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In this study, the effects of surface air temperature (SAT) and sea surface temperature (SST) changes on typhoon rainfall 
maximization are analysed. Based on the numerically reproduced Typhoon Maemi, this study tried to maximize the typhoon- 
induced rainfall by increasing the amount of saturated water vapour in the atmosphere and the amount of water vapour entering 
the typhoon. Using the Weather Research and Forecasting (WRF) model, which is one of the regional climate models (RCMs), the 
rainfall simulated by WRF while increasing the SAT and SST to various sizes at initial conditions and boundary conditions of the 
model was analysed. As a result of the simulated typhoon rainfall, the spatial distribution of total rainfall depth on the land due to 
the increase combination of SAT and SST showed a wide variety without showing a certain pattern. This is attributed to the 
geographical location of the Korean peninsula, which is a peninsula between the continent and the ocean. In other words, under 
certain conditions, typhoons may drop most of the rainfall on the southern sea of the peninsula before landing on the peninsula. 
For instance, the 6-hour duration maximum precipitation (MP) in Busan Metropolitan City was 472. 1 mm when the SST in- 
creased by 2. 0°C. However, when the SST increased by 4. 0°C, the MP was found to be 395. 3 mm, despite the further increase in 
SST. This indicates that the MP at a particular area and the increase in temperature do not have a linear relationship. Therefore, in 
order to maximize typhoon rainfall, it is necessary to repeat the numerical experiment on various conditions and search for the 
combination of SAT and SST increase which is most suitable for the target typhoon.

1.  IntroductionThe probable maximum precipitation (PMP) is defined as the maximum amount of precipitation that can occur physically for a specific duration in a particular area [1, 2]. The most widely applied method for estimating PMP is the hydro- meteorological method, which statistically considers physical relationships with observational meteorological variables such as rainfall, dew point, and wind speed based on long-term observed weather data [3]. However, this PMP calculation method has a problem that it relies heavily on observation data [4]. It has been also reported that the physical

relationship between the meteorological variables applied to the PMP estimation might not adequately reflect the processes of very complex atmosphere and precipitation [5].In order to overcome the limitations of the PMP esti- mation method, researches for estimating the PMP using the regional climate model (RCM) have been conducted re- cently. In particular, Ohara et al. [6] and Ishida et al. [7-9] have proposed a method of maximizing rainfall occurred in the past by linking the spatial shifting of climate variables, maximizing relative humidity (RH), and increasing surface air temperature (SAT) using the fifth-generation Penn State/ NCARmesoscale model (MM5). In Korea, studies have been
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2 Advances in Meteorology
carried out to estimate PMP by controlling climate variables using the Weather Research and Forecasting (WRF) model for Typhoon Rusa [10]. All of these studies commonly apply the method of maximizing the rainfall by changing the meteorological parameters of the initial and boundary conditions of the model after numerically reproducing the past rainfall events. Because RCM is used, the complex process of the atmosphere can be taken into consideration, and the dependence on observation data is relatively low compared to the existing PMP estimation method [9].Due to global warming, SAT is increasing, and sea surface temperature (SST) is also increasing [11]. In particular, it is observed that the intensity of typhoon is getting stronger due to the rise of SST near the Western Pacific. In addition, since the warm pool around the Indian Ocean and the Pacific is expanded and the SST of the typhoon route approaching East Asia and Southeast Asia is increasing, the intensity of the typhoon is increasing, and the maximum reaching position of the typhoon is also rising [12]. It is also reported that the increase in SST around the Korean peninsula (especially during the summer season) affects the intensity of typhoons landing in China, Taiwan, Japan, Korea, and the Philippines [13]. If the increase in SAT and SST continues due to climate change, the intensity of typhoons generated in the Western Pacific will also increase gradually [14—17].In fact, typhoons Rusa, Maemi, and Chaba, which had a great impact on the Korean peninsula in the past, suffered great damage because of the abnormally high SST, which caused the typhoon to land on the Korean peninsula while maintaining strong forces. Since the increase in the heat capacity of the surrounding ocean due to global warming and the rise of SST are likely to increase the energy supply of the typhoon, the potential risk of landing a super typhoon on the Korean peninsula is increasing gradually [18].This study tried to maximize the rainfall by using WRF for the physical PMP estimation. The study was conducted based on the Maemi, a typhoon reproduced by Choi et al. [19] through the improvement of initial conditions and boundary conditions. Among the initial conditions and boundary conditions of WRF, this study tried to maximize typhoon rainfall by adjusting SAT, SST, and RH. The sensitivity of typhoon rainfall to SAT and SST increase by simulating ty- phoons in various SAT and SST conditions was also analysed.
2.  Materials and Methods
2. 1.  Target Typhoon and Model Construction. Typhoon Maemi was a typhoon in September 2003 and landed on the Korean Peninsula, maintaining its maximum strength during the typhoon’s life cycle, unlike most typhoons that affected the Korean peninsula. Recorded heavy rain and strong winds were generated because the Typhoon Maemi landed on the Korean peninsula with a steady supply of energy from the ocean due to abnormally high SST. Espe- cially, although the Korean peninsula had been affected for a relatively short period of time, total rainfall depth of 100~450 mm was recorded in the southeastern part of the Korean peninsula. As a result, most of the Republic of Korea has been declared as a special disaster area, resulting in 131

deaths and missing persons and an enormous property damage of approximately KRW 4. 2 trillion [20].Choi et al. [19] numerically reproduced the Typhoon Maemi’s rainfall by improving the initial conditions and boundary conditions through the observation data assimi- lation and the typhoon initialization technique using WRF. This study tried to maximize rainfall on land by typhoon based on reproduced Typhoon Maemi. WRF was composed of three domains considering the landing direction of the typhoon and the location of major rainfall. The horizontal resolution of each domain was set to 27 km, 9 km, and 3 km, respectively. In addition, a combination of physical options optimized by Choi et al. [19] was applied to this study. The details of the model are shown in Table 1. Figure 1 shows the spatial distribution of total rainfall depth reproduced by Choi et al. [19] and the spatially averaged rainfall time series in the southeastern part of the Korean peninsula.
2. 2.  Typhoon Rainfall Maximization. Typhoons, which generally land on the Korean peninsula, are supplied with energy sources in the Western Pacific and expand north-ward. At this time, the high SST plays an important role in raising the typhoon rainfall by increasing the amount of water vapour supplied to the typhoon. In addition, the high SAT affects the increase in saturated water vapour in the atmosphere. In other words, if the amount of saturated water vapour in the atmosphere is increased by the high SAT, and a large amount of water vapour is introduced into the typhoon due to the high SST, a great deal of rainfall is likely to occur.Therefore, this study tried to maximize typhoon rainfall by increasing SAT, SST, and RH among climate variables closely related to rainfall. SAT will increase the amount of saturated water vapour in the atmosphere, SST will increase the amount of water vapour supplied to the typhoon, and additionally high RH will increase the amount of rainfall generated. Especially, considering the increase of SAT and SST due to global warming plays a major role in strength- ening the typhoon’s power, the increase of SAT and SST will have a great influence on the estimation of extreme rainfall in the future considering climate change.To maximize the typhoon, the SAT and SST of the initial conditions and boundary conditions of the WRF were in- creased (see Figure 2(a)). However, since these two variables alone were not enough to generate the PMP, which is the physical upper limit of the rainfall, the RH of the boundary condition for entering the typhoon in Domain 3 was set to 100% (see Figure 2(b)). For reference, as a result of several numerical experiments, in the case that the RH of the boundary condition in all directions was set to 100%, the water vapour of the typhoon was saturated early and most of the rainfall occurred in the East China Sea before the ty- phoon landed on the peninsula. This caused very little rainfall on land. In order to prevent this simulation result, the RH of the south boundary condition of Domain 3 was changed for a specific time, as shown in Table 2, in consideration of the typhoon route and location.Figure 3 shows the procedure performed in this study to maximize the amount of rainfall caused by Typhoon Maemi.
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Model version

Table 1: Summary of the WRF model configuration [19].

WRF V3. 6. 1

Domain

Horizontal grid size
Dimension
Microphysics
Cumulus parameterization 
Planetary boundary layer 
Land surface model 
Integration period

D01 D02 D03
27 km × 27 km 9 km × 9 km 3 km × 3 km
98×127×31 208×211×31 256×292×31

Ferrier (new Eta) microphysics, operational high-resolution window 
Betts-Miller-Janjic scheme 
Yonsei University scheme
Noah land surface model 

0000 UTC 11 to 0000 UTC 14 September 2003
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Time

Observed
----- Simulated by Choi et al. [19]

(b)

Figure 1: Comparison of observed and simulated (a) total accumulated rainfall depth and (b) hourly rainfall time series in the southeastern 
part of the Korean peninsula, which is the major damaged area by Typhoon Maemi [19].

Table 2: Modification of RH in the south boundary condition.

Time Before 06: 00 (11-09-2003) 06: 00 12: 00 18: 00 00: 00 (12-09-2003) 06: 00 After 06: 00 
(12-09-2003)

RH Original condition 100% 100% 100% 100% 100% Original condition

First, after increasing SAT and SST of the initial condition and boundary condition of each domain, Domain 1 and Domain 2 were simulated. The RHs of the grids corresponding to the south boundary condition of Domain 3 in the simulated Domain 2 were modified to 100%. The ndown method was then used to create a new boundary condition for Domain 3
from the modified Domain 2 results. The ndown method, built into the WRF model, is a function used for one-way nesting, which typically generates a lower domain boundary condition for the finer-grid resolution run using the results of the coarse- grid resolution run (upper domain). In this study, the boundary condition file of Domain 3 with RH of 100% in south
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Figure 3: Procedure for maximizing Typhoon Maemi.

boundary was obtained by ndown method. For a more detailed description of the ndown method, see [21]. For reference, MATLAB was used to modify the SAT and SST of the initial and boundary conditions and the RH of the Domain 2 result.
2. 3.  Sensitivity Analysis and Maximum Precipitation 
Estimation. In order to examine the effect of increasing SAT and SST on the maximization of typhoon rainfall, numerical experiments were carried out by varying the SAT and SST increments (see Figure 4). Numerical experiments consisted of a total of 100 combinations, with SAT and SST increasing 0. 5°C from 0°C to 4. 5°C, respectively, with RH set at 100%, as shown in Table 2. From the results of these numerical ex- periments, the effect of increasing SAT and SST on the total rainfall and spatial distribution of rainfall was analysed.In fact, Singh and Oh [22] increased the Indian Ocean’s monthly mean SST by 0. 6°C in their study to investigate the impact of the interannual variability of Indian Ocean SST anomaly on Indian summer monsoon precipitation. How- ever, this study focuses on maximizing the amount of rainfall caused by a specific typhoon event, not the amount of rainfall during the entire summer season, and the target area is also a relatively small local area consisting of sea and land around the Korean peninsula. Therefore, it is necessary to reflect the extreme change range that can occur temporarily, not the average increase in the SST increase range. For reference, Ishida et al. [9] changed the SAT from 0. 0°C to 8. 0°C to maximize precipitation for rainfall events over the American River watershed in Northern California. The SAT range in this study was set up with reference to Ishida et al. [9]. The range of increase in SST was also set from 0. 0°C to 4. 5°C. In 2018, the SST on the East and the Yellow Sea of the

Korean Peninsula temporarily increased by 2. 0°C to 4. 0°C due to extreme heat wave events [23].Finally, the proposed typhoon rainfall maximization procedure was applied to maximize the rainfall event by Typhoon Maemi, and then, the maximized rainfall depth was calculated for each duration of the Busan Metropolitan City in the southeast of the Korean Peninsula (see Figure 5). Maximized rainfall depth estimated in this study is defined as maximum precipitation (MP) for distinction from PMP estimated by hydrologic meteorological method. MP and PMP estimated by hydrometeorological method reported by Lee et al. [3] were compared.
3.  Results and Discussion
3. 1. Sensitivity of Total Rainfall Depth. Before estimating MP, the effects of increased SAT, SST, and RH on typhoon rainfall were explored. As shown in Figure 6, the sensitivity of the total rainfall depth occurred in the entire Domain 3 and the sensitivity of the total rainfall depth occurred in the land area of the Domain 3 were analysed.In Figure 6, from the comparison of the results of reproduction with the results of the increase in RH alone (SAT + 0. 0°C and SST + 0. 0°C), it can be found that the amount of rainfall on the entire Domain 3 or land increases with increasing RH. Therefore, it can be seen that RH plays an important role in maximizing the amount of rainfall caused by typhoons. However, the effects of SAT and SST on the maximization of rainfall caused by typhoons have been somewhat complicated.The amount of rainfall in the entire Domain 3 shows an increasing pattern as SAT or SST increases (see Figure 6(a)). As the SAT increases for the same SST, the rainfall also
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Surface air temperature Sea surface temperature

<10 cases> <10 cases >
+0.0oc +0.0°c

(original conditions) (original conditions)

+0.5θC +0. 5°C
+ 1. 0oC +1. 0°C
+ 1. 5oC +1. 5θC

•

+4. 0oC +4. 0°C
+4. 5oC +4. 5oC

Total 100 cases 
with 100% relative humidity

Figure 4: Composition of numerical experiments on SAT and SST incremental combinations.

Figure 5: Location of Busan metropolitan.

Change amount of SST with RH 100%

 SAT + 0. 0°C  SAT + 2. 0oC  SAT + 3. 5oC
 SAT + 0. 5oC  SAT + 2. 5oC  SAT + 4. 0oC
 SAT + 1. 0oC  SAT + 3. 0oC  SAT + 4. 5oC
 SAT + 1. 5oC

(a)
Figure 6: Continued.
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Change amount of SST with RH 100%

 SAT + 0. 0oC  SAT + 2. 0oC  SAT + 3. 5oC
 SAT + 0. 5oC  SAT + 2. 5oC SAT + 4. 0oC
 SAT + 1. 0°C  SAT + 3. 0oC SAT + 4. 5oC
 SAT + 1. 5oC

(b)

Figure 6: Comparison of accumulated rainfall depth on (a) the entire D03 and (b) the land area of D03 for SAT and SST increases.

increases. As the SST increases for the same SAT, the rainfall also increases.On the other hand, rainfall on land did not show a consistent relationship with SAT or SST increase. As shown in Figure 6(b), although the SAT or SST increases, the amount of rainfall decreases. For instance, in the case that the SST is increased from 0°C to 2. 5°C while SAT is fixed at 4. 0°C increase (SAT + 4. 0°C), the rainfall gradually increases. However, in the case that the SST is further increased, the rainfall decreases inversely. Also, it can be seen that the sensitivity of rainfall to the increase of SAT is very difficult to find a definite pattern.
3. 2.  Sensitivity of Spatial Distribution. As described in Section 3. 1, the spatial distribution of total rainfall depth was examined in order to investigate the cause of the decrease in rainfall despite the increase of SAT or SST. Figure 7 shows some of the simulations of all combinations for SAT and SST increase. Similar to the observed data (see Figure l(a)), it was observed that large rainfall occurred in the southeastern part of the Korean peninsula along the path of the typhoon.Also, as the SAT and SST increase, the total rainfall depth increases. In the case of the same SAT increase, it was found that the total rainfall depth and range increase in the order of SST increment of 0. 0°C (Figures 7(a)—7(d)),  1. 5°C(Figures 7(e)—7(h)), 3. 0°C (Figures 7(i)-7(1)), and 4. 5°C (Figures 7(m)-7(p)) for each SAT increase. The increase in rainfall due to the increase in SST can also be found by the same method.However, the spatial distribution of total rainfall varied somewhat by SAT/SST increase combination. In particular, it can be seen that the location of the maximum rainfall and the amount of rainfall in the ocean were greatly changed depending on which SAT/SAT increase combination was applied. Comparing the combination of 100% RH/SAT 3°C increase/SST 3°C increase (see Figure 7(k)) and the combination of 100% RH only (see Figure 7(a)), it can be seen that the amount of rainfall on the land had increased greatly in the

southeast region of the peninsula as well as the increase in the amount of rainfall in the ocean. On the other hand, in the combination of RH 100%/SAT 4. 5°C increase (see Figure 7(d)), a lot of rainfall occurred in the southern sea of the peninsula, and the total rainfall was large, but the amount of rainfall on land was reduced. In other words, it was found that the spatial distribution of total rainfall depth varies greatly depending on which SAT increase/SST increase combination was applied, and the amount of rainfall on the land and its spatial pattern were influenced by how much rainfall occurred on the ocean before typhoon arrived on land. This is probably because the physics-based RCM reflects the interaction of the surface with the atmosphere relatively accurately.
3. 3.  Effect on Point Rainfall for Busan Metropolitan. In this study, to analyse the effect of SAT and SST on the rainfall of a specific area, the analysis was performed on Busan Metropolitan City, which was the main damage area caused by Typhoon Maemi, located in the southeast of the Korean peninsula. For comparison with PMP proposed by Lee et al. [3], MP was calculated using the spatially averaged rainfall of three grids of Domain 3 (i. e., the impact area is 27 km2). In addition, since the simulation results using the nesting grid system were generated from the input data composed of low resolution, it was not proper to calculate the MP by designating three specific grids included in Busan Metropolitan City. Therefore, in this study, maximum simulated rainfall in the range of 27 km2 for each combination of SAT/SST in Busan metropolitan area was regarded as MP. Figure 8 shows the estimated MP corre- sponding to the SAT/SST increment combination for various durations (1 hour and 6, 12, and 24 hours).As can be seen in Figure 8, the MP of Busan Metropolitan City was not consistently proportional to the increase of SAT or SST. The influence of the SAT/SST increase combination applied on the result of MP was also changed depending on the duration. For instance, in the case of a short duration, the MP of SST 2. 0°C increase combination (i. e., 472. 1 mm for
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2 8 15 30 60 90 130 250 400 700 1000

Figure 7: Total rainfall depth and its spatial distribution for various SAT/SST combinations.

6 hours in SST 2. 0) was estimated to be larger than the MP of SST 4. 0°C increase combination (i. e., 359. 3 mm for 6 hours in SST 4. 0), whereas in the case of long durations, the MP of SST 4. 0°C increase combination (i. e., 698. 5 mm for 12 hours in SST 4. 0) is estimated to be larger than the MP of SST 2. 0°C
increase combination (i. e., 646. 1 mm for 12 hours in SST 2. 0). The same results were shown for duration 1 hour (Figure 8(a)) and 24 hours (Figure 8(d)).As mentioned above, these causes were reflected in the complex interaction of the surface and the atmosphere.
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Figure 8: MP for duration (a) 1 hour, (b) 6 hours, (c) 12 hours, and (d) 24 hours at Busan.

Therefore, it is necessary to explore the optimal combination of SAT/SST by various numerical experiments in order to estimate the MP of a specific region through the increase of SAT and SST using physically based RCMs.
3. 4.  Estimation of Maximum Precipitation. From the results analysed so far, it has been shown that increasing the SAT or SST uniformly did not contribute to the production of MPs in a specific region using RCMs. In this study, two cases were selected among the MPs produced through numerical simulations: (1) SST/SAT increment combination in which the largest MP was simulated and (2) SAT/SST increment combination representing the MP that is closest to the previously reported hydrometeorological PMP. In addition, the selected MPs were compared with PMP calculated by hydrometeorological method of Lee et al. [3].As shown in Figure 9, the combination of SAT 3. 0°C increase/SST 3. 5°C increase (MP 3. 0-3. 5) produced the largest MP. The MP 3. 0-3. 5 combination simulated 957. 5 mm MP at 12 hours of duration, which is approximately 32% greater than the PMP (726. 7 mm) reported by Lee et al. [3]. However, even if the MP was estimated using the physically based RCM, the result of the MP that is more than 30% above the PMP, which means the maximum amount of precipitation that can occur physically, was considered to be somewhat unreasonable.Therefore, in this study, a combination that produces the most similar results to the previously reported PMPs was explored. As a result, it was confirmed that the combination of SAT 2. 5°C increase/SST 3. 0°C increase (MP 2. 5-3. 0) produced MPs closest to the conventional PMPs. The MP 2. 5-3. 0 combination simulated a rainfall depth (736. 5 mm) greater than PMP (726. 7 mm) for duration of 12 hours, but

 PMP 
 MP 3. 0-3. 5 

MP2. 5-3. 0

Figure 9: Comparison of PMP and selected MPs.the difference between the two values was only about 1%, so it was judged to be acceptable. In addition, the MP 2. 5-3. 0 combination simulated a MP of about 6% smaller than PMP (930. 9 mm) for duration of 24 hours, but this was also considered reliable enough considering the uncertainty of PMP estimation.When MP is calculated using the physically based RCM, the rainfall is simulated at the computational time interval that drives the model. Therefore, not only the maximum rainfall depth for various durations but also the temporal distribution of total rainfall depth can be obtained. That is, there is no need to configure separately a virtual rainfall temporal distribution. This means that the results of this study can be used directly as input data to rainfall-runoff models for flood inundation maps or emergency action plans under the occurrence of mega-disaster scenarios. Figure 10 shows the rainfall hyetograph (bar graph) and
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Figure 10: Rainfall hyetograph and rainfall depth for several durations produced at Busan using (a) MP 3. 0-3. 5 combination and (b) MP 
2. 5-3. 0 combination.

rainfall depth for several durations (line graph) that can be obtained as a result of two selected combinations.
4.  ConclusionIn this study, the influence of increasing SAT and SST on the typhoon path (see Figure l(a)) on the total rainfall depth was analysed using WRF. In addition, the spatially averaged MP of 27 km2 was calculated for Busan Metropolitan City and compared with PMP estimated by hydrometeorological method.As a result of analysing the effect of increase of SAT and SST on the total rainfall depth, total rainfall amount in land area of applied domain did not show an explicit re- lationship with increase of SAT and SST. Since physically based RCMs reflect the complex interactions of the surface

and atmosphere, the spatial distribution of rainfall produced by typhoons in peninsular terrain varies greatly in response to changes in ambient climatic conditions. Therefore, despite the increase of SAT and SST, the amount of rainfall in the land decreases. That is, even if the SAT or SST is greatly increased, the amount of rainfall occurring in a specific area does not increase as intended. The results of estimating the MP of Busan Metropolitan City showed no relation regardless of which SAT or SST increment combination was applied. For instance, the duration 6-hour MPs in the Busan area calculated through a total of 100 SAT/SST combination showed a wide range of rainfall amount results ranging from 361. 7 mm (SAT + 4. 0°C and SST + 1. 0°C) to 957. 5 mm (SAT + 3. 0°C and SST + 3. 5°C). However, the MP of combination of SAT + 4. 0°C and SST + 4. 0°C was estimated to be 720. 3 mm smaller than
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957. 5 mm (SAT + 3. 0°C and SST + 3. 5°C). Therefore, it is difficult to produce extreme rainfall scenarios in a specific region simply by increasing the SAT or SST as in the method of moisture maximization for estimating PMPs, when producing MP using RCMs. This means that nu- merous numerical experiments on various SAT/SST in- crement combinations are needed.When the rainfall of Typhoon Maemi was maximized by using WRF, the MP of Busan Metropolitan City was estimated to be the highest when SAT 3. 0°C increase/SST 3. 5°C increase combination was applied. Also, the SAT 2. 5°C increase/SST 3. 0°C increase combination produced the most similar MP as the PMP reported in the literature. The proposed method of maximizing the typhoon rainfall is expected to contribute to the improvement of the PMP estimation method. Since produced MPs provide detailed temporal distribution of the total rainfall depth as well as total rainfall depth for various durations and impact areas, they can be applied directly as input data of rainfall-runoff models for the design of massive hydraulic structures and the establishment of flood inundation maps and emergency action plans caused by mega disasters.However, since the spatial distribution of rainfall is heavily influenced by the changes in the surrounding climatic conditions, if the meteorological variables other than SST/SAT/RH applied in this study are changed, there is a possibility that MP is also changed. Therefore, in order to produce extreme rainfall scenarios in specific regions using physically based RCMs, numerical experiments using a combination of varying climate variables rather than unconditional changes in specific climate variables will be needed. Therefore, future studies on various climate variables affecting rainfall caused by typhoons, such as air pressure, wind velocity, and SAT, SST, and RH, are required to maximize typhoon rainfall using RCMs.
Data AvailabilityThe data used to support the findings of this study are available from the corresponding author upon request.
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