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This study utilizes the Weather Research and Forecasting (WRF) to comparatively analyze the impact of three vertical grid resolution (VGR) enhancement schemes on the simulation of super typhoon Lekima under two different horizontal resolutions. The relationship between structural changes and typhoon intensity is explored from the perspective of the simulated three-dimensional thermodynamic and dynamic structure of the typhoon. The main conclusions obtained are as follows: Typhoon track simulation is not sensitive to the setting of VGR, while intensity simulation is greatly affected by it. Increasing VGR in the lower layer can enhance the simulated intensity of the typhoon, but when VGR enhancement is made in the middle layer, the simulated typhoon intensity decreases. For VGR enhancement in the upper levels, it is only when coupled with a simultaneous increase in horizontal resolution that the simulated typhoon intensity is enhanced. Different VGR enhancement schemes result in significant differences in the simulated thermodynamic and dynamic structures of the typhoon, which is a crucial factor causing variations in simulated typhoon intensity. In terms of dynamics, increasing VGR in the lower layer reduces the hydrostatic stability of the lower troposphere, which enhances convection and improves its symmetry. This leads to strengthened inflow and outflow activities of the typhoon, resulting in a stronger simulated typhoon with a tighter and straighter eyewall. In terms of thermal structure, increasing VGR in both the lower and upper levels enhances the warm core of the typhoon, thereby increasing its simulated intensity. However, the warm core simulated with upper layer enhancement extends to a higher altitude. This may be related to two different heating mechanisms, where lower layer VGR enhancement has a more pronounced effect on changes in boundary layer latent heat flux, while upper layer VGR enhancement promotes more sinking of high-entropy air from higher levels.
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1 INTRODUCTION
Tropical cyclones (TCs) are cyclonic vortex systems with a warm core structure generated over warm sea surfaces in tropical or subtropical regions (Kepert, 2010). Influenced by the Warm Pool in the Northwest Pacific, this region stands out as the most active for TC activity globally (Chan and Liu, 2004; Klotzbach, 2006). TCs in this area typically follow a northwestward track under the combined effects of the beta effect and large-scale steering flows, constituting threats to the coastal areas of Southeast China (Chan, 2010). These regions are often severely affected by the landfall of TCs, posing significant risks to the lives and properties of the coastal residents (Zhang and Chen, 2019; Ren et al., 2022). Therefore, enhancing the forecast capability of TCs in the Northwest Pacific is crucial for disaster prevention and mitigation.
In recent years, advancements in observation technologies, data assimilation, and numerical models have led to substantial improvements in TC track forecasts (Pu et al., 2009; Tan et al., 2022). However, there still exist significant errors in the prediction of TC intensity (Duan et al., 2005; Chen et al., 2021). The intensity of TCs is significantly influenced by their thermal and dynamic structures. Studies have shown that enhanced inflow and outflow activities, vigorous convection, a strong warm core, and abundant sea surface heat flux transport all contribute to the further intensification of TCs (Holland and Merrill, 1984; Kepert, 2010). Additionally, the symmetry of the thermal and dynamic structures also play a crucial role in affecting TC intensity (Chen and Zhang, 2013; Tang et al., 2019). The distribution of atmospheric pressure fields in different layers of a TC usually exhibits central symmetry. However, the wind fields in the inflow and outflow layers, the TC warm core in the mid-levels, and the convective activity near the eyewall often show a certain degree of asymmetry (Li et al., 2014; Niu et al., 2021). The asymmetry in the inflow and outflow layer wind fields can affect the enthalpy flux transfer between the TC and the external environment, thereby influencing the intensity of the TC (Black and Anthes, 1971; Jin et al., 2023). The relationship between the symmetry of the warm core and intensity is more closely related. Tao et al. (2016) conducted a statistical analysis of a large number of TC cases between 1979 and 2010 and found that TCs with a more symmetrical warm core structure tend to be more intense. Moreover, typhoons with highly symmetrical convective rings tend to experience a faster intensification process. Conversely, those with less symmetry exhibit intermittent enhancement processes (Willoughby et al., 1982). In the case of mature typhoons undergoing convective structure changes, such as eyewall replacement, their intensity is more prone to weakening (Willoughby, 1990). Additionally, in the case of Hurricane Frances, the asymmetric enthalpy flux generated by the cold wake can influence the distribution of convection, thereby affecting the intensity of the TC (Lee and Chen, 2012). Therefore, improving the understanding of the thermal and dynamic structures of TCs and clarifying their relationship with TC intensity are essential steps to enhance the forecast capability of TC intensity.
The scarcity of observational data limits the study of the thermal and dynamic structures of TCs. Numerical models can provide high spatiotemporal resolution simulation data, enabling a detailed investigation of the three-dimensional structure of TCs. Numerous studies have demonstrated that increasing model horizontal resolution can yield finer TC simulated structures, thereby improving the simulation of TC intensity (Fierro et al., 2009; Gentry and Lackmann, 2010). However, as a three-dimensional system, TCs also exhibit high vertical complexity. While increasing horizontal resolution, due consideration should be given to the influence of vertical grid resolution (VGR). The setting of VGR in the model should be matched with horizontal resolution to avoid the generation of false gravity waves (Lindzen and Fox-Rabinovitz, 1989), which can lead to model instability and affect simulation results (Persson and Warner, 1991; Powers et al., 2017). There have been some studies that have focused on the impact of changes in vertical resolution on the simulation of typhoon intensity. For example, Zhang et al. (2015) found in an idealized typhoon experiment that increasing VGR can improve the simulation of typhoon intensity, but as the resolution is further increased, the simulation effect becomes worse. Li et al. (2014) discovered that increasing the VGR of the model at different height levels can produce significant changes in the simulated intensity of typhoons. Ma et al. (2012) further pointed out that increasing VGR in the lower levels of the model can result in stronger typhoon simulation intensity. However, these studies have paid less attention to the structure of typhoons, and none of them have explored the impact of changes in resolution on the three-dimensional thermodynamic structure of typhoons. In addition, there are significant differences in the VGR refinement schemes among these studies, and the improvement effects also vary for different typhoon cases.
Therefore, when conducting high-resolution simulations, it is essential to explore how to set the VGR of the model to improve the simulation of TC intensity. Furthermore, understanding how the simulated three-dimensional thermal and dynamic structures of TCs affect TC intensity is also a crucial question. In this study, Super Typhoon Lekima is selected, which occurred in 2019 and made landfall in East China, causing severe disaster impacts along its track (Tan et al., 2020). The clear eyewall structure of Lekima makes it suitable for a detailed study of TC structure. In Section 2 the model experiment and methodology are described. Section 3 analyzes the simulated paths and intensities under different schemes. Section 4 and 5 explore the impact of VGR enhancement in simulated typhoon dynamics and thermal structure, respectively. Finally, Section 6 concludes and discusses the findings.
2 MODEL EXPERIMENT AND METHODOLOGY
2.1 Model experiment
The non-hydrostatic mesoscale model Weather Research and Forecasting (ARW) Version 4.0 (WRF) was employed as the numerical model for this study, in accordance with current academic standards. The initial fields are generated using the 0.25° horizontal resolution ERA5 reanalysis data provided by ECMWF, and the detailed experimental setup is shown in Table 1 (Chen et al., 2022). The simulation period is from 00:00:00 on 6 August 2019 to 00:00:00 on 10 August 2019, covering various stages of typhoon development, maintenance, and weakening. To obtain detailed simulated typhoon structures, the model is configured with two horizontal resolutions: one at 6 km and another at 3 km, with a time integration interval of 30 and 10 s, respectively. The model top is set at 50 hPa. The China Meteorological Administration Tropical Cyclone Data Center (CMA) dataset is used as the observational data to verify the performance of the model in simulating Lekima (Ying et al., 2014; Lu et al., 2021).
TABLE 1 | Experimental configuration.
[image: Table 1]The WRF4.0 model employs a hybrid vertical coordinate system, where the low atmosphere uses terrain-following coordinates and the high atmosphere uses isobaric coordinates. The vertical coordinate is given by:
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In Eq. (1), [image: image] and [image: image] are the atmospheric and surface pressures, [image: image] is the top pressure of the model, and [image: image] is a fixed value. The weighting function B(k) is calculated based on the vertical level k. When [image: image], the vertical layer follows the terrain. When the height reaches the level [image: image] (given height where isobaric coordinates are used), [image: image] becomes 0 and the vertical coordinate switches to isobaric.
The vertical layer thickness is given by:
[image: image]
In Eq. (2), [image: image] and [image: image] are the current and low vertical layer thicknesses, and h is a stretching coefficient. WRF provides two methods for setting the vertical layer distribution. One is to fix the bottom of the model layer and distribute the vertical layers evenly. The other is to calculate the vertical layer distribution based on user inputs of [image: image] (model layer bottom height), [image: image] (stretching coefficient for the low layer), [image: image] (stretching coefficient for the high layer), and [image: image] (maximum interval between layers). When the model layer interval reaches [image: image]/2, the stretching coefficient switches from [image: image] to [image: image]. In this study, we used the second method with default coefficients to ensure consistency in vertical layer distribution for all experiments except for those that require a denser low layer. An additional vertical layer was added at η=0.995 to ensure consistency in vertical layer distribution for these experiments.
This study set up three different vertical layer distribution schemes to investigate the impact of low-, middle-, and high-level atmospheric VGR on typhoon simulation. The vertical distribution of the mean radial wind speed within the 200 km radius of the typhoon center at the time of maximum wind speed is analyzed in the control experiment (Figure 1A). Based on the inflow and outflow vertical distribution, η ranges of 0.8–1, 0.3–0.8, and 0–0.3 are defined as the low, middle, and high layers, respectively. Keeping the remaining layers unchanged, 10 additional layers are added to the low, middle, and high layers based on C40_6 (C40_3), and name them as L50_6 (L50_3), M50_6 (M50_3) and H50_6 (H50_3), respectively. The numerical values behind the underline represent the horizontal resolution of 6 km or 3 km used in the experiment.
[image: Figure 1]FIGURE 1 | Profile of (A) mean radial wind within 200 km radius at time of typhoon maximum Intensity (12:00 on the 8th), and (B) vertical layer distribution as set in each experiment.
2.2 Case selection: Typhoon Lekima (2019)
Typhoon Lekima (1909) formed on 29 July 2019 (UTC) over the western Pacific east of the Philippines. It is upgraded to a tropical storm on August 4, and further strengthened to a severe tropical storm on August 5. Lekima continued to intensify and is upgraded to a typhoon on August 6, then to a super typhoon later that same day, with maximum sustained wind speed reaching 62 m/s and a minimum sea surface level pressure of 915 hPa. It made landfall in Chengnan Town, Wenling City, Zhejiang Province, China, at around 01:45 on August 10, with the maximum near-center wind force reaching 16 on the Beaufort Scale (52 m/s) and a minimum sea surface level pressure of 930 hPa.
2.3 Eye wall location and slope
In order to quantitatively describe the characteristics of the typhoon eyewall, this study defines two parameters: Eyewall Position (EWP) and Eyewall Slope (EWS). Based on the high reflectivity feature of the typhoon eyewall (Hence and Houze, 2011), within the 200 km radius of the typhoon core, the position with the azimuthally averaged maximum reflectivity at each height level is identified as the Eyewall Position (EWP). The Eyewall Slope (EWS) is defined as the slope of the line connecting the eyewall positions at the lowest and highest altitude levels. The larger the EWS, indicating a less inclined eyewall.
2.4 Static stability
Following Kepert (2010), static stability ([image: image]) is frequently defined through the Brunt–Väisälä frequency:
[image: image]
In Eq. (3), g is gravitational acceleration, [image: image] is virtual potential temperature and z is height coordinate. When [image: image] is greater than 0, the atmosphere exhibits static stability, causing vertical parcel perturbations to result in oscillations with a frequency of N. Conversely, when [image: image] is less than 0, the atmosphere becomes statically unstable, leading to the amplification of vertical perturbations.
2.5 Warm core area and height
The warm core intensity of typhoons is quantitatively described using temperature anomalies (TA), warm core area index (WCAI), and warm core height (WCH) (Fu et al., 2011). The TA is obtained by subtracting the average temperature on the corresponding isobaric surface from the temperature at each point. The average temperature on the isobaric surface is obtained by averaging the temperatures within a 1000-km radius of the typhoon on the isobaric surface. The WCAI is defined as the number of grid points in the azimuthally-averaged vertical TA profile with values greater than a specific threshold, which in this study is 12 K. The WCH refers to the height at which the maximum TA, after azimuthal averaging, is located. The azimuthal averaging method involves considering the tropical cyclone center as the origin and drawing equidistant concentric circles outward. Within each circle, the average of the physical quantity is computed, representing the azimuthal mean value at the inner radius of that circle.
2.6 Precipitation asymmetry
To quantify the asymmetry of typhoon precipitation, this paper employs Fourier expansion along the azimuthal direction for the precipitation field. It uses the first harmonic asymmetry within the 200 km radius of the typhoon core to characterize its asymmetry degree, where a larger numerical value indicates a more uneven distribution of precipitation. The specific procedure involves establishing a polar coordinate system with the typhoon center as the origin. The azimuthal angle (θ) is spaced at 1° intervals, and the radial direction (r) is spaced at 6 km or 3 km intervals. The model data is interpolated to a 1° × 6 (3) km grid using a nearest-neighbor interpolation method. Subsequently, the precipitation field R (r, θ) is subjected to a Fourier series expansion (Boyd, 2001):
[image: image]
In Eq. (4), [image: image] denotes the azimuthal angle-averaged precipitation at radius r, which is the zeroth harmonic component. Here, n represents the harmonic series, and [image: image] and [image: image] are the Fourier coefficient at radius r for the harmonic series n (Eqs 5, 6).
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The asymmetry of the typhoon core precipitation field is represented by the ratio of the amplitude components between the first harmonic and the zeroth harmonic (Eq. 7):
[image: image]
2.7 Drag coefficient and water vapor exchange coefficient
The drag coefficient ([image: image]) and the water vapor exchange coefficient ([image: image]) have significant impacts on the momentum flux and latent heat flux in the boundary layer, according to the formula proposed by Wu (1982).
[image: image]
In Eq. (8), [image: image] is the 10m wind speed. [image: image] can be obtained using the formula provided by Charnock (1955).
[image: image]
In Eq. (9), [image: image] is the von Kármán constant, and here, we use 0.4 as an approximate value. [image: image] is the reference height, set at 10 m, and [image: image] is the roughness length for water vapor.
3 TRACK AND INTENSITY
Concerning the simulation of the Lekima track, Figure 2C, F present the time series of simulated tracks and track deviations for each experiment. Among the three VGR enhancement schemes, simulations featuring enhanced VGR in the upper layers demonstrate superior track simulation performance. Specifically, H50_6 and H50_3 show smaller average deviations in track simulation compared to their control experiments, a result validated during both the typhoon intensification and weakening stages (Table 2). Improving VGR in the lower layers also contributes to the enhancement of track simulation, albeit to a lesser extent than observed in the experiments with enhanced VGR in the upper layers. Middle layers VGR enhancement does not yield a significant improvement in track simulation. Increasing the horizontal resolution to 3 km does not improve the simulation of the Lekima track; instead, track simulation deviations increase in all four experiments.
[image: Figure 2]FIGURE 2 | Temporal variation of (A) the maximum surface wind speed at 10 m (m/s), (B) the minimum sea level pressure (hPa) and (C) track for each experiment and the CMA best-track data (OBS). (D–F) represent maximum surface wind speed bias, minimum sea level pressure bias and track bias, respectively.
TABLE 2 | Root mean square error (RMSE) of maximum surface wind (Windspeed_rmse), minimum sea level pressure (Pressure_rmse), and track (Track_rmse).
[image: Table 2]For intensity, this study uses Maximum Surface Wind Speed (MSWS) and Minimum Sea Level Pressure (MSLP) as standards for measuring typhoon intensity. Figure 2A, B provide the time series of MSWS and MSLP for each experimental simulation. Figure 2D, F present the time series of deviations in MSWS and MSLP, respectively. Enhancing VGR in the lower layers improves the simulation of intensity, and this improvement remains unaffected by changes in horizontal resolution. It is particularly noticeable during the typhoon intensification stage, with L50_6 and L50_3 having smaller MSWS RMSE and MSLP RMSE compared to their control experiments (Table 2). Middle layers VGR enhancement has a negative effect on the simulation of typhoon intensity under both horizontal resolutions. Specifically, M50_6 and M50_3 do not increase Lekima’s maximum intensity. Although M50_3 slightly reduces MSWS RMSE and MSLP RMSE during the weakening stage, overall, enhancing VGR in the middle layer increases MSWS RMSE and MSLP RMSE during the simulation period. Enhancing VGR in the high layers, at a horizontal resolution of 6 km, does not improve the forecast accuracy of typhoon intensity. Specifically, H50_6 shows a general increase in MSWS RMSE and MSLP RMSE during the simulation period. When the horizontal resolution is increased to 3 km, H50_3’s intensity forecast accuracy improves, particularly during the intensification stage (Table 2).
In summary, experiments with improvement in VGR in the lower layer demonstrate superior performance in simulating typhoon intensity. VGR enhancement in the middle layers leads to a reduction in typhoon intensity, accompanied by a decline in both intensity and track simulation. VGR improvement in the upper layer results in optimal track simulation but is influenced by horizontal resolution in terms of intensity. At a 6 km resolution, H50_6 does not exhibit significant improvement. However, upon increasing the horizontal resolution to 3 km, H50_3’s intensity simulation performance shows a notable enhancement.
4 DYNAMIC STRUCTURE
The intensity of a typhoon is closely related to its three-dimensional structure. Section 4 will focus on the impact of different VGR schemes on the simulated dynamic structure of Lekima. This includes radial and tangential winds, vertical velocity, eye-wall slope, convective asymmetry, and static stability as key dynamic parameters. As the typhoon reaches its maximum intensity, its structure becomes clearer. Therefore, this study analyzes the period when Lekima reached its maximum intensity (12:00 on 8 August 2019).
4.1 Radial wind and tangential wind
The vertical distribution of azimuthally averaged radial and tangential winds (the extraction of radial and tangential winds is referenced from Braun et al. (2006)) for each experiment is depicted in Figure 3. In all experiments, the vertical distribution of radial winds exhibits low-level inflow and upper-level outflow. The inflow region is in the low levels outside the eyewall, with a height not exceeding 850 hPa. In the mid-levels, the airflow is primarily tangential, with a minimal radial wind component. The air within the eye region is relatively stable, with only a small amount of air inflow in the low levels. When horizontal resolution is 6 km, the typhoon core wind fields in L50_6 and C40_6 exhibit a similar vertical distribution, following the basic pattern of low-level inflow and upper-level outflow. In M50_6 and H50_6, the inflow and outflow activities are more dispersed in the vertical direction, and abnormal radial winds in the mid-levels weaken the tangential winds. Both show strong outflow activity in the mid-levels (600–300 hPa). When the horizontal resolution is increased to 3 km, L50_3 exhibits minimal changes compared to L50_6. However, for M50_3 and H50_3, the outflow activity in the mid-levels significantly weakens, and the outflow activity becomes more concentrated in the main outflow layer above 200 hPa.
[image: Figure 3]FIGURE 3 | Height-radius cross-sections of azimuthal mean radial wind (shaded color, Positive value for inflow, negative value for outflow) and tangential wind (contour line) at 12:00 on August 8, 2019 for each experiment. [(A–H) represent individual experiments, respectively. See Figure 1B for specific meanings].
The horizontal distribution of azimuthally averaged radial winds in the lower layer (below 900 hPa) and upper layer (200–100 hPa) for each experiment is illustrated in Figure 4. When horizontal resolution is 6 km, the distribution of inflow and outflow areas in the lower layer is generally consistent among experiments. The outflow area is concentrated in the left-front quadrant in the direction of typhoon movement, with other vast regions predominantly occupied by inflow. However, there are variations in the intensity of inflow and outflow among experiments. In L50_6, the inflow in the lower layer is the strongest, with an expanded inflow range, resulting in a more robust and uniform convergence. The outflow activity in the upper layer also intensifies, and the outflow area in the direction of movement is expanding. In M50_6, the inflow in the lower layer weakens, forming a band-like distribution of high inflow values. Due to the decrease in inflow, the outflow also weakens. The inflow in H50_6 is closest to that in C40_6, but the outflow in the upper layer intensifies on the right side of the Lekima’s moving direction. When the horizontal resolution is increased to 3 km, significant changes occur in the intensity and distribution of inflow and outflow in the lower layer for each experiment. The inflow activity on the left-rear side of the typhoon’s moving direction significantly strengthens, while the inflow on the right side noticeably weakens, leading to a large outflow area in the right-rear quadrant. Except for C40_3, other VGR enhanced experiments at a 3 km horizontal resolution show a significant weakening of outflow activity in the left-front quadrant. All VGR enhanced experiments enhance the symmetry of typhoon low-level inflow.
[image: Figure 4]FIGURE 4 | Distribution of azimuthal mean radial wind at lower levels (below 900 hpa) (A–H) and upper levels (200–100 hpa) (I–P) at 12:00 on August 8, 2019 for each experiment (black arrow represents the direction of typhoon movement, and dotted circle’s radius is 50 km).
4.2 Vertical velocity and reflectivity
The eyewall is the primary area of updraft in a typhoon, accounting for approximately 60% of the total upward transport. This is mainly accomplished by updrafts with speeds exceeding 1 m/s at the eyewall, and the upward motion at the eyewall exhibits significant asymmetry (Jorgensen et al., 1985; Black et al., 1996; Corbosiero and Molinari, 2003). Additionally, since the atmosphere above the boundary layer in a typhoon is in near-gradient balance, the eyewall typically tilts outward with height increases. This tilt significantly affects the efficiency of convective latent heat release, thereby influencing typhoon intensity (Kepert, 2010). In this section, we will analyze the vertical motion and reflectivity structure in the eyewall region, exploring the impact of lower, middle, and upper layers VGR on the convective asymmetry and eyewall features of the typhoon.
In the profiles of vertical velocity and reflectivity for each experiments (Figure 5), when horizontal resolution is 6 km, L50_6 exhibits a larger reflectivity center near the eyewall, a larger EWS, and a smaller EWP, indicating a straighter eyewall and a more compact typhoon eye. The high reflectivity region (dBz ≥ 10) at the top of the eyewall in M50_6 is lower, only reaching around 300 hPa, while the corresponding period in C40_6 can reach above 200 hPa. The EWS of M50_6 is the smallest at 0.21, indicating a greater tilt of its eyewall and a disorganized eyewall structure with more dispersed convective activity. H50_6 has the maximum vertical velocity near the eyewall, with dense contour lines, and the core of maximum vertical velocity is near 300 hPa. Additionally, the reflectivity center value at the eyewall in H50_6 is the smallest among the four experiments. Its EWP is the largest among the four experiments, indicating that its eyewall is farther from the center of the typhoon, and the energy released from convective latent heat may not effectively heat the warm core. When the horizontal resolution is increased from 6 km to 3 km, the eyewalls of all experiments are enhanced, with increased reflectivity and EWS. Among the four experiments at a horizontal resolution of 3 km, L50_3 and H50_3 have larger EWS, while M50_3 has a smaller EWS.
[image: Figure 5]FIGURE 5 | Height-radius cross-sections of azimuthal mean vertical velocity (contour line) and reflectivity (shaded color) at 12:00 on August 8, 2019 for each experiments (purple thick line represents the eyewall profile, [(A–H) represent individual experiments, respectively. See Figure 1B for specific meanings].
The profiles of extreme ascent and descent velocity for each experiments are shown in Figure 6. Extreme vertical velocities in the eyewall region play a crucial role in influencing typhoon intensity. Updrafts exceeding 10 m/s are particularly important as they facilitate the transfer of substantial momentum and moisture (Rotunno et al., 2009; Zheng et al., 2020; Jin et al., 2023). At a 6 km horizontal resolution, the vertical velocity distribution of L50_6 is similar to C40_6, with a relatively small vertical gradient of vertical velocity. M50_6 has a small variation in low-level vertical velocity but exhibits larger extreme ascent velocities in the mid to upper levels. H50_6 shows larger extreme ascent velocities near 200 hPa. When the horizontal resolution is 3 km, C40_3 has larger extreme ascent velocities in the upper and middle-lower levels, with the maximum intensity at 200–100 hPa. In L50_3 and M50_3 experiments, the distribution of extreme ascent velocities is similar to C40_3, but the overall intensity is lower than C40_3. In the high-resolution H50_3 experiment, there is a significant change in the distribution of extreme ascent velocities. Extreme ascent velocities in the mid to lower levels are notably enhanced, with extreme ascent velocities near 500 hPa significantly higher than the other three experiments. This can promote convection to reach greater heights, thereby enhancing typhoon intensity.
[image: Figure 6]FIGURE 6 | Vertical distribution of the threshold of the extreme updraft and downdraft within a 100 km radius at 12:00 on August 8, 2019 for each experiment [blue for the top 5%, red for the top 1%, and black for the top 0.1%, and (A–H) represent individual experiments, respectively. See Figure 1 for specific meanings].
4.3 Convective asymmetry and static stability
The intensity of precipitation in the typhoon core can characterize the strength of convection, while lower precipitation asymmetry represents a more symmetric and stable structure of the typhoon, which is conducive to the rapid intensification of the typhoon (Chen and Zhang, 2013; Chen et al., 2022). Figure 7A shows the time series of the asymmetry of core precipitation in each experiment. During the typhoon intensification period, when the horizontal resolution is 6 km, the experiments are sorted in descending order of precipitation asymmetry as follows: M50_6, H50_6, L50_6, and C40_6. When the horizontal resolution is increased to 3 km, the experiments are similarly sorted in descending order of core precipitation asymmetry: M50_3, H50_3, L50_3, and C50_3. The asymmetry of convection in the 3 km group is significantly stronger than in the 6 km group, which may also be the main reason for the significant increase in extreme ascending and descending speeds in the typhoon core region in the 3 km compared to the 6 km experimental group in Figure 6.
[image: Figure 7]FIGURE 7 | (A) Typhoon core precipitation asymmetry (labeled numbers represent the average asymmetry during the first 60 h). Average static stability within the core of the typhoon (within a radius of 200 km), including (B) upper levels (between 100 hPa and 250 hPa), (C) middle levels (between 500 hPa and 700 hPa) and (D) lower levels (below 900 hPa).
Furthermore, static stability ([image: image]) is closely related to the convection and intensity of a typhoon. When [image: image] is relatively large, vertical circulation is confined to lower levels; otherwise, convection can reach higher altitudes (Holland and Merrill, 1984). Additionally, a more stable atmosphere leads to a smaller Maximum Potential Intensity (MPI) of the typhoon (Kieu and Wang, 2017; Kieu and Zhang, 2018). Moreover, some scholars have pointed out that the impact of different height levels on typhoons varies. For instance, in the lower levels of the troposphere, a relatively deep unstable condition is one of the necessary conditions for typhoon formation (Briegel and Frank, 1997), In the upper levels of the troposphere, it enhances the lateral circulation and potential vorticity of the typhoon, thereby affecting its intensity (Duran and Molinari, 2019).
Figure 7B, C, D present the [image: image] time series of the averaged (within 200 km) static stabilities in the low, middle, and upper levels of the typhoon inner core, respectively. As observed in Figure 7D, increasing the lower layer VGR reduces the stability in that layer. In the 6 km and 3 km groups, the stability in the low level is lowest for L50_6 and L50_3, with other VGR enhanced experiments showing little difference in low-level stability. Throughout the simulation period, all experiments exhibit a trend of decreasing and then increasing stability in the low level. During the typhoon intensification phase, there is a significant reduction in lower levels [image: image], followed by a gradual increase. Lower [image: image] in the lower levels is conducive to the occurrence of convective activity, especially during the typhoon intensification phase. Coupled with strengthened inflow activity, this results in more vigorous convective activity, reduced asymmetry in convection, and a significant increase in the eyewall slope. Stronger convective activity provides more latent heat release, consequently resulting in L50_6 and L50_3 simulating a stronger maximum typhoon intensity. However, in contrast to increase in VGR, increasing the horizontal resolution from 6 km to 3 km causes a significant increase in [image: image] in all experiments in the lower levels. This suppresses convective activity, leading to increased asymmetry in the typhoon inner core convection, as reflected in Figure 7A. Increasing the VGR in the lower layer enhances the simulated intensity of typhoons, which is consistent with previous research findings (Ma et al., 2012; Zhang et al., 2015). Zhang et al. (2015) found that increasing the lower layer VGR can enhance vertical mass and moisture convergence. This study further points out that this approach essentially reduces the hydrostatic stability of the lower troposphere, which promotes the release of convective latent heat, thereby obtaining stronger simulated typhoon intensity.
Figure 7C illustrates the changes in [image: image] in the middle levels, and it is not difficult to observe that the differences among the experiments are relatively small, and the stability in the middle levels gradually increases during the simulation period. In both the M50_6 and M50_3 experiments, a larger [image: image] is maintained in the lower and middle levels, which will inhibit convective activities, increase the asymmetry of convection, and subsequently decrease the slope of the typhoon eyewall (Figure 5B, F). After increasing VGR in the middle levels, the simulated intensity of the typhoon weakens, and the typhoon eyewall becomes loose with a decreased slope. This result has also been mentioned in previous studies by Ma et al. (2012). They suggest that this is due to an increase in the vertical gradient of vertical wind, leading to increased convergence in the middle levels, which suppresses deep convection at the eyewall and ultimately weakens the simulated intensity of the typhoon. In this study, we also find from the perspective of atmospheric stratification stability that the increased hydrostatic stability in the lower and upper levels after increasing VGR in the middle levels can also inhibit the release of convective latent heat, resulting in a weakened simulated intensity of the typhoon.
As shown in Figure 7B, the stability is lowest for H50_6 and H50_3. Enhancing VGR at the upper levels can decrease the hydrostatic stability in the upper atmosphere. Additionally, Figure 7A indicates that increasing VGR at the upper levels can also enhance the convective asymmetry of typhoons. However, the effect of upper layer VGR enhancement on typhoon intensity simulations differs under different horizontal resolutions. When horizontal resolution is 6 km, increasing upper layer VGR leads to a decrease in the slope of the typhoon eyewall and a weakening of the simulated intensity. Under these conditions, increasing the VGR at the upper layer does not effectively strengthen the simulated intensity of Lekima, which is consistent with previous research findings (Ma et al., 2012; Zhang et al., 2015). However, when the horizontal resolution is increased to 3 km, enhancing the VGR at the upper layer significantly strengthens the simulated intensity. The differences in hydrostatic stability and asymmetry between the two sets of experiments are relatively small, and it is difficult to explain the source of the intensity simulation differences solely from this perspective. This may also be related to thermodynamic structures such as the warm core of the typhoon, which will be discussed in the next section.
5 THERMAL STRUCTURE
Typhoons are cyclonic vortex formed by latent heat release heating and sinking heating in the eye region, resulting in a warm-core structure. The structural characteristics, height, and intensity of the warm core significantly affect typhoon intensity (Fei, 1997; Komaromi and Doyle, 2017). In this section, two indices, the Warm Core Area Index (WCAI) and the Warm Core Height (WCH), will be used to quantitatively analyze the stimulated thermodynamic structural characteristics of Likema and explore the impact of VGR on typhoon thermodynamic structure. The definitions and calculation methods of these two indices have been detailed in Section 2.
5.1 Warm core
Figure 8 presents the azimuthally averaged radial height profiles of temperature anomalies, revealing the intensity and distribution characteristics of the warm core in each experiment. In Figure 8, a larger warm core center TA and WCAI (TA ≥ 12k) indicate a stronger warm core, and lower layer VGR enhancement can significantly enhance the intensity of the warm core. Conversely, middle layer encryption weakens the intensity of the warm core. Among experiments with the same horizontal resolution, the warm core intensity is strongest in the lower layer VGR enhancement experiments. The strength of the warm core after upper layer VGR enhancement is affected by the horizontal resolution. The warm core intensity of H50_6 is weaker than that of C40_6, and the warm core center is deviated from the low-pressure center, increasing the asymmetry of the warm core to some extent. However, when the horizontal resolution is increased to 3 km, the warm core intensity of H50_3 becomes stronger. Additionally, after increasing the horizontal resolution, the warm core intensity of each experiment decreased to varying degrees, with the most significant decrease observed in C40_3.
[image: Figure 8]FIGURE 8 | Height-radius cross-sections of azimuthal mean TA on August 8, 2019 for each experiments [(A–H) represent individual experiments, respectively. See Figure 1B for specific meanings].
Concerning warm core height, both lower and middle layer VGR enhancement at 6 km resolution can increase WCH. However, at 3 km horizontal resolution, the changes in WCH are not as pronounced. Upper layer VGR enhancement at both 3 km and 6 km resolutions increases WCH, with H50_6 showing the most significant change, reaching a WCH of 275 hPa. In terms of horizontal resolution, the WCH of the 3 km experiment group is generally higher than that of the 6 km experiment group. Therefore, increasing horizontal resolution tends to decrease warm core height.
Figure 9 divides the warm core along the direction of typhoon movement into four quadrants (Right Front (RF), Left Front (LF), Left Rear (LR), and Right Rear (RR)). It shows the warm core area ratio (a) and warm core height (b) based on quadrant statistics. When horizontal resolution is 6 km, L50_6 exhibits the lowest warm core asymmetry, with minimal differences in warm core area among quadrants. The warm core heights (WCH) in each quadrant are generally around 305 hPa, indicating consistent warm core heights. M50_6 has a warm core concentrated in the RF and LR quadrants, accounting for 65% of the total warm core area. Additionally, the warm core height on the right side is greater than the left side, showing a pronounced asymmetry in warm core distribution. H50_6’s warm core is predominantly concentrated in the RF quadrant, with only 8.2% in the LR quadrant. It exhibits a clear asymmetry, with the WCH on the left side greater than the right side, and the warm core center deviates from the low-pressure center. When the horizontal resolution is increased to 3 km, L50_3 maintains the best symmetry in its warm core, with minimal differences in warm core area and height among quadrants. M50_3 continues to exhibit the strongest warm core asymmetry among the three VGR enhancement experiments. In contrast, H50_3 shows significant changes. At a 3 km horizontal resolution, warm core symmetry is significantly improved.
[image: Figure 9]FIGURE 9 | (A) Proportion of warm core area (TA greater than 12 K) and (B) height in Each Quadrant on 8 August 2019 at 12:00.
5.2 Surface flux
The ocean is the primary underlying surface for the generation and development of typhoons, providing the necessary water vapor and energy for their intensification. A larger ratio of the enthalpy flux exchange coefficient ([image: image]) to the drag coefficient ([image: image]) promotes a larger MPI (Emanuel, 1995; Emanuel, 1995). Since the magnitude of latent heat flux is much larger than that of sensible heat flux (Xu and Wang, 2010; Ma et al., 2012), [image: image]/ [image: image] can well represent [image: image]/ [image: image]. Therefore, this study will analyze the data using [image: image], [image: image], and their ratio [image: image]/ [image: image] .
Figure 10A, B present the time series of the average drag coefficient ([image: image]) and moisture exchange coefficient ([image: image]) in the inner core region of each experiment, respectively. Both [image: image] and [image: image] are influenced by the surface wind speed and thus exhibit similar temporal variations during the simulation period, with [image: image] smaller than [image: image]. When horizontal resolution is 6 km, the changes in [image: image] and [image: image] for L50_6 and H50_6 compared to C40_6 are relatively small. The primary differences emerge in the middle layer VGR improvement experiments, where [image: image] and [image: image] for M50_6 are significantly smaller than those of the other experiments from the 40th to 80th hour of the simulation period. When the horizontal resolution is increased to 3km, [image: image] and [image: image] for all experiments decrease significantly compared to the 6 km group, while the differences among experiments with different upper layer VGR improvement are relatively minor. Overall, [image: image] tends to increase with intensity, consistent with the findings of Montgomery et al. (2010). A larger [image: image] tends to amplify low-level friction, increasing low-level inflow, which may be one of the reasons why low-level inflow in the 6 km group is generally larger than in the 3 km group (Figure 4). The temporal variation of [image: image]/ [image: image] (Figure 10C) is similar to that of the MSLP. As the typhoon intensifies, [image: image]/ [image: image] decreases, consistent with the result of Emanuel (1995). At a 6 km horizontal resolution, during the period from hour 40 to 80, the M50_6 experiment shows relatively high values, while the differences between the other experiments are small. When the horizontal resolution is increased to 3 km, the differences in [image: image]/ [image: image] between experiments become minimal. However, from the 20th hour of simulation, the 3 km group generally exhibits higher [image: image]/ [image: image] values than the 6 km group. During the intensification phase, the 3 km group has larger [image: image]/ [image: image] values, which would favor the typhoon intensification, leading to a stronger maximum intensity.
[image: Figure 10]FIGURE 10 | Temporal variation of (A) drag coefficient ([image: image]), (B) moisture surface exchange coefficient ([image: image]), (C) [image: image]/ [image: image] ratio, and (D) latent heat averaged within the typhoon core for each experiments (the dashed vertical line represents the simulation at the 60th hour).
Regarding latent heat flux (Figure 10D), at a 6 km horizontal resolution, the differences among most experiments are minimal during various periods. However, around the 60th hour (the peak intensity of the typhoon), M50_6 shows slightly lower values compared to other experiments. When the horizontal resolution is increased to 3 km, the differences among all experiments become less apparent. Increasing horizontal resolution is effective in enhancing latent heat flux in the early stages of the simulation (approximately before the 30th hour). However, in the middle and later stages, the 3 km group generally exhibits lower latent heat flux than the 6 km group.
Figure 11 further illustrates the distribution of latent heat flux in the core region of the typhoon at the moment of maximum intensity. The regions with high latent heat flux values (greater than 600 W/m2) in each experiments show a good correspondence with the inflow region in Figure 4. At a 6 km horizontal resolution, all experiments exhibit high-value regions near the eyewall of the typhoon. Additionally, in the control experiment C40_6, the high-value regions are mainly concentrated in the front and right front of the typhoon movement. With increased VGR, high-value regions also appear in the left rear, reflecting a higher level of symmetry in the distribution of latent heat flux. Specifically, in L50_6 and H50_6, the latent heat flux significantly strengthens, both in terms of the range and intensity of the high-value regions. In the M50_6 experiment, the high-value regions in the front and left front narrowed, and the overall intensity of the latent heat flux decreases. When the horizontal resolution is increased to 3 km, the high-value region in the front of the typhoon significantly weakens or disappears. Apart from the eyewall, the high-value regions are mainly concentrated in the left rear, increasing the asymmetry in the distribution of latent heat. Moreover, in the 3 km experimental group, the differences in latent heat flux among the three VGR enhancement schemes (lower, meddle, and upper layer) are not significant. Therefore, at a 3 km horizontal resolution, the distribution of latent heat flux is not highly sensitive to the VGR settings in the model.
[image: Figure 11]FIGURE 11 | Horizontal distribution of latent heat flux for each experiment at 12:00 on 8 August 2019 [red arrow represents the direction of typhoon movement, and (A–H) represent individual experiments, respectively. See Figure 1B for specific meanings].
The above analysis indicates that latent heat flux is sensitive to the setting of VGR. Increasing VGR at both the lower and upper layer can enhance the latent heat transport and make its distribution more symmetric in simulated typhoons, while increasing VGR at the middle layer has the opposite effect. The boundary layer processes that affect latent heat flux, such as inflow, outflow, and convective triggering, are highly sensitive to the setting of VGR (Zhang and Wang, 2003). The increased drag coefficient resulting from the refinement at the lower and upper layer enhances bottom friction, which may contribute to the increased latent heat flux and more symmetric distribution (Ma et al., 2012). On the other hand, increasing VGR at the middle layer suppresses convective activity, leading to a reduction in latent heat transport.
5.3 Pseudo-equivalent potential temperature
The descent and warming of high-entropy air in the upper levels have a significant impact on enhancing and sustaining the warm core of a typhoon (Willoughby, 1998), The pseudo-equivalent potential temperature ([image: image]) is conserved in adiabatic processes and can be used to analyze the motion of upper-level air. Figure 12 presents the azimuthally averaged pseudo-equivalent potential temperature radius-height profiles for each experiments at the time of maximum Lekima intensity (12:00 on 8 August 2019).
[image: Figure 12]FIGURE 12 | Height-radius cross-sections of azimuthally-averaged pseudo-equivalent potential temperature for each experiment at 12:00 on 8 August 2019 [(A–H) represent individual experiments, respectively. See Figure 1B for specific meanings].
In previous studies on the thermal and dynamic structure of typhoons, researchers have noted that in the eye region of a typhoon, the lower levels are characterized by moist air, the middle levels exhibit an inversion layer, and the upper levels contain dry and warm high-entropy air (Gierens et al., 1999; Braun, 2002; Xu and Wang, 2010; Durden, 2013). Within the eye region of a typhoon, there is intense subsidence, and this descending high-entropy air heats the warm core of the typhoon, leading to a decrease in central atmospheric pressure (Willoughby, 1998). Figure 12 illustrates that the simulated thermal and dynamic structure of the typhoon cores in all experiments is consistent with previous research. High-entropy air with [image: image] greater than 374 K is primarily distributed in the upper atmosphere and the near-surface layer below 850 hPa within the eye region. The middle layer of the eye region and outside the eyewall contains moist low-entropy air. Air masses converging at lower levels move into the typhoon eyewall, where, under thermal and dynamic forcing, they undergo strong upward motion, leading to a reduced vertical gradient of [image: image] in this region. These air masses then diverge and flow out near the top of the typhoon, while simultaneously, higher-level air descends within the eye region, replenishing the typhoon eye.
In the vicinity of the eyewall in L50_6, the 374 K [image: image] isopleths penetrate both upper and lower layers. This creates favorable conditions for the subsidence of high-level air, thereby enhancing the subsidence warming effect and consequently increasing the intensity of the warm core. In the M50_6 experiment, the 374 K [image: image] isopleths stabilize near 200 hPa, which is less conducive to the subsidence of high-level air, resulting in a relatively weaker subsidence warming effect. In H50_6, the 374 K [image: image] isopleths in the high-altitude region within the eye (radius within 50 km) are generally maintained above 300 hPa, but the subsidence height of high-level air within the eye is somewhat lower. When the horizontal resolution is increased to 3 km, the [image: image] structure in L50_3 changes insignificantly compared to C40_3. In M50_3, the 374 K [image: image] isopleths in the high altitude region are similar to those in M50_6, stabilizing near 200 hPa, which is unfavorable for the subsidence of high-level air. In H50_3, the 374 K [image: image] isopleths in the high-altitude region within the eye extend downward, enhancing subsidence and thereby strengthening the warm core, with the warm core height slightly lower compared to H50_6.
The sensitivity of the warm core intensity to VGR settings is higher. Increasing lower layer VGR enhances the warm core intensity and reduces asymmetry, while middle layer VGR enhancement has the opposite effect. The effect of enhancing upper layer VGR on warm core intensity depends on the horizontal resolution. At a horizontal resolution of 6km, upper layer VGR enhancement leads to a decrease in warm core intensity. However, as the horizontal resolution increases, the warm core intensity also increases. The enhancement of the warm core by lower and upper layer VGR seems to be aided by a lower asymmetry in latent heat flux distribution and the heating effect of sinking air at higher levels. After middle layer VGR enhancement, the decreased latent heat flux and internal circulation that hinders sinking air at higher levels limit the development of the warm core.
This study explores the impact of VGR settings at different heights on typhoon simulations from the perspective of thermodynamic structure. Compared to previous studies (Ma et al., 2012; Zhang et al., 2015), the finest 3 km experimental group obtained a more detailed and reliable typhoon structure. Furthermore, this study complements previous research on the impact of upper layer VGR enhancement on typhoon simulations. In fact, when the horizontal resolution is sufficiently high, increasing the same number of vertical layers at either the lower or upper levels has a similar enhancing effect on typhoon simulation intensity.
6 CONCLUSION
This study utilizes the WRF numerical model at horizontal resolutions of 6 km and 3 km to compare the differences in the simulated three-dimensional thermal and dynamic structures of typhoons resulting from three VGR enhancement schemes at low, middle, and upper layer. The relationship between structural changes and typhoon intensity is explored, yielding the following main conclusions:
Track and Intensity Simulation: The experimental results obtained from different enhancement schemes show little difference, indicating that the track simulation of Lekima is not sensitive to the vertical resolution settings. For intensity simulation, the control experiment exhibits an overall weaker simulation of typhoon intensity during its developmental phase. Increasing the VGR at lower layer enhances simulated typhoon intensity, resulting in improved performance. However, intensity decreases when enhancing resolution at middle layer, increasing simulation biases. Upper layer enhancement results are significantly influenced by horizontal resolution; at 6 km, there’s insignificant improvement in simulated typhoon intensity, while at 3 km, the intensity simulation is effectively improved.
Dynamic Structure Simulation: Changes in VGR significantly affect the wind fields and stability in the inflow and outflow layers, and eyewall morphology. Specifically, increasing the vertical resolution of the lower layer would decrease the static stability of the lower layer and enhance the activities of typhoon inflow layer, which would promote the convection activities of typhoon. The asymmetry of convection would decrease accordingly, and the simulated typhoon intensity would be stronger, and the slope of typhoon eye wall would be greater. Enhancing resolution at middle layer increases outflow, strengthens asymmetry in convective activity, reduces simulated typhoon intensity, and results in a looser and less steep eyewall. Higher VGR at upper layer reduces stability, enhances outflow layer vertical motion, but increases asymmetry in convective activity, resulting in a decrease in simulated typhoon intensity. However, coupled with increased horizontal resolution, the simulated intensity is strengthened, with a steeper typhoon eyewall.
Thermal Structure Simulation: Changes in VGR affect low-level surface fluxes and upper-level high-entropy air, influencing the simulated structure and intensity of the typhoon’s warm core, and subsequently affecting the simulated typhoon intensity. Lower layer VGR enhancement experiments exhibit a more uniform distribution of surface latent heat flux, coupled with strong descent of high-entropy air, resulting in the strongest and most symmetrical warm core. Middle layer enhancement experiments show slightly lower latent heat flux intensity and significant asymmetry in distribution, yielding the weakest warm core and typhoon intensity. Upper layer enhancement reduces stability in the outflow layer, intensifies descent of high-entropy air in the typhoon eye region, and effectively enhances the warm core. Coupled with increased horizontal resolution, this effect is further strengthened, resulting in a stronger and more symmetrical typhoon warm core, and consequently, an improved simulation of typhoon intensity.
In summary, resolution settings play a crucial role in fine-scale typhoon simulations, directly impacting the simulated intensity. Using Typhoon Lekima as an example, increasing VGR at lower layer significantly improves the simulation, while the improvement is less pronounced when enhancing resolution at middle layer. Increasing resolution at upper layer requires concurrent enhancement of horizontal resolution for better typhoon simulation results. The suggested VGR settings provided in this study are specific to the uncoupled WRF model and apply solely to the Lekima typhoon case. Further experiments are required to validate the applicability of these settings to other typhoon cases and coupled models such as HWRF and COAWST, ensuring more reliable conclusions.
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