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Abstract

:

This study analyzes the changes in rainfall intensities across Taiwan using the k-Nearest Neighbor method. Biases are corrected according to the identified discrepancy between the probability distribution of the model run and that of the observed data in the historical period. The projections of 21 weather stations in Taiwan under 10 (2RCP  ×  5GCM) scenarios for the near-(2021–2040) and far-future (2081–2100) are derived. The frequently occurred short-duration storm events in some regions decrease, but they are still vulnerable to flood considering the existing drainage capacities. More specifically, the land-subsidence region in the central, the landslide-sensitive mountainous region in the north and central, the pluvial- and fluvial-flood prone region in the north, and the eastern regions with vulnerable infrastructures should be especially aware of long-duration extreme events. Associations of the rainfall intensity with the different return period as well as the duration are further analyzed. The short-duration extreme events will become stronger, especially for 1-h events in the northern region and 1 or 2-h events in both the southern and eastern regions. In addition, places without experiences of long-lasting events may experience rainfall amounts exceeding 500 mm should be alert. Adaptation measures such as establishing distributed drainage system or renewing hydrological infrastructures in the eastern region are suggested considering the near future projection, and in the central and the southern regions for far future as well. Our findings can assist adaptation-related decision-making for more detailed stormwater/water resource management.
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1. Introduction


Pluvial floods may occur more frequently over many regions in the future, causing loss of life and properties if existing drainage capacities are no longer sufficient [1,2,3]. The existing standard can be underestimated by up to 60% under climate change scenarios, according to Cheng and AghaKouchak [4]. To plan adaptation strategies for storm water/water resource management in advance, studies on future extreme rainfall events based on the assumption of climate non-stationarity are necessary [4,5,6]. Analyzing future hourly rainfall can help estimate the changes of rainfall intensities, and then facilitate the design of hydrological-related engineering measures.



Methods have been developed to analyze the changes of annual, monthly, or daily rainfall under future scenarios [7,8], and studies of future rainfall changes in Taiwan were conducted. Li et al. [9] found that rainfall increase in winter and decrease in summer at Taichung and Hualien based on a bootstrapped neural network-based downscaling model, but little change in the average rainfall. The dynamical downscaling, on the other hand, shows that heavy rainfall events in summer will become fewer but more intense under Representative Concentration Pathways (RCPs) 8.5 in the end of the 21st century [10]. Using stochastic simulation, Wei et al. [11] also found that the mean and variance of design storms at National Taiwan University Experimental Forest will increase along with the increases in the return periods and durations. Changes in typhoon rains were also analyzed for the assessment of future landslides [12,13]; peak rainfall intensities were found to increase for Shihmen Reservoir catchment in Northern Taiwan.



Future daily rainfall was often produced by stochastic weather generators [14,15] based on climate scenarios derived from the projections of the general circulation models (GCMs), in various future periods under high- and low-end climate change according to the RCPs. Another means to estimate the future changes of rainfall intensities is through the use of regional climate models (RCMs). For instance, the Canadian Regional Climate Model (CRCM) was used to assess future storm events in the southern Quebec region [16]. The simulations of the Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC) were applied for the rainfall analysis of African cities [6]. Half of the 2- and 6-h events and one third of the 12- and 24-h events are found to decrease in the future compared to the baseline, and the uncertainties increase along with the durations and the return periods. If the projections of RCMs deviate from observations due to spatial resolution, adjustment or downscaling is required. Methods of spatial adjustments include dynamic downscaling, parametric or nonparametric quantile mapping, and analog method [17,18]. For some RCMs without future hourly weather information, regression-based methods or Bayesian copula model were used to estimate hourly rainfall characteristics from the daily projections [19,20]. There were some other studies direct mapping daily data to hourly using heuristic algorithms, such as genetic programming [21] and Artificial Neural Network [22], or assuming projected changes in sub-daily precipitation is the same as in daily precipitation [17].



Weather/precipitation generators (e.g., Advanced WEather GENerator (AWE-GEN) [23,24] and multiplicative random cascade (MRC) [25]) are other techniques that can be used for stochastic generation of hourly rainfall in the future. MRC is found to have promising performance in reproducing the statistical properties and spatial coherence of hourly rainfall because of the scale-invariant property of rainfall [26,27,28]. Simple scaling methods were also used in more recent studies [29,30]. AWE-GEN, a Neyman-Scott Rectangular Pulse (NSRP) model, aims to preserve various rainfall statistics (e.g., coefficient variation, autocorrelation, skewness, and probability of dry periods) derived from historical/projected rainfall data. AWE-GEN was validated using data of Ru River Basin, China in 1970–1999 by Yang et al. [31], and the results show that the 10 to 90 percentile of the simulation captures mostly the historical mean values from June to September. Recently, the two-dimension version of AWE-GEN was proposed by Peleg et al. [32] and referred to as AWE-GEN-2d. Combining with the estimation of the transient parameters like change factors based on the projections of RCMs, NSRP has also been applied to several studies discussing the transient stochastic rainfall generators [33,34,35].



In addition, non-parametric methods for temporal downscaling of rainfall from daily to hourly or even sub-hourly are proposed. For instance, the k-Nearest Neighbors (k-NN) method is applied in many studies. Future hourly rainfall is generated based on the pattern of the most alike historical event [5,36,37,38,39]. With the hourly rainfall, a statistical distribution can be used to fit the partial duration series based on the projected hourly precipitation for estimating future IDF curves. The parameters are then estimated by statistical approaches such as a Bayesian inference-based Differential Evolution Markov Chain (DE-MC) and maximum likelihood [40]. Sometimes time-varying parameters are incorporated to represent the non-stationary of precipitation [41]. Statistical distributions that are commonly used to estimate future storms include the Gumbel distribution or Generalized Extreme Value distribution (GEV) [4,38,42]. The result of the city of London (Ontario, Canada) shows that the rainfall intensities increase by 21% [5], and that of Oman demonstrates intensified rainfall regime especially for large return period and for the far future [38]. Simulated IDF curves of historical periods are often bias corrected to derive future IDF curves [43,44], which is also helpful in temporal disaggregation for simulations with courser temporal resolution than required [40]. In recent studies, equidistant quantile mapping considering different shapes of cumulated distribution functions (CDFs) of historical and future rainfall is used, to address the weakness of quantile mapping method assuming unchanged shape of CDFs [41,45].



To assess if there is steepening of future IDF curves, the Bayesian false discovery rate (FDR) approach can be used from a probabilistic perspective based on the parameter of the hourly-rainfall distributions at each grid point [30]. If regional estimates are more meaningful than grid-box estimates, homogeneity test followed by regional frequency analysis are suggested [16]. Based on the study of Alam and Elshorbagy [37], the largest contribution to the uncertainty in the sign and magnitude of the projections is GCM, followed by RCP and downscaling methods of k-NN and Genetic Programming for the studied area, namely Saskatoon (Canada). Accounting for uncertainty that springs from different climate change scenarios is important in analyzing the changes of design storms [43,46]; therefore, multi-model assessments were often adopted in many studies especially when using statistical downscaling methods [16]. Probability-based rainfall Intensity–Duration–Frequency (IDF) curves are also developed to address the uncertainties of the projections using non-parametric approach, such as kernel density estimator [47]. Moreover, the results from different RCP scenarios could vary even for the same region; therefore, it is recommended to consider more scenarios [48].



Many places in Taiwan are flood-prone because of the frequent occurrence of torrential rainfall events as well as the fast and slow drainage characteristics in the mountainous and the urban areas, respectively. Rainfall is estimated to be more extreme in the future according to the scientific report of Climate Change in Taiwan [49]. However, studies usually focus on the analysis of future monthly/daily rainfall or typhoon events, rather than the annual maximum rainfall for different durations [9,10,12,13,49]. Stochastic simulation for design storm has been analyzed for forest area for historical period but not future scenarios [11]. Therefore, projected rainfall intensities are needed to analyze hazard of flooding concerning current levels of flood protection, to planning for adaptation to the risk of life, properties, environment exposed to the hazard [50].



This study aims to analyze the changes in rainfall intensities for different return periods and durations across Taiwan under climate change scenarios using the k-NN methods. The spatial (weather stations) and temporal (in 20-year time slice) variations of rainfall intensities under different scenarios reveal information for future studies analyzing hazard and risk of flood, which is the main contribution of the study. The content is organized in four sections. The framework of projecting hourly rainfall, the details of the study cases, and the parameters used in k-NN method are depicted in Section 2. Then, results are shown and discussed in Section 3, about the rainfall variation among locations and scenarios in one aspect and the association between return periods/durations and rainfall intensities in another aspect, followed by conclusions in Section 4.




2. Materials and Methods


2.1. Description of the Study Cases


The rainfall projection framework is applied to 21 stations across Taiwan, as shown in Figure 1. The weather stations belong to Taiwan’s Central Weather Bureau. To analyze regional rainfall variations, the stations are categorized into four regions (Figure 1): There are six stations in the northern (Keelung, Zhuzihu, Anbu, Danshui, Taipei and Hsinchu), central (Wuqi, Taichung, Sun Moon Lake, Alishan, Yushan and Chiayi), and eastern regions (Dawu, Taitung, Chengkong, Hualien, Suao and Yilan), and three stations in the southern region (Tainan, Kaohsiung and Hengchun). According to the Fifth Assessment Report (AR5) of The Intergovernmental Panel on Climate Change (IPCC) [48], the historical period is set as 1986–2005. Projections of rainfall are conducted for the near-(2021–2040) and far-future (2081–2100) under the low-end (RCP 2.6) and high-end (RCP 8.5) scenarios. Five representative GCMs as suggested by a previous study are chosen, namely CCSM4, CESM1-CAM5, GISS-E2-R, HadGEM2-AO, MIROC5 [51]. The bias-corrected and spatial disaggregated (BCSD) ratios of changes for all scenarios are obtained from the National Science and Technology Center for Disaster Reduction [52]. The ratios of changes are often adopted to represent the difference between the historical period and climate change scenarios [53]. In this study, the durations simulated are 1, 2, 6, 12, 24 h (denoted as h afterwards) and the return periods simulated are 2, 5, 10, 25, 50, 100 years (denoted as year afterwards). The analysis in this study focuses on six types of events, namely 1-h and 2-year events (eventshort), 24-h and 25-year events (eventlong), 1-h events (D1), 24-h events (D24), 2-year events (T2), and 25-year events (T25), as shown in the contingency table (Table 1). It should be noted that because the observed data has the periods of record of 20 years, only events with the 25-year return period and associated results are assessed in this study.




2.2. Framework of Rainfall Projection


This study applies a Richardson-type weather generator [14] to generate daily rainfall, and then uses the k-NN method as a temporal downscaling method [36] for disaggregating the generated daily rainfall into hourly rainfall for selected stations across Taiwan. The occurrence of daily rainfall is generated by the weather generation model by assuming unchanged monthly characteristics, namely the probability of wet days (P(W)) for the first day of each month, and probabilities of wet days conditional on the previous wet (P(W|W)) or dry (P(W|D)) day for the rest of the month. If a uniform random number is smaller than these probabilities, a wet day is generated. The amounts of daily rainfall are generated randomly from the statistical distribution to which the historical daily rainfall data fits. For future projections, the original parameters of the statistical distribution are multiplied by the BCSD ratios of changes in precipitation for each scenario. Based on the assumption of the k-NN method, the hourly ratios of the most alike observed rainfall event concerning the daily rainfall amounts is extracted. When consecutive rainfall events were not found historically, remedy is provided in this study by combining historical events with different length in the same month as references (referring to Section 2.3). The hourly rainfall is used to derive the annual maximum series (AMS) and rainfall intensities for different return periods and durations based on the empirical Weibull method [54]. By Weibull’s formula, the corresponding return periods can be estimated using n (the total number of years in AMS) +1 dividing by m (rank = 1 represents the largest rainfall amounts in AMS). Since the relationship between the GCM simulation and observation is usually biased, the analysis results should undergo a bias correction step [53]. In case significant deviations occurs due to the limitation of the k-NN method in reproducing the randomness of hourly rainfall, this study employs a quantile mapping method [46] that corrects values of the annual maximum series according to the identified discrepancy between the empirical cumulative distribution function (ECDF) of the historical model run and that of the observed data (Figure 2). The procedure for rainfall projection is shown in Table 2. Details of the parameters used are introduced in Section 2.3.




2.3. Algorithm of the k-NN Method Used in the Study


The k-NN method is used to downscale the daily rainfall series to hourly in this study. The calculation of the k-NN method starts from the day when the rainfall amount of that day is greater than zero. By recording the consecutive rainy days (counting as n), the n-day rainfall events are recognized and compared with the rainfall events with the same length (n-day) in the pool of the historical events. Because there is limited information regarding the hourly ratios of rainfall in future scenarios, the stationary assumption is applied. That is, the hourly rainfall distribution ratio of a future rainfall event is assumed to be that of a historical event showing the daily rainfall amount closest to the generated event [36].



In the k-NN method, the distance dp between the observed and the generated consecutive n-day rainfall event is estimated using Equation (1). To determine the weights wt in Equation (1), while optimization methods can be used, this study adopts the reciprocal of the variance as the weights to estimate the distance with neighbors, as shown in Equation (2) [36]. The reciprocals of the variances are used as weights to allow more flexibility in selecting the most-alike historical events for the originally existed large variation of the nth day rainfall amount:


   d p  =     ∑   t = 1  n   ω t       g t  −  o  t , p      2      ∀ p = 1 , … , f  



(1)






   ω t  =  1  V a r    o  t , 1   , … ,  o  t , f         ∀ t = 1 , … , n  



(2)




where gt is the generated daily rainfall on the tth day of the consecutive n-day event; ot,p is the observed daily rainfall on the tth day of the pth historical event in the pool with a total of f events; wt are the weights. Notice that the events in the pool are extracted from the defined window period. In this study, the month of the generated daily rainfall is chosen as the window period.



The window indicates a temporal period from which the observed n-day rainy events used to compare with the generated n-day rainy events are identified. In some studies, the window is set to be two weeks [5,36], while others investigate the optimal window size based on the observation [37,38]. In the study of Gunawardhana et al. [38], the performance is the best when the window size is between 28 and 40 days. Following the latter approach, the window of this study is set as one month.



The square root of the number of the potential neighbors is usually used for selecting k nearest neighbors [36], yet some studies suggested k smaller than 20 [55]. Similar to other studies that select one of the neighbors [5], the nearest neighbor is used to distribute hourly rainfall in this study to avoid smoothing the extremes caused by combining several historical rainfall events. The event with the smallest value of dp with rank one (r = 1), is selected. The hourly rainfall hq,t′ is determined by Equation (3), and the ratio of rainfall amount for each hour (     h  q , t      o  t , r = 1      ) is derived from the selected observed event:


   h  q , t     ′  =    h  q , t      o  t , r = 1     ×  g t   



(3)




where hq,t’ represents hourly rainfall simulated for the qth hour on the tth day; ot,r = 1 is the total rainfall amount of the tth day of the observations; and hq,t is the hourly rainfall for the qth hour on the tth day from the observations. Here the observations refer to the nearest observed neighboring n-day rainfall event.



Several realizations of the generated rainfall intensities, at least three times of the periods of record, are necessary to account for the uncertainty for future rainfall projections [36]. The study generates ten times (200 years) hourly rainfall of for each scenario. The configuration of the k-NN parameters used in this study is summarized in Table 3.



Randomness exists in the k-NN method because there may be many or no observed rainfall events which are like the generated event for downscaling. However, randomness increases for consecutive rainfall events that were not found historically, which is the limitation of k-NN method in considering the rainfall characteristics in the past. In this case, this study combines historical events with different length in the same month as references. For instance, if there are seven-day and nine-day events in May historically but no eight-day events we set m = 8. Previous studies that applied the k-NN method to hourly rainfall generation showed no explicit resolution of this issue [5,36,37,38,39], when no consecutive n-day rainfall events on record is generated through the use of the weather generator. Remedy is therefore provided in this study to generate hourly rainfall, by combining the historical events with the other rainfall events on record. The other historical rainfall events are determined based on the maximal length of consecutive rainy-day events Dmax in the same month. Afterwards, either one of the following two possible conditions is determined for the generation of future hourly rainfall, as shown in Equations (4) and (5):




	(1)

	
If Dmax is larger than half of m, then the m-day is divided into two sets, namely a and b days (  m = a + b  ). All possible combinations of a and b are tried. After the m-day event is divided into new combinations, the distance dp (Equation (1)) of historical and simulated a- and b-day events are summed up as Equation (4). The optimal a and b are determined when the minimal distance is obtained:


    d p    ′  =  d  p , a   +  d  p , b   , ∀   a , b       if    D  m a x   ≥  m 2    



(4)








	(2)

	
If Dmax is smaller than half of m, Dmax is used to divide the m days as many times as possible. The m-day event becomes Dmax + … + Dmax + c, where c equals to m minus a multiple of Dmax. With the new combination, the distance dp (Equation (1)) of historical and simulated Dmax-day events are calculated as well as c-day events (m =    D  m a x   + … +  D  m a x   + c  ). When the minimal dp is obtained using Equation (5), the most alike multiple Dmax-day and c-day events are determined and used as references to generate future hourly rainfall for the m-day event:


    d p    ″  =  d  p ,  D  m a x     + ⋯ +  d  p ,  D  m a x     +  d  p , c   ,     if    D  m a x   <  m 2    



(5)















3. Results and Discussion


The rainfall intensities of events with various duration and return periods are projected based on the generated hourly rainfall at the 21 weather stations in Taiwan under 10 (2RCP  ×  5GCM) scenarios for the near-(2021–2040) and far-future (2081–2100). The short-duration and long-lasting extreme events are often of major concern in Taiwan as indicated in a previous study [12]. In this section, two types of events are focused on first, namely 1-h rainfall events in the 2-yr return period (eventsshort) and 24-h events in the 25-yr return period (eventslong), to examine the variation among locations and scenarios. Next, the influences of return periods and durations on rainfall intensities are analyzed.



Before further analysis, the verification of the k-NN method is addressed. By applying the proposed method to: (i) historically observed daily rainfall data, the IDF curves derived by the downscaled hourly rainfall data are the same as that by (iii) the observed hourly rainfall data. It shows the capability of the k-NN method to extract the hourly ratios of the most alike observed rainfall event and the thus verifies the reliability of the method, referring the relation between (i), (ii) and (iii) to Figure 2.



Considering there is noway to observe the daily rainfall in the future, it is projected. To further validate the applicability of the downscaling method for projected rainfall, the IDF curves derived from the k-NN method using both: (i) the simulated and (ii) the observed daily precipitation (denoted as ‘sim. daily P’ and ‘obs. daily P’) in the historical period (1986–2005) are compared. In fact, the k-NN method can capture the rainfall characteristics in some cases even before bias correction, e.g., Tainan case shown in Figure 3. The study generates ten times (200 years) daily rainfall based on Richardson-type weather generator, so there are ten realization of IDF values as shown in black dots (using (ii) sim. Daily P).



Deviations are found for some weather stations due to the limitation of the k-NN method; therefore, the study applies quantile-mapping-based bias correction to clearly present the values and changes of IDF curves. For certain duration, IDF from the 200-year data in total considering the ten black dots (using sim. Daily P) for the six return periods in Figure 3 comprise of the empirical cumulative distribution function (ECDF) of the historical annual maximum series and the values are corrected to (iii) the red diamonds (IDF using obs. Daily P) using the change factors. The same change factors are applied to the projected IDF values for the future periods.



3.1. Rainfall Variation among Locations and Scenarios


The rainfall intensities for eventsshort for the near- and far-future are depicted in Figure 4 and Figure 5, respectively. Both the rainfall intensities and the percentage changes compared to the observation in 1986–2005 are illustrated. The projected rainfall intensity of eventsshort is about 30–65 mm/h in the near future (Figure 4), while a slight increase is found for the far future (Figure 5). It is found that the variation of rainfall intensities among the locations is larger than that among the scenarios. After converting to change percentages, the variations among the scenarios become equally prominent, indicating deviation of the future rainfall intensities from the past. The projected rainfall-intensity changes of −10~20% were found in the near and far future. Comparing the results of RCP 2.6 and 8.5, opposite signs which show obvious difference between the two scenarios are found at Kaohsiung (− to +), Hengchun (− to +), and Chenggong (+ to −). Changes are intensified under RCP 8.5 for most other stations, except for Zhuzihu, Taipei, Hsinchu and Alishan, although no obvious difference are found for the two scenarios.



The variation of the rainfall intensities among the locations in northern and central Taiwan are larger than that in southern and eastern Taiwan. The reason is that in northern Taiwan, the Taoyuan Tableland lies in middle and in central Taiwan the altitude of the stations from mountain to coast results in different precipitation amounts. Notice that Yushan station in central Taiwan with altitude about 4000 m has less precipitation than Sun Moon Lake and Alishan, which is also observed in historical rainfall intensity of eventsshort. It is because the ventilation is good, and the height exceeds the zone where moisture is condensed. On the other hand, the altitudes and weather conditions of the stations are more even in southern and eastern Taiwan.



For most locations, there are both positive and negative changes projected in the near future, which is often occurred when using multiple models [37,46,55]. The exception are those locations that are always have plenty precipitation, including Keelung and Yilan in the northeastern part of Taiwan and Sun Moon Lake, Alishan, and Yushan in the mountainous area. The projected changes of these locations are mostly positive. The positive percentages of changes in Taitung are obvious compared to other stations, which is attributed to small values of observation. The precipitation of Taitung mainly comes from typhoon rain, but often the influence of typhoon on Taitung is not strong because the Central Mountains Range lies upwind of Taitung.



Figure 6 shows the difference between the near-(Figure 4) and far-future (Figure 5). It is found that the changes of the projected rainfall intensities between the two periods vary with the scenarios. The uncertainty exists, which influences the robustness of the decision related to pluvial flooding as suggested by the result. Previous studies also showed larger differences between GCMs for the far-future projections compared to the near-future especially for short-duration or large-return-period events [37,38]. For certain stations at least 80% of the scenarios agree on the decrease in the rainfall intensities in the far future compared to the near future, including Keelung, Kaohsiung, and Suao. Although only 60% of the scenarios agree on the decrease, Danshui also shows a decreasing trend considering the projected rainfall intensities. The existing drainage capacities for cities in Taiwan are based on different protecting levels. For instance, the hourly rainfall intensity thresholds for flood warning at Keelung, Danshui, Kaohsiung, and Suao are 50, 60, 70 and 70 mm, while the historical extreme rainfall intensities per hour after 1986 are 95 mm (31 August 2013), 107.5 mm (2 June 2017), 119.5 mm (11 July 2001) and 181.5 mm (21 October 2010), respectively. The extreme events may be caused by the plum rains, southwesterly flows, or typhoons. Considering that these places may be vulnerable to flooding, precautions should still be taken for the frequently occurred short-duration storm events despite of decreasing in projection for the two periods.



Likewise, the rainfall intensities of eventslong for the near and far-future are depicted in Figure 7 and Figure 8, respectively.



For a longer duration and a larger return period, both the variations among the scenarios and among the stations increase. In the near future, the rainfall intensities are between 12 and 45 mm per hour, which equals to 288–1080 mm per day.



Compared to the historical period, Zhuzihu, Wuqi, Alishan, Yushan, Kaohsiung and Taitung show decreasing intensities, while Keelung, Anbu, Hsinchu, Chiayi, Tainan, and Hualien show increasing intensities. The remaining stations show less obvious changes. The 24-h/daily rainfall intensity thresholds for flood warning at Zhuzihu, Wuqi, Alishan, Yushan, Kaohsiung, and Taitung are 350, 350, 450, 400, 350 and 400 mm, while at Keelung, Anbu, Hsinchu, Chiayi, Tainan and Hualien are 300, 350, 300, 300, 300, 300 mm, respectively. Our projection results show that only Wuqi, Hsinchu, and Kaohsiung are found equal to or smaller than the flood warning thresholds.



The changes in the projected long-duration rainfall intensities from the near- to far-future show large uncertainty among the scenarios (Figure 9). For Danshui, Tainan, and Taitung stations showing more prominent changes, we can find that at least 80% of the scenarios agree on the direction of changes. If near no-change scenarios are excluded, the decreasing intensities are found for Danshui, Taipei, Taichung, Tainan and Taitung, while the increasing intensities are found for Yilan. It seems that the rainfall intensities decrease mostly from the near- to far-future, which is more obvious for eventslong compared to eventsshort. For future studies, events with longer return periods than 25-yr return periods should better be analyzed using record of the observed data longer than 20 years to disclose more information.



The current engineering design of drainage systems in Taiwan exhibits the capacity to drain extreme stormwater to a certain extent; however, the extreme events have become more frequently and stronger since the 1980s. The rainfall amounts of the top five historical events in Taiwan were 1748.5 mm/day at Alishan (1996), 1151.9 at Zhuzihu (1987), 1018.5 at Suao (2010), 879.3 at Yushan (2009), and 871 at Chiayi (2001). These extreme events with a long duration induced severe compound disasters including landslides and mudflows. Moreover, the local projection could considerably exceed the GCM projection, based on another dynamical downscaling study [56]. Since the projected rainfall is greater than the flood-warning threshold, the risk of pluvial flooding is still substantial under climate change scenarios. Among all stations, the land-subsidence region such as Chiayi (in central) and potentially Tainan (in south), the landslide-sensitive region such as Zhuzihu and Anbu in the north and Alishan and Yushan in the central, the pluvial- and fluvial-flood prone region such as Keelung (in north), and the regions with vulnerable infrastructures such as Hualien and Taitung (in east) should be especially aware of long-duration extreme events.




3.2. Association between Return Periods/Durations and Rainfall Intensities


Apart from events with given durations and return periods, the association of these two parameters with rainfall intensities is further investigated. Firstly, the duration is fixed, and then rainfall intensities are plotted against different return periods (Figure 10 and Figure 11); similarly, results by fixing the return period are also derived (Figure 12 and Figure 13). To reduce the complexity of the figures, regional results are derived from averaging station data in the four major regions, and the scenarios are categorized into near_26, near_85, far_26, and far_85, representing the near/far-future under RCP 2.6/8.5.



Figure 10 shows the intensity-frequency curves (i.e., intensities vs. return periods) for the four regions and four scenarios. The duration is fixed at one hour, so associated events are hereafter denoted as D1 events. Rainfall intensities increase as frequencies decrease. However, for some frequencies it is found that the changes of the four scenarios from observation are similar. These frequencies include the return periods shorter than 25 years for the northern region, that shorter than two years in southern region, and that shorter than ten years in eastern region. For smaller frequencies (larger return periods) than these frequencies, the uncertainty brought by the scenarios shows the interval about 5 mm/h in the northern, southern, and eastern regions, while the interval in the central region is about three times larger. Alishan and Chiayi stations in the central region are the main reason of the variation among the scenarios. More hourly precipitation records larger than 110 mm are found in the two stations compared to the other stations, which increase the probability of larger hourly rainfall being selected from the historical events during the k-NN temporal downscaling process.



Figure 10 also indicates that the central region has decreased extreme rainfall intensities from the observation in the future, which is opposite from the other regions. More specifically, the intensities of the 2-yr return period in all the regions barely show differences, while that of the 100-yr return period are about 110, 90, 150, 120 mm/h in the northern, central, southern, and eastern regions. These results are influenced by the ratios based on BCSD data of the GCMs projection under different scenarios, which are about 0–10%, –10–0%, 0–30% and 0–30%, respectively, in the northern, central, southern, and eastern regions from the 2-yr to 100-yr return periods. For the 50 and 100-yr return periods, the projections of the southern region are the largest among the regions, while that in the eastern region are more prominent than the other regions for the return periods of 25 years. According to the above results, events with the return periods of 10 and 25 years in the eastern region and that of 50 and 100 years in the southern region that differ a lot from the past experiences should be of concern, and adaptation measures such as establishing distributed drainage system or renewing hydrological infrastructures to ensure the resilience to extreme events are suggested.



Figure 11 shows the intensity-frequency curves for the 24-h (D24) events. The uncertainty brought by the scenarios shows the largest interval in the central region, followed by the northern, southern, and eastern regions. Large uncertainty in the central region can be found especially for the high return periods (50 and 100 years). For the return periods larger than 10 years, the results show much smaller intensities projected for the northern region than observation, a bit larger for the eastern region, and relatively ambiguous direction of changes for far future for central and southern regions where one of the scenarios deviated from the others. Considering the uncertainty caused by time, the projections of near future should take precedence over the far-future scenarios and adaptation addressing the increasing intensities in the eastern region is recommended. For far future, adaptations are also suggested in the central and southern regions against the increasing rainfall intensities.



The main cause of short-duration storm events (D1) are plum rains, southwesterly flows, and convective rain, while that of long-duration events (D24) are typhoon rains and northeasterly monsoon. It explains the projected results of D1 and D24 in Figure 10 and Figure 11. The extreme D1 and D24 events with large return periods are mainly from southwesterly flows and typhoon rains, so southern and eastern region (especially Taitung in the south east) show more prominent increase in intensities. The results are consistent to the projections in the scientific report of Taiwan that precipitation in summer increases in the future [49]. Also, a decrease of precipitation from the northeasterly monsoon was found in the report [49].



This is probably the reason that decreased rainfall intensities are projected in the northern region, where the precipitation relies heavily on the northeasterly monsoon. On the other hand, the projected changes are substantial for the eastern region for the D1 events, but quite minute for the D24. Because the precipitation from the northeasterly monsoon decreases, the increases of rainfall intensities of the long-duration events that influence the eastern region are minute. In addition, although the peak rainfall intensities of typhoons may increase, the average rainfall intensities of 24-h is not prominent.



To examine the association between the rainfall intensity and duration, the intensity-duration curves derived from setting the return periods of the events as 2 (T2) and 25 years (T25) are shown in Figure 12 and Figure 13, respectively. Note that for T2, the probability of exceedance for an event in a year is 50%. In Figure 12, it is found that for all the regions the curves are nearly identical to the observation regardless of the scenarios, except that a slight decrease in the intensities of events with the 6 and 12-h durations in the central region under RCP 8.5 in the near future (near_85). The results indicate that the average rainfall intensities of events with different durations in the future are similar to the observation, compared to that with different return periods that are larger than 10-yr shown in Figure 10 and Figure 11.



The intensity-duration curves for the T25 events also show a narrow uncertainty interval, except in the central region under the near_85 scenario (Figure 13) which shows a about 5 mm/h decrease for different durations. Considering future intensities deviate from the observation, little changes are identified for most scenarios; however, some exceptions exist. For 1-h-duration events, slight increases of the rainfall intensities are found in the northern and southern regions. Furthermore, 10–15 mm/h increases are shown for the 1 and 2-h durations in the eastern region. For 24-h-duration events, the projections of far_26 in the northern region and that of near_85 in the central region are smaller than observation, in addition to the aforementioned case of central region under the near_85 scenario.



Combining the information of D1, D24, T2 and T25 projections from Figure 10, Figure 11, Figure 12 and Figure 13, the rainfall characteristics in the four regions are further discussed. For events with smaller intensities (T2), the changes in the future are little which applies to the four regions, but for those with larger intensities (T25), the changes of 1 and 2-h-duration events are prominent in the eastern region, followed by the 1-h-duration events in the southern and the northern regions (Figure 12 and Figure 13). It is because these short-duration events have significant increases projected in the future in the southern and eastern regions, followed by northern region, compared to the long-duration events (Figure 9 and Figure 10). Moreover, it can be seen from Figure 10 that the BCSD ratio of T25 events are much larger in the eastern region than in the southern region. The results of the increases in rainfall intensities of short-duration extreme events are consistent to the projections in other regional and local studies [48,49].



This study provides information of changes in future rainfall intensities to assist adaptation-related decision-making. Based on the results, design storm analysis can be the next step, to assess hydrological responses to storm series for more detailed stormwater/water resource management. The hyetograph suitable for the target area can be analyzed using the Simple Scaling Gauss-Markov method that has been developed across Taiwan, if the normality and the correlation coefficients of the rainfall-event records fulfill the assumptions of the Gauss–Markov model [57]. Moreover, it is worth mentioning that here only the rainfall intensities of single events are analyzed rather than the effect of continuous rainfall events, which may cause severe disasters in Taiwan based on the past experiences. Therefore, further studies on these events are recommended and it is necessary to be alert although similar intensities are projected for long-duration events.





4. Conclusions


This study analyzed the changes in rainfall intensities in Taiwan and its association with different return periods and durations under climate change scenarios using the k-NN method. Daily rainfall was first generated by a Richardson-type weather generator, and then the k-NN method was used to disaggregate the daily rainfall to hourly rainfall that can thus be used for estimating rainfall intensities through an empirical Weibull formula. Finally, CDF-based bias correction was applied to events for different durations and return periods. The projections of the 21 weather stations in Taiwan under 10 (2RCP × 5GCM) scenarios for the near-(2021–2040) and far-future (2081–2100) were derived.



Changes in the rainfall intensities associated with the two types of events, namely events with 1-h duration and 2-yr return period (eventsshort) and with 24-h duration and 25-yr return period (eventslong), were discussed. For eventsshort, the projected rainfall-intensity changes of 10~20% were found under future scenarios compared to the observations. Considering the existing flood-warning thresholds, precautions of flooding are required for the frequently occurred short-duration storm events in Keelung, Danshui, Kaohsiung, and Suao, although rainfall intensities are projected to decrease from the near to the far future.



For eventslong, the majority of the projected rainfall intensities exceeded the flood-warning threshold despite of the decreasing intensities compared to observation, which should be of concern. Compared to eventsshort, the decreases in the rainfall intensities of eventslong are more obvious from near to far future. Among all stations, the land-subsidence regions in central and south, the landslide-sensitive mountainous region in north and central, the pluvial- and fluvial-flood prone region in north, and the regions with vulnerable infrastructures in east should be especially aware of possible long-duration extreme events. It should be noted that because the observed data has a period of record of 20 years, only the 25-yr return period are presented here; however, events with longer return periods than 25-yr return periods should better be analyzed to disclose more information of extreme events the cities face in the future.



Further, the association between the rainfall intensity and the return period, by controlling the duration, was analyzed. For events with the 1-h duration (D1), the percentage changes in the northern, central, southern, and eastern regions are about 0–10%, –10–0%, 0–30%, and 0–30%, respectively. The changes in the central region are the smallest, but the uncertainty among the scenarios are the largest. Moreover, events with the return periods of 10 and 25 years in the eastern region and that of 50 and 100 years in the southern region should be of concern, and adaptation measures such as establishing distributed drainage system or renewing hydrological infrastructures to ensure the resilience to extreme events are suggested.



For events with the 24-h duration (D24) and for the return periods larger than 10 years, the projected intensities are much smaller in the northern region, a bit larger in the eastern region, and probably larger in the central and southern regions for far future compared to the observation. Therefore, adaptation in the eastern region is suggested considering the near future projection, and in the central and the southern regions for far future, too. The projected results are caused mainly by the increased precipitation in summer and decreased precipitation from the northeasterly monsoon in future.



Similarly, the intensity-duration relationships were projected for the 2-yr (T2) and 25-yr (T25) return-period events. The results indicate that the average rainfall intensities of events with different durations in the future are similar to the observation, compared to that with different return periods that are larger than 10-yr. In short, the changes in the future are little which applies to the four regions for events with smaller intensities (T2), but the changes of 1 and 2-h-duration events are prominent in the eastern region, followed by the 1-h-duration events in the southern and the northern regions for those with larger intensities (T25).



To conclude, the short-duration extreme events are probably stronger than before. Moreover, places without experience of long-lasting events with rainfall amounts larger than 500 mm such as Keelung and Hualien should be alert. This study provides information regarding the changes in future rainfall intensities, which can be used to assist adaptation-related decision-making. Based on the results, design storm analysis can be one of the ensuing studies, to assess hydrological responses to storm series for more detailed stormwater/water resource management.
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Figure 1. Location of 21 weather stations across Taiwan for the northern, central, southern and eastern regions. 
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Figure 2. Relation between the IDF values in the historical period (1986–2005) used to verify the reliability of the K-NN method, derived based on (i) the observed daily rainfall, (ii) the projected daily rainfall, and (iii) the observed hourly rainfall. 
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Figure 3. Intensity-Duration-Frequency (IDF) curves from the k-NN method using both the simulated and observed daily precipitation of Tainan in the historical period (1986–2005). 
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Figure 4. Rainfall intensities (top) and percentage changes (bottom) of events with 1-h duration and 2-yr return period (eventsshort) for the near future (2021–2040) under RCP 2.6 and RCP 8.5 for five GCMs (CCSM4, CESM1-CAM5, GISS-E2-R, HadGEM2-AO, MIROC5). 
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Figure 5. Rainfall intensities (top) and percentage of changes (bottom) of events with one-hour duration and two-year return period (eventsshort) for far future (2081–2100) under RCP2.6 and RCP 8.5 for five GCMs (CCSM4, CESM1-CAM5, GISS-E2-R, HadGEM2-AO, MIROC5). 
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Figure 6. Difference of rainfall intensities (top) and percentage changes (bottom) of eventsshort between the near future (2021–2040) and far future (2081–2100). 
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Figure 7. Rainfall intensities (top) and percentage changes (bottom) of events with 24-h duration and 25-yr return period (eventslong) for the near future (2021–2040) under RCP 2.6 and RCP 8.5 for five GCMs (CCSM4, CESM1-CAM5, GISS-E2-R, HadGEM2-AO, MIROC5). 
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Figure 8. Rainfall intensities (top) and percentage of changes (bottom) of events with twenty-four-hour du-ration and twenty-five-year return period (eventslong) for far future (2081–2100) under RCP2.6 and RCP 8.5 for five GCMs (CCSM4, CESM1-CAM5, GISS-E2-R, HadGEM2-AO, MIROC5). 
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Figure 9. Difference of rainfall intensities (top) and percentage changes (bottom) of eventslong between the near future (2021–2040) and far future (2081–2100). 
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Figure 10. Rainfall intensities of the 1-h events (D1) in different return periods for the four regions and four scenarios. 
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Figure 11. Rainfall intensities of events with twenty-four-hour duration (D24) changing with the return periods for the four regions and four scenarios. 
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Figure 12. Rainfall intensities of 2-yr events (T2) of different durations for the four regions and four scenarios. 
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Figure 13. Rainfall intensities of events with twenty-five-year return period (T25) changing with the durations for the four regions and four scenarios. 
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Table 1. Contingency table of the six types of events analyzed in this study (eventshort, eventlong, D1, D24, T2 and T25).
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	D1
	D24





	
	D (h)

T (yr)
	1
	24



	T2
	2
	eventshort
	



	T25
	25
	
	eventlong
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Table 2. Procedure for obtaining future rainfall intensities.






Table 2. Procedure for obtaining future rainfall intensities.





	Steps
	Method Adopted in This Study





	Generate daily rainfall
	Richardson-type weather generator [14]



	Generate hourly rainfall
	k-Nearest Neighbors (k-NN) method [36]



	Obtain rainfall intensities for events of various return periods
	Weibull’s formula [54]



	Correct bias of historical simulation and future projection
	Quantile-mapping-based bias correction [46]
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Table 3. Parameters of the k-NN method used in the study.






Table 3. Parameters of the k-NN method used in the study.





	Parameter
	Configuration





	Window period of the neighbors
	One month



	Weight for estimating the neighboring distance
	Reciprocal of the variance



	Neighbor-selecting criterion
	The nearest neighbors



	Number of realizations
	Ten realizations of 20-yr data
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