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Abstract

:

This study selected three heavy-rainfall events of different types in Taiwan’s Mei-yu season for high-resolution simulations at a grid size of 1 km and assessed the model’s capability to reproduce their morphology and characteristics. The three cases include a pre-frontal squall line, a mesoscale convective system (MCS) embedded in southwesterly flow, and a local convection near the front in southern Taiwan during the South-West Monsoon Experiment (SoWMEX) in 2008, chosen mainly because of the availability of the S-band polarimetric (S-Pol) radar observations, and especially the particle identification results. The simulations using the Cloud-Resolving Storm Simulator (CReSS) could reproduce all three corresponding rainfall systems at roughly the correct time and location, including their kinematic structures such as system-relative flows with minor differences, although the cells appeared to be coarser and wider than the S-Pol observations. The double-moment cold-rain microphysics scheme of the model could also capture the general distributions of hydrometeors, such as heavy rainfall below the updraft core with lighter rainfall farther away below the melting level, and graupel and mixed-phase particles in the upper part of the updraft with snow and ice crystals in stratiform areas between updrafts above the melting level. Near the melting level, the coexistence of rain and snow corresponds to wet snow in the observations. Differences in cloud characteristics in the events are also reflected in the model results to some extent. Overall, the model’s performance in the simulation of hydrometeors exhibits good agreement with the observation and appears reasonable.
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1. Introduction


Located in the East Asian monsoon region, Taiwan (Figure 1) receives its rainfall and freshwater resources mainly during the warm season, especially from typhoons and mesoscale convective systems (MCSs) associated with fronts in the Mei-yu season (May–June). In the latter season, organized MCSs, often fed by the low-level jet (LLJ) with enhanced transport of warmth and moisture in the southwesterly flow [1], can bring prolonged heavy rainfall. The steep and complex topography of Taiwan, reaching over 3 km in height within 100 km of the coast, also acts to enhance rainfall. Owing to the above factors, heavy to extreme rainfall can occur in Taiwan and lead to disasters, and presents challenges to not only weather forecasting but also hazard prevention and management by the government.



In the past, when the models used for numerical weather prediction (NWP) were lower in resolution (generally with a grid spacing of ≥10 km), convective rainfall was produced by the cumulus parameterization scheme (CPS), e.g., [2,3,4]. As computers increase in speed and capacity, model grids become finer, and convective clouds can be simulated explicitly through cloud microphysics (CMP) schemes that gradually increase in complexity [5,6,7,8,9]. Thus, convective clouds are more realistic in the model and the rainfall produced by them is also more accurate nowadays, e.g., [6,10,11,12,13].



Many previous studies focused on the development of various CMP schemes and their applications to study convection and rainfall processes, including heavy rainfall events. Ice species and their transformation processes were developed in the 1980s [8,14,15,16], and the effects of these processes in deep convection on rainfall were then explored and discussed [17,18,19]. Later, different kinds of ice species were also considered in CMP schemes to simulate the cloud structure and rainfall of tropical cyclones more realistically [20,21]. As more types of water/ice species in clouds are included, the CMP schemes become more sophisticated and more complete, and the simulated convection increases in scope and agrees better with the observations [9]. Near the surface, the cooling effect from the evaporation of raindrops was also found to be important in extending the lifespan of convective systems [22].



For observations, dual polarimetric radars give not only the reflectivity (ZH) and Doppler velocity fields as conventional Doppler radars, but also the differential reflectivity (ZDR), linear depolarization ratio (LDR), specific differential phase (KDP), and cross-correlation coefficient (ρHV) information. As detailed in [23], ZDR is the ratio of horizontal to vertical returns and thus measures the oblateness of particles, while ρHV is their correlation coefficient and can also identify hail and mixed-phase particles [24,25,26]. Large values of LDR (the ratio between vertically polarized power backscattered for a horizontally polarized transmission and the copolar backscattered power) and KDP (the difference in phase per km of the received horizontal and vertical polarized waves) are used to identify non-spherical particles [23,27,28,29]. For estimating rain rates, the most commonly used parameters are ZH, ZDR, and KDP. In Aydin et al. [30], ZDR and KDP are shown to be able to identify heavy raindrops and hail by using the National Center of Atmospheric Research (NCAR) S-band (dual) polarimetric radar (S-Pol). As valuable tools to study cloud physics and the dynamics of convective systems, dual polarimetric radars can observe particle size and the shape of water/ice species and thus distinguish the types of the particles [23,24,25,26,31,32,33]. More recently, works have also been published on clarifying the limitations of polarimetric radars and improving their observational performance. For example, the work of [23] used fuzzy logic to distinguish the characteristics of rain particles observed by the NCAR S-Pol. They pointed out that different wavelengths of polarimetric radars may give different values of some parameters, and ZH and ZDR of the S-Pol are more easily affected. May and Keenan [34] indicated a bright band issue in the C-band polarimetric radar (C-Pol) that needed to be resolved.



The Southwest Monsoon Experiment (SoWMEX)/Terrain-Influenced Monsoon Rainfall Experiment (TiMREX) was a joint field campaign between Taiwan and the United States and was held over the plains and mountain slopes in southwestern Taiwan (see Figure 1) from 15 May to 30 June 2008. The purpose of this field experiment was to understand the behavior of the Mei-yu front and southwesterly monsoon under the influence of the topography [35]. In this field experiment, the NCAR S-Pol was also deployed on the southwestern coast of Taiwan and provided not only the traditional Doppler variables but also information on the microphysical characteristics of Mei-yu rainfall systems in Taiwan. Such detailed information on water species can be used to improve the quantitative precipitation estimate (QPE) and also to verify model results. Zhou [36] carried out a detailed analysis of the event on 14–15 June during the eighth intensive observing period (IOP-8) of SoWMEX/TiMREX and evaluated the simulations by the WRF model using the S-Pol data. Four microphysics schemes, including the Morrison, Thompson, WRF single-moment 6-class (WSM6), and WRF double-moment 6-class (WDM6) schemes were chosen for comparison, and among them, the WDM6 was shown to produce the most realistic results for the simulated characteristics of the squall line in IOP-8 near Taiwan [36].



Developed at Nagoya University [5,37], the Cloud-Resolving Storm Simulator (CReSS) has been used to simulate and study many heavy rainfall events in Taiwan, including Typhoons Morakot (2009) [11] and Kong-Rey (2013) [38], and Mei-yu events such as the SoWMEX IOP-8 case [12,39], those over 11–12 June 2012, and on 2 June 2017 [40,41,42]. Its more updated version (3.4.2) includes a double-moment bulk cold-rain scheme in both liquid and ice (e.g., [42,43,44]). Meanwhile, a retrieval method from CReSS outputs to radar reflectivity has also been developed (S. Tsujino, personal communication) through Equation (54) of [45]. Therefore, with a more sophisticated CMP scheme, the development, evolution, and structure of MCSs simulated by CReSS can be expected to become more realistic and improved, and the model results more helpful in understanding the mechanisms leading to heavy rainfall in Taiwan. However, while some evaluation of the performance of cloud microphysics in the WRF model in the Mei-yu season in Taiwan has been carried out, as reviewed above, similar studies on the CReSS model are still lacking. Since a comparison between CReSS simulations and S-Pol observations has not been performed, we cannot be certain of the model’s capability, particularly in cloud microphysics. Filling this gap in knowledge is the purpose of the present work.



In this study, three heavy-rainfall events associated with the front in the Mei-yu season are selected for high-resolution simulation by the CReSS model, at the finest grid size (Δx) of 1 km, with a goal of assessing the model’s ability to reproduce the cloud microphysical characteristics of the observed MCSs. These cases all occurred during the field phase of SoWMEX/TiMREX in 2008, in order to take advantage and make use of the detailed observations by the NCAR S-Pol and its particle identification (PID) results. The three events belong to different types of MCSs and include (1) a pre-frontal squall line (PFSL) and (2) MCSs embedded in southwesterly flow (SWMCS), both during IOP-8 (14–17 June), and (3) frontal convection in IOP-3 (29–31 May). Detailed observational studies using the S-Pol data have been conducted for both events, by [46] on IOP-8 and [47] on IOP-3, and both studies include the PID results for the target MCS. Therefore, by making comparisons with these earlier studies, not only the kinematic and rainfall structures of the three MCSs but also their microphysical characteristics in the model simulations will be evaluated. As mentioned, the performance of the WRF model in the PFSL case was studied by [36], but not yet for the CReSS model in any Mei-yu event in Taiwan.



The remaining parts of this paper are arranged as follows: The data and methodology, including the CReSS model and our experiments, are described in Section 2. In Section 3, an overview of the SoWMEX IOP-8 case is first given, followed by S-Pol observations and our simulation results and evaluation of the PFSL (event A). Similar analyses and model assessments are carried out for the SWMCS (event B) in Section 4, and then for the frontal convection (event C) in IOP-3 in Section 5. Finally, further discussion and conclusions are given in Section 6.




2. Data and Methodology


2.1. The CReSS Model


As mentioned, the 3.4.2 version of the CReSS model [5,37] is used and its simulation results are evaluated in this study. In this three-dimensional non-hydrostatic and compressible model, a terrain-following vertical coordinate is used with no nesting (single domain). The basic configuration is summarized in Table 1. Using its double-moment bulk cold-rain scheme [8,16,45,48,49] with six water species (i.e., vapor, cloud water, cloud ice, rain, snow, and graupel), all clouds are simulated explicitly without cumulus parameterization. Subgrid-scale turbulent mixing in the boundary layer is parameterized using 1.5-order closure with turbulent kinetic energy prediction [37,50]. Momentum and energy fluxes and radiation at the surface are also considered with a substrate model [51,52,53], but both shortwave and longwave cloud radiation in the air are neglected [5,37]. At the lower boundary, real topography data are also provided on a fine grid. More details regarding CReSS, including the full equation set in model dynamics and in cloud microphysics, are available in the user guide for further reference (http://www.rain.hyarc.nagoya-u.ac.jp/~tsuboki/cress_html/index_cress_jpn.html (accessed on 1 February 2019)).




2.2. Model Experiments


As the CReSS model has no nesting function, two experiments were first conducted at a coarser grid of Δx = 2.5 km to cover the three SoWMEX cases studied: experiment R2.5AB to cover the first two cases during IOP-8 (PFSL on 14 June and SWMCS on 16 June, referred to as events A and B) together and experiment R2.5C for the third one in IOP-3 (frontal convection on 31 May, referred to as event C), as shown in Table 2 (top half). The National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) final analyses, on a 1° × 1° latitude–longitude grid at 26 levels, provided the initial and boundary conditions (IC/BCs) for these 2.5 km runs (including the sea surface temperature). In [12], both events A and B were successfully simulated using an earlier version of CReSS with a similar configuration (Δx = 2.5 km) and the same IC/BCs, including rainfall distributions in Taiwan on days 3 and 5 that compare favorably with the observations (their Figures 7 and 12). In addition, the same IC/BCs (produced in real time) were used operationally by the 2.5 km CReSS for years [41,44,54,55,56].



The outputs of the two 2.5 km experiments are then used as IC/BCs to drive three 1 km experiments of shorter integration lengths: R1.0A, R1.0B, and R1.0C, for each of the three cases, respectively (Table 2, bottom half). As southwesterly flow prevailed at low levels during IOP-8 (discussed below), Taiwan is placed closer to the eastern boundary in R1.0A and R1.0B to allow for a longer distance from the upstream (Figure 1). By contrast, Taiwan in R1.0C is placed close to the domain center without such a condition. In later sections, to verify the model results for cloud structure and microphysical characteristics, only the 1 km results are used.




2.3. Data and Methodology for Model Evaluation


The data used in this study include the following: For a synoptic overview, East Asia surface weather charts from the Central Weather Bureau (CWB) of Taiwan and the NCEP GFS gridded final analyses (1° × 1°, see Table 2) at selected pressure levels, both at 6 h intervals, are used. For mesoscale analysis on the convection and MCSs, rain gauge observations and radar reflectivity mosaic (every 30 min) from the CWB, as well as infrared cloud imagery from the geostationary Multifunctional Transport Satellite (MTSAT, every 30 min), are used. To evaluate the CReSS model’s ability to simulate the structure of rainfall systems and their cloud microphysical characteristics, the NCAR S-Pol observations are used. These results are mainly adapted from earlier studies, including the PID results. The model results from the three 1 km experiments are then compared with the S-Pol data.





3. The PFSL Case on 14 June 2008


3.1. Synoptic Overview of Events A and B


In this section, an overview of the synoptic backgrounds of PFSL (event A) and SWMCS (event B) during SoWMEX IOP-8 (14–17 June) is first given. The daily surface weather charts from the CWB (Figure 2) show that a quasi-stationary Mei-yu front existed in South China from 13 June during IOP-8, and did not approach northern Taiwan until around 16 June. Thus, Taiwan was located on the warm side ahead of the front, where south-southwesterly to southwesterly flow prevailed during much of IOP-8. At 850 hPa, as the front approached, strong southwesterly flow prevailed over the prefrontal area near Taiwan on 14 June (Figure 3a, also [12,39]), with LLJ peaking at about 20 m s−1 in response to the increased horizontal geopotential height gradients, e.g., [57]. This Mei-yu frontal system was associated with a trough at 500 hPa (Figure 4a), which provided positive vorticity advection aloft and favorable conditions to trigger convection [58]. Thus, a PFSL developed on 14 June over the Taiwan Strait, with an orientation roughly parallel to the low-level flow (northeast–southwest). The mesoscale aspects of this PFSL will be further described.



With the cyclone migrated to the east, the Mei-yu front also advanced south to approach northern Taiwan on 16 June (Figure 2d). While the 500 hPa trough had moved off and weakened by this time (Figure 4b), the southwesterly and LLJ at low levels remained strong in the northern South China Sea (SCS) and the southern Taiwan Strait (Figure 3b). Under such conditions, an MCS developed upstream from Taiwan over the northern SCS on 16 June, then moved onshore to cause heavy rainfall over southwestern Taiwan. This is referred to as the SWMCS (and event B) in the present work. Since the SoWMEX IOP-8 case was studied quite extensively, similar synoptic analyses can be found in [12,39,58,59,60], with emphases on different aspects of the event.




3.2. Mesoscale Aspects of Event A


On 13–14 June during SoWMEX IOP-8, a well-organized, northeast–southwest-aligned squall line developed along the southeastern coast of China and then propagated eastward across the Taiwan Strait to make landfall in western Taiwan (Figure 5a–f). After the line made landfall around 0100 UTC 14 June, however, its segment on land gradually dissipated and only the southern portion over the water remained intact (Figure 5b; also [57]). Later, this squall line evolved into several convective lines with a general orientation from north-northeast to south-southwest by 0900 UTC (Figure 5c), and their northern portions made landfall in southwestern Taiwan in succession (Figure 5c–e), until after 1600 UTC 14 June (Figure 5f, also [46]). As a whole, this PFSL event brought heavy rainfall to southwestern and central Taiwan on 14 June, with a peak daily amount reaching 200 mm on 14 June (Figure 6a, in LST).




3.3. S-Pol Radar Observations of Event A


Both events A and B during SoWMEX IOP-8 were studied in detail at selected times using the observations from the S-Pol and other land-based radars reported in [46]. For the PFSL, the time chosen for the analyses of the kinematic and microphysical structure of the system was 1000 UTC 14 June, as depicted in Figure 7a–c for plain views and Figure 8a,b for the vertical cross-sections (taken from [46], their Figures 7a and 8). As mentioned earlier, at this time, the PFSL had already evolved into several north–south-aligned narrow lines (see Figure 6c,d) and one of them was approximately 60 km to the west of the S-Pol site and about to make landfall (Figure 7a). The mosaic reflectivity from the S-Pol shows that the line was less than 10 km in width and was embedded in a strong southwesterly flow of almost 20 m s−1, as revealed from wind synthesis at 2.5 km (Figure 7a). Dual-Doppler analyses (inside the rectangular area) also show that relative to the system (moving northeastward at cx = 10.3 m s−1 and cy = 12.0 m s−1, see [46]), there was low-level inflow from the east at the height of 2 km (Figure 7b) and rear inflow from the west at 5 km (Figure 7c). Individual convective cells, roughly 10 km apart, were embedded inside the line.



In the east–west vertical cross-section through the strongest cell in the analysis region at 1000 UTC 14 June (Figure 8a), the range-height indicator (RHI) from the S-Pol indicated a roughly vertical updraft without too much tilt, with a maximum ascending speed of over 10 m s−1 near 6.5 km and reflectivity near 55 dBZ below the melting level of 4.7 km. Ahead (east) of the line, the low-level inflow and upper-level outflow (from dual-Doppler analysis) were both visible, whereas the rear inflow, reaching about 6 m s−1 near 5–6 km in height was also clearly depicted over the area roughly 10–35 km west of the updraft. Just below it, there was stratiform echo reaching 35 dBZ near 5 km height, and a similar feature also existed roughly 10 km ahead of the updraft in the cross-section (Figure 8a). In Figure 8b, the particle identification (PID) results on the cross-section from [46] (their Figure 14a) are shown, and will be further discussed when compared to the model results.




3.4. Model Results of Event A and Comparison with Radar Observations


As described in Section 2, a 1 km CReSS simulation was conducted (Exp. R1.0A) from the initial time of 0000 UTC 13 June for 48 h and driven by the 2.5 km outputs, which are similar to those used in [12,39]. In this section, the model results are compared with the observations mainly from radars, so as to evaluate its performance in reproducing the kinematic structure and microphysical characteristics of the PFSL in event A. To facilitate comparison, most of the plots from the model results are presented in a way similar to the observations.



In Figure 5g–i, the model simulation results of the PFSL at 0930, 1030, and 1130 UTC 14 June are shown when the system approaches southwestern Taiwan and can be compared with Figure 5c–e. First of all, the 1 km model successfully reproduced the system and its landfall time was also roughly correct. Around this time, when the entire system exhibited a northeast–southwest alignment, some narrow convective lines were oriented in a more north–south direction, and the model was able to reproduce this characteristic as well. From outputs every 15 min (Table 2), the results at 1100 UTC 14 June are selected and presented in Figure 7d–f, as a convective line is approaching southwestern Taiwan at this time in the model (its motion determined to be cx = 11.2 and cy = 3.8 m s−1) and characteristics similar to those in Figure 7a–c. At the elevations of 2 and 2.5 km, winds ahead (behind) of the line are from the southwest (west-southwest) in the model (Figure 5g–i and Figure 7d), also in general agreement with the radar synthesis (Figure 7a). However, even at Δx = 1 km, the model rainband appears about 20 km in width with strong echoes exceeding 50 dBZ in Figure 7e,f, wider and stronger than captured by the S-Pol. Also, the system-relative low-level inflow at 2 km east of the line in the model seems to be stronger and more from the south than in the observations (Figure 7b,e), yet nonetheless in agreement with its slower northward motion in the model. Near 5 km, however, the rear inflow was much too weak and almost non-existent (Figure 7c,f). Finally, despite generally stronger reflectivity, the model updrafts embedded in the line also appear somewhat weaker (in vertical velocity), at least at heights of both 2 and 5 km.



The structure of the convection along an east–west vertical cross-section also through a strong cell in the model (see Figure 7e,f for location) is depicted in Figure 8c,d, and can be compared to Figure 8a,b. Following the method of [48] described earlier, the retrieved reflectivity in the model tends to be stronger (Figure 8c) as the rainband also appears wider compared to the S-Pol observation, but also reaches peak values of >55 dBZ below the updraft maximum, which is over 16 m s−1 at around 9 km. Thus, the model updraft in the selected cell is in fact stronger, rather than weaker, than the observation, and is associated with higher reflectivity values underneath, at the lower levels. East of the line, the low-level inflow and upper-level outflow bear close resemblance to the S-Pol data and are quite reasonable. On the other hand, strong real-to-front (RTF) inflow appears higher up, near 8 km, somewhat different from the observation of around 5–6 km. However, mid-level inflow can be found to the rear of another developing cell about 25 km farther to the west (near 119.4°E), which might affect the flow around the selected cell in R1.0A. Thus, some disagreement is perhaps not surprising. On the other hand, just below the freezing level, near 3–5 km, stronger reflectivity is also found to accompany the aforementioned cell to the west, and also about 12 km east of the main updraft in Figure 8c, in good agreement with Figure 8a. Like the main updraft, the echoes of these features are stronger than the observed ones (especially for the one to the west), and this result might be due to the apparently stronger convergence below 2 km associated with the squall line in the model.



The PID results of S-Pol observation in the cross-section as obtained by [46] using the fuzzy-logic method of [23] are shown in Figure 8b, with a total of 17 different types (14 types of hydrometeors). In general, liquid water was observed near and below the freezing level (at 4.7 km) with solid-phase particles above, from about 40 km east to 90 km west of the main updraft. The main updraft was associated with heavy rainfall (HR) near and below freezing level, and graupel mixed with rain (GR) slightly above (~5–7 km) and with small hails (GSH) further up (about 7–11 km). Farther away from the updraft, the rainfall intensity (below 5 km) decreased from HR to moderate rain (MR) and then to light rain (LR) and drizzle (DZ), while the solid particles aloft also became smaller, from dry snow (DS) to irregular ice crystals (IIC) to ice crystals (IC). Near the freezing level, wet snow (WS) could be found at the backside of the main updraft and just above the two regions of higher reflectivity.



The model results of the mixing ratios of hydrometeor species in R1.0A are plotted in Figure 8d using colors similar to those in Figure 8b. Near and below the freezing level at about 5.1 km, raindrops (warm colors) are simulated, with higher values (≥2.5 g kg−1), which can be interpreted as heavier rainfall, located below the updraft maximum as well as in the second high-reflectivity area near 119.4°E. Above 5.1 km, graupels (green contours) are produced in the main updraft and advected eastward by the RTF outflow, and also in the updraft to the western cell (but over a smaller area). In Figure 8d, graupels can reach about 14 km due to the stronger updraft. Farther away from the main cell, snow particles (blue) are also produced, with ice crystals (pink) farther up and to the west at high levels (typically ≥ 9 km). Near the freezing level where both liquid and solid phases coexist in abundance, the presence of mixed-phase particles can be assumed, such as GR in the updrafts and WS. In general, while the CReSS model does not produce as many types of hydrometeors as the S-Pol observations, the rain (liquid), snow and ice (solid), and mixed-phase particles in Figure 8d show good agreement with the observations in Figure 8b at the selected time for the PFSL case.





4. The SWMCS Case on 16 June 2008


4.1. Mesoscale Aspects of Event B


In this subsection, the mesoscale aspects of event B are reviewed, since the synoptic overview was already given earlier for the entire SoWMEX IOP-8 period. Event B of the SWMCS was observed on 16 June, roughly 30 h after the passage of the PFSL, when the southwesterly LLJ occupied the northern SCS and nearby ocean southwest and east of Taiwan (Figure 3d). The LLJ advected warm and unstable air from upstream toward southwestern Taiwan and provided favorable conditions for the development of convection [12,58,59]. From late 15 June, active but scattered convections developed over a wide area near southwestern Taiwan and the upstream ocean (Figure 9a–f), constituting our second event of SWMCS (i.e., event B), but they were not as well organized as the PFSL. After initiation, many of these convective cells moved onshore into the southwestern plains and led to heavy rainfall on 16 June (in LST), with a peak amount of over 200 mm (Figure 6b). Later, as the subtropical high strengthened on 17 June, the areas of strong low-level winds and more active convection also moved westward, gradually away from Taiwan (also [12]).



During the period of SWMCS, the CReSS model is seen to be able to reproduce the active but scattered convection embedded in the confluent southwesterly low-level flow near southwestern Taiwan in the experiment R1.0B (Table 2), in general agreement with the observations, particularly from 0000 to 0800 UTC 16 June (Figure 9g–i).




4.2. S-Pol Radar Observations of Event B


As shown earlier and demonstrated in several previous studies [12,39,46,58], the SWMCS event consisted of scattered convection over a wide area surrounding southwestern Taiwan and the upstream ocean. The S-Pol observations selected for analysis in [46] were at 0507 UTC 16 June, as depicted in Figure 10. At this time, a roughly north–south-oriented rainband developed over the ocean southwest of Taiwan and the S-Pol site (Figure 10a), along a confluent zone between the southerly flow and southwesterly flow at low levels (near 2 km, Figure 10b). This rainband was determined to move at cx = 6.6 m s−1 and cy = 8.8 m s−1 [46]. Further up, at 5 km, the updrafts embedded in the band typically exhibited stronger upward motion (Figure 10c).



The east–west vertical cross-section through the convective cell near the southern end of this band (Figure 11a, also from [46]) reveals that the updraft core reached a peak ascending velocity of >8 m s−1 near 5–6 km where the reflectivity was about 50 dBZ, while the maximum reflectivity was >55 dBZ but located below the core at lower levels (below about 3 km). Compared to event A (Figure 8a), this updraft in event B is weaker to some extent. Widespread reflectivity of 30–40 dBZ can also be seen near and below the freezing level (at 5 km), mostly from stratiform clouds, both east and west of the main updraft (Figure 11a). In the latter region, both moderate system-relative inflow (from the west) below 5 km and outflow near 8–15 km, but strongest near 10–11 km in height, can be observed.




4.3. Model Results of Event B and Comparison with Radar Observations


In experiment R1.0B, a system along the low-level confluent zone similar to the one depicted in Figure 10a–c is reproduced at 0930 UTC (Figure 10d), but it also appears wider than the observation. With a motion vector of cx = 5.6 and cy = 11.0 m s−1, the structure of this rainband in the model at 2 and 5 km also resembles the observed one (Figure 10e,f), except that most of the mid-level flow at 5 km is RTF in the model (Figure 10f), but FTR in Figure 10c.



Figure 11c presents the east–west cross-section through a similar cell near the southern end of the rainband at 0930 UTC in R1.0B, and it can be compared with Figure 11a. While their general characteristics are quite similar, some minor differences can still be seen. First, the model updraft reaches only about 8.5 km in height, compared to 12 km in the S-Pol observations, although the peak velocity of both is around 8.5 m s−1. In fact, in the entire cross-section, the echo areas in R1.0B do not extend upward to levels as high as those in the observation. Second, the strong-echo area in the model also appears wider and can reach higher reflectivity values below the freezing level, with a maximum of over 55 dBZ. Third, to the east of the rainband, the FTR inflow below 2 km and RTF outflow near 6 km in Figure 11c are not evident in Figure 11a. On the other hand, west of the band, the RTF inflow at 2–5 km and FTR outflow aloft above 9 km are both well reproduced in R1.0B, but they are both somewhat weaker than the observed ones.



The PID results from the S-Pol along the cross-section and the mixing ratios of the hydrometeors in R1.0B are shown in Figure 11b and 11d, respectively. Again, below the freezing level, liquid water (rain) was seen in the observation, with the heaviest rainfall below the updraft core, and this is well reproduced in the model. Outside of the main updraft, the rainfall was mostly moderate and light in both the model and observation. At 4–5 km, just below the freezing level, the S-Pol results also indicate some heavier rainfall (red, Figure 11b), but this is not readily identifiable in the model results, although the mixing ratios of rain do appear to decrease with height in some regions just below the freezing level, which is also near 5 km. Above the freezing level, snow typically appeared up to about 9 km while ice particles were higher up (9–15 km), except inside the main updraft (where snow could reach higher levels, Figure 11b). These characteristics are also reproduced by the model reasonably well (Figure 11d). Near and above the updraft maximum, graupels are produced with higher mixing ratios (around 2.5 g kg−1) near 5–8 km in R1.0B, also in agreement with the observation, while their appearance in other regions near the freezing level and slightly above, mostly coupled with snow, likely corresponds to WS in the observation. In general, most of the hydrometeors are distributed in the model (Figure 11d) in a similar way compared to the observations (Figure 11c) in event B.





5. The Frontal Convection in IOP-3


5.1. Synoptic Overview of Event C


The IOP-3 of SoWMEX occurred on 29–31 May 2008, when a Mei-yu front approached and passed through Taiwan. In the later part of IOP-3, the convection on 31 May was studied by [47] using the S-Pol data, and this is our target for comparison in event C. The synoptic condition of this event is first discussed here. The surface weather map at 0000 UTC 31 May (Figure 12a) shows that the Mei-yu front was moving slowly across southern Taiwan, pushed by the northerly flow behind the front driven by the two anticyclones near 30°N. The surface front was associated with a wind-shift line at 850 hPa, with a cyclonic vortex and larger temperature gradient over northern to central Taiwan (Figure 12b). Further aloft, at 700 hPa, the prevailing wind surrounding Taiwan was southwesterly to westerly and the region was very humid, with relative humidity reaching 90% (Figure 12c). At 500 hPa, westerly winds prevailed, with small relative vorticity near southwestern Taiwan (Figure 12d). The presence of the front and high moisture content provided favorable conditions for local heavy rainfall on 31 May [59], and event C developed subsequently.




5.2. Mesoscale Aspects of Event C


Caused by the frontal convection, the rainfall in Taiwan on 30 May was mostly along the coastal plains from northern to central Taiwan (in LST, Figure 6c). Afterward, an MCS developed near the coast of central Taiwan and moved eastward, and then dissipated after 2200 UTC 30 (i.e., 0600 UTC 31) May (Figure 13a). A new cell developed at 0000 UTC 31 May, again near the coast of central Taiwan (Figure 13b). During the subsequent hours, it grew upscale into an MCS and moved toward the southeast into the mountain regions (Figure 13c–f). At 0800 UTC, the coldest clouds were over the southern CMR. Later, this MCS continued to move south, toward the southern tip of Taiwan (Figure 13g,h), before eventually weakening and dissipating (not shown). Thus, caused by this MCS near the Mei-yu front, the rainfall in Taiwan on 31 May (in LST) was mostly in the mountain regions in southern Taiwan, with a peak amount of over 110 mm (Figure 6d).




5.3. S-Pol Radar Observations of Event C


The S-Pol observations of reflectivity in southern Taiwan at selected times from 0752 to 0845 UTC are depicted in Figure 14a–e, adapted from [47]. During this period, an arc-shaped rainband was developing near the foothills of the southern CMR, some 20 km to the northeast of the S-Pol. Inside this band, cell mergers were observed. Another east–west band appeared just to the north of the first band, and the two bands gradually evolved into an elliptical shape at 0815 UTC (Figure 14d). At 0845 UTC (Figure 14e), the two bands became parallel and about 10–15 km apart, and the RHI from the S-Pol was chosen and is shown in Figure 15a,b (source: [47]). In Figure 15a, the main updraft roughly 6–8 km in width was located right at the foothills of the CMR (see Figure 14e) and about 22 km from the S-Pol, and a new updraft to its southwest could also be seen closer to the site, about 15–16 km away. In the RHI, the updrafts slanted toward the northeast with height. While the echoes below the freezing level were in general stronger than above, peak reflectivity greater than 55 dBZ associated with the main updraft was found aloft, near 5–7 km (Figure 15a), a characteristic different from that in both events A and B. The echoes of 25 dBZ could reach 14 km above the main updraft, but generally below 9 km elsewhere.




5.4. Model Results and Comparison with Radar Observations


The winds at 3 km and retrieved reflectivity from the model run in R1.0C (Table 2) around 0500 UTC 31 May are displayed in Figure 14f–j. While this time period is about 3 h earlier than the observation, similar convection can be seen to develop near the coastline of southwestern Taiwan with mergers taking place, but again with less detail and at locations slightly to the south compared to the observation. Embedded in the westerly flow at low levels, the main cell moved close to the foothills of the southern CMR at 0515 and 0530 UTC after merging (Figure 14i,j). For this latter time, a vertical cross-section at a similar orientation (running southwest–northeast) is constructed (Figure 15c), and shows features comparable to the observations. Among such features, the main updraft also tilts toward the northeast with height, and the echoes ≥ 25 and 50 dBZ associated with it can reach about 13 and 5 km in height, respectively. While echoes ≥ 40 dBZ are typically limited to below 6 km in Figure 15c, the strongest echoes, reaching 60 dZB, are found at low levels near 1–2 km and against the terrain. Thus, they are not elevated aloft as observed by the S-Pol. Near 12 km, the upward velocity in the model updraft can reach almost 20 m s−1, and this does not seem to be supported by the observation either.



The PID results from S-Pol in the RHI [47] are shown in Figure 15b, and can be compared with the model outputs in Figure 15d. Likely due to the high moisture content in event C, heavy rain was observed to occupy a wide area of 7–8 km below the melting level, which was close to 5 km, in association with the main updraft, but was quite narrow accompanying the new cell (Figure 15b). Between the cells, rainfall was mostly moderate, with light rain farther away. Above the melting level, the main updraft was associated with graupel up to about 9 km, then snow and ice crystals further up and away. In Figure 15b, one interesting and unique feature that was not seen in events A or B is the downward extension of mixed graupel with raindrops (GR) from the elevated area of peak reflectivity along the southwestern edge of the updraft, almost all the way down to the surface (green pixels). Near the melting level, WS was also found outside the updrafts.



When Figure 15b,d are compared, one can see that most of the main features in the PID results mentioned above, with liquid phase below and solid phase above the melting level, are reasonably reproduced in R1.0C for event C. Heavy rainfall (high mixing ratio of rain) is also found produced by the main updraft, and the graupel is also seen to extend downward at the southwestern edge of the heavy rainfall area (Figure 15d), although perhaps not as apparent as in the observation. Away from the main updraft, the coexistence of snow (blue) and rain (warm color) near the melting level also corresponds to WS. Above the melting level, graupel can be produced at levels as high as 14 km by the main updraft, and such excessive production is linked to the overly strong updraft at 9–15 km in the model.





6. Conclusions and Summary


In this study, three heavy-rainfall events of different types in Taiwan’s Mei-yu season, all during the field campaign of SoWMEX/TiMREX in 2008, were selected for simulations using the CReSS model at a grid size (Δx) of 1 km, to assess the model’s ability to reproduce the kinematic structure and cloud microphysical characteristics. Event A is a prefrontal squall line (PFSL) on 14 June and event B is an MCS embedded in prevailing southwesterly flow (SWMCS) on 16 June, both during IOP-8 and over the ocean upstream from Taiwan. On the other hand, a frontal convection with cell mergers, event C occurred near the foothills of the SMR earlier, on 31 May, during IOP-3. During SoWMEX/TiMREX, the NCAR S-Pol was deployed near the coast of southwestern Taiwan, and detailed analyses of its high-resolution observations were carried out for all three events in previous studies. Thus, the present study could take advantage of the S-Pol observations to compare with the model outputs, with particular emphasis on the derived particle identification (PID) results.



At Δx = 1 km, the three simulations could reproduce the rainfall systems of interest reasonably well at comparable locations and times, and with morphology and characteristics similar to the observed ones, except that the convective cells still appear coarser and wider in the model. In each case, the convective updraft reached the maximum speed near 5–8 k and could extend well into the upper troposphere, around 12–14 km in height. The north–south-oriented PFSL in event A was also associated with FTR inflow at low levels, RTF outflow aloft on the front (eastern) side, and rear inflow near 5 km on the back side. Most of the above-mentioned features were also reproduced by the model, except that the rear inflow in the PFSL appears near 7–8 km and higher up. In the observations, the peak radar reflectivity was typically > 50 dBZ and appeared below the melting level, except in event C where an elevated echo maximum was observed near 5–7 km and slightly above the melting level. These characteristics were also captured by the model, albeit with a tendency toward higher peak reflectivity values (by about 5 dBZ). In addition, the elevated echo maximum in event C was not captured.



Comparisons between the S-Pol PID results and the model-simulated mixing ratios of hydrometeors using the double-moment cold-rain scheme in cross-sections were also performed, although the latter have five such species (cloud liquid, rain, cloud ice, snow, and graupel), and fewer than the S-Pol. In all three events, heavier rainfall appeared below the core of the main updraft with moderate and lighter rainfall farther away below the melting level (near 5 km in height). Above the melting level, graupels and mixed-phase particles were produced by the updraft and could extend into the upper troposphere, with snow and then ice crystals farther away and higher up (to above 14 km), including stratiform regions. Such general distributions of particles were also reasonably captured in all three model runs, where the existence of rain and snow near the melting level corresponds to wet snow in the S-Pol PIDs. In event B, the graupel region in the model appears too big, likely due to downwind advection by the more evident RTF outflow (westerly winds) at upper levels. In event C, graupels also extended to lower levels after formation in the observation, and this feature was also captured by the model to some extent.



It is perhaps worth mentioning that the three events were not captured to the same degree of realism in R2.5AB and R2.5C with a Δx of 2.5 km. More detailed structures in events A and B, and in particular, the formation of event C were obtained only when the grid size was further reduced to 1 km and the outputs from the 2.5 km experiments were used as IC/BCs. As the model results still appear coarser than the S-Pol observation, even a Δx of 1 km may not be sufficient for some cases, e.g., [6], and further improvement might be attainable with even higher resolutions. Nonetheless, based on such results, IC/BCs with high spatiotemporal resolution and a finer model grid may be the key to model performance, at least for convective systems in Mei-yu seasons in Taiwan. With the continuous deployment of more rainfall radars in Taiwan in recent years, more detailed observations of cloud microphysics will become available. Thus, more studies that assess the model’s ability to simulate convective clouds in Taiwan, such as the present one, can be anticipated.
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Figure 1. The topography of Taiwan and the surrounding regions (m, color) and the model domains used for the three events (A, B, and C) in this study (see text for details). Dashed and dotted areas depict 2.5 and 1 km domains for events A and B (red; R2.5AB and R1.0A/R1.0B) and event C (blue; R2.5C and R1.0C), respectively. 
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Figure 2. The CWB surface weather maps at 0000 UTC of (a) 13, (b) 14, (c) 15, and (d) 16 June 2008, respectively. Parameters shown include mean sea-level pressure (hPa, isobars every 4 hPa), surface front, and high-/low-pressure systems with station plots. (source: CWB.). 
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Figure 3. NCEP (1° × 1°) 850 hPa final analyses of geopotential height (gpm, black contours every 10 gpm) and horizontal wind (kt, barbs, one full/half barb = 10/5 kt with isotachs (m s−1, color, scale at bottom) at 0000 UTC on (a) 14 and (b) 16 Jun 2008, respectively. An additional isotach at 12 m s−1 is also plotted in red. 
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Figure 4. As in Figure 3, except for geopotential height (gpm) and horizontal winds (kt, barbs, one full/half barb = 10/5 kt) without isotachs, plus relative vorticity (10−4 s−1, color, scale at bottom) at 0000 UTC on (a) 14 and (b) 16 Jun 2008, respectively. Troughs are depicted by thick dashed lines and the 5880 gpm isopleths are plotted in green. 
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Figure 5. (a–f) The CWB radar reflectivity mosaic (dBZ, color, scale at bottom) and NCEP 800 hPa wind analysis (m s−1, vectors) at (a) 2000 UTC 13 June, and (b) 0100, (c) 0900, (d) 1100, (e) 1300, and (f) 1600 UTC 14 Jun 2008, respectively. (g–i) As in (a–f) except from model-simulated reflectivity (scale on the right) and wind vectors at 2 km height at (g) 0930, (h) 1030, and (i) 1130 UTC 14 Jun in R1.0AB. Reference vectors are shown at the bottom. 
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Figure 6. Daily accumulated rainfall observation (mm, color) in Taiwan (in LST) on (a) 14 and (b) 16 Jun during IOP-8, and on (c) 30 and (d) 31 May during IOP-3 in 2008, respectively. In Taiwan, 0000 LST corresponds to 1600 UTC. 
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Figure 7. (a) The reflectivity mosaic (dBZ) from S-Pol and winds at 2.5 km from radar syntheses (m s−1, blue vectors), and interpolated reflectivity (dBZ) and dual-Doppler-analyzed system-relative winds (m s−1, vectors) at (b) 2 and (c) 5 km at 1000 UTC 14 Jun 2008, respectively. In (b,c), red (blue) contours depict upward (downward) motion every 2 m s−1. Adapted from [46] and used with permission. In (a), the topography of 0.5 km is also plotted and the box depicts the regions shown in (b,c), where the dashed line AB shows the cross-section used in Figure 8a,b. (d–f) As in (a–c), except from model simulation and retrieved reflectivity in R1.0A at 1100 UTC 14 Jun 2008 at the same scale. In (d), the topography of 2.5 km is plotted (blue contour) instead. In (e,f), only upward motion is plotted (also every 2 m s−1) and the dashed line A′B′ shows the cross-section used in Figure 8c,d. 
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Figure 8. East–west vertical cross-section of system-relative wind vectors and upward motion (contours, both in m s−1), plus (a) reflectivity (dBZ) and (b) PID results from S-Pol along the line AB (Figure 7b) at 1000 UTC 14 Jun 2008. Adapted from [46] and used with permission. The abbreviations for particle types are CL (cloud), DZ (drizzle), LR (light rain), MR (moderate rain), HR (heavy rain), HA (hail), RH (rain–hail mixture), GSH (graupel–small hail mixture), GR (graupel–rain mixture), DS (dry snow), WS (wet snow), IC (ice crystals), IIC (irregular ice crystals), SLD (supercooled liquid droplets), BGS (biological signals), ST (second trip), and GC (ground clutter), respectively. (c) As in (a), except from model simulation in R1.0A along the line A′B′ (Figure 7e) at 1100 UTC 14 Jun 2008. (d) As in (c), but showing the mixing ratios (g kg−1) of hydrometeors (color for rain, and green, blue, and pink contours for graupel, snow, and ice, respectively). All panels have the same scale. 
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Figure 9. As in Figure 5, except for (a–f) radar reflectivity mosaic (dBZ) and NCEP 800 hPa winds (m s−1) every 4 h from (a) 2000 UTC 15 June to (f) 1600 UTC 16 Jun 2008, respectively, and model-simulated reflectivity and winds at 2 km height at (g) 0400, (h) 0800, and (i) 1200 UTC 16 Jun in R1.0B. The areas of interest are circled. 
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Figure 10. (a–c) As in Figure 7a–c, except for reflectivity from S-Pol, radar-synthesized winds, and dual-Doppler-analyzed system-relative winds at 0507 UTC 16 Jun 2008. Adapted from [46] and used with permission. In (a), the box depicts the regions shown in (b,c), where the dashed line CD shows the cross-section used in Figure 11a,b. (d–f) As in Figure 7d–f, except from model results in R1.0B at 0930 UTC 16 Jun 2008. The dashed line C′D′ in (e,f) shows the cross-section used in Figure 11c,d. 
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Figure 11. As in Figure 8, except for east–west vertical cross-sections (a,b) from S-Pol along the line CD (Figure 10b) at 0507 UTC 16 Jun, and (c,d) from the model simulation in R1.0B along the line C′D′ (Figure 10e) at 0930 UTC 16 Jun 2008, respectively. (a,b) Adapted from [46] and used with permission. 
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Figure 12. (a) The CWB surface weather map (isobars every 4 hPa, surface front and high/low systems with station plots) and (b–d) NCEP (1° × 1°) final analyses of geopotential height (gpm, black contours every 10 gpm), horizontal winds (kt, barbs, one full/half barb = 10/5 kt), plus (b) temperature (°C, color) at 850 hPa, (c) relative humidity (%, color) at 700 hPa, and (d) relative vorticity (10−4 s−1, color) at 500 hPa, respectively, all at 0000 UTC 31 May 2008. 
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Figure 13. Enhanced infrared cloud images (brightness temperature, °C, scale at bottom) surrounding Taiwan by the geostationary Multifunctional Transport Satellite (MTSAT) every 2 h from 2200 UTC 30 to 1200 UTC 31 May 2008 (a–h). 
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Figure 14. (a–e) As in Figure 7a, except for reflectivity (dBZ) from S-Pol at the height of 3 km at (a) 0752, (b) 0800, (c) 0807, (d) 0815, and (e) 0845 UTC 31 May 2008, respectively. Adapted from [47] and used with permission. The location of S-Pol (red triangle) and convection of interest (circles) are marked. In (e), the dashed line EF shows the cross-section used in Figure 15a,b. (f–j) As in Figure 7d, except for reflectivity and wind vectors (m s−1) at a height of 3 km from model results in R1.0C every 15 min from (f) 0430 to (j) 0530 UTC 31 May 2008, respectively, at the same scale. The dashed line E′F′ in (j) shows the cross-section used in Figure 15c,d. 
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Figure 15. Similar to Figure 8, except for the vertical cross-sections (a,b) from S-Pol along the line EF (Figure 14e) at 0844 UTC 31 May (without kinematic field), and (c,d) from the model simulation in R1.0C along the line E′F′ (Figure 14j) at 0530 UTC 31 May 2008, respectively. The dashed line depicts the 0 °C isotherm. (a,b) Adapted from [47] and used with permission. All panels have the same scale. 
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Table 1. Physical options and configurations of CReSS common to all experiments in this study.
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	Projection
	Lambert Conformal, Center at 120°E, Secant at 10°N and 40°N





	Topography data
	Digital elevation model at intervals of (1/120)°



	Cloud microphysics
	Double-moment bulk cold-rain scheme



	PBL turbulence
	1.5-order closure with turbulent kinetic energy prediction



	Surface processes
	Momentum/energy fluxes and shortwave and longwave radiation



	Substrate model
	43 levels, every 5 cm to 2.1 m in depth










 





Table 2. Domain configuration and experimental setup of the CReSS model for the three events in 2008 considered in this study.
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Event Name

	
Event A

	
Event B

	
Event C






	
Experiment name (2.5 km)

	
R2.5AB

	
R2.5C




	
Grid spacing (km)

	
2.5 × 2.5 × 0.5 *




	
Grid dimension (x × y × z)

	
600 × 480 × 40

	
585 × 520 × 60




	
Domain size (km)

	
1500 × 1200 × 20

	
1455 × 1305 × 30




	
Initial time

	
0000 UTC 12 June

	
0000 UTC 30 May




	
Integration length and output frequency

	
144 h, 30 min

	
48 h, 15 min




	
IC/BCs

	
NCEP GFS final analyses (1° × 1°, 26 levels, every 6 h)




	
Experiment name (1 km)

	
R1.0A

	
R1.0B

	
R1.0C




	
Grid spacing (km)

	
1.0 × 1.0 × 0.5 *




	
Grid dimension (x × y × z)

	
900 × 720 × 37

	
528 × 549 × 56




	
Domain size (km)

	
900 × 720 × 18.5

	
528 × 549 × 28




	
Initial time

	
0000 UTC 13 June

	
1800 UTC 15 June

	
2100 UTC 30 May




	
Forecast range and interval

	
48 h, 15 min

	
22 h, 15 min

	
18 h, 5 min




	
IC/BCs

	
Outputs of R2.5AB

	
Outputs of R2.5C








* The vertical grid spacing (Δz) of CReSS is stretched (smallest at the bottom), and the averaged spacing is given in parentheses.
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