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Abstract

:

Sensitivity experiments were conducted on Typhoon Mujigae, which occurred in 2015, wherein the Weather Research and Forecasting Advanced Research (WRF-ARW) model was used to select two local and two nonlocal planetary boundary layer (PBL) parameterization schemes: the quasi-normal scale elimination (QNSE) and Mellor–Yamada–Janjic (MYJ) schemes, and the Yonsei University (YSU) and medium-range forecast (MRF) schemes, respectively. The differences in rainfall response in the typhoon’s inner core and outer region were evaluated by comparing the anomaly rainfall distribution, heat transmission, and mixing processes in the boundary layer among the PBL schemes. The results show that the simulated rainfall in typhoon Mujigae has large uncertainty among the PBL schemes and a significant difference between the inner and outer regions. Compared with the observation, the simulated rainfall was significantly higher in the inner core and slightly lower in the outer region. All PBL schemes accurately identified the rainfall location, although the amounts differed between the schemes. The rainfall levels in the MRF scheme were closest to the observation, followed by those in the YSU and MYJ schemes; the QNSE scheme showed the largest deviation. In general, rainfall simulation using a nonlocal boundary layer scheme such as MRF had the best results for both the inner core and the outer region.






Keywords:


PBL scheme; inner-core typhoon rainfall; Typhoon Mujigae












1. Introduction


A tropical cyclone (TC) is a deep system generated over tropical or subtropical ocean areas that contains a warm core structure. Extreme, disastrous weather accompanying cyclones leads to disasters such as floods and landslides, which pose a great threat to life and property as well as social productivity. In recent decades, many studies on typhoons have been conducted [1,2,3,4,5,6,7,8]. To explore the changes in TC structures, Li and Pu performed a numerical simulation experiment using the Weather Research and Forecasting (WRF) model [9]; they found that the early rapid intensification of Hurricane Emily was very sensitive to the selection of CM and PBL schemes in the WRF model. Using a regional climate model, Xi et al. found a significant positive correlation between the warm core temperature and the typhoon intensity; they determined that the cumulus parameterization scheme had a strong impact on the warm core structure of the simulated typhoon [10].



The planetary boundary layer (PBL) affects the exchange of physical parameters such as water vapor, heat, momentum transport, and friction between the underlying surface and the atmosphere, and provides the absolute angular momentum required by typhoons [11,12]. Therefore, the selection of the PBL scheme is very important in the numerical simulation of typhoons. The methods used to calculate the vortex diffusion coefficient differ between the various PBL schemes, resulting in differences in the simulated typhoon’s intensity and the wind field structure at the bottom of the inner core [13]. By studying Hurricane Earl, Zhang determined that a decrease in the diffusion rate of the vertical vortex in the boundary layer enhances the inflow and convergence, resulting in a stronger and more symmetrical convective system [14]. To understand the mechanism of Hurricane Katrina’s rapid intensification before landfall, Liu conducted several separate experiments using the Weather Research and Forecasting (WRF) model with the Mellor–Yamada–Janjic (MYJ) and Yonsei University (YSU) schemes; he found that the sea–air interaction was stronger in the MYJ scheme, owing to stronger surface flux and vertical mixing [15].



Naturally, the selection of the PBL parameterization scheme has an important impact on the path, intensity, and rainfall distribution in typhoon simulations. Braun and Tao used the Penn State–National Center for Atmospheric Research (NCAR) model (MM5) to investigate the differences between four types of PBL schemes—including medium-range forecast (MRF), Blackadar, Burk–Thompson, and bulk schemes—in the simulation of Hurricane Bob; he concluded that the rainfall sensitivity in a PBL scheme is essentially the same as that in a cloud microphysical parameterization scheme [16]. Dong compared the effects of several different PBL schemes in the simulation of Typhoon Fitow, which made landfall in southeastern China, and showed that the distribution of precipitation after landing differed between the PBL schemes [17]. Considering the results in the literature, we concur that the PBL scheme selection has a significant effect on the simulation of a typhoon’s rainfall, intensity, and movement. However, the results obtained from the different processing methods also differ for the flux calculation of momentum, heat, and water vapor. For example, the PBL schemes in the WRF-Advanced Research Weather (ARW) mesoscale model of the National Oceanic and Atmospheric Administration (NOAA) include local and nonlocal closure schemes, such as the MYJ and quasi-normal scale elimination (QNSE) schemes and the YSU and MRF schemes, respectively [18]; of these, the local closure schemes calculate the pulsating flux using only the variable or its gradient at each layer, and an unknown variable at any grid point is parameterized by the values of a known variable at the same grid point. In contrast, the nonlocal closure schemes parameterize the unknown quantity at one point in space with the known quantity values of other points [19,20]. Local closure schemes consider the interaction of parameters in the exchange of momentum, heat, and water vapor only between adjacent layers—i.e., local mixing—whereas nonlocal closure schemes add mixing processes involving the entire boundary layer. Local (nonlocal) closure schemes are suitable for stable (unstable) conditions [21].



Numerous studies using PBL schemes for the modeling and prediction of a typhoon’s track, intensity, and precipitation have been conducted. However, the precipitation induced by a typhoon is a complicated topic, because after or near the time of its landfall, extreme weather such as rainstorms and strong winds occur, with distinct differences between the outer region and the inner core of the typhoon [22,23,24]. Recently, Tu et al. used the WRF-ARW model to determine that the rain rates in the outer region and inner core of a typhoon have opposite trends, as confirmed by Tropical Rainfall Measuring Mission (TRMM) satellite observations [25]; they pointed out that the short-term prediction of the model failed in describing the circulation near the typhoon center well. Cumulus, microphysical, and PBL parameterization schemes are all sensitive to precipitation simulation; thus, a considerable amount of studies have been carried out to investigate the impact of these three parameterization schemes in simulating precipitation; among them, most of the research focuses on the performance of PBL schemes in simulating the track and intensity of typhoons, rather than precipitation, and it is unclear whether the PBL schemes have consistent performance in simulating precipitation in the inner core and outer region of typhoon. Thus, the present study seeks to determine the impact of PBL schemes on precipitation in a typhoon’s inner core and outer region. In particular, numerical experiments are conducted using different PBL schemes to assess the similarities and differences in the simulation of precipitation in the inner core and outer regions of Typhoon Mujigae, and their mechanisms are discussed. The article is arranged as follows: The second section provides information about Typhoon Mujigae, and the data and the experimental designs are introduced in the third section. The results and mechanisms are discussed in the fourth and fifth sections, respectively, and the summary and discussion are presented in the final section.




2. Case Review


Typhoon Mujigae formed as a tropical depression over the South China Sea, east of the Philippines, at 09:20 UTC on 1 October 2015. At 19:00 on the same day, the Japanese Meteorological Agency upgraded the depression to a tropical storm and named it Mujigae, international storm No. 1522. During the day on 3 October, Mujigae continued to absorb energy on the surface of the South China Sea, and the central pressure continued to decrease. At 06:00 on 4 October, Mujigae made landfall in Zhanjiang city, Guangdong Province, China, with a minimum central pressure of 935 hPa. The accumulated precipitation within 24 h was up to 400 mm (Figure 1a), which caused serious casualties and economic losses [26,27,28]. On 2 October 2015, the warm and humid air transported by the cross-equatorial flow and the southwest monsoon provided abundant water vapor for the development of Mujigae. Under the guidance of the southeast airflow of the subtropical high, Mujigae moved northwestward. At 22:00 on 3 October, the center of the South Asian High was located near 120° E, which corresponded to the upper level of Mujigae. This type of convergence and divergence at the bottom and upper levels of an anticyclone favors the formation of precipitation. Adequate water vapor with the intrusion of weak cold air at the bottom enabled Mujigae to further strengthen before making landfall.




3. Data and Experiment Design


3.1. Data


In this study, the National Center for Environmental Prediction Final Analysis (NCEP FNL) Operational Global Analysis data of the Global Forecast System (GFS) run by NOAA were used as the initial and boundary conditions in the WRF-ARW model on 1° × 1° grids. The data of the Integrated Multi-Satellite Retrievals for GPM (IMERG) Final Precipitation L3 Half-Hourly 0.1° × 0.1° V06 (GPM_3IMERGHH) of the National Aeronautics and Space Administration (NASA) Global Precipitation Measurement Mission (GPM) were used as the observed precipitation. The fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5) data for global climate and weather were used to evaluate the performance in the simulation of sensible heat flux, latent heat flux, boundary layer height, and other variables, which were taken as the metrics. The best track observation dataset of the typhoon released by the Shanghai Typhoon Institute of the China Meteorological Administration (CMA) was adopted.




3.2. Experiment Design


The model used in this study, WRF-ARW version 4.0.2, is a non-hydrostatic and fully compressible primitive equations model developed by the NCAR [18]. The triple-nested model domain is shown in Figure 2. The parent domain (D01) covers East Asia and the northwestern Pacific, with 408 × 323 horizontal grid points and a resolution of 12 km. The middle domain (D02), within southeastern China and part of the northwestern Pacific, has 832 × 721 horizontal grid points with a horizontal resolution of 4 km. The inner domain (D03)—the setting in which Mujigae formed and subsequently moved—contains 829 × 703 horizontal grid points with a resolution of 1.33 km. The model has 40 layers in the vertical direction, and the pressure at the top is 50 hPa. The physical parameterization scheme settings are detailed in Table 1. The simulation period was 72 h from 00:00 on 2 October to 00:00 on 5 October 2015, including the complete process of typhoon genesis, development, and landfall. To evaluate the effects of the different PBL schemes on the precipitation in the inner core and outer region of Mujigae, two nonlocal and two local closure schemes were selected to conduct sensitivity experiments: MRF [29] and YSU [30] schemes, and MYJ [31] and QNSE [32] schemes, respectively.





4. Results


4.1. Track and Intensity of Mujigae


Figure 3 shows the changes in the minimum central pressure and track of Mujigae from 00:00 on 2 October to 00:00 on 5 October 2015. Each set of experiments was able to roughly simulate the evolution of Mujigae’s intensity. The smallest (largest) deviation was produced by the MYJ (QNSE) scheme. With the deviation within 25 hPa, the simulated intensity of the MYJ scheme was closest to the observation provided by the CMA. For the track simulation, all PBL schemes were able to capture the characteristics of Typhoon Mujigae moving northwestward. Although the landfall locations were all southwest of the observation, the discrepancies were small. The minimum track error was shown in the QNSE and MYJ schemes, which are both local closure schemes. These results show that all of the experiments successfully simulated the intensity and track of Mujigae, producing a solid foundation for the precipitation analysis.




4.2. Precipitation


On the basis of our previous study [25], the inner core of a typhoon is defined as the region between the typhoon’s center and the position with the maximum radial gradient of the rain rate. According to this definition, the radius of the inner core for Typhoon Mujigae was ~150 km, and the outer region extended to 500 km. The horizontal distribution of precipitation simulated by each scheme was mainly consistent with the observations (Figure 1). The changes in the 72-h-averaged and azimuthally averaged rain rates with the radius of the typhoon (Figure 4) show that within the inner core, all of the simulated rain rates were higher than the observation. The QNSE scheme had the largest deviation, at ~20 mm/h, whereas the MRF scheme had the smallest, at ~3 mm/h. In contrast, all of the simulated rain rates in the outer region were lower than the observation. These results can be confirmed in Table 2, in which the values represent the differences between the simulated 72-h-averaged rain rates for each scheme and the GPM satellite observation values in the inner core and outer region.



The time series of the rain rate within the 72 h period (Figure 5) shows that the largest rainfall, with a maximum rain rate of 21 mm/h, occurred in the QNSE scheme within the inner core (Figure 5a), although it occurred 6 h earlier than the actual typhoon landfall. The MRF scheme showed significantly lower rainfall, whereas the YSU and MYJ schemes showed maximum rainfall occurring slightly earlier than the observation. All of the schemes showed more rainfall than the observation after the typhoon made landfall. In the outer region (Figure 5b), all of the schemes showed similar rain rates, with lower amounts than the observation indicated at each step of the typhoon movement.



To further investigate the performance of each PBL scheme in the inner core and outer region, the correlation coefficient (CCoef), root-mean-square error (RMSE), and bias (BIAS) between the simulation and observations were calculated. Here, the position of the typhoon center in each scheme was located by the respective simulated minimum central pressure, instead of the best track provided by the CMA. Therefore, the deviation caused by the differences between the observed and simulated track was removed. The results (Figure 6) showed that the CCoef (Figure 6a) in the YSU, MYJ, and QNSE schemes was greater than 0.5 in the inner core; the value was 0.42 in the MRF scheme. However, all CCoef values in the outer region were less than 0.5. This result indicates that the pattern of simulated rainfall in the inner core was better than that in the outer region. For the RMSE (Figure 6b), the largest value in the inner core was found in the QNSE scheme; all schemes showed significantly smaller RMSE values in the outer region. Similarly, the BIAS (Figure 6c) in the QNSE scheme in the inner core was the largest, showing a positive value; all schemes in the outer region showed significantly smaller negative BIAS values. The BIAS values confirm the results shown in Figure 4, in that the simulated rainfall was greater (lower) than the observation in the inner core (outer region).



Overall, the four PBL schemes effectively simulated the rainfall of Typhoon Mujigae, although uncertainties were found. With the exception of the MRF scheme, all schemes overestimated the rainfall in the inner core and underestimated it in the outer region, even though the rain rate was significantly smaller. In general, the MRF scheme was the best and the QNSE scheme was the worst for the rainfall simulation in this case study.





5. Mechanisms


To further explore the factors responsible for the uncertainties in the different PBL schemes and the different patterns in the inner core and outer region, the heat, water vapor flux, vertical motion, and turbulent mixing in all PBL schemes are discussed in this section.



5.1. Sensible and Latent Heat Flux


In the PBL, the energy and water vapor near the surface are able to be transported upward owing to turbulent motion, which affects the development of convection. Turbulent motion can be mechanical or buoyancy-driven. Mechanical turbulence refers to the turbulent motion caused by dynamic or mechanical factors such as wind shear, whereas buoyant turbulence is caused by buoyancy, which is affected by the surface heat flux. Sensible and latent heat fluxes provide energy for the typhoon, which is an essential part of the rainfall [9,33]. The surface latent heat flux usually characterizes the amount of water vapor evaporated from the ocean and transmitted to the atmosphere, whereas the surface sensible heat flux characterizes the buoyancy turbulence of the PBL, which affects the upward transmission of water vapor and heat from the sea’s surface. Figure 7a shows that all simulated latent heat fluxes were larger than that in the ERA5 reanalysis in the entire area of Mujigae. However, the distribution of the sensible heat flux shown in Figure 7b is consistent with the rainfall, which was overestimated in the inner core and underestimated in the outer region. This indicates that between the underlying surface and the bottom layer of the model, the simulated water vapor in the QNSE scheme was greatest to a significant degree, followed by the MYJ scheme; the simulated water vapor in the MRF and YSU schemes was relatively low. In the inner core, the QNSE scheme showed the largest sensible heat flux—which led to thermal instability and stronger buoyant turbulence—followed by the MYJ and YSU schemes. The MRF scheme had the highest stability, thus resulting in the corresponding rainfall distribution. The sensible heat flux in the YSU scheme was larger than that in the MRF scheme, and had the same buoyant turbulence. Therefore, despite the similarity in the distribution of the surface latent heat flux, the YSU scheme generated more rainfall than the MRF scheme.



The changes in the simulated latent heat flux in the inner core (Figure 8a) were highly consistent with the variation in rainfall (Figure 5a). Generally, the greater the latent heat flux, the greater the water vapor evaporation from the sea’s surface into the atmosphere. Figure 8a shows that the latent heat flux in the QNSE scheme was still greatest throughout the entire period, whereas the difference was negligible in the other schemes. Thus, the greatest amount of precipitation was produced by the QNSE scheme. The changes in the simulated sensible heat flux (Figure 8b) indicate a similar pattern, although its contribution was significantly lower than that of the latent heat flux.



For the outer region, all schemes exhibited distinct diurnal variation in the simulation for both latent heat flux and sensible heat flux (Figure 8c,d), which is consistent with the results documented by Dunion in 2019 [34], although little difference was noted among them. The latent and sensible heat fluxes in the ERA5 data indicate strong discrepancy from that simulated by the model, particularly in the sensible heat flux after landfall.



Generally, inconsistent with the conclusions of Dong [17] and Wang [35], the sensible heat flux simulated by the local schemes (QNSE, MYJ) was larger than that simulated by the nonlocal schemes (MRF, YSU) in this case. This, combined with the distribution of latent heat flux, generated abundant rainfall. However, the simulations of both sensible and latent heat flux in the MRF scheme were closest to the ERA5 data. Thus, the simulation of rainfall was more realistic.




5.2. Vapor Flux


Water vapor plays an indispensable role in rainfall. The vapor flux at 850 hPa clearly reflects the water vapor transported from the underlying surface to the upper air. The difference in the simulated water vapor flux at 850 hPa minus the ERA5 reanalyzed data was taken as the abnormal value. On this basis, the time and azimuthally averaged value (Figure 9) indicated that the vapor flux at 850 hPa in the four schemes was overestimated in the inner core, with the center of the large value occurring in the eastern side, whereas the value was underestimated in the northwestern area of the outer region. This result shows that the water vapor in the inner core was rich and the rainfall was higher than that in the observation. In the outer area, although both positive and negative anomalies occurred in the vapor flux at 850 hPa, they balanced one another, making the rainfall in the outer area slightly higher than that in the observation. Although the positive anomaly center in the MRF and YSU schemes was large, the magnitude was smaller than that in the MYJ and QNSE schemes (which was consistent with the differences in moisture fluxes from Dong (2019) [17]). Therefore, the anomalies of vapor flux at 850 hPa in each scheme were consistent with the rainfall distribution.




5.3. Vertical Velocity


The vertical motion in a typhoon transports water vapor and heat to the upper air; thus, the greater the vertical velocity, the stronger the vertical mixing. In this study, the results were time-averaged after the subtraction of vertical velocity between the simulations from each PBL scheme and that of the ERA5 data, which are referred to as anomalies in the vertical velocity. Cross-sections of the anomalies along the radius of Mujigae are displayed in Figure 10. Overall, the upward vertical velocity simulated by each scheme was stronger in the inner core, whereas the downward motion was stronger in the outer region. This favors the formation of heavy rainfall in the inner core and drying of the outer region. In addition, the large-value centers of the anomalies in the vertical velocity in the four schemes appeared on the eastern side of the typhoon center, which is consistent with the positive anomaly of the vapor flux at 850 hPa. This confirms that the simulated precipitation in each scheme was overrated in the inner core and underrated in the outer region.




5.4. PBL Height


The PBL height (PBLH) reflects the strength of vertical mixing, and is closely related to other meteorological elements [36]. A higher PBLH leads to stronger vertical mixing in the boundary layer, and vice versa [37]. The methods used for calculating the PBLH differ between the local and nonlocal closure schemes. In particular, the YSU and MRF schemes use the bulk Richardson method, whereas the QNSE and MYJ schemes use methods related to turbulent kinetic energy (TKE) [37].



From the inner core to the outer region, the simulated PBLH in each scheme showed significant differences (Figure 11 and Figure 12). The PBLH simulated by the MRF scheme was the most unrealistic, because the entrainment effect at the top of the boundary layer was not considered. However, the YSU scheme improves on this [30], and considers the turbulence caused by the entrainment effect; therefore, the simulated PBLH is more realistic in this scheme. This indicates that the entrainment effect can strongly affect the vertical mixing. The PBLH simulated by the QNSE scheme deviated the most from the ERA5 data, whereas that in the MYJ scheme—which is also a local scheme—was closest to the ERA5 data.



Although no obvious difference was noted in the arrangement and distribution of the PBLH between the schemes and the ERA5 data within and outside of the inner core, the PBLH was strongly correlated with the precipitation. The PBLH characterizes the intensity of vertical mixing. In both the inner core and the outer region, the QNSE scheme had the strongest vertical mixing, followed by MYJ and YSU; the MRF scheme was the weakest. This distribution corresponds to the amount of precipitation observed.



According to the above analysis, the sensible and latent heat fluxes simulated by each scheme in the inner core were generally higher than that of ERA5. More water vapor was evaporated from the underlying surface to the atmosphere, and the upward motion was stronger. This was manifested by the higher vapor flux at 850 hPa and the larger vertical velocity in the inner core of Mujigae, which induced the stronger vertical mixing and precipitation. In a large part of the outer region, the sensible heat flux in each experiment was slightly lower than that in the ERA5 data, whereas the latent heat flux was slightly higher. The weak upward motion resulted in weak vertical mixing, and the water vapor and heat were unable to be transported to the upper air; thus, the simulated precipitation was smaller than that in the observation. The difference in the PBLH also effectively explains the precipitation differences between the schemes.




5.5. Tangential and Radial Velocity


The main circulation of the typhoon can be well reflected with tangential velocity. As shown in Figure 13, the simulated tangential velocity of the QNSE scheme was stronger than that in the MRF, YSU, and MYJ schemes, with maximum tangential speeds of 63 m/s, 30 m/s, 48m/s, and 50 m/s, respectively. The differences in simulated tangential wind between PBL schemes corresponded to the simulated intensity. However, the simulated tangential wind is stronger in YSU scheme compare to MYJ and QNSE schemes in Dong (2019) [17].



Radial velocity embodied the inflow and outflow of the typhoon. In Figure 13, the negative radial velocity indicates the inflow (blue shaded), while the positive value indicates the outflow (red shaded). As we can see, the inflow was generally at the lower layer below 2 km, while the outflow was generally at the upper layer above 2 km. The strongest simulated inflow was still found in the QNSE scheme (which was consistent with Dong’s research [17]), while the weakest was in the MRF scheme. Stronger inflow can transfer more water vapor from the environment to the center of the typhoon, increasing precipitation in the inner core. Therefore, the largest amount of water vapor transferred horizontally into the inner core was simulated by the QNSE scheme, and the least by the MRF scheme, which is consistent with the distribution of simulated precipitation.





6. Discussion and Conclusions


Owing to a lack of research on the sensitivity of PBL schemes to precipitation in the inner core and outer region of typhoons using numerical models at the synoptic scale, no definite conclusion has been reached on this topic. Therefore, in order to investigate the influence of PBL schemes on the differences in precipitation between the inner cores and outer regions of typhoons, the WRF version 4.0.2 weather model was used in the present study. Two local (QNSE and MYJ) and two nonlocal (YSU and MRF) closure planetary boundary layer parameterization schemes were selected to conduct four groups of simulations for Typhoon Mujigae, which occurred in 2015. The heat flux, vapor flux, vertical velocity, and PBLH simulated by each PBL scheme were analyzed spatially and temporally. The main conclusions are presented in this section.



In the case of Typhoon Mujigae, the different PBL schemes shared common effects on the simulated precipitation in the inner core and outer region. Within the inner core (outer region), the simulated precipitation was generally greater (slightly lower) than the observation. Further investigation revealed that this phenomenon was mainly the result of the higher values of sensible heat flux, latent heat flux, vertical velocity, and vapor flux simulated by each scheme in the inner core (Table 3). More water evaporated from the underlying surface; combined with the stronger upward motion, this resulted in more vapor transported to the upper level, which led to stronger precipitation. In the outer region (Table 3), all of the PBL schemes except for the MRF scheme produced slightly higher sensible heat fluxes than that in the ERA5 data, and all of the schemes showed mildly higher latent heat fluxes and vapor fluxes but slightly weaker vertical velocity (upward) than the ERA5 data. This resulted in poor transmission of vapor to the upper level, and an underestimation of precipitation. Appropriate adjustment of the processing method for these variables might improve this situation.



However, differences were noted between the PBL schemes in the simulation of precipitation, with obvious sensitivity. Each experiment was capable of roughly matching the area of rainfall in the inner core and outer region of Mujigae, although the amount of precipitation differed significantly between the schemes. Owing to its superior performance in the simulation of sensible heat flux, latent heat flux, vapor flux, and vertical velocity, the precipitation simulated by the MRF scheme was closest to the observation, both spatially and temporally. However, the PBLH simulated by the MRF scheme was far from the metric. To avoid this result, improvements were made to the YSU scheme in order to produce higher and more realistic PBLH values, although the amount of precipitation was larger. The MYJ and QNSE schemes, which are both local closure schemes, showed the largest deviations in the precipitation simulation.



In general, the vertical, tangential, and radial velocities simulated in the inner core of Mujigae were higher in the local closure schemes than in the nonlocal closure schemes. This resulted in stronger vertical mixing, horizontal inflow, and higher PBLH values, which are suitable for the formation of strong convection. The greater latent heat flux and water vapor flux produced abundant precipitation, which was overrated compared with the observation. Thus, the precipitation simulated in the local closure schemes was more accurate than that in the nonlocal schemes. No obvious difference was found between the schemes in the outer region of Typhoon Mujigae. The anomalies of sensible heat flux, vertical velocity, and other variables simulated in the PBL schemes between the inner core and the outer region shared the corresponding precipitation distribution. However, it should be noted that the results in this case are based on only one typhoon, and could be limited and accidental. To further explore the impact of the PBL schemes on the simulation of precipitation in the inner cores and outer regions of typhoons, a large amount of numerical simulation is needed.
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Figure 1. Precipitation (mm) accumulated over 24 h from 00:00 on 3 October to 00:00 on 4 October, 2015 for observations (a) GPM and all simulations: (b) MRF; (c) YSU; (d) MYJ and (e) QNSE. 
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Figure 2. Simulation domain for the WRF-ARW model. The contours (m) indicate the terrain. 
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Figure 3. Observation and simulation results of the central minimum pressure and track of Typhoon Mujigae. The observations are shown in red; the MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 4. Distribution of 72-h-averaged rain rates (mm/h) along the radius of Typhoon Mujigae according to the observation and the simulation schemes. The black dotted line indicates the radius of the typhoon’s inner core. The observation is shown in red; the MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 5. Observation and simulation results of area-averaged precipitation (mm/h) in the (a) inner core and (b) outer region of Typhoon Mujigae. The observation is shown in red; the MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 6. (a) Correlation coefficient (CCoef), (b) root-mean-square error (RMSE), and (c) bias (BIAS) in the inner core and outer region of Typhoon Mujigae according to the various schemes. The MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 7. 72-h-averaged (a) surface latent heat flux (W/m2) and (b) surface sensible heat flux distributions along the radius of Typhoon Mujigae. The black dotted line indicates the radius of the inner core. ERA5 is shown in red; the MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 8. Time series of surface latent heat flux and surface sensible heat flux in the (a,b) inner core and (c,d) outer region of Typhoon Mujigae. ERA5 is shown in red; the MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 9. 72-h-averaged anomalies in the vapor flux at 850 hPa for all simulations: (a) MRF; (b) YSU; (c) MYJ and (d) QNSE, distributed along the radius of Typhoon Mujigae. The contour line in the figures indicates zero. 
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Figure 10. Cross-sections of 72-h-averaged anomalies in the vertical velocity produced by all PBL schemes: (a) MRF; (b) YSU; (c) MYJ and (d) QNSE along the radius of Typhoon Mujigae. The contour line in the figures indicates zero. Positive (negative) values indicate upward (downward) motion anomalies. 
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Figure 11. ERA5 data and simulation of 72-h-averaged PBLH (m) along the radius of Typhoon Mujigae. The black dotted line indicates the radius of the inner core. ERA5 is shown in red; the MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 12. Time series of the area-averaged PBLH in the (a) inner core and (b) outer region of Typhoon Mujigae. ERA5 is shown in red; the MRF, MYJ, QNSE, and YSU schemes are shown in green, blue, orange, and purple, respectively. 
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Figure 13. Simulated azimuthally averaged radial (shaded) and tangential (contour) velocity (unit: m/s) at 00:00 on 4 October 2015 for all PBL schemes: (a) MRF; (b) YSU; (c) MYJ and (d) QNSE, at radius height. 
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Table 1. Configuration of WRF v4.0.1.
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	Title 1
	Description





	Initial and border conditions
	FNL reanalysis



	Model domain
	D01: 408 × 323 × 40 D02:832 × 721 × 40

D03:829 × 703 × 40 (moving)



	Central spot
	(18.5°N, 113.5°E)



	Horizontal resolution
	12 km; 4 km;1.33 km



	Pressure at top level
	50 hPa



	Number of vertical levels
	40



	Microphysics
	WSM6 schemes



	Cumulus Parameterization
	Kain–Fritsch (turning off in D03)



	Longwave radiation
	RRTM



	Shortwave radiation
	Dudhia



	Surface processes
	Noah



	PBL schemes
	YSU scheme, MYJ scheme, MRF scheme, QNSE scheme
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Table 2. Anomalies between the 72-h-averaged precipitation (mm) and GPM observations for each scheme.
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	YSU
	MRF
	MYJ
	QNSE





	Inner core
	33.6
	1.1
	52.9
	95.7



	Outer region
	−23.6
	−26.1
	−33.2
	−22.1
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Table 3. Differentials of different variables in the inner core and outer region of Typhoon Mujigae among the PBL schemes.
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Q850

	
W

	
SHF

	
LH

	
Precipitation






	
Inner core

	
MRF

	
31.6

	
   6 ×   10   − 2     

	
1.4

	
136.4

	
1.1




	
YSU

	
34.8

	
   8 ×   10   − 2     

	
28.1

	
191.1

	
33.6




	
MYJ

	
33.9

	
   7 ×   10   − 2     

	
55.8

	
211.0

	
52.9




	
QNSE

	
44.9

	
   10 ×   10   − 2     

	
77.8

	
565.5

	
95.7




	
Outer region

	
MRF

	
7.5

	
   − 1.2 ×   10   − 3     

	
−6.9

	
65.5

	
−26.1




	
YSU

	
7.2

	
   − 1 ×   10   − 3     

	
3.3

	
42.7

	
−23.6




	
MYJ

	
6.3

	
   − 3.3 ×   10   − 3     

	
4.9

	
18.9

	
−33.2




	
QNSE

	
8.8

	
   − 0.9 ×   10   − 3     

	
1.1

	
69.6

	
−22.1








Notes: Q850 represents the vapor flux at 850 hPa; units: g/(cm/hPa/s). W represents the vertical velocity; units: m/s; SHF represents the sensible heat flux, and LHF represents the latent heat flux; units: W/m2. The above values were obtained by taking the difference between the PBL scheme simulations and observations based on GPM or ERA5 data for the corresponding variables.
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