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Abstract. 
The impacts of different microphysics and boundary schemes and terrain settings on the heavy rainfall over western Myanmar associated with the tropical cyclone (TC) ROANU (2016) are investigated using the Weather Research and Forecasting (WRF) model. The results show that the microphysics scheme of Purdue Lin (LIN) scheme produces the strongest cyclone. Six experiments with various combinations of microphysics and boundary schemes indicated that a combination of WRF Single-Moment 6-class (WSM6) scheme and Mellor-Yamada-Janjic (MYJ) best fits to the Joint Typhoon Warning Center (JTWC) data. WSM6-MYJ also performs the best for the track and intensity of rainfall and obtains the best statistics skill scores in the range of maximum rainfall intensity for 48-h. Sensitivity experiments on different terrain settings with Normal Rakhine Mountain (NRM), with Half of Rakhine Mountain (HRM), and Without Rakhine Mountain (WoRM) are designed with the use of WSM6-MYJ scheme. The track of TC ROANU moved northwestward in WoRM and HRM. Due to the presence of Rakhine Mountain, TC track moved into Myanmar and the peak rainfall occurred on the leeward side of the Mountain. In the absence of Rakhine Mountain, a shift in peak rainfall was observed in north side of the Mountain.



1. Introduction
The tropical cyclone (TC) damages the human lives and properties due to its violent wind, storm surge, and heavy rainfall, which is of concern to west coast of Myanmar. 6-7% of the total numbers of global tropical cyclones begin over North Indian Ocean in the past 300 years, out of which 75% of TCs, leaving more than 5,000 deaths, are occurring in this region [1] and every two or three years, one severe TC made landfall over Myanmar (e.g., Mala, Nargis, and Giri). The number of landfall TCs has increased in the west coast of Myanmar since 1990s [2]. In particular, the west coast of Myanmar suffers from heavy rainfall and flood disasters caused by TCs and the interaction between Rakhine Mountain and monsoon [3]. The local TC-related rainfall forecast is challenging in the west coast of Myanmar because of the high altitude and the complex mesoscale topography. The average elevation of Rakhine Mountain is more than 2000 m (while the highest peak is close to 3000 m).
With the speedy development in the numerical models and computing power, different high-resolution mesoscale models are applied for predictions of TC [4]. However, the prediction of track has been a difficult task for meteorologist. A number of studies for track forecasting over the Bay of Bengal and other basins had been carried out by using various models such as Weather Research and Forecasting (WRF) model, Quasi-Lagrangian Model (QLM), Fifth-Generation Mesoscale Model (MM5), Florida State University Global Spectral Model and Nested Regional Spectral Model (FSU GSM and NRSM), Geophysical Fluid Dynamics Laboratory (GFDL) model, and Australian Bureau of Meteorology Research Centre (BMRC) model [5]. For example, with MM5 model, [6] used two nested domains to investigate the role of parameterization of convection and planetary boundary layer (PBL) scheme on tropical cyclone intensification. Mellor-Yamada (MY) planetary boundary layer (PBL) produced the strongest cyclone and the combination of MY and Kain-Fritsch 2 scheme generated the best for intensity and track forecast. With WRF model, [7] used two three-way nested domains to investigate the role of vortex initialization and model spin-up time. The results showed that first 18–24 h of model spin-up time and weaker vortex produced the best forecast for intensity of the cyclone. Reference [8] used 30 km resolution for variations in physical parameterization which revealed that the combination of Kain-Fritsch cumulus convection, Mellor-Yamada-Janjic planetary boundary layer, and Purdue Lin cloud microphysics scheme produced the best for TC track forecast.
Dynamics and physical processes are very important in numerical models for understanding and forecast of TC [9]. Reference [10] revealed the sensitivity of TC development to cloud microphysics schemes in a hydrostatic model. Their results imply that the intensification rate and final intensity of a simulated tropical cyclone are sensitive to the detail of the cloud microphysics parameterization used in the numerical models. The cloud microphysical processes are a major portion of the latent heat release [11]. The energy at the ocean exchange and supply through the planetary boundary layer to the free atmosphere play an important role in the intensification of the TC [12]. Thus, the PBL and microphysics processes play an important role in the development of tropical cyclone and require to be represented in the WRF model for realistic predictions. Several studies revealed that the track and intensity prediction of tropical cyclone is sensitive to the cumulus convection, planetary boundary layer (PBL), and cloud microphysics parameterization schemes [6, 13–17].
The predictability of rainfall related to TCs relies on the accurate forecast of the TC track, which may be deflected by the complicated high topography [18]. The importance of Rakhine Mountain influences on land falling TCs over western Myanmar has been recognized. To our knowledge, there are no comprehensive high-resolution numerical simulations that have investigated the influence of Rakhine Mountain on Myanmar TCs. Therefore, the present study seeks to understand the simulation of the track and heavy rainfall over western Myanmar with different microphysics and planetary boundary layer schemes. Further experiments are carried out to investigate the topographic effects of Rakhine Mountain associated with the TC ROANU (2016) during the premonsoon.
A significant number of researchers have studied the influence of terrain on TC worldwide (e.g., [19–27]). For example, the prediction of the intensity variation and precipitation of TCs are a challenge due to interaction with TCs and Central Mountain Range (CMR) in Taiwan [21, 22, 27–29]. Moreover, the effect of Taiwan’s topography on the track plays an important role in capturing the rainfall distribution in Taiwan by using a high-resolution mesoscale model [25].
The rest of this paper is organized as follows. Section 2 presents the overview of TC ROANU, Section 3 describes the data and methodology, and results of the sensitivity experiments and model simulations are detailed in Section 4 before conclusions are achieved in Section 5.
2. Overview of Tropical Cyclone ROANU
ROANU formed in the evening of 15 May 2016 over the southwest Bay of Bengal. Due to the influence of Intertropical Convergence Zone (ITCZ), the system gradually developed into a deep depression at 0300 UTC, 18 May. The system intensified into a cyclonic storm and named ROANU with a central pressure of 983 hPa and maximum sustained wind speed of around 45 knots at 0000 UTC, 19 May. The TC ROANU made landfall on the southeast coast of Bangladesh near 22.6°N/91.6°E at 1000 UTC, 21 May, as cyclonic storm (CS) stage and weakened into a well-marked low pressure area over Myanmar and adjoining Nagaland and Manipur. ROANU’s effect on Sri Lanka, India, Bangladesh, and Myanmar lasted from 15 to 22 May (Figure 1) [30]. Its track moved northeastwards, along the coast of Sri Lanka and east coast of India, which is different from climatology for Bay of Bengal cyclones during this period.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 1: Domain for numerical experiments and initial background flows (ms−1) at 850 hPa. The terrain height (m) is shown with shades and the JTWC TC track is plotted.


3. Model, Data, and Methodology
The nonhydrostatic mesoscale model WRF-ARW version 3.7 was used in the present study, which was developed by the National Center for Atmospheric Research (NCAR). Reference [31] revealed the detailed description of the model equations, physics, and dynamics. The present study used a single domain which has 840 × 744 grid points with horizontal grid spacing of 3 km. It covers the Bay of Bengal and Myanmar region (8.11°N–28.04°N and 77.39°E–101.22°E) centered at 18.36°N and 89.31°E. There are 32 vertical levels from the surface to the 50-hPa level. The initial and boundary conditions to simulate the TC ROANU are obtained from the NOAA National Operational Model Archive and Distribution System (NOMADS) global forecast system (GFS) dataset on resolution of 0.5°  ×  0.5° grids and every six-hourly intervals. These datasets are available in the following link ftp://nomads.ncdc.noaa.gov/GFS/Grid4/.
In order to investigate the sensitivity and characteristics of the simulated precipitation and vertical moisture profiles, the Yonsei University (YSU) [32] and MYJ [33] for the planetary boundary layer (PBL) schemes, and further to understand the interaction between PBL parameterizations and precipitation, three different bulk microphysics (MP) schemes such as the Purdue Lin (LIN) scheme [34], the WRF Single-Moment 6-class (WSM6) [35], and the ETA Grid-scale Cloud and Precipitation (ETA Ferrier) [36] were used in this study. The LIN and WSM6 schemes have a six-class single-moment scheme, which comprises the mixing ratios of water vapor (), cloud water (), cloud ice (), snow (), rain (), and graupel (). Reference [37] described the detailed explanation of the differences between LIN and WSM6. The ETA Ferrier scheme is composed of small ice crystals in the cirrus and larger ice particles in the form of snow, graupel, and sleet. Those ice particles are situated at the upper tropospheric clouds and lower levels, respectively. Other parameterizations chosen for this study include the Dudhia simple cloud-interactive shortwave radiation scheme [38], Rapid Radiative Transfer Model (RRTM) longwave radiation scheme [39], and Noah land surface scheme [40]. The cumulus parameterization is not applied in this study.
The observed tracks are obtained from the Joint Typhoon Warning Center (JTWC) for the comparison with the simulation. The 24-h rainfall data were obtained from the Department of Meteorology and Hydrology, Myanmar. The forecasting experiments are initialized at 72 h before the landing of TC. In this paper, a series of sensitivity experiments are carried out to simulate the TC ROANU for the track, intensity, and time of landfall to estimate the WRF model performance with different initial conditions. There are totally six experiments with different parameterization schemes of PBL and MP to investigate the suitable combination of physical processes. Initially three initial times such as depression stage (18 May), at the beginning of cyclonic storm stage (19 May), and before landfall of the cyclonic storm stage (20 May) are carried out with variations of three microphysics schemes and two PBL schemes. Thereafter, the suitable combination of the parameterization schemes and the initial time are used in following terrain experiment. Different parameterization sensitivity experiments are illustrated in Table 1.
Table 1: Physical parameterization scheme used in each numerical experiment.
	

	Microphysics schemes	PBL schemes	Initial time
	

	LIN	MYJ	18 May 2016
	Ferrier	MYJ	18 May 2016
	WSM6	MYJ	18 May 2016
	LIN	YSU	18 May 2016
	Ferrier	YSU	18 May 2016
	WSM6	YSU	18 May 2016
	LIN	MYJ	19 May 2016
	Ferrier	MYJ	19 May 2016
	WSM6	MYJ	19 May 2016
	LIN	YSU	19 May 2016
	Ferrier	YSU	19 May 2016
	WSM6	YSU	19 May 2016
	LIN	MYJ	20 May 2016
	Ferrier	MYJ	20 May 2016
	WSM6	MYJ	20 May 2016
	LIN	YSU	20 May 2016
	Ferrier	YSU	20 May 2016
	WSM6	YSU	20 May 2016
	



The precipitation analysis is performed by using the Root Mean Square Error (RMSE) between the observed precipitation value, , and the simulated precipitation value, , for 91 stations, , over Myanmar. The calculation of RMSE is shown in
The statistical skills in the prediction can be expected with a precipitation threshold through the contingency table as shown in Table 2. Precipitation contingency table has four elements such as hit (H), miss (M), false alarms (F), and none event which hold the number of observation stations in which the observation and simulation exceed or fail to exceed a rainfall threshold.  is defined as the correct forecast of rainfall occurrence. For example, for a rainfall threshold of 1–20 mm, if there was 20 mm of observed rainfall at an observation station and 22 mm of simulated rainfall (nonevent) at the same observation station, this would be a miss and count by one in miss counter.  is defined as the total number of observation stations. The variable , the Bias Score (BS), and Equitable Threat Score (ETS) are calculated by using the number of hits, misses, and false alarms events from the contingency table. The calculation of the , BS, and ETS is shown in
Table 2: Contingency table for categorical verification scores.
	

	 	 	Observed
	 	Rain	Nonevent
	

	Simulated	Rain	Hit	False alarms
	Nonevent	Miss	None
	



The perfect forecast has BS value 1 and that means prediction is unbiased. If BS < 1, it means underprediction, and BS > 1 means overprediction. BS = 0 refers to no skill, and BS varies from 0 to . An ETS of 1 indicates perfect skill, and ETS ≤ 0 means that prediction has no skill. ETS varies between  and 1.
4. Results and Discussions
In this study, a total of 6 experiments were carried out to investigate the sensitivity of two kinds of physical parameterization schemes. Further the study has also examined the Rakhine Mountain effect with the TC ROANU by using the combination of fit scheme.
4.1. Sensitivity to Microphysics Parameterization Schemes
The WRF model is applied for the prediction of TC ROANU with three microphysics schemes, two PBL schemes, and different initial times in order to evaluate the performance of the model in terms of track. Figure 2 depicts the track prediction of TC ROANU in three different microphysics schemes and two different planetary boundary layer schemes with three different initial conditions. The first simulation is based on deep depression stage which started at 18 May 2016. The result of the track does not reach the end of the observed land fall place (Figure 2(a)). The second simulation is based on the beginning of the cyclonic storm stage (19 May 2016) of which the track ended in the water (Figure 2(b)). The third simulation is based on cyclonic storm stage before landfall on 20 May 2016 of which the track captures the observed landfall position (Figure 2(c)). Based on the above result 20 May is selected for suitable initial time as in Figure 2(c). In Figure 2(c), the model simulated 48-h track forecast from 0000 UTC 20 May to 0000 UTC 22 May 2016 at every 6-h intervals. It is pointed out that all the simulations lead to landfall over Bangladesh, where it actually occurred. Except LIN-YSU scheme, all the simulations predicted landfall on 2109 UTC at Bangladesh coast. It was very close to the actual landfall time on 2110 UTC. Only LIN-YSU scheme delays 3 h of actual landfall time. The simulated tracks are in good agreement with the observed track in terms of landfall time and location of landfall. Thus 48-hour simulation was the best performance for the model. The result is consistent with the study of [41].
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(c)
Figure 2: Different initial conditions of tropical cyclone ROANU track starting from 0000 UTC (a) 18 May, (b) 19 May, and (c) 20 May to 22 May 2016 with three microphysics schemes and two planetary boundary layer schemes.


This group comprises the experiments for TC ROANU explaining the impact of three different microphysical parameterization schemes (Ferrier, LIN, and WSM6) on track and intensity of the cyclone with MYJ and YSU as PBL. Figures 3 and 4 show the tracks, time evolution of track error, and intensity (CSLP and MSW) variation along with the JTWC observations for cyclone ROANU. These sensitivity experiments show insignificant impact on the track of cyclone ROANU. The experiments track moved eastward in the beginning; thereafter the track is overlapped with the JTWC observed track. All the tracks of the experiments moved in the northeast direction and could capture the first landfall position and deviated at the second landfall position. In MP schemes, the track of the LIN with MYJ and YSU as PBL scheme moved a bit northward compared with the observed JTWC track while track of Ferrier moved a bit southward. The track of the WSM6 scheme moved southward in MYJ and the track in YSU as PBL scheme moved northward compared with the observed JTWC track (Figures 3(a) and 4(a)). The average track error for LIN, Ferrier, and WSM6 is 64, 59, and 60 km with MYJ scheme (Figure 3(b)) and 58, 63, and 70 km with YSU scheme (Figure 4(b)) as PBL, respectively. The MP schemes have more impact on the track error. Time evolutions of the storm intensity in terms of CSLP and MSW for ROANU are shown in Figures 3(c) and 3(d). All the results based on the experiments that overpredicted the cyclone intensity are presented. In these experiments, the predeepening period was about 12 h with subsequent deepening up to 18–36 h. The experiment with the LIN scheme produced the strongest cyclone, with a CSLP of 960 hPa. The mature stage of the cyclone varied between 6 h in WSM6 and Ferrier and 12 h in LIN schemes. It is related to the maximum wind speed obtained with the different schemes varied from 32 to 37 ms−1. The maximum rate of intensification of LIN scheme showed that the sudden deepening occurred with a pressure drop of 24 hPa in 18 h and other schemes were able to give a pressure fall of 13 hPa (WSM6) and 10 hPa (Ferrier), respectively, during the time interval from 1800 UTC 21 May to 1200 UTC 22 May. The JTWC reported that the estimated pressure drop was 3 hPa in 6 h during the mature stage of the cyclone from 1800 UTC 21 May to 0000 UTC 22 May.
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(d)
Figure 3: (a) Model simulated tracks, (b) forecast track error, (c) time series plot of minimum central sea level pressure (CSLP) in hPa, and (d) time series plot of maximum surface winds (MSW) in ms−1 for MYJ as planetary boundary layer (PBL) scheme experiment with LIN, Ferrier, and WSM6 in microphysics (MP) schemes along with JTWC best track, CSLP, and MSW data for tropical cyclone ROANU. The time interval of track and intensity is 6 h.
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(d)
Figure 4: (a)–(d) Same as Figures 3(a)–3(d) but for experiments with different MP with YSU as PBL scheme sensitivity for tropical cyclone ROANU.


The LIN scheme shows higher intensity (simulated CSLP is 960 hPa) than Ferrier and WSM6. The CSLP of LIN with MYJ and YSU as PBL scheme has overpredicted the strongest cyclone intensity compared with other two MP schemes. The results from Ferrier and WSM6 scheme are close to each other but cannot capture the observed intensity. It is pointed out that the intensity of cyclone ROANU is affected by MP schemes. References [41, 42] demonstrated that Ferrier-YSU schemes could capture well the track forecasting; it is consistent with the present study. LIN microphysics scheme overpredicted the cyclone intensity in the present study which is inconsistent with the earlier studies.
To understand the different behavior of the MP schemes for cyclone ROANU, the vertical profiles of an area averaged mixing ratio over cyclone center region (21-22°N, 88–92°E) during the 24-h period of 20-21 May 2016 are plotted in Figure 5. The frozen hydrometeors consist of ice, snow, and graupel and the liquid hydrometeors consist of rain and cloud water. The MP scheme of LIN indicates that strongest storm warm rain has produced a significant decrease of graupel and snow in the upper troposphere and large amount of rain water and cloud water in the lower troposphere compared to Ferrier and WSM6 schemes (Figures 5(a) and 5(d)). Due to less hydrometeor, the storm obtained from LIN scheme has intense core of updrafts in the eye wall region, which helps in latent heat release (warm core) and facilitating its intensification. It appears that, in the case of Ferrier and WSM6, large accumulation of frozen hydrometeors such as ice, snow, and graupel in mid-troposphere results in slowing down the vertical acceleration of the intense updrafts in the eye wall of the storm, which might be responsible for inhibiting the storm intensification (Figures 5(b), 5(c), 5(e), and 5(f)). Further, the precipitating cloud water and rain water are more pronounced at low levels. It is in good agreement with the maximum intensity of precipitation. The WSM6 scheme produced slightly higher concentration of frozen and liquid hydrometeors than LIN scheme. It indicates that the frozen hydrometeors contribute in the melting process and it increases the liquid hydrometeors at low levels. Thus the intensity of precipitation and distribution is affected by MP and PBL schemes.
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(f)
Figure 5: Vertical distribution of hydrometeors obtained from the combination of (a) LIN-MYJ, (b) Ferrier-MYJ, (c) WSM6-MYJ, (d) LIN-YSU, (e) Ferrier-YSU, and (f) WSM6-YSU schemes, averaged over the cyclone center area 21-22°N, 88–92°E, during the 24 h period of 20-21 May 2016.


In order to illustrate the impact of the different model physics configurations on quantitative results, 48-h rainfall amounts were verified against the model output based on the observational-model pair dataset from the 91 available stations as shown in Table 3. Each pair gives an error value from the calculation of Root Mean Square Error (RMSE) (Figure 6(a)). The combination of WSM6 with MYJ and YSU in PBL scheme has the lowest error and Ferrier has the highest error a s shown in Table 4. MP scheme of WSM6 with MYJ has lower error than YSU as PBL scheme. Thus, the combination of WSM6-MYJ scheme is selected as the suitable scheme of TC ROANU. The statistical skill scores of Bias Score (BS) and Equitable Thread Score (ETS) are calculated by using the precipitation threshold values from the simulation of WSM6-MYJ schemes as shown in Table 5. The BS histogram shows the highest bias in light precipitation (1–40 mm) and the lowest bias in heavy precipitation (160–180 mm) (Figure 6(b)). The smallest errors are obtained for the large amounts of precipitation showing the good model skill in accurately predicting high precipitation intensity. The best combination of MP and PBL schemes varied with precipitation threshold; the verification results of the ETS histogram indicate that model configurations using WSM6-MYJ schemes better simulate high precipitation intensity (180–220 mm) (Figure 6(c)).
Table 3: 91 stations of observed and simulated precipitation (mm) for 21-22 May 2016.
	

	Stations	OBS	PLIN-MYJ	Ferrier-MYJ	WSM6-MYJ	PLIN-YSU	Ferrier-YSU	WSM6-YSU
	

	Putao	83	16	40	23	45	34	20
	Myitkyna	84	11	23	19	13	16	29
	Bhamo	19	16	47	25	25	19	17
	Machanbaw	67	15	32	17	18	31	23
	Hsipaw	42	42	33	15	24	51	27
	Lashio	17	32	41	66	44	44	31
	Taunggyi	21	25	28	18	18	25	17
	Kengtung	1	8	3	7	2	8	7
	Nansam	8	22	92	43	35	93	48
	Pinlaung	60	31	92	29	55	57	25
	Heho	15	16	27	22	12	19	25
	Mindat	74	72	47	66	79	87	49
	Hakha	88	76	100	157	152	141	119
	Palatwa	163	170	219	103	214	111	90
	Hkamti	138	142	147	97	98	125	84
	Homalin	254	188	229	230	207	123	227
	Katha	40	64	79	42	60	46	33
	Mawlaik	67	74	139	111	111	118	107
	Kalaywa	79	63	52	43	52	73	63
	Kalay	43	85	145	98	118	98	86
	Kanbalu	14	48	43	50	64	27	62
	Shwebo	12	48	18	38	32	32	42
	Monywa	18	67	46	38	19	44	15
	Sagaing	3	27	31	22	26	41	35
	Maymyo	50	17	35	32	33	34	42
	Mandalay	22	34	30	22	17	37	31
	Meiktila	25	52	36	45	25	41	68
	Moekok	31	44	99	45	33	66	41
	Myingyan	24	40	44	29	49	69	44
	Nyaungoo	52	28	29	30	27	86	23
	Kyaukse	14	26	36	30	30	23	22
	Tatkon	14	63	33	15	20	40	27
	Yezin	34	34	48	48	27	35	132
	Pyinmana	40	87	27	31	20	43	41
	Ela	40	17	35	28	19	25	13
	Chauk	38	43	44	30	47	82	33
	Minbu	60	19	15	37	8	15	62
	Magway	51	39	25	24	18	39	54
	Aunglan	34	26	3	16	24	12	47
	Pakokku	35	43	35	36	57	92	48
	Taundwingyi	17	19	23	18	26	26	38
	Gangaw	35	26	38	21	42	22	25
	Pauk	23	25	38	38	41	59	28
	Sinphyugyun	31	75	66	56	60	75	48
	Maungdaw	137	125	113	103	261	105	111
	Kyauktaw	219	230	219	117	212	123	143
	Sittwe	88	65	87	70	125	312	190
	Kyaukpyu	235	48	80	159	125	38	148
	Sandoway	53	58	27	100	120	55	83
	Gwa	222	14	14	24	22	3	25
	Ann	227	114	118	237	137	96	163
	Taungkok	130	99	21	70	60	23	168
	Myuaku	79	110	214	64	196	40	89
	Manaung	160	46	25	65	103	64	130
	Pyay	39	12	2	18	14	5	67
	Toungoo	39	34	37	24	27	40	43
	Zaungtu	62	171	70	77	84	59	58
	Bago	54	43	44	42	114	83	86
	Shwegyin	70	30	142	32	39	77	66
	Tharrawady	98	56	30	34	65	13	42
	Nyaunglaybin	63	38	46	30	72	37	58
	Kyopinkauk	90	35	23	50	35	7	33
	Taunggu (Air)	37	46	35	25	29	36	40
	Hmawbi	94	50	53	26	60	55	62
	Mingaladon	88	30	14	75	86	21	59
	Kabaaye	95	61	14	117	170	27	124
	C-Yangon	131	78	13	69	144	15	74
	Khayan	85	39	47	24	29	22	1
	Henzada	138	51	17	29	20	8	17
	Maubin	83	28	14	41	61	19	17
	Phyarpon	113	29	40	2	29	22	12
	Pathein	85	39	19	20	23	31	11
	Myaungmya	50	11	40	8	21	25	16
	Ngathyinegyaung	138	29	6	28	32	12	26
	Zalun	136	33	19	32	16	20	13
	Loikaw	11	19	39	26	34	27	41
	Hpa-An	84	46	56	56	98	64	98
	Thaton	148	151	88	80	81	42	58
	Mawlamyine	75	71	70	73	159	107	74
	Yay	216	22	50	70	119	79	67
	Mudon	55	47	105	44	142	50	49
	Kyaikkami	73	86	55	23	50	22	50
	Belin	105	44	53	26	33	50	56
	Theinzayet	94	89	95	55	94	150	40
	Dawei	142	114	45	71	28	44	77
	Myeik	59	13	47	11	27	8	15
	Kawthaung	63	8	56	25	9	50	14
	Launglon	132	122	22	102	59	51	71
	CocoIsland	25	39	17	44	67	27	51
	



Table 4: The validation results show the combination of the different schemes generated the precipitation with the observed ones.
	

	Combination of the schemes	RMSE
	

	LIN-MYJ	55
	Ferrier-MYJ	62
	WSM6-MYJ	51
	LIN-YSU	55
	Ferrier-YSU	68
	WSM6-YSU	53
	



Table 5: The categorical verification scores of WSM6-MYJ scheme generated the threshold range (mm) with the observed ones.
	

	Threshold range (mm)	BIAS	ETS
	

	1–20	1.0	0.00
	20–40	1.0	0.06
	40–60	0.7	0.13
	60–80	0.5	0.24
	80–100	0.5	0.18
	100–120	0.6	0.21
	120–140	0.3	0.11
	140–160	0.3	0.16
	160–180	0.3	0.23
	180–200	0.3	0.32
	200–220	0.3	0.32
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(c)
Figure 6: (a) The Root Mean Square Error (RMSE) of 48-h accumulated precipitation for different combination schemes. (b) Bias Score (BS) and (c) Equitable Threat Score (ETS) for the combination of WSM6-MYJ scheme for tropical cyclone ROANU.


4.2. Sensitivity Experiments of Terrain
Based on the outcome of the combination of physical parameterization schemes and initial condition, WSM6-MYJ scheme is used for prediction of the ROANU’s track and rainfall with three sensitivity experiments such as Without Rakhine Mountain (WoRM), with Half of Rakhine Mountain (HRM), and with Normal Rakhine Mountain (NRM) is performed. These experiments aim to examine the sensitivity of rainfall to track forecasting with artificially removed, reduced, and normal height of the Rakhine Mountain in the simulation of WoRM, HRM, and NRM.
The tracks of WoRM, HRM, and NRM are shown in Figure 7. All experiments successfully simulated the period from 24-h before landfall to 24-h after landfall in Bangladesh. The significant track errors within 70 km of the observed location are found in all three experiments, which made landfall in Bangladesh. Both WoRM and HRM experiments have approximately the same track as JTWC but turns obviously northwestward and southeastward compared to JTWC before the second landfall position (Figure 7(a)). The track of HRM missed first landfall and moved more southward than JTWC and thereafter turns northward before the second landfall position, resulting in that the TC track may be varied by the cyclone-Rakhine Mountain interaction. Except for NRM, all the forecasted tracks moved northward. The track of NRM is able to capture the second landfall position and downgrade in Myanmar. The NRM captures the second landfall position. It is pointed out that the presence of Rakhine Mountain leads to discontinuing track. Low bias is found at the initial time and high bias is found after the landfall (Figure 7(b)). All three experiments forecasted the observed tropical cyclone intensity reasonably well in terms of minimum sea level pressure and maximum surface wind (Figures 7(c) and 7(d)).
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