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Abstract

:

In this study we investigate the characteristics of the diurnal precipitation cycle including the Madden–Julian oscillation (MJO) and seasonal influences over a mountainous area in Sumatra Island based on the in situ measurement of precipitation using the optical rain gauge (ORG). For comparison with ORG data, the characteristics based on the Global Precipitation Measurement (GPM) mission (IMERG) and Weather Research and Forecasting (WRF) simulations were also investigated. Fifteen years of ORG data over a mountainous area of Sumatra, namely, at Kototabang (100.32° E, 0.20° S), were analyzed to obtain the characteristics of the diurnal cycle of precipitation in this region. The diurnal cycle of precipitation presented a single peak in the late afternoon, and the peak time difference was closely related to the rain event duration. The MJO acts to modulate the diurnal amplitude but not the diurnal phase. A high precipitation amount (PA) and frequency (PF) were observed during phases 2, 3, and 4, along with an increase in the number of longer-duration rain events, but the diurnal phase was similar in all MJO phases. In terms of season, the highest PA and PF values were observed during pre-southwest and pre-northeast monsoon seasons. WRF simulation reproduced the diurnal phase correctly and more realistically than the IMERG products. However, it largely overestimated the amplitude of the diurnal cycle in comparison with ORG. These disagreements could be related to the resolution and quality of IMERG and WRF data.
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1. Introduction


The estimation of precipitation at high altitudes in Indonesia, including Sumatra, is challenging because in situ measurements remain scarce. Sumatra is one of the largest islands in Indonesia, and is directly adjacent to the Indian Ocean (see Figure 1). It is considered important in global atmospheric circulation because its position is almost perpendicular to the propagation of winds and clouds from the Indian Ocean [1,2,3]. The combination of mesoscale variability with topography and the coastline controls diabatic heating in Indonesia, including Sumatra [4]. The Barisan mountain range in Sumatra, with an average altitude of 2000 m, plays an essential role in the convection process in this region [5,6]. Sumatra’s topography induces convection in Sumatra and the surrounding area [7,8,9]. Interestingly, rainfall characteristics on both sides of the Barisan mountains are different [10], with more frequent rainfall in the western part of the Barisan mountains, resulting in a greater amount of rain in this area than on the eastern side. However, the precipitation intensity in the western part of the Barisan mountains is smaller than that on the eastern side [11].



In 2001, an atmospheric observation center called the Equatorial Atmosphere Observatory (EAO) was established in Sumatra, precisely at Kototabang (100.32° E, 0.20° S, 865 m above sea level). Kototabang is located in the mountainous area of the Barisan mountains (Figure 1). The main instrument at EAO was the equatorial atmosphere radar (EAR), which was a large atmospheric radar for atmospheric observations [12]. Supporting instruments at EAO included a boundary layer radar, an X-band weather radar, a radiometer, a ceilometer, lidar, an optical rain gauge (ORG), and a disdrometer. With the use of this instrument, several research projects have been carried out, such as the Coupling Processes in the Equatorial Atmosphere (CPEA) study [13]. Although many research results have been reported using the data in the EAO, some observations have yet to be analyzed. This paper presents the results of ORG observations during 15 years of operation in Kototabang. These data are used to characterize the diurnal variation of rainfall in Kototabang, including its Madden–Julian oscillation (MJO) and seasonal signatures.



Diurnal variation is the most fundamental mode of rainfall variability in the tropics [14]. Hence, an in-depth study of the diurnal cycle in rainfall is essential in helping to understand the relationship between the rainfall processes and related factors [15]. However, studies on the diurnal cycles of rainfall remain challenging and they are often hampered by the limited observational data on an hourly scale in many parts of Indonesia, including in Sumatra. Wu et al. [8] analyzed precipitation data during March 2001 in Kototabang and demonstrated a relationship between diurnal variations and water vapor. Water vapor in Kototabang increases during the day and reaches its maximum in the late afternoon. Mori et al. [5] observed the migration of rainfall peaks in Sumatra using Tropical Rainfall Measuring Mission (TRMM) precipitation radar (PR) data for three years (1998–2000). They found that the rainfall peaks on mainland Sumatra were observed at 15:00 and 20:00 local standard time (LST) and were dominated by convective rain. In the early morning, stratiform and convective types of rain appeared but they were dominant in the surrounding ocean. Many other studies have investigated the diurnal variations of rainfall in Sumatra by utilizing satellite data or in situ observations over a limited period. To overcome these limitations, Marzuki et al. [11] and Suryani et al. [16] analyzed the diurnal variations of rainfall in Sumatra by analyzing rain gauge data from 186 stations throughout Sumatra, which were operated by the Meteorology, Climatology, and Geophysical Agency (BMKG). The analysis was based on rain gauge data during 2015–2019, and did not include Kototabang ORG data. These studies enriched the understanding of the rainfall in Sumatra because they examined diurnal variations from the perspectives of precipitation amount (PA), frequency (PF), and intensity (PI), which have not been studied for the Sumatra area before.



This paper presents a follow-up of the work of Marzuki et al. [11], focusing on a study area in a mountainous area of Sumatra where in situ measurements remain scarce. There are several factors affecting the diurnal cycle of rainfall, namely, surface temperature, moist convection, the formation of clouds, boundary layer development [14], regional and synoptic-scale dynamical, and thermal conditions [17]. Over a mountainous area, the interaction of these factors with local-scale phenomena of land–sea and mountain–valley breezes may produce different characteristics in terms of the diurnal cycles of precipitation [8]. Marzuki et al. [18] showed the prominent role of the island’s mountainous areas in the development and propagation of the precipitation system over Sumatra island.



In addition to the climatology of the diurnal cycle, the MJO and seasonal signature of the diurnal cycle in rainfall have also been investigated, and over mountainous areas these effects can be unique. Several studies have shown the effect of seasons [19,20] and MJO [21] on the diurnal cycle of precipitation. MJO modulates the diurnal precipitation cycle over the Indonesian maritime continent (IMC) due to an increase in the low-level moisture background associated with MJO [21]. Furthermore, the highest amplitude of diurnal variation in precipitation was observed during the active phase of the monsoon season, as observed in the Bay of Bengal [20]. The effect of MJO and seasons is not discussed by Marzuki et al. [11] due to the limited duration of the available data. Recently, Marzuki et al. [18] investigated seasons’ effects on Sumatra’s diurnal cycle in relation to the land/sea contrast in precipitation, but they also did not discuss the MJO. Thus, using the 15-year data record of ORG in Kototabang will enhance our understanding of diurnal variations in Sumatra, including its MJO and seasonal signature.



The diurnal cycle of rainfall is also a critical test of many aspects of the physical parameterizations in weather and climate models [15]. Global climate models usually fail to simulate properly the regional processes and their spatial variability for precipitation in mountainous areas [22]. Hara et al. [23] compared the precipitation simulated by a 20 km-grid Meteorological Research Institute General Circulation Model (MRI-GCM) and the near-surface rain data of TRMM 2A25. They failed to simulate the diurnal cycle over islands of which the horizontal scale was larger than 200 km, such as Sumatra and Borneo. There was a difference in peak time between MRI-GCM and TRMM 2A25 because the cumulus convective parameterization in the 20 km grid spacing did not adequately represent the coupling of convection and local circulations [23]. In this study, we examined the ability of the Weather Research and Forecasting (WRF) model to reproduce the diurnal cycle of the precipitation in the mountains of Sumatra, using a smaller simulation grid of 5 km. ORG data are very useful in evaluating the ability of the WRF to capture the diurnal cycle of precipitation over a mountainous area of Sumatra. Although there are differences in the sampling area between ORG and WRF, comparisons between point rain gauges such as ORG with grid data (WRF) are widely used in the validation of precipitation from WRF models, especially with regard to diurnal cycles, for which rain gauge data are always used as a reference value. In addition to point rain gauge observations, the simulation results are also compared with gridded precipitation data from the Integrated Multi-satellite Retrievals for GPM (IMERG). The IMERG was chosen because these data have better temporal and spatial resolution than others [24] and are believed to be the most accurate data at present.




2. Materials and Methods


Precipitation data were collected on an 815 Optical Rain Gauge (ORG) during 2002–2016. ORG data in Kototabang have been used for various studies, such as telecommunication [25,26,27], weather radar [28], and precipitation variability studies [3,29]. This instrument was based on scintillation technology, in which raindrops fall through the beam, leading to variations in the intensity of the infrared light. These irregularities, known as scintillations, are detected by the sensor and converted to the rain rate. ORG reports the rain rate in mm h−1 with the dynamic range of 0.1 to 500 mm h−1. The detailed specifications of this instrument can be found in the company website [30]. This study used a sampling time of 10 min, which is the same as that of previous studies using rain gauge data in Sumatra [11]. In general, the availability of data was high, except for a few months (Figure 2). In 2002, the percentage of data availability was around 76% because there were no observations in January and February. In 2007, data availability was about 70% due to the absence of observations in January and February and the lack of observations in October and November (<60%).



The diurnal variation was analyzed from three parameters, namely, the precipitation amount (PA), precipitation frequency (PF), and precipitation intensity (PI). PA is defined as the total accumulated rainfall divided by the total hours of observation. Furthermore, the PF is the total 10-min data with rain above 0.1 mm h−1 divided by the total 10-min observation data, and PI is defined as the total accumulated rainfall divided by the number of rainy hours (R ≥ 0.1 mm h−1). The definitions of PA, PF, and PI, are the same as those presented in the previous study [11]. Calculations were carried out for each hour in local standard time (LST) units. The precipitation at Kototabang is influenced by seasons and Madden–Julian oscillation (MJO) [3,31,32,33,34]. Therefore, the effect of seasons on the diurnal variation of rainfall was investigated by calculating PA, PF, and PI for each month. In addition, the effect of the MJO on the diurnal variation of rainfall in Kototabang was also investigated. The MJO index was downloaded from the Australian Meteorological Agency website [35]. This study only considered strong MJO, which is indicated by an MJO index more than one. The effect of MJO was observed for the period of December–January–February (DJF), March–April–May (MAM), June–July–August (JJA), and September–October–November (SON), which was based on the convection pattern in the IMC [2,34,36]. The duration of a rain event can also affect the peak time of the rain [37]. To investigate such an effect, we classified rain events into three durations, following Marzuki et al. [11], namely, <3 h (short-duration rain events), 3–6 h (medium-duration rain events), and >6 h (long-duration rain events), as also used by Marzuki et al. [11]. A rain event was defined as a continuous event that was not interrupted by an hourly rainfall of less than 0.1 mm.



The diurnal variations of precipitation from the ORG data were compared with satellite-derived (Integrated Multi-satellite Retrievals for the Global Precipitation Measurement (GPM) mission (IMERG)) and atmospheric model outputs (WRF, Weather Research and Forecasting). IMERG data were available in 0.1° grids every half hour. The IMERG precipitation product is generated from the GPM mission, which unifies observations from a network of partner satellites in the GPM constellation [38]. In this study, IMERG final-run product V06 (IMERG-F) was used, since it is recommended for research activities due to its better accuracy ([39]. The WRF simulations were carried out with a nest domain with a horizontal resolution of 25 km in the outer domain and 5 km in the inner domain (Figure 3). The model was configured with 32 vertical layers with 50 hPa at the top level. The WRF model was setup in a non-hydrostatic mode and was initialized and forced with the European Centre for medium-range weather forecasting (ECMWF) reanalysis (ERA-Interim). The time scale for this experiment was 3 years of simulation with a 1 year spin-up time from 2013 to 2017. The physics options for this experiment followed those of Ratna et al. [40]. These included the WSM 3-class simple ice scheme for microphysics schemes [41], the Unified NOAH scheme for land surface schemes [42] and Betts–Miller–Janjic scheme for cumulus analysis [43,44]. Short-wave and long-wave schemes were based on the Dudhia scheme and the Yonsei University model (RRTM) scheme, respectively [45,46].



The difference in sampling area between ORG point observations and IMERG-based and WRF-based grid values can cause uncertainty when these three forms of data are directly compared. To quantitatively evaluate the performance of WRF and IMERG-F in estimating hourly rainfall at Kototabang, several statistical parameters were calculated as in Table 1. The equation to calculate these parameters can be seen in some references, e.g., [47]. The observation accuracy of IMERG-F and WRF data is still low compared to that of ORG, as can be seen from the low CC and high RMSE and RB values. The RB values of IMERG and WRF, when compared with ORG, are positive. WRF has the largest RB value when compared to ORG. Although the accuracy of IMERG and WRF is still not good when observing hourly rainfall, the ability of IMERG data and the WRF model to detect hourly rainfall is good enough, as can be seen from the POD value. Although the POD value is good enough, IMERG and WRF were often wrong in detecting hourly rainfall in Kototabang, as seen from the high FAR value. This result may indicate the inability of one observation point to represent rainfall variations in one WRF grid (5 km × 5 km) and IMERG-F grid (0.1° × 0.1°) due to significant small-scale spatial rainfall variability in the mountainous area of Sumatra. However, the comparison between WRF and IMERG, which are grids of data, does not produce better results even though the POD value between ORG and IMERG is better than that between IMERG and WRF (Table 1). The test results show that the POD values of the three data are good enough, which indicates their potential to detect the same rain. In addition, a time series of hourly IMERG-F data shows that IMERG-F can capture the temporal trends of hourly precipitation, in comparison with point rain gauge observations [48,49]. Therefore, although caution is needed, the comparison of these three data will provide valuable information regarding the performance of each data in describing the diurnal cycle of precipitation.




3. Results and Discussion


3.1. Climatology of Diurnal Cycles of PA, PF, and PI


Figure 4 shows the diurnal variations in PA, PF, and PI from the ORG observation in Kototabang during 2002–2016. The average climatological PA, PF, and PI were 0.26 mm h−1, 7.40%, and 3.16 mmh−1, respectively, which are similar to those obtained from rain gauge data in Sumatra, as described in Marzuki et al. [11], especially for PA. About 98% of the rain gauge stations operated by the Meteorology, Climatology, and Geophysical Agency (BMKG) showed an average PA value of <0.5 mm h−1 [11]. Both PA, PF, and PI showed a single peak, in contrast to those found in the UK, which show two peaks [15]. Rain is more frequent in the late afternoon, which is indicated by a larger PF, but the intensity (PI) is larger in the early afternoon. The peak time of PI was observed at 13:00–14:00 LST with a peak value of 6.55 mm h−1. On the other hand, peaks of PF and PA were observed at 17:00 LST, with values of 13.3% and 0.68 mm h−1, respectively. The diurnal peak exhibited high PI/low PF, suggesting that both PI and PF are important indicators of PA, as is found in the Philippines [50]. However, the contribution of PF to PA is much greater than that of PI because the peak time of PA is always similar to that of PF (Figure 4).




3.2. Diurnal Cycles of PA, PF, and PI with Different Durations


Rain in Kototabang is dominated by short-duration rain events (<3 h). During 2002–2016, 3996 rain events were observed, in which 3089 events (77.3%) were short-duration rain events. Furthermore, 670 (16.8%) and 237 (5.9%) were rain events of 3–6 h and >6 h in duration. Previous studies in Sumatra that were based on the BMKG rain gauge and IMERG observation data also showed the dominance of short-duration rain events, with percentages of 50–80% [18].



Figure 5 shows the diurnal variations in PA, PF, and PI for events with different durations. The peak time of short-duration rain events came earlier than that of long-duration events. For PA, rain peaks were observed at 14:00, 17:00, and 17:00 LST for <3 h, 3–6 h, and >6 h rain event durations, respectively. Moreover, for PF, peaks were observed at 15:00, 18:00, and 22:00 LST. Significant differences in peak time were not observed for PI, where, for events with durations < 3 h, peaks were observed at 13:00–14:00 LST, whereas peaks for events with durations > 6 h were observed at 15:00 LST. The dependence of the rain peak on the duration of the rain, as observed in this study, is consistent with previous studies in Sumatra [18].



The difference in rainfall peaks for each duration is consistent with the evolution of MCS clouds. Based on radar observations at Kototabang, short durations of heavy convective rain are often followed by longer durations of light rain from the stratiform portion of the cloud system [7]. The occurrence ratio between stratiform and deep convective rain is about 3:2, which contributes to the 2:3 ratio of total rainfall [7,29]. This ratio is comparable to that found in this study. The stratiform peak (long-duration rain) comes later than convective precipitation (short-duration rain), which is consistent with Figure 5.




3.3. Seasonal Changes in Diurnal Cycles of PA, PF, and PI


Figure 6 shows the PA, PF, and PI values for each month. PA and PF values in April and November were larger than those in other months. The highest PA value was observed in April at 15:00 LST with a value of 1.08 mm h−1, followed by November with a PA of 1.00 mm h−1 at 16:00 LST. The minimum PA value was observed in July with a value of 0.50 mm h−1 at 15:00 LST. For PF, the highest value was observed in November with 21.7% at 22:00 LST, followed by April with 18.42% at 17:00 LST. Similarly to PA, the minimum value of PF was also observed in July, with a value of 8.66% at 17:00 LST. On the other hand, for PI, the highest value was observed in February with 9.73 mm h−1 at 13:00 LST, followed by August with a value of 9.62 mm h−1 at 13:00 LST. The two peaks of PA and PF found in this study were consistent with the monsoon season. In terms of season, the Kototabang area can be divided into four seasons; pre-southwest (April–May), southwest (June–September), pre-northeast (October–November), and northeast (December–March). Pre-southwest and pre-northeast monsoons are wet seasons at Kototabang [34]. The two peaks of PA and PF were also associated with the southward and northward movement of the inter-tropical convergence zone (ITCZ) [51]. Consistently with a previous study [36], the peaks of PA and PF in November were much higher than those in April.



The minimum PI was observed in the month when the PA and PF values were at the maximum. Thus, PA was more influenced by PF than PI, as also observed in Figure 4. This condition can be seen more clearly in the differences (Δ) of PA, PF, and PI values with the averages of the climatological values as described in Section 3.1. In general, when ΔPA and ΔPF are positive, the value of ΔPI is negative (Figure 6d–f).



The number of rain events also showed monthly variations, with the highest number in April and November (Figure 7). During April, 369 short-duration rain events (<3 h) were observed, accounting for 79% of the total events. Furthermore, 346 (70%) short-duration rain events were observed during November. In June and July, the number of rain events was much smaller than in April and November, but the percentages of short-duration rain events were higher, namely, 84% and 82%, respectively. The lack of medium- and long-duration run events during this period caused small PA and PF values (Figure 6d,e). The increase in the number of medium- and long-duration rain events during April and November is partially due to the favorable environmental shear conditions necessary to sustain a long-lived cloud system [2]. Seasonal variations in long-duration rainfall events had also been observed in central-eastern China [52].



Although there was an increase in PA and PF (Figure 6a,b), as well as the number of rain events (Figure 7) during the pre-southwest (April–May) and pre-northeast (October–November), the peak times for PA and PF did not shift significantly. PA and PF with high values were observed longer (15:00–03:00 LST the next day) (Figure 6a,b), but later peak times were only evident for PF during the pre-northeast monsoon, which is consistent with the BMKG rain gauge observations [18].




3.4. Effect of MJO on Diurnal Cycles of PA, PF, and PI


Figure 8 shows the effect of the MJO on the diurnal variation of precipitation in Kototabang. There was an increase in PA and PF values in phases 2, 3, and 4, with the maximum values observed in phase 3, namely, 1.21 mm h−1 and 21.39%, respectively. A smaller PA value was observed in phases 5 to 7, around 0.33, 0.49, and 0.40 mm h−1. Such a condition was also observed for PF, with values for phases 5, 6, and 7 being 8.91%, 7.10%, and 7.48%. The average PA and PF values during phases 2, 3, and 4 were larger than the average climatological PA and PF values in Kototabang. In contrast, the average values in phases 5, 6, and 7 were smaller than the climatological values (Figure 8d,e). Although the highest PA and PF values were observed in phase 3, the PI value was relatively small in this phase (~7.15 mm h−1), smaller than the climatological PA value in Kototabang (Figure 7f). During the active phase of the MJO (phases 2–4), cloud clusters (CCs), which developed in the convective envelope of a super cloud cluster (SCC) with a period of several days, mainly induced the formation of convective activities over Sumatera [3,33,53]. On the other hand, during the inactive phase of MJO (5–8), convective activities caused by local circulation were prominent at Kototabang [53].



The number of rain events in Kototabang was highest in phase 1 and decreased as the MJO phase increased (Figure 8g). The number of rain events increased again in phase 8. Although the number of rain events was huge in phase 1, rain in this phase was dominated by short-duration rain events (83%), followed by medium-duration rain events (12.44%) and long-duration rain (4.63%). The number of medium- and long-duration rain events increased in phases 2, 3, and 4, along with the increase in the convective system induced by CCs over Sumatra [3,33,53]. The percentage of short-duration rain events (<3 h) during phases 2, 3, and 4 were 75.31%, 73.11%, 73.02%, respectively. Furthermore, the percentage of rain events with durations from 3–6 h were 19.95%, 18.02%, and 18.48%. For rain events with durations > 6 h, the values were 4.74%, 8.88%, and 8.50%, respectively (Figure 8h). This feature is consistent with Figure 8b, where relatively high PF values in phases 2, 3 and 4, were observed from 12:00 LST to 5:00 LST (the next day), indicating a relatively high number of medium- and long-duration rain events. On an annual basis, MJO phases 1 occurred more often than the other phases throughout the year [54], so the number of rain events in this phase was also greater (Figure 8g).



The peak times of PA and PF were slightly different for each MJO phase. The PA peak in phase 2 was 17:00 LST, whereas for phases 3–6 the peak was 16:00 LST. In phases 7 and 8, the peak was 17:00 LST (Figure 8a). The peak time of PF varied between 17:00 and 19:00 LST. During phases 2, 3, and 4, PF peaks were observed at 19:00, 18:00, and 17:00 LST, respectively (Figure 7b). The PI peaks fluctuated more and peaks were observed at 13:00, 14:00, and 14:00 LST during phases 2, 3, and 4. During phase 8, the peak time of PI was observed at 16:00 LST (Figure 8c). Thus, the diurnal cycle of precipitation at Kototabang increased during the active MJO (phases 2–4) compared with the suppressed MJO (phases 5–8), but the diurnal phase was similar in both regimes, which was consistent with some previous studies [21,55].



Figure 9 shows the effect of MJO on PA, PF, and PI on a seasonal basis. Due to the limited number of rain events for each month, the result is displayed for the DJF, MAM, JJA, and SON periods. In general, the effect of MJO for each season was similar, with the PA and PF values during phases 1–4 being larger than phases 5–8. Furthermore, the PA and PF values during phases 1–4 were larger than the average climatological PA, in contrast to phases 5–8, in which the values were smaller than the climatological values. Slightly different conditions were observed during JJA, where, in general, PA and PF were negative, indicating a suppressed convection period (Figure 9g,h). During JJA, the number of strong MJO events (index ≥ 1) was much smaller than in other periods [54].




3.5. Comparison of Diurnal Cycle from ORG with IMERG and WRF Model


Figure 10 shows the comparison of the diurnal cycle from the ORG data with the WRF model IMERG-F data. Since the WRF simulations were carried out only for the period of 2013–2015, the comparison to the ORG and IMERG-F data was carried out only for this limited period. The results of the WRF model were averaged for the grids of 100.2965–100.3417° E and −0.2304–0.1851° S, whereas the IMERG-F data were taken from the closest grids to Kototabang (−0.25° S and 100.35° E). The WRF model produced the same diurnal cycle phase as the ORG data. Both PA and PF peaks were observed at 16:00 LST (Figure 10a,b,d,e). The PA and PF peaks of IMERG-F were observed at 18:00 LST, which differed by two hours from those of ORG and WRF. Such differences have also been found in Sumatra using BMKG rain gauge data [18] and in China [49]. The PI values of both the WRF and IMERG-F models did not show a significant diurnal pattern, in contrast to the ORG data, which showed dominant peaks at 14:00 (Figure 10c) and at 14:00-16:00 LST (Figure 10f).



Although the phase of the diurnal cycle in the WRF and ORG data is the same, the amplitudes of the two are different. The PA and PF peaks of the WRF model are much larger than those of the ORG. The peaks of PA (PF) of the ORG, WRF, and IMERG data for a threshold R > 0.1 mm h−1 were 0.80 (20.36), 1.40 (73.92), and 0.77 mm h−1 (58.92%), respectively. The PF amplitude from the WRF model is three times larger than that of the ORG. The PA peak of ORG was close to the PA peak of IMERG. WRF’s success in modeling diurnal cycle phases, as well as its failure to represent precipitation frequency and intensity, for mountainous areas have also been reported in Peru [22].



The significant difference between the diurnal cycle amplitude between WRF and ORG may be caused by several reasons. First, it may have come from a high FAR value. Although the POD value was good enough, WRF was often wrong in detecting hourly rainfall in Kototabang, as seen from the high FAR value (Table 1). This may also be the cause for the high PF value. Second, the high value of FAR may be caused by the inability of one observation point to represent rainfall variations in one WRF grid (5 km × 5 km) due to significant small-scale spatial rainfall variability in the mountainous area of Sumatra. However, WRF had a better resolution than the IMERG-F grid (0.1° × 0.1°), but the POD value from ORG vs. IMERG was better than IMERG vs. WRF (Table 1). Even the peak PA values between ORG and IMERG-F were almost the same. Thus, this difference is not solely due to the difference in sampling area between ORG and WRF but is also influenced by the performance of WRF in modeling diurnal cycles in mountainous areas.





4. Conclusions


The diurnal precipitation cycle at Kototabang presented a single peak in the late afternoon, and the peak time was closely related to the duration of rain events. The peak time of short-duration rain events came earlier than those of medium- and long-duration events, which is consistent with the evolution of the mesoscale convective system (MCS). MJO and the seasons influence the diurnal cycle of precipitation at Kototabang. This influence is more dominant on the diurnal amplitude than the diurnal phase. The mean and diurnal maximum values of precipitation amount (PA) and frequency (PF) increased significantly during the active MJO stage (phases 2–4) compared with the suppressed MJO stage (phases 5–8). Increases in PA and PF were also observed during the pre-southwest and pre-northeast monsoons. In addition to PA and PF, the number of medium- and long-duration rain events also increased. However, the phase of the diurnal cycle was similar in all MJO phases and seasons, indicating the dominant late afternoon peak of rainfall events from convective activities caused by local circulation. WRF simulation reproduced the phases of the diurnal cycle correctly, but it largely overestimated the amplitude of the diurnal cycle compared to ORG. A complex interaction between local circulation and other factors in mountainous areas may be the cause of this shortcoming. MJO and seasons may modify the local circulation at Kototabang. This issue is being investigated, and the results will be published in another journal. In addition, the WRF model testing in this study was still limited to one point of observation. More extensive testing using more rain gauge stations will also need to be carried out in the future.
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Figure 1. The topography of Sumatra and the location of the Equatorial Atmosphere Observatory (EAO) at Kototabang. 






Figure 1. The topography of Sumatra and the location of the Equatorial Atmosphere Observatory (EAO) at Kototabang.



[image: Atmosphere 13 00063 g001]







[image: Atmosphere 13 00063 g002 550] 





Figure 2. Availability of the data on an hourly (a) and monthly (b) basis. The percentage indicates the ratio of hourly (monthly) recorded samples to the total number of samples that would have been recorded had no measurement failures occurred during a given year. 






Figure 2. Availability of the data on an hourly (a) and monthly (b) basis. The percentage indicates the ratio of hourly (monthly) recorded samples to the total number of samples that would have been recorded had no measurement failures occurred during a given year.



[image: Atmosphere 13 00063 g002]







[image: Atmosphere 13 00063 g003 550] 





Figure 3. Spatial configuration of the domains used in the WRF simulations. 
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Figure 4. Climatology of diurnal variations of PA (blue), PF (merigold), and PI (red) at Kototabang during 2002–2016. 
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Figure 5. Diurnal variations in PA (a), PF (b), and PI (c) for different rain event durations. PA, PF, and PI values for each hour were divided by the average value. 
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Figure 6. Monthly variations in diurnal cycles of PA (a), PF (b), and PI (c), as well as their differences (Δ) with average climatological values (d–f) described in Section 3.1. Lines with circle markers indicate the peak times of PA (a), PF (b), and PI (c). 
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Figure 7. Monthly variations in the number (a) and percentage (b) of rain events for different rain event durations. The percentages shown in Figure 7b were calculated by dividing the number of events for each duration by the total number of events in that month. 
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Figure 8. Intraseasonal variations in terms of MJO of the diurnal cycle of PA (a), PF (b), and PI (c), as well as their differences (d−f) with the average climatological values described in Section 3.1, along with the number (g) and percentage (h) of rain events for different rain event durations. Lines with circle markers indicate the peak time of PA (a), PF (b), and PI (c). The percentage shown in Figure 8h is calculated by dividing the number of events for each duration by the total number of events in that MJO phase. 
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Figure 9. Same as Figure 7(d–f), but for DJF (a–c), MAM (d–f), JJA (g–i), and SON (j–l) periods. 
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Figure 10. Comparison of diurnal variation of PA, PF, and PI from ORG with the WRF model and IMER-F data during 2013–2015. Calculations used two rainfall rate (R) thresholds: R > 0.1 mm h−1 (a–c) and R > 0.5 mm h−1 (d–f). 
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Table 1. Evaluation metrics calculated for ORG, WRF, and IMERG-F data at Kototabang for two rainfall rate (R) thresholds.
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	Parameters
	ORG-WRF
	IMERG-WRF
	ORG-IMERG





	Threshold: R ≥ 0.1
	
	
	



	Correlation coefficient (CC)
	0.091
	0.125
	0.286



	Root-mean-square error (RMSE)
	5.255
	2.807
	3.678



	Relative bias (RB)
	0.313
	0.179
	0.123



	Probability of detection (POD)
	0.480
	0.418
	0.767



	False alarm ratio (FAR)
	0.799
	0.554
	0.698



	Critical success index (CSI)
	0.165
	0.275
	0.276



	Threshold: R ≥ 0.5
	
	
	



	Correlation coefficient (CC)
	0.088
	0.117
	0.279



	Root-mean-square error (RMSE)
	5.284
	2.853
	3.713



	Relative bias (RB)
	0.270
	0.225
	0.046



	Probability of detection (POD)
	0.394
	0.336
	0.642



	False alarm ratio (FAR)
	0.835
	0.699
	0.701



	Critical success index (CSI)
	0.132
	0.189
	0.256
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