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Abstract


In this study, the general impact of high-resolution moving nesting domains on tropical cyclone (TC) intensity and track forecasts was verified, for a total of 107 forecast cases of 33 TCs, using the Weather Research and Forecasting (WRF) model. The experiment, with a coarse resolution of 12 km, could not significantly capture the intensification process, especially for maximum intensities (>60 m s−1). The intense TCs were better predicted by experiments using a moving nesting domain with a horizontal resolution of 4 km. The forecast errors for maximum wind speed and minimum sea-level pressure decreased in the experiment with higher resolution; the forecast of lifetime maximum intensity was improved. For the track forecast, the experiment with a coarser resolution tended to simulate TC tracks deviating rightward to the TC motions in the best-track data; this erroneous deflection was reduced in the experiment with a higher resolution. In particular, the track forecast in the experiment with a higher resolution improved more frequently for intense TCs that were generally distributed at relatively lower latitudes among the test cases. The sensitivity of the track forecast to the model resolution was relatively significant for lower-latitude TCs. On the other hand, the track forecasts of TCs moving to the mid-latitudes, which were primarily influenced by large-scale features, were not sensitive to the resolution.
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1. Introduction


Tropical cyclones (TCs) are severe natural disasters characterized by low pressure, high winds, and heavy rainfall. The socio-economic damage caused by TCs is critical and has steadily increased because of social development and an increase in population density [1,2]. The coastal area of the western North Pacific (WNP) experiences extensive damage due to having the highest number of TCs, and the high population density in the area. Accurate prediction of the TC track and its intensity will help prepare for them in advance and, thus, prevent severe damage.



Global operational TC forecast centers use the numerical weather prediction (NWP) model to forecast the TC characteristics such as track and intensity. Therefore, the prediction accuracy of the NWP model is closely related to property damage and casualties. In the past several decades, the track forecast skill of operational NWP models has steadily improved, with a mean error of less than 200 km at a lead time of 72 h [3]. However, NWP models still have significant errors, i.e., >400 km in a five-day forecast. With the growing demand for accurate medium-range forecasts, the predictability of the NWP model must be verified and improved to minimize damage.



Studying the horizontal resolution for TC forecasting is instrumental in improving the predictability of the forecast model. Increasing the model resolution affects the mesoscale phenomenon simulation of the TC forecast model, and is effective in enhancing the predictability of TC intensity. Chen et al. [4] showed that the horizontal resolution should be ~1 km to resolve the eye and eyewall structures. Davis et al. [5] showed that the inner-core structure was sensitive to the model resolution. The minimum sea level pressure (MSLP) and maximum wind speed (MWS) were better simulated when the horizontal resolution increased to 1.33 km. However, increasing the horizontal resolution does not always enhance the simulated TC intensity because some higher resolution features tend to weaken the TCs [6]. Many studies have shown that increasing the horizontal resolution often enhances the simulated TC intensity, but also impacts the simulated TC track [7,8,9].



Our previous study [10] suggested that increasing the model resolution, underestimated by a model with a horizontal grid spacing of 12 km, was required to improve the TC intensity forecasts over the WNP. Therefore, in this study, we increased the horizontal model resolution to 4 km using the moving nesting technique and verified the impact of higher model resolution on the TC intensity forecast. In addition, because only the higher resolution domain covers the TC core region, the track variation caused by the difference in the synoptic field can be minimized. Therefore, the impact of the TC core dynamics on forecasting the TC track was investigated.



The remainder of this paper is organized as follows. Section 2 describes the model configuration and the data. Section 3 analyzes the intensity and track errors. Finally, a summary and conclusions are presented in Section 4.




2. Model Configuration and Experiments


We used the Weather Research and Forecasting (WRF) model version 4.0.0 to verify the impact of the high-resolution moving nesting domains on the TC track and intensity forecast [11]. Multiple two-way nesting domains with different horizontal grid spacings were used, with the outer domain of 12 km grid spacing and the vortex following the inner domain of 4 km grid spacing. We conducted two experiments: the first with only the outer domain (hereafter 1DM) and the second with the vortex following the inner domain along with the outer domain (hereafter 2DM). The numbers of outer domain grids were 421 and 371 for the west–east and south–north, respectively. Similar to Cha and Wang [12] and Moon et al. [10], we designed a different location of the domain for each case to improve the efficiency of computing resources. Considering the five-day migration of TCs, the center of the outer domain was designated at 10° NW of the observed TC center when the initial TC center was below 20° N, and 10° N when the initial TC center was north of 20° N. Owing to the change in the domain center for each forecast, the domain was able to cover the entire track of the simulated TCs for five days. The number of inner domain grids was 301 for both west–east and south–north. The domain contained 35 vertical levels, from the surface to the top of the atmosphere at 50 hPa, with sigma coordinates. All simulations lasted for 120 h from the model initiation.



TC vortex initialization methods were not applied in this study, in order to focus on the impact of increasing the model resolution. The physical parameterization schemes used were the Yonsei University planetary boundary layer scheme [13,14], WRF single-moment six-class microphysics scheme [15], Kain-Fritsch cumulus parameterization scheme [16], Dudhia short-wave radiation scheme [17], rapid radiative transfer model long-wave radiation scheme [18], and NOAH land surface model [19]. The cumulus parameterization scheme was turned off for the inner domain to explicitly resolve convection. We conducted 107 forecasts of 33 TCs formed over the WNP from 2013 to 2017 (Table 1). The cases that maintained an intensity stronger than that of a five-day tropical storm were chosen as test cases.



Real-time global analysis data and forecast data from the Global Forecast System (GFS) of the National Centers for Environmental Prediction (NCEP) were used to provide the initial and boundary conditions for the WRF model with a grid spacing of 0.5° (http://nomads.ncep.noaa.gov, accessed on 10 June 2021). The GFS real-time forecast is available every six hours. These 6-hourly forecast data were used as the initial and boundary forcing data through the WRF pre-processing system (WPS), and the model sea surface temperature was updated using the GFS.



The track and intensity were verified using the best-track data of the Joint Typhoon Warning Center (JTWC) (https://www.metoc.navy.mil/jtwc/jtwc, accessed on 10 June 2021). The TC center was located by identifying the point of minimum pressure in the sea level pressure field [20]. The MWS was defined as the highest wind speed within a radius of 500 km from the TC center. Track error (km) was defined as the great circle distance between the TC center of the best track data and the simulated center [21,22], calculated as follows:


   track   error     (  km  )  = 111.11     cos   − 1   [ sin  φ 0  sin  φ s  + cos  φ 0  cos  φ s  cos (  λ 0  −  λ s  ) ]  



(1)




where    λ 0    and    φ 0    are the longitude and latitude of the TC center in the best track data and    λ s    and    φ s    are longitude and latitude of the simulated TC center. The lifetime maximum intensity (LMI), used in the analysis is defined as the strongest MWS during the forecast. The track error was decomposed into along-track and cross-track biases, relative to the actual motion of the TC. They are defined as components of the residual vector, either perpendicular (cross-track) or parallel (along-track) to the transition direction of the TC. A positive cross-track bias indicates that the simulated TC is located on the right side of the best track, while a positive along-track bias implies that the simulated TC moves faster than the best track.




3. Results


3.1. Impact on TC Intensity Forecast


In Figure 1, we analyzed the forecast errors of TC intensity, i.e., MSLP and MWS for the 1DM and 2DM experiments. The 1DM experiment generally underestimates the MWS, while the MWS bias for the 2DM experiment was notably reduced. In many cases, the bias for 2DM minimized in the middle of the forecast time when the TCs intensified. However, the 2DM experiment tends to overestimate the MWS at the late forecast time. The cooling effect from TC-ocean interaction is not considered in the 2DM experiment because of the absence of an ocean model. Therefore, the decaying process is not properly reproduced in it. There was a sudden increase in the wind speed at the initial time of the 2DM experiment. This initial shock could be due to the conversion of the 0.5° GFS forecast data to a 4 km horizontal resolution grid, indicating that the initialization is necessary for a high-resolution TC forecast with the regional model. Both experiments simulated the MSLP with biases not exceeding 10 hPa. They overestimated the MSLP at the early forecast time, but underestimated it at the late forecast time. For MWS and MSLP, the root mean square errors (RMSEs) of the 2DM experiment were smaller than those of the 1DM experiment. For the 2DM experiment, the five-day mean RMSE of the MWS and MSLP were reduced by 19% and 11%, respectively, as compared to that for the 1DM experiment. Therefore, these results clarify that increasing the horizontal resolution intensifies the TCs, and is advantageous for the intensity forecast.



The impact of increasing the model resolution on the TC intensity forecasts can differ depending on the intensity of the TC. Therefore, we classified all TCs into three categories according to the LMI (LMI < 60 m s−1, 60 m s−1 < LMI < 75 m s−1, and 75 m s−1 < LMI) and compared the MWS forecasts for each category (Figure 2). The number of cases for weak (LMI < 60 m s−1), moderate (60 m s−1 < LMI < 75 m s−1), and strong (75 m s−1 < LMI) categories was 24, 61, and 28, respectively. Both the 1DM and 2DM experiments tend to overestimate the MWS for the weak TCs. For the moderate TCs, the 2DM experiment realistically reproduced the TC intensity, while the 1DM experiment was incapable of properly capturing them. For the strong TCs both the 1DM and 2DM experiments tend to underestimate the intensity, but the 2DM experiment more reasonably captured the intensifications of TCs. This indicates that a 12 km horizontal grid spacing is not sufficient to simulate the strongest TCs, and higher resolution has an advantage in intensity forecasting, especially for the intense TCs. However, for weak TCs, a higher model resolution can increase the intensity error because of the overestimation of wind speed.



To examine the impact of higher model resolution on individual intensity forecasts, the wind-pressure relationship and the simulation of LMI were analyzed. Figure 3a shows the relationship between the MWS and MSLP in the 1DM and 2DM experiments. The 1DM experiment cannot correctly capture the relationship between the MWS and MSLP for intense TCs; it tends to significantly underestimate the ratio of MWS to MSLP compared to the best-track data. Contrastingly, the 2DM experiment significantly improves the relationship; both the MSLP and MWS for intense TCs are simulated to be relatively similar to the best-track data. In particular, MSLP lower than 920 hPa and MWS faster than 60 m s−1, which were not simulated in the 1DM experiment, were captured in the 2DM experiment. However, for weak TCs, MWS tends to be more strongly simulated than MSLP, and can be associated with the overestimation of weak TC intensity (Figure 2). In addition, increasing the model resolution can improve the LMI forecast. The 1DM experiment cannot simulate TCs with wind speeds faster than 60 m s−1, indicating a significant underestimation of LMIs for intense TCs (Figure 3b). In contrast, the LMI forecast was overall improved in the 2DM experiment. The mean LMI bias for 1DM and 2DM experiments is −12.5 m s−1 and −6.3 m s−1, respectively. In particular, TCs with an LMI >60 m s−1 were realistically captured.




3.2. Impact on TC Track Forecast


Figure 4a shows the mean track errors for the 1DM and 2DM experiments. Since the two experiments differ only in the resolution of the TC core region, there is no significant difference in the environmental field. Therefore, the mean track errors of the two experiments were similar. However, after 72 h, the error of the 2DM experiment was smaller than that of the 1DM experiment. The mean track error at 120 h was 381 km for the 2DM experiment, which was approximately 5% less than that for the 1DM experiment. To further examine the impact of increasing the resolution on the TC track forecast, the track error was decomposed into along-track and cross-track biases. The difference between the two experiments was not significant (not shown) for the along-track bias while the cross-track bias showed significant differences (Figure 4b). For the 1DM experiment, simulated TC tracks generally deflected rightward, resulting in a mean cross-track bias of 108 km at 120 h forecast lead time. A decrease in the rightward deflection of the TC tracks was observed in the 2DM experiment. Thus, the cross-track bias was reduced to 48 km at 120 h forecast lead time. As a result, the decrease in the track error of the 2DM experiment was primarily associated with the reduced cross-track bias.



To further investigate the improvement of forecasting the TC track by increasing the model resolution, we analyzed cross-track biases for the three intensity categories (Figure 5). The difference in the cross-track bias became more noticeable with increase in the TC intensity. For relatively weak TCs (LMI <60 m s−1), both the 1DM and 2DM experiments tend to deflect the TC tracks rightward of the best-track data. The differences in cross-track bias for relatively weak TCs are not significant because both the experiments have similar intensity forecasts for them (see Figure 2). However, for TCs with LMI stronger than 60 m s−1, the TC track showed a significant decrease in its rightward deflection. In particular, for the strongest TCs, most TC tracks simulated in the 2DM experiment shifted more towards the left compared to those in the 1DM experiment. After three days, the mean cross-track bias generally improved since the tendency to deflect rightward decreased in the 2DM experiment. This implies that improving the simulation of TC core dynamics, by increasing model resolution, can improve TC track forecasting, particularly for intense TCs.



To find out why increasing the model resolution improves the TC track, we divided all TCs into two groups according to the difference in cross-track bias between the two experiments. The leftward shift (LS) includes the upper 25% cases with a high tendency to deflect the TC track leftward in the 2DM experiment compared to the 1DM experiment, and the non-LS includes the lower 25% cases at a 120 h forecast lead time. The overall intensity of the LS TCs is stronger than that of the non-LS TCs; the mean LMIs of LS TCs and non-LS TCs are 67.4 m s−1 and 61.2 m s−1, respectively. In addition, the mean latitude of LS TCs is 16.1° N, which is lower than the 19.3° N of non-LS TCs. The mean cross-track bias for the lower-latitude TCs, with five-day mean center latitude below 20° N, is −105.8 km, while that for the higher-latitude TCs, with five-day mean center latitude above 20° N, is 17.4 km. Therefore, the tendency of the TC tracks to deviate leftward in the 2DM experiment is higher for the intense TCs located in the lower latitudes, indicating that the improvement of the TC track by increasing model resolution can depend on the location and intensity of the TC.



Figure 6 shows the composite of the 500 hPa geopotential height for the two groups. For non-LS TCs, the strong western North Pacific subtropical high (WNPSH) is in a favorable location for the recurving of the TC. Therefore, the performance of the WNPSH simulation is critical in determining the accuracy of the TC track forecasts, but the difference in the core region resolution does not have a significant impact on the forecast of the synoptic fields. In contrast, for the LS TCs, the WNPSH is expanded westward, making most TCs move straight without recurving. Moon et al. [10] showed that the predictability of the 500 hPa geopotential height was better when the TC was active at lower latitudes than at mid-latitudes. Although the track forecast of the TC is primarily affected by its surrounding environmental fields, this study shows that it can also be affected by its core dynamics. The sensitivity to the resolution appears to be more significant in the case of lower-latitude TCs compared to mid-latitude TCs, due to the higher accuracy of the environmental field. On the contrary, track forecasts of the TCs moving to the mid-latitudes, which were primarily influenced by large-scale features such as the WNPSH or mid-latitude trough, were, relatively, not sensitive to the resolution.





4. Discussion


In this study, 12–4 km moving nesting experiments were conducted to understand the effect of increasing the model resolution on the five-day forecasts of TCs over the WNP. The 12 km single domain experiments did not properly reproduce the MWS, and, strong wind speeds faster than 60 m s−1 were not captured using the 12 km horizontal grid spacing. However, the simulations of TC intensification improved in 12–4 km moving nesting experiments. The RMSEs of MWS and MSLP were reduced, and the wind-pressure relationship was improved in the 2DM experiment. The 1DM experiment tended to simulate rightward-biased TC tracks compared to the actual TC track in the track forecast. The tendency to deflect the TC track rightward decreased for intense TCs in the 2DM experiment, and was associated with an improved intensity forecast for the intense TCs. The reduction in cross-track bias was especially significant for the intense TCs located at lower latitudes. The TCs moving toward mid-latitudes seemed to be more affected by the prediction of the surrounding environmental field. The TCs in lower latitudes were more sensitive to the intensity forecast because the accuracy of the environmental field prediction was relatively high, and intensity forecasts were better than those for the mid-latitude TCs.



Previous studies on the relationship between the model resolution and the TC forecasts did not thoroughly examine the impact of model resolution on track forecasts. This study identified the biases in the TC forecasts that are longer than three days, and verified that the bias is decreased through the high-resolution domain in the TC core region. Owing to the limitation of computing resources in this study, a 4 km grid spacing was employed for the moving nesting domain, but more distinct results could be obtained by increasing the model resolution to less than 2 km. Since this study dealt with a large number of cases, only general results were analyzed using mean values. For a detailed analysis, we plan to conduct further research on the individual TC cases.



It is unclear how improvement in the intensity forecast affects the TC track forecast. Previous research [23,24] suggested that the leftward motion of TCs might be partially related to beta-related effects in a baroclinic atmosphere. By comparing the beta- and f-plane experiments, it was observed that the beta-related effect could lead to leftward motion [25]. Therefore, it is possible that a better representation of the beta-related effect using higher resolution could improve the track forecast. In addition, Yamada et al. [26] showed that a better representation of storm-scale processes, associated with convective heating asymmetry, could improve the forecast of TC motion. Identifying this relationship could advance the understanding of TCs and reduce the TC forecast error.
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Figure 1. Bias (left) and RMSE (right) of the maximum wind speed (MWS) and minimum sea level pressure (MSLP) for the 1DM and 2DM experiments. 
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Figure 2. Time series of mean maximum wind speed forecast for TCs with three categories of intensity. The closed (opened) circle means that the difference between 1DM and 2DM is significant (not significant) at a 90% confidence level. 






Figure 2. Time series of mean maximum wind speed forecast for TCs with three categories of intensity. The closed (opened) circle means that the difference between 1DM and 2DM is significant (not significant) at a 90% confidence level.



[image: Atmosphere 12 00776 g002]







[image: Atmosphere 12 00776 g003] 





Figure 3. (a) Wind-pressure relationship of 1DM (red) and 2DM (blue) experiments with JTWC best track data (black). The solid lines show the second-order polynomial fit for each data set. (b) Scatter plot of LMI simulated by 1DM (red) and 2DM (blue) experiments as a function of LMI from the best-track data. 






Figure 3. (a) Wind-pressure relationship of 1DM (red) and 2DM (blue) experiments with JTWC best track data (black). The solid lines show the second-order polynomial fit for each data set. (b) Scatter plot of LMI simulated by 1DM (red) and 2DM (blue) experiments as a function of LMI from the best-track data.



[image: Atmosphere 12 00776 g003]







[image: Atmosphere 12 00776 g004] 





Figure 4. Absolute track error (a) and cross-track bias (b) averaged for the 107 forecasts listed in Table 1. The triangles denote that the difference is significant at a 90% confidence level. 
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Figure 5. Mean cross-track biases (top) and scatter plots of differences between two experiments (bottom) for TCs with three intensity categories (LMI < 60 m s−1, 60 m s−1 < LMI < 75 m s−1, and 75 m s−1 < LMI). 
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Figure 6. Composite geopotential height (gpm) at 500 hPa for (a) the LS TCs, (b) the non-LS TCs, and (c) their difference. The solid lines are the TC tracks of each group simulated from 2DM experiments. 
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Table 1. Forecast details and initial times for the 33 TCs, which occurred from 2013 to 2017. The interval of forecast initial time is 24 h.
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TC Number

	
TC Name

	
Forecast Initial Time (Interval of 24 h)

	
Number of Cases






	
1307

	
SOULIK

	
0000 UTC 8 Jul 2013

	
1




	
1311

	
UTOR

	
0000 UTC 10 Aug 2013

	
1




	
1324

	
NARI

	
0000 UTC 10 Oct 2013

	
1




	
1326

	
FRANCISCO

	
0000 UTC 17 Oct 2013–0000 UTC 19 Oct 2013

	
3




	
1328

	
LEKIMA

	
0000 UTC 21 Oct 2013

	
1




	
1331

	
HAIYAN

	
0000 UTC 4 Nov 2013–0000 UTC 6 Nov 2013

	
3




	
1408

	
NEOGURI

	
0000 UTC 4 Jul 2014–0000 UTC 5 Jul 2014

	
2




	
1409

	
RAMMASUN

	
0000 UTC 13 Jul 2014–0000 UTC 14 Jul 2014

	
2




	
1411

	
HALONG

	
0000 UTC 29 Jul 2014–0000 UTC 5 Aug 2014

	
8




	
1418

	
PHANFONE

	
0000 UTC 29 Sep 2014–0000 UTC 1 Oct 2014

	
3




	
1419

	
VONGFONG

	
0000 UTC 3 Oct 2014–0000 UTC 8 Oct 2014

	
6




	
1420

	
NURI

	
0000 UTC 1 Nov 2014

	
1




	
1422

	
HAGUPIT

	
0000 UTC 2 Dec 2014–0000 UTC 5 Dec 2014

	
4




	
1504

	
MAYSAK

	
0000 UTC 28 Mar 2015–0000 UTC 30 Mar 2015

	
3




	
1506

	
NOUL

	
0000 UTC 5 May 2015–0000 UTC 6 May 2015

	
2




	
1507

	
DOLPHIN

	
0000 UTC 9 May 2015–0000 UTC 11 May 2015

	
3




	
1509

	
CHAN-HOM

	
0000 UTC 1 Jul 2015–0000 UTC 7 Jul 2015

	
7




	
1511

	
NANGKA

	
0000 UTC 5 Jul 2015–0000 UTC 12 Jul 2015

	
8




	
1513

	
SOUDELOR

	
0000 UTC 31 Jul 2015–0000 UTC 4 Aug 2015

	
5




	
1516

	
GONI

	
0000 UTC 15 Aug 2015–0000 UTC 20 Aug 2015

	
6




	
1517

	
ATSANI

	
0000 UTC 15 Aug 2015–0000 UTC 19 Aug 2015

	
5




	
1520

	
KROVANH

	
0000 UTC 16 Sep 2015

	
1




	
1521

	
DUJUAN

	
0000 UTC 24 Sep 2015

	
1




	
1524

	
KOPPU

	
0000 UTC 14 Oct 2015

	
1




	
1525

	
CHAMPI

	
0000 UTC 16 Oct 2015–0000 UTC 19 Oct 2015

	
4




	
1527

	
IN-FA

	
0000 UTC 18 Nov 2015–0000 UTC 21 Nov 2015

	
4




	
1602

	
NEPARTAK

	
0000 UTC 4 Jul 2016

	
1




	
1608

	
CONSON

	
0000 UTC 9 Aug 2016

	
1




	
1616

	
MERANTI

	
0000 UTC 10 Sep 2016

	
1




	
1618

	
MALAKAS

	
0000 UTC 12 Sep 2016–0000 UTC 15 Sep 2016

	
4




	
1707

	
NORU

	
0000 UTC 25 Jul 2017–0000 UTC 2 Aug 2017

	
9




	
1720

	
TALIM

	
0000 UTC 10 Sep 2017–0000 UTC 12 Sep 2017

	
3




	
1725

	
LAN

	
0000 UTC 16 Oct 2017–0000 UTC 17 Oct 2017

	
2




	
Total

	
107
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