experiment and the yellow (red) color represents PGW under RCP2.6 (RCP8.5) scenario.
The increasing rate of rainfall due to global warming was substantially higher than the CC scaling for both indices, while the rate of increase was nearly in accordance with the two-fold CC scaling. These results indicate that the Baiu extreme rainfall in PGW yielded more rainfall than theoretically expected from the increase in the water-holding capacity of the atmosphere in the future climate. This effect, namely, the rainfall changes in response to temperature changes exceeding the CC scaling, is referred to as Super Clausius-Clapeyron scaling and has been previously shown in other studies (Lenderink and Meijgaard, 2008; Liu et al., 2009; Singleton and Toumi, 2013; Nakakita et al., 2020). In the next section, we analyze the mechanism of Super Clausius-Clapeyron scaling by elucidating future changes in the dynamical structure of the line-shaped convective system of the Baiu extreme rainfall from the cumulonimbus cloud formation perspective.
4.1.4 Dynamical effect
In this analysis, we focused on the dynamic organizing structure of the Baiu extreme rainfall, reflected by the indices of convergence and updraft in the same way as that shown by Osakada and Nakakita (2020). Figure 1 shows that a new cumulus cloud at the tip of the back-building rain band is formed with an updraft generated by convergence at the lower level. Therefore, convergence and updraft are important dynamic indices for the maintenance of the Baiu extreme rainfall. As this structure was particularly prominent along the major axis direction of the line-shaped rain band, we analyzed the convergence and updraft in the vertical cross-section between AB (Figure 10). Our analysis also included spatial information on the structure of the Baiu extreme rainfall. The relative frequency of convergence was analyzed only for the area at altitudes <1 km to elucidate the convergence between the downdraft and inflow at the lower level. The relative frequency of the updraft was analyzed from the surface to an altitude of approximately 15 km, which represented the top altitude of the simulation. The analysis period for both indices was from 00:00 to 06:00 JST (July 15).
Figures 11A, B shows that the convergence in the lower level and the updraft was gradually enhanced with global warming. This result indicates the future dynamic changes, where the Baiu extreme rainfall structure will intensify as a group of cumulonimbus. Furthermore, strengthening the lower level convergence further exacerbates the new updraft, promoting the formation and development of new cumulus clouds. In addition, Figure 11C shows that the amount of condensation was also gradually increased, indicating that the enhanced updraft may have affected strong water vapor inflow into cumulonimbus, further potentially accelerating raindrop formation. It was assumed that a higher increasing rate of rainfall, compared with the theoretically derived estimate from the CC equation, can be realized by this non-linear effect to localize the water vapor around the surrounding into the cumulonimbus. This effect has been demonstrated by Osakada and Nakakita (2020) following the completion of a PGW experiment only under the RCP8.5 scenario. However, in this study, the addition of the PGW experiment under the RCP2.6 scenario can quantitatively describe the relationship between the strength of the global warming effect and the enhancement of the organized structure of the Baiu extreme rainfall. Furthermore, the PGW method can be used to analyze in detail the mechanism of future changes due to global warming.
[image: Figure 11]FIGURE 11 | Relative frequency distribution of (A) convergence, (B) updraft, and (C) condensation for the PGW experimental results for the 2012-Kameoka event. Analyzed area is between AB cross section shown in Figure 10; analysis period is from 00:00JST to 06:00 JST on July 15th. The relative frequency of convergence was calculated less than 1 km and that of updraft and condensation was calculated less than about 15 km.
4.2 2014-Hiroshima Baiu extreme rainfall event.
4.2.1 Characteristics of the 2014-Hiroshima event
PGW experiments were conducted for the 2014-Hiroshima event, another typical Baiu extreme rainfall event of back-building type (similar to the 2012-Kameoka event). The stationary front remained over the Sea of Japan from August 19 to 20, and a line-shaped convective system started to occur from around 00:00 JST on August 20 in Hiroshima City, far south of the front. This stationary front is called an “Akisame” front in Japanese, which means an autumn front emerging from the end of August. However, as mentioned in Section 2, the Baiu extreme rainfall sometimes occurs in this period and is associated with the “Akisame” stationary front. Therefore, this study refers to it as the Baiu extreme rainfall. This record-breaking event killed more than 70 people through a massive landslide; Figure 2D shows the weather map of JMA at 09:00 JST on August 19, Figure 2B shows the JMA Radar-AMeDAS accumulated 8 h of total rainfall (21:00 JST on August 19–05:00 JST on August 20). The 2014-Hiroshima event was characterized by a southerly wind from the Bungo Channel flowing toward the stationary front in the north, which continuously supplied abundant water vapor to the area where the Baiu extreme rainfall occurred. Moreover, cumulonimbus occurred repeatedly and was structured to form a line-shaped rain band.
4.2.2 Future changes in rainfall
Figure 12 shows the spatial distribution of 8 h accumulated rainfall from 21:00 JST on August 19 to 05:00 JST on August 20 for the present climate experiment, PGW under RCP2.6 and RCP8.5. Intriguingly, as the warming scenario increased, the target line-shaped rain band gradually weakened, while the rainfall around the upstream area, such as south of Hiroshima and Northern Kyusyu Island, significantly increased. It indicated that while there is a clear increase in rainfall over a large area under warming conditions, there can be a decrease in local rainfall associated with individual line-shaped convective systems. This finding contrasts with that of the 2012-Kameoka event. Although a line-shaped convective system was identified in each experiment, it gradually weakened as the degree of warming increased. Accordingly, we suggest that it is not a result of a model calculation- or setting-related errors but rather the effects of global warming on the atmospheric conditions causing this decreasing trend in Baiu extreme rainfall. In addition, the rainfall in the northern Kyushu region appears to be a line-shaped rainfall in terms of accumulated rainfall, however it was not an “isolated line-shaped convective system” such as 2014-Hiroshima event, therefore, we analyzed the mechanism of the rainfall decrease in the Hiroshima area in this paper.
[image: Figure 12]FIGURE 12 | Spatial distribution of 8-h accumulated rainfall simulated with CReSS (Cloud Resolving Storm Simulator) for the 2014-Hiroshima event from 21:00JST on 19th August to 05:00JST on 20th August. (A) Present climate experiment; (B) pseudo global warming experiment under the RCP2.6 scenario, and (C) pseudo global warming experiment under RCP8.5 scenario.
Hibino et al. (2018) also conducted PGW experiments for the 2014-Hiroshima event and showed that future extreme precipitation, such as the 2014-Hiroshima event, is not intensified, which is the same trend as our results, although some experimental settings, such as the simulation model, calculation area, and variables added as warming increments, differed from this study. They discussed the results from the perspective of atmospheric stabilization owing to temperature increases in the future climate. In this study, we expand the calculation area compared with Hibino et al. (2018) to reduce the effect of the calculation boundary and discuss our PGW results from the perspective of water vapor transportation.
4.2.3 Effect of water vapor supply
In this subsection, we calculated CAPE expressed by the following equation:
[image: image]
where T is the temperature of the environment, and T′ is the temperature of an air parcel. LFC (Level of Free Convection) refers to the altitude at which the temperature of the environment matches the temperature of the lifted air parcel adiabatically and above which the air parcel can ascend only by buoyancy (free convection). LNB (Level of Neutral Buoyancy) is the altitude at which the temperature of the environment matches again that of an air parcel lifting in a free convection zone and above which the sink forces act on the air parcel. CAPE is one of the key atmospheric indices for evaluating atmospheric instability and water vapor supply to the Baiu extreme rainfall area. These variables were calculated for the 2014-Hiroshima event experiments to investigate the drivers behind the gradual decrease in the Baiu extreme rainfall under the PGW settings.
Figures 13A, B shows the time series of the spatial distribution of CAPE (shade), surface water vapor flux (arrow), and the rainfall intensity (contour), however, only the figures for the present climate and RCP8.5 scenarios, where the differences were clear, are shown here. As can be seen in Figure 13, it is clearly seen that the line-shaped rain band that started at 21:30 in the present climate experiment persists as an isolated convective system in the abundant supply of CAPE and water vapor. In contrast, in the experiment under the RCP8.5 scenario, although the line-shaped convection system started to develop at 20:00, CAPE was consumed by the rainfall areas located upstream of the system and advected from the northern Kyushu region. Furthermore, the rainfall area advected from the west merged into the line-shaped convection system at around 22:00, and the line-shaped convective system is no longer maintained as a system. In other words, line-shaped convection systems can persist in a stable environmental field without being disturbed by surrounding disturbances. However, in the PGW experiments under RCP8.5, the environmental field were disturbed by the rainfall that developed because of global warming in the upstream area (in the northern Kyushu region and over the Bungo channel) of the line-shaped convection system, and it was found that the heavy rainfall could not be maintained as a line-shaped convection system.
[image: Figure 13]FIGURE 13 | Spatial distribution of Convective Available Potential Energy (CAPE; shade), surface water vapor flux (arrow), and rainfall intensity (contour) simulated in the (A) present experiment, (B) PGW experiments under RCP8.5 for the 2014-Hiroshima event.
Figure 14 shows the changing rate of rainfall with the surface temperature change in atmosphere like the same as Figure 10. Since the amount of CAPE and water vapor inflow will increase in the future climate as shown in Figure 13, the maximum rainfall intensity increased in the RCP8.5 scenario, although it did not increase significantly in the RCP2.6 scenario. However, as mentioned above, the line-shaped convective system could no longer be sustained under the future climate, resulting in a decreasing trend in duration and total rainfall.
[image: Figure 14]FIGURE 14 | The changing rate of rainfall with the surface temperature change in atmosphere for 2014-Hiroshima PGW experiments. (A) Maximum rainfall intensity within the area and duration from 21:00JST on August 19th to 05:00JST on August 20th and initial area-averaged surface temperature. (B) Maximum 8-h accumulated rainfall from 21:00JST on August 19th to 05:00JST on August 20th and initial area-averaged surface temperature simulated with CReSS experiments for 2014-Hiroshima event. Analyzed area is 132.0˚E ∼ 133.5˚E longitude and 34.0˚N ∼ 35.25˚N latitude. The dotted lines represent Clausius-Clapeyron scaling (7%) and the dashed lines represent the twice Clausius-Clapeyron scaling (14%). The blue color represents the present climate experiment and the yellow (red) color represents PGW under RCP2.6 (RCP8.5) scenario.
4.2.4 Discussion of PGW analysis—comparison between NHRCM05 and PGW
The NHRCM05 and 2012-Kameoka PGW analyses revealed that the accumulated amount of extreme Baiu rainfall during an intense rainfall duration gradually increased with the progression of global warming. This increase in rainfall amount is a prominent future trend, as all ensemble members of NHRCM05 showed the same trend. Meanwhile, the 2014-Hiroshima PGW experiments revealed that the rainfall amount did not necessarily increase, thus raising the following question: “Does the Baiu extreme rainfall in the Hiroshima area really exhibit the inherent characteristics of future changes in rainfall and indicate that a significant increase will not occur under future climate owing to more rainfall upstream area?” Alternatively, “Does this PGW experiment only result in future climate conditions in which rainfall does not substantially increase in the Hiroshima area?” We argue that such questions are essential for future change prediction research, as climate model analysis and PGW are the most frequently used methods for estimating future changes in extreme weather events.
We further explored and discussed the Baiu extreme rainfall that occurred in NHRCM05, such as the 2014-Hiroshima event, and compared them with the PGW results to examine the characteristics of future changes. Therefore, we selected the Baiu extreme rainfall events that occurred in the Hiroshima area in NHRCM05. We referred to two qualitative criteria that represent the important characteristics of the 2014-Hiroshima event:1) water vapor is supplied from the Bungo Channel to the Hiroshima area, and 2) convergence of the Baiu front is located north of Hiroshima, and the line-shaped rain band is not forced by large-scale convergence. The number of future Baiu extreme rainfall events, with similar characteristics to the 2014-Hiroshima event in the NHRCM05 20-year period, was two for p1, six for p2, one for rcp26_c0, two for rcp85_c0, four for rcp85_c1 and rcp85_c2, and six for rcp85_c3. In particular, we compared the events that occurred only in the present climate experiments (p1 and p2) and RCP8.5 experiments (rcp85_c0–c3), which had multiple samples similar to the 2014-Hiroshima event.
Figure 15 shows the composite of accumulated rainfall for the Baiu extreme rainfall events, similar to 2014-Hiroshima that occurred in NHRCM05. In this subsection, the accumulated rainfall is the same as that defined in Figure 6A. Figure 15 shows not only the increase in rainfall in the northern Kyushu area, but also the increase in rainfall for the target rainfall in Hiroshima, indicating that these NHRCM05 analysis do not fully agree with those of the PGW results regarding the Baiu extreme rainfall in the Hiroshima area. Hence, our PGW calculation may have shown one of decreasing scenarios for the Baiu extreme rainfall in the Hiroshima area, although rainfall over a large area was increased, since only one simulation was performed in this PGW. However, the large sample obtained from NHRCM05 shows an increase in heavy rainfall in the Hiroshima area too, which does not necessarily mean that the rainfall area will move from Hiroshima to the Kyushu region or that the heavy rainfall in Hiroshima will weakened in the future climate, as was the case in the PGW results.
[image: Figure 15]FIGURE 15 | Composited accumulated rainfall distribution that occurred around Hiroshima area in NHRCM05 for (A) present climate (p1 and p2) and (B) future climate under the RCP8.5 scenario (rcp85_c0 ∼ c3).
5 DISCUSSION
As observed above, the frequency of the Baiu extreme rainfall increased in NHRCM05 and extreme rainfall became stronger with warming in NHRCM05 and the PGW of the 2012-Kameoka event. However, the PGW of the 2014-Hiroshima event, the same back-building rainstorm as the 2012-Kameoka event, showed that the Baiu extreme rainfall gradually weakened with warming. There were cases where NHRCM05 and PGW showed common and different future changes.
Considering the difference between the analysis of the climate model and PGW experiments. From the analysis of climate model simulations, we can obtain ensemble climate predictions (Figure 15 represents the ensemble mean spatial distribution of Baiu extreme rainfall events similar to 2014-Hiroshima), while PGW represents future changes for only one event. Moreover, we primarily analyzed future nationwide trends in Japan using the NHRCM05 simulation, whereas PGW typically focuses on a specific event, although this is a similar difference from the ensemble concept. Therefore, in terms of ensemble members and the number of samples, there is a possibility that the Baiu extreme rainfall just happened to show a decreasing trend in the Hiroshima area in our PGW calculation. However, PGW is an important and necessary tool for the analysis of detailed localized weather event mechanisms; thus, it should be used with a comprehensive understanding of the meaning and features of the PGW results. In addition, we believe it is important to conduct PGW ensemble experiments (not by creating an ensemble by applying small perturbations to the same event but by conducting experiments on multiple similar events) to estimate future changes more reliably.
This study elucidated an insightful future change trend by comparing the results of NHRCM05 and PGW experiments. However, we indicated that exploring the mechanism of the Baiu extreme rainfall is necessary, including the conditions under which it occurs, persists, and causes large amounts of rainfall. Finally, it is important to understand whether the differences in future changes, such as those observed in the 2012-Kameoka and 2014-Hiroshima events, are universal.
6 SUMMARY AND CONCLUSION
This study analyzed regional climate model simulations and PGW experiments under scenarios RCP8.5 and RCP2.6 to estimate the future gradual changes in the Baiu extreme rainfall. A comprehensive analysis by climate model- and PGW-based methods allowed us to compensate for the shortcomings of each result and interpret deeper the meaning of the results. Moreover, the addition of RCP2.6 scenario analysis to previous studies (Osakada and Nakakita, 2018a; Osakada and Nakakita 2018b; Osakada and Nakakita2020; Nakakita and Osakada, 2018) helped to elucidate the relationship between the degree of global warming and future changes in the Baiu extreme rainfall.
According to the NHRCM05 simulation analysis, the frequency of the Baiu extreme rainfall tends to gradually increase with global warming, increasing by 1.2 times under the RCP2.6 scenario and ≥1.5 times under the RCP8.5, compared with the present climate. The rainfall amount of the Baiu extreme rainfall will also gradually increase as well as the frequency, while the recent observational extreme events may have already been affected by global warming. These results offer reliable future trends since they are consistent across all the NHRCM05 ensemble members. According to the PGW analysis, analysis of the 2012-Kameoka event revealed that the rate at which rainfall will increase is nearly twofold the theoretical Clausius-Clapeyron scaling, which can be attributed to the intensification of the back-building dynamical structure to localize water vapor into the cumulonimbus. Alternatively, the PGW of the 2014-Hiroshima event showed no significant increase in the Baiu extreme rainfall as the water vapor was consumed in the upstream area. However, these results may have only shown a decreasing trend, as events similar to the 2014-Hiroshima event obtained from the NHRCM05 simulation showed an increasing trend in rainfall abundance.
Collectively, the findings of this study indicate that, as global warming gradually progresses, the frequency of extreme rainfall and related disasters will gradually increase in Japan, including the damage caused by these disasters. Furthermore, this study indicates that disaster prevention and adaptation measures are urgently needed, as disasters will occur even in areas such as northern Japan that have rarely experienced such extreme rainfall disasters. Meanwhile, it is necessary to increase the reliability of these predictions by increasing the number of NHRCM05 ensemble climate model analyses under many warming scenarios. Simultaneously, it is important to conduct ensemble experiments on many PGW cases to correctly interpret the results. In future studies, the challenge is to identify the necessary and sufficient conditions for the occurrence and maintenance of the Baiu extreme rainfall. In addition, it is essential to investigate whether the future changes we obtained are coincident or inevitable from the viewpoint of phenomenal mechanisms while also clarifying what result is universal and which can be altered by global warming as a phenomenal mechanism.
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