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Abstract 24 

This study investigated the dependence of the early tropical cyclone (TC) weakening rate in 25 

response to an imposed moderate environmental vertical wind shear (VWS) on the warm-core 26 

strength and height of the TC vortex using idealized numerical simulations. Results show that the 27 

weakening of the warm core by upper-level ventilation is the primary factor leading to the early 28 

TC weakening in response to an imposed environmental VWS. The upper-level ventilation is 29 

dominated by eddy radial advection of the warm-core air. The TC weakening rate is roughly 30 

proportional to the warm-core strength and height of the initial TC vortex. The boundary-layer 31 

ventilation shows no relationship with the early weakening rate of the TC in response to an imposed 32 

moderate VWS. The findings suggest that some previous diverse results regarding the TC 33 

weakening in environmental VWS could be partly due to the different warm-core strengths and 34 

heights of the initial TC vortex. 35 

Plain language summary 36 

The warm core is a basic structural feature of a tropical cyclone (TC), and TC intensity is 37 

closely related to the warm-core strength and height. This study investigated the dependence of the 38 

initial TC weakening rate in response to an imposed moderate environmental vertical wind shear 39 

(VWS) on the strength and height of the TC vortex during the TC intensifying period using 40 

idealized numerical simulations. It is found that the weakening of the warm core is the primary 41 

factor leading to the early weakening of the TC, and the TC weakening rate is roughly proportional 42 

to the warm-core strength and height of the TC vortex. It is also found that the boundary-layer 43 

ventilation associated with VWS-induced convective downdrafts show no relationship with the 44 

early weakening rate of the TC in response to an imposed moderate VWS. The findings of this 45 

study can help explain why some TCs can continuously develop under the influence of moderate 46 

environmental VWS while some others cannot, which are partly due to the different warm-core 47 

strengths and heights of the initial TC vortex.   48 
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1. Introduction 49 

Environmental vertical wind shear (VWS) is an essential dynamical factor that affects the 50 

tropical cyclone (TC) structure and intensity change, which has been extensively studied in the 51 

literature (e.g., Braun & Wu, 2007; Gray, 1968; Gu et al., 2015, 2018, 2019; Tang & Emanuel, 52 

2012; Wang & Holland, 1996; Wang et al., 2015; Xu & Wang, 2013; Zeng et al., 2010). Previous 53 

studies identified several ventilation effects associated with the impact of environmental VWS on 54 

TC intensity change, including the so-called “upper-level ventilation”, “mid-level ventilation”, 55 

“low-level ventilation” (Frank & Ritchie, 2001; Gray, 1968; Riemer et al., 2010; Tang & Emanuel, 56 

2010, 2012), and also “radial ventilation” and “downdraft ventilation” as recently presented by 57 

Alland et al. (2021a, 2021b).  58 

Zehr (1992) found that if the environmental VWS between 200–850 hPa was greater than 10 59 

m s-1, TCs in the western North Pacific generally did not form or develop. However, Nguyen & 60 

Molinari (2012) showed that the ambient southwesterly VWS of Hurricane Irene (1999) increased 61 

from 6–7 m s-1 to 10–13 m s-1 during rapid intensification. Therefore, although large VWS is known 62 

to be detrimental to TC genesis and often leads to TC weakening, large uncertainty on the TC 63 

intensity change remains for TCs embedded in a moderate environmental VWS, namely around 10 64 

m s-1 (see also Bhatia & Nolan, 2013; Chen et al., 2021; Hendricks et al., 2010; Molinari et al., 65 

2006; Reasor & Eastin, 2012; Ryglicki et al., 2019).  66 

We conjecture that the uncertainty in the effect of moderate environmental VWS may arise 67 

from the dominant role of different ventilation pathways mentioned above. The mid- and upper-68 

level ventilations suggest the “top-down” pathway of TC weakening. Namely, the warm-core 69 

structure of the TC weakens from the top down in response to an imposed environmental VWS 70 

(Alland et al., 2021b; Frank & Ritchie, 2001; Fu et al., 2019; Gray, 1968; Tang & Emanuel, 2010). 71 

The low-level ventilation hypothesis suggests the “bottom-up” weakening of the TC, namely the 72 

TC weakening is triggered by the decrease of eyewall entropy in the boundary layer (Alland et al., 73 

2021a; Gu et al., 2015; Riemer et al., 2010). Fu et al. (2019) pointed out that the ventilation of the 74 

upper-level warm core played the most important role in TC weakening in response to an imposed 75 
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moderate upper-level and lower-level VWS, respectively, during the mature stage of the TC. Their 76 

results supported the “top-down” pathway of TC weakening, while results of Riemer et al. (2010) 77 

seemed to support the dominant role of the low-level ventilation in TC weakening by adding the 78 

moderate to strong deep-layer VWS to the TC during its intensifying stage. Therefore, the way by 79 

which an imposed moderate environmental VWS affects the TC intensity change, particularly the 80 

predominant pathway of initial TC weakening process, has not been fully understood.  81 

The “upper-level ventilation” pathway is closely related to the weakening of the warm core. 82 

A question arises as to how the TC weakening rate in response to the imposed moderate 83 

environmental VWS depends on the intensity and thus the warm-core strength and height of the 84 

initial TC vortex. Previous studies have conducted numerical experiments using either initially 85 

weak or strong TCs, and thus with different warm-core strengths and heights (Fu et al., 2019; Gu 86 

et al., 2015; Onderlinde & Nolan, 2017; Reasor et al., 2013). Riemer et al. (2010) found in their 87 

idealized simulation that for mature storms the moderate to strong VWS might produce persistent 88 

vortex-scale downdrafts, flushing the boundary layer and leading to the TC weakening. However, 89 

Nguyen et al. (2019) focused on relatively weak TCs and found that enhanced surface enthalpy 90 

flux produced by high surface winds of intensifying TCs allowed downdraft-modified boundary 91 

layer air to recover effectively and quickly. Riemer & Montgomery (2011) found that stronger TCs 92 

are more resilient to radial ventilation. These studies seem to suggest that weak TCs are less 93 

resistant to moderate to strong VWS than strong TCs. However, many other studies have shown 94 

that weaker TC vortices can intensify rapidly in moderate environmental VWS after a period of 95 

adjustment (Molinari et al., 2006; Rios-Berrios et al., 2016; Rios-Berrios, 2020).  96 

Most above studies have focused only on one category of weak or strong sheared TCs. 97 

However, few studies have focused on TCs at different intensifying stages under the influence of 98 

an imposed moderate environmental VWS. Finocchio & Rios-Berrios (2021) described a set of 99 

idealized simulations using the point-downscaling method in which VWS increases from 3 to 15 100 

m s-1 at different stages of an intensifying TC. They found that all experiments exhibited hindered 101 

TC intensification, and TCs exposed to increasing shear during or just after rapid intensification 102 
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tended to weaken the most. However, their study focused on strong environmental VWS, which 103 

increases with time to reach 15 m s-1. As mentioned above, the diverse intensity changes have been 104 

reported in previous studies for TCs embedded in moderate environmental VWS.  105 

In a recent study, Gao & Wang (2023) found a strong dependence of TC weakening in response 106 

to an imposed moderate VWS on the stage of an intensifying TC. Since the different stages of the 107 

intensifying TC correspond to different warm-core strengths and heights of the TC, they 108 

hypothesized that the TC intensity change rate in response to an imposed moderate VWS might 109 

depend on the warm-core strength and height of the initial TC vortex, which was defined as the 110 

maximum potential temperature (𝜃) anomaly over the TC center relative to the TC environment 111 

(Xi et al., 2021). The environmental 𝜃  at a certain level was defined as the mean 𝜃  of the 112 

outermost grids in four directions in the outermost domain. Because Gao & Wang (2023) focused 113 

on how the asymmetric structure of the initial TC vortex affects the TC intensity change in response 114 

to an imposed moderate VWS, they did not examine the detailed physical processes. This study 115 

can be considered as an extension of Gao & Wang (2023) with the focus on the dependence of the 116 

initial weakening rate of an intensifying TC on the warm-core strength and height in response to 117 

an imposed moderate VWS on an f-plane using idealized numerical experiments performed in Gao 118 

& Wang (2023).  119 

2. Model and experimental design 120 

The three-dimensional, compressible, nonhydrostatic, full-physics Weather Research and 121 

Forecasting (WRF) model version 4.2.2 (Skamarock et al., 2008) was used to conduct a series of 122 

numerical experiments as in Gao and Wang (2023). All numerical experiments were conducted on 123 

an f-plane at 15°N over the ocean with a uniform sea surface temperature of 28.5°C. The initial 124 

unperturbed sounding of the model atmosphere was the moist-tropical sounding documented in 125 

Dunion (2011). The initial TC vortex in the control experiment was axisymmetric and in gradient 126 

and thermal wind balance as in Rotunno and Emanuel (1987) with a maximum tangential wind 127 

speed of 18 m s-1 near the surface at a radius of 90 km. The other model settings and experimental 128 

design are the same as those described in Gao and Wang (2023) and thus are not repeated here. The 129 
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vertical profile of the environmental zonal winds is showed in Figure 1a (inset vignette). Only 130 

results from four VWS experiments with an initially axisymmetric TC vortex in Gao and Wang 131 

(2023) are used in this study. Namely, in these experiments, the moderate environmental VWS was 132 

imposed onto an initially axisymmetric vortex after 24 (SHE24_AXI), 48 (SHE48_AXI), 72 133 

(SHE72_AXI), and 96 h (SHE96_AXI) of the simulation during the TC intensifying period in a 134 

quiescent environment experiment (CTRL), respectively.  135 

3. Results 136 

 137 

Figure 1. Time evolutions of (a) the simulated central sea level pressure (hPa), (b) the maximum near-surface 138 

wind speed (m s-1) in CTRL (black) and in all easterly VWS experiments (colored), and (c, d) the differences 139 

from their corresponding values at the initial time in CTRL. The inset vignette indicates the vertical profile of 140 

the environmental zonal wind. The colors represent the VWS experiments as given in each panel. 141 

Figures 1a and 1b show the time evolutions of the TC intensity in terms of the central sea level 142 

pressure and the maximum azimuthally averaged total wind speed at the lowest model level (30 m 143 

above sea level) in CTRL (black) and four VWS experiments initialized with the axisymmetric TC 144 
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vortices after 24, 48, 72, and 96 h of the simulation in CTRL (colored), respectively. We can see 145 

that the TC experienced a reduced intensification rate in the early intensifying stage (SHE24_AXI 146 

and SHE48_AXI), while the TC experienced obvious weakening when the moderate VWS was 147 

imposed onto the TC vortices at the later intensifying stage (SHE72_AXI and SHE96_AXI). The 148 

TC weakening rate increases roughly with the increasing initial TC intensity at the time when the 149 

VWS is added (Figures 1c and 1d).    150 

                 151 

Figure 2. (a-d) Time-height cross section of the θ anomaly (shading; K) and (e-h) the θ tendency (shading; K h-152 

1) averaged within a radius of 50 km from the surface TC center obtained from the model output at 6-min intervals 153 

during the simulations, along with the time evolution of the central sea level pressure anomaly of the TC in each 154 

VWS experiment (black solid, hPa, right axis). (i) The scatter plots (dots) of the warm-core strength (K) versus 155 

the θ tendency (K h-1) averaged between 10–16-km heights during 0–24 h in VWS experiments, the gray line 156 

shows the linear fitting. 157 

The initial vortices at the time when the moderate environmental VWS was introduced 158 

correspond to different warm-core strengths and heights at different intensifying stages of the TC 159 

(Figures 2a-d). The initial TC vortex in SHE24_AXI had a very weak and lower upper-level warm 160 

core (Figure 2a), with a weak θ anomaly maximized near 8 km altitude. The warm core intensified 161 
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with positive θ tendency (Figure 2e) even after the VWS was introduced, indicating that the VWS 162 

had little effect on the TC intensification at the early stage of an intensifying TC. The initial TC 163 

vortex in SHE48_AXI had a weak warm core centered at the height of 8 km (Figure 2b). The warm 164 

core weakened slightly after the VWS was introduced (Figure 2f), which is consistent with the 165 

slowed intensification followed by a slight weakening of the TC during the first 36 h in 166 

SHE48_AXI. However, the initial TC vortices in SHE72_AXI and SHE96_AXI had stronger and 167 

higher (near the height of 15-16 km) upper-level warm cores (Figures 2c-d). The strong and high 168 

warm core weakened significantly in response to the imposed moderate VWS. The θ tendency 169 

showed negative values from top down as the TC weakened (Figures 2g-h). This strongly suggests 170 

that the weakening of the warm core is the important factor reflecting to the early weakening rate 171 

of the TC. As we can see from Figure 2i, which shows the θ tendency averaged between 10–16 km 172 

heights during 0–24 h and the warm core strength in each VWS experiment, the θ tendency is 173 

almost linearly proportional to the warm-core strength of the initial TC vortex. 174 

To understand the warm-core weakening processes of the simulated TCs in the shear 175 

experiments, we performed a budget analysis for the azimuthal mean potential temperature (𝜃̅) 176 

during the warm-core weakening stage in SHE72_AXI as an example. The budget equation can be 177 

given below (Stern & Zhang, 2013): 178 

∆𝜃̅ = (𝑇𝐴𝐷𝑉 + 𝐻𝐸𝐴𝑇 + 𝑃𝐵𝐿 + 𝐻𝐷𝐼𝐹)∆𝑡                  (1) 179 

where ∆𝜃̅ is the actual change of 𝜃̅ over a given period of ∆𝑡; TADV, HEAT, PBL, HDIF are the 180 

tendencies of 𝜃̅  contributed by, respectively, both horizontal and vertical advection of 𝜃̅ , the 181 

azimuthal mean diabatic heating, boundary layer turbulent mixing, and subgrid-scale horizontal 182 

diffusion. Since HDIF is quite small, it is not considered in our following discussion. All terms on 183 

the right-hand side of Eq. (1) were directly obtained from the model output at 6 min intervals during 184 

the model simulations. Following previous studies (Stern & Zhang, 2013, Wang et al., 2019, Liu 185 

et al., 2021), we further decomposed the total advection term (TADV) into the horizontal and 186 

vertical advection and azimuthal mean and eddy advection components. Namely, we have 187 

𝑇𝐴𝐷𝑉 = 𝑅𝐴𝐷𝑉𝑀 + 𝑉𝐴𝐷𝑉𝑀 + 𝑅𝐴𝐷𝑉𝐸 + 𝑉𝐴𝐷𝑉𝐸 . Terms on the right-hand side represent the 188 
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mean radial advection, mean vertical advection, eddy radial advection, and eddy vertical advection, 189 

respectively, defined below: 190 

𝑅𝐴𝐷𝑉𝑀 = −𝑢̅
𝜕𝜃̅

𝜕𝑟

𝑉𝐴𝐷𝑉𝑀 = −𝑤̅
𝜕𝜃̅

𝜕𝑧

𝑅𝐴𝐷𝑉𝐸 = −
𝜕

𝜕𝑟
(𝑢′𝜃′)̅̅ ̅̅ ̅̅ ̅̅ −

(𝑢′𝜃′)̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑟

𝑉𝐴𝐷𝑉𝐸 = −
𝜕

𝜕𝑧
(𝑤′𝜃′)̅̅ ̅̅ ̅̅ ̅̅ ̅

         (2) 191 

where u and w are the radial and vertical velocities, respectively, r and z are radius and height. In 192 

Eq. (2), the overbar denotes the azimuthal mean, and the prime denotes the deviation from the 193 

corresponding azimuthal mean. The variables 𝑢, 𝑤, and θ are also output at 6-min intervals. The 194 

vortex center at the lowest model level was used to calculate the azimuthal mean.  195 

Figure 3 shows the 𝜃̅ budget results for the 12-h period from 6 to 18 h of the simulation in 196 

SHE72_AXI during which the TC was in its early weakening stage (Figure 1). The actual 𝜃̅ 197 

change is mostly positive below 6 km height and negative above (Figure 3a). The large negative 198 

change in the layer between 14 and 16 km heights indicates the ventilation of 𝜃̅  in the upper 199 

troposphere, suggesting a top-down weakening of the warm core of the simulated TC in response 200 

to the imposed VWS. The budgeted 𝜃̅ change is generally consistent with the actual 𝜃̅ change 201 

(Figure 3b). Although some unavoidable discrepancies between the actual and the budgeted 𝜃̅ 202 

changes exist mainly due to the ignored HDIF, the decomposition and interpolation from the 203 

Cartesian coordinates to the cylindrical coordinates, the discrepancies are generally small. The 204 

large negative 𝜃̅ change inside a radius of 30 km in the upper troposphere was mainly contributed 205 

by advection terms (Figures 3e–3h). Since the mean vertical advection (Figure 3f) is nearly 206 

balanced by the contribution of diabatic heating (Figure 3d) in the eyewall region, the azimuthal 207 

mean and eddy radial advections dominated the negative 𝜃̅  change in the upper troposphere 208 

(Figures 3e and 3g) and thus the warm-core ventilation. The mean radial advection is smaller than 209 

the eddy horizontal advection, suggesting that the radial eddy advection was key to the upper-level 210 

warm-core ventilation. This is consistent with the result of Frank & Ritchie (2001). Note that the 211 

low-level ventilation in the boundary layer will be explained in detail later.  212 
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  213 

Figure 3. Radial-height cross sections of 𝜃̅ budget terms (K h-1; shading). (a) The actual 12-h change of 𝜃̅, (b) 214 

the sum of the right-hand side of Eq. (1); terms on the right-hand side contributed by (c) PBL; (d) diabatic heating 215 

(HEAT); (e) the azimuthal mean radial advection (RADVM); (f) the azimuthal mean vertical advection 216 

(VADVM); (g) eddy radial advection (RADVE); (h) eddy vertical advection (VADVE), based on the model 217 

output at 6-min intervals from 6 to 18 h of the simulation in SHE72_AXI. Contours in (e) and (f) are the radial 218 

wind speed and vertical motion, respectively (m s-1, solid is positive and dashed is negative). 219 

To understand how the high θ air within the upper-level warm core is transported outward, 220 

leading to the weakening of the warm core, we tracked the air particles using an advection 221 

correction trajectory algorithm following Miller & Zhang (2019), Liu et al. (2022), and Dai et al. 222 

(2023). Since the warm core in SHE72_AXI was centered at about 15–16 km height, we chose 16 223 

km and 13 km as examples to show how the warm-core particles were transported outward and the 224 

surrounding particles were transported inward during the early TC weakening (Figures 4a-b, e-f). 225 

We also calculated the change of 𝜃𝑒 in the warm core during this stage. We selected 375 particles 226 

within the radius of 50 km from the TC center at the initial heights of 16 and 13 km and at the time 227 

of 6 h (14 h) after the VWS was introduced as the initial tracking warm-core particles and tracked 228 

them forward (backward) for 8 h. We calculated the averaged 𝜃𝑒 of the particles at the time of 6-229 

h based on the forward trajectory, which were transported outward from the region within the 50-230 

km radius, which corresponded to air particles of the warm core. We also calculated the averaged 231 

𝜃𝑒 of the particles at the time of 14 h based on the backward trajectory, which was transported 232 

inward from outside the 50-km radius and replaced the air in the original warm core from the outer 233 
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core and weakened the warm core during this period. Combining the results of backward and 234 

forward trajectories, we found that the 𝜃𝑒 decreased by 7.28 K during the 8 hours at the 16-km 235 

height and by 1.5 K at the 13-km height due to the radial export of warm parcels in SHE72_AXI. 236 

Since the warm core centered at around the 8-km height in SHE24_AXI, we also conducted the 237 

same trajectory analysis for SHE24_AXI to make a comparison with SHE72_AXI but at the heights 238 

of 10 and 8 km (Figures 4c-d, g-h). Results show that 𝜃𝑒 increased by 0.82 K during the 8 hours 239 

at the 10-km height and by 0.83 K at the 8-km height instead of weakening like in SHE72_AXI, 240 

which is consistent with the intensification of the TC during this period. To further illustrate the 241 

VWS effect, we also show the corresponding results with no-shear environment in CTRL in 242 

supplementary Figures S1 and S2. We can see that there are much less particles that are transported 243 

outward from the warm core and the 𝜃𝑒 in the warm core increased, especially at the height of 16 244 

km in SHE72_AXI, during the 8 h. Therefore, the comparisons between these results clearly 245 

demonstrate that the VWS substantially enhanced the radial ventilation in the upper levels 246 

compared to the no-shear environment. 247 

As we can see from Figure 4, the stronger environmental flow at higher levels led to stronger 248 

eddy outflow, which transported more warm particles outward, leading to the stronger upper-level 249 

ventilation for the TC with a stronger and higher warm core (Figures 2a-d) and thus weakening of 250 

the TC as inferred from the hydrostatic relationship (Durden, 2013; Ohno et al., 2016; Shi & Chen, 251 

2021). The stronger initial TCs (SHE72_AXI and SHE96_AXI) with higher-level warm core are 252 

subject to stronger outflow induced by the imposed VWS and thus larger weakening rate of the 253 

warm core and the TC (Figure 3 and Figure S5), while the weaker initial TCs (SHE24_AXI and 254 

SHE48_AXI) with weaker and lower warm core are subject to relatively weaker eddy outflow and 255 

thus weaker ventilation of the warm core and less weakening of the TC (Figures S3-S4). In the 256 

very early intensifying stage (SHE24_AXI), the warm core of the TC is too weak and too low to 257 

be ventilated, and thus the TC is little affected by the imposed moderate VWS (Figure S3). The TC 258 

in SHE96_AXI weakened slightly more rapidly than that in SHE72_AXI mainly because the upper-259 

level warm core and thus the upper-level ventilation is stronger in the former than in the latter 260 
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(Figure S5). Therefore, the stronger the initial vortex with a stronger and higher warm core, the 261 

more the initial weakening of the TC in response to an imposed moderate VWS. 262 

 263 

Figure 4. (a, b, e, f) The horizontal distribution of θ (shading; K) at z=16 and 13 km heights after the 6-h 264 

simulation with shear, superposed with the following 8-h horizontal trajectories (gray lines) in SHE72_AXI with 265 

red (orange) points (in the lime circle) and green (blue) crosses indicating the beginning and ending points of the 266 

forward (backward) trajectories, respectively. The start times for the forward and backward trajectories are 6 h 267 

and 14 h of shear simulation, and the start levels are 16-km and 13-km heights, respectively. The black arrows 268 

indicate the direction of the environmental VWS, and the dashed black circles are plotted every 100 km from the 269 

TC center. (c, d, g, h) As in (a, b, e, f) but for SHE24_AXI at the 10-km and 8-km heights, respectively. 270 

The above discussion focuses mainly on the weakening due to the upper-level ventilation 271 

associated with the warm-core structure. Since previous studies have also demonstrated the 272 

importance of boundary layer ventilation to the TC weakening in environmental VWS (e.g., Gu et 273 

al., 2015; Riemer et al., 2010), it is of interest to further examine the boundary-layer ventilation 274 

during the early weakening stage of the TC when the upper-level ventilation obviously occurred. 275 

We calculated the low-level ventilation, which is the sum of the radial and downdraft ventilations 276 

averaged in the boundary layer. The radial ventilation is defined as 𝜌𝑢′𝜃𝑒
′   ( 𝑢′ 00) and the 277 

downdraft ventilation is defined as 𝜌𝑤′𝜃𝑒
′   ( 𝑤′ 00), where 𝜌  is density, 𝑢′  and 𝑤′  are 278 

asymmetric radial and vertical velocities, and 𝜃𝑒
′   is the perturbation equivalent potential 279 

temperature from its azimuthal mean. The positive radial ventilation represents the radial eddy flux 280 

of anomalously low 𝜃𝑒 air into the inner core, as defined in Tang & Emanuel (2010), and the 281 
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positive downdraft ventilation represents the downward transport of anomalously low 𝜃𝑒 air into 282 

the boundary layer, as discussed in Riemer et al. (2010). 283 

 284 

Figure 5. (a-d) Low-level ventilation (kg K m-2 s-1) averaged below z=1.5 km in the 24-h period after the VWS 285 

was imposed. Red shading means radially inward and vertically downward transport of anomalously low 𝜃𝑒 air. 286 

The area within the black dashed big circle indicates the inner core and the small circle nearly indicates the central 287 

location of the eyewall. The grey arrows indicate the direction of the environmental VWS; (e) time evolutions of 288 

the low-level ventilation (kg K m-2 s-1) averaged in the inner core up to 30 h in the shear experiments. The red, 289 

orange, green and blue colors represent the VWS experiments with TC vortices after 24, 48, 72, and 96 h of the 290 

simulation in CTRL, respectively. 291 

Figures 5a-d show the horizontal distribution of the low-level ventilation averaged within the 292 

boundary layer and in the first 24 h after shear was imposed. To quantify these values, we calculated 293 

the averaged values within the inner core (3 times the radius of the maximum wind) and found that 294 

the averaged low-level ventilations in four shear experiments were 10.03, 12.13, 12.06, 11.42 kg 295 

K m-2 s-1, respectively, which showed no clear relationship with the early TC intensity change rate. 296 

Figure 5e shows the time evolution of low-level ventilation averaged in the inner core during the 297 

first 30 h of shear experiments, which does not show any clear relationship with the TC weakening 298 

rate. Therefore, we can conclude that the different early TC intensity change rates among the four 299 
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shear experiments resulted mainly from the upper-level ventilation with little contributions by the 300 

low-level ventilation. 301 

4. Conclusions 302 

In this study, idealized numerical experiments were conducted to investigate the dependence 303 

of TC intensity change rate in response to an imposed environmental moderate deep-layer VWS 304 

on the initial warm-core strength and height during the TC intensifying period on an f-plane. 305 

Results show that the weakening of the upper-level warm core is the primary factor to the early TC 306 

weakening in response to an imposed moderate environmental VWS. The stronger and higher the 307 

warm core of the initial TC vortex is, the stronger the upper-level ventilation and thus the larger 308 

weakening rate of the upper-level warm core and the TC in response to the imposed moderate VWS. 309 

At the early intensifying stage with a weak and lower warm core, the TC intensification is little 310 

affected by the imposed moderate VWS because there is almost no significant warm-core 311 

ventilation. However, at the later intensifying stage when the warm core becomes stronger and 312 

higher, the upper-level warm-core implies relatively strong ventilation, resulting in a great 313 

weakening of the upper-level warm core and thus the TC.  314 

Results from the azimuthal mean potential temperature (𝜃̅) budget reveal that the weakening 315 

of the upper-level warm core was largely contributed by the eddy radial advection. Namely, the 316 

stronger and higher asymmetric outflow transports the inner-core high 𝜃 air outward downshear 317 

and downshear-left, as demonstrated by the trajectory analysis, leading to the weakening of the 318 

upper-level warm core and thus the TC. In addition, we also show that the magnitudes of the low-319 

level ventilation do not exhibit any clear differences among all shear experiments, suggesting that 320 

the different rates of TC intensity change among different shear experiments resulted primarily 321 

from the upper-level ventilation in the early response of the TC to the imposed environmental VWS.  322 

Our findings are supported by recent case studies by Rogers et al. (2020) and Stone et al. 323 

(2023), who showed that Hurricanes Hermine (2016) and Sally (2020) experienced intensification 324 

in their early weak stage (with weak warm core) in the presence of moderate VWS. Our results 325 

also support the result of Fu et al. (2019) and Finocchio & Rios-Berrios (2021) who found that the 326 
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environmental VWS caused the more significant TC weakening at the later intensification stage of 327 

the TC in moderate VWS. Although Riemer et al. (2010) found the importance of the low-level 328 

ventilation to TC weakening in environmental VWS, their results might be applicable to the 329 

environment with VWS over 15 m s-1 and a relatively dry mid-troposphere. The findings from this 330 

study can help understand why some TCs can develop under the influence of the moderate 331 

environmental VWS while some others cannot. The key to the rate of TC intensity change in 332 

response to an imposed environmental VWS could be the different warm-core strengths and heights 333 

of the initial TC vortices. In addition, we would mention that the upper-level ventilation may be 334 

sensitive to the inner-core (warm-core) size of a TC. Namely, a larger TC with a large-sized warm 335 

core could have a stronger resilience to an imposed moderate environmental VWS. This can explain 336 

why larger TCs weaken less in environmental VWS as found in previous studies (e.g., Wong & 337 

Chan, 2004; Bi et al., 2023). 338 
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