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Abstract 19 

In Part I of this series of studies, we demonstrated that the intensification rate of a numerically 20 

simulated tropical cyclone (TC) during the primary intensification stage is insensitive to surface 21 

drag coefficient. This leads to the question of what is the role of the boundary layer in determining 22 

the TC intensification rate given sea surface temperature and favorable environmental conditions. 23 

This part attempts to answer this question based on both a boundary layer model and a full-physics 24 

model as used in Part I. Results from a boundary layer model suggest that TCs with a smaller 25 

radius of maximum wind (RMW) or of lesser strength (i.e., more rapid radial decay of tangential 26 

wind outside the RMW) can induce stronger boundary-layer inflow and stronger upward motion 27 

at the top of the boundary layer. This leads to stronger condensational heating inside the RMW 28 

with higher inertial stability, and thus favorable for higher intensification rate. Results from full-29 

physics model simulations show that the TC vortex initially with a smaller RMW or of lesser 30 

strength has a shorter initial spinup stage due to faster moistening of the inner core and intensifies 31 

more rapidly during the primary intensification stage. This is because the positive indirect effect 32 

of boundary layer dynamics depends strongly on vortex structure but the dissipation effect of 33 

surface friction depends little on vortex structure. As a result, the intensification rate of the 34 

simulated TC is very sensitive to the initial TC structure. 35 

Keywords: tropical cyclone; typhoon; intensity change; boundary layer dynamics; TC structure 36 

  37 
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1. Introduction  38 

In Part I of this series, two models were used to examine the role of boundary layer dynamics 39 

in affecting the amplitude and radial location of eyewall updraft/convection to control tropical 40 

cyclone (TC) intensification (Li and Wang 2019). Results from a boundary layer model suggest a 41 

possible pathway by which the boundary layer dynamics contribute to eyewall contraction and 42 

TC intensification, which we referred to as a positive indirect effect1 of boundary layer dynamics 43 

on TC intensification. There are four sequential interactive processes: (1) the frictional boundary 44 

layer inflow responds to the radial distribution of gradient wind above the boundary layer; (2) the 45 

boundary layer inflow, as a function of surface drag coefficient (CD) and radial distribution of 46 

gradient wind above the boundary layer, determines the amplitude and radial location of the 47 

frictional eyewall updraft; (3) the frictional updraft at the top of the boundary layer affects both 48 

the amplitude and radial location of condensational heating in the eyewall; and (4) condensational 49 

heating in the eyewall in response of the boundary layer dynamics to the gradient wind distribution 50 

above the boundary layer changes the contraction of the RMW and intensification of the TC. 51 

Results from a boundary layer model demonstrate that the storm with a larger CD (thus larger 52 

surface friction) corresponds to the stronger and more inwardly penetrated boundary layer inflow 53 

 
1In Part I, we used “indirect effect” to represent this boundary layer dynamical control on updraft and condensational 

heating in the TC eyewall since the direct effect of surface friction is traditionally considered as a dissipation to 

kinetic energy of the TC system. 
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and upward motion at the top of the boundary layer inside the radius of maximum wind (RMW). 54 

Results from a full-physics model support the indirect effect of surface friction where a larger CD 55 

together with the associated boundary layer dynamics induces stronger and more inwardly 56 

penetrated boundary layer inflow and eyewall convection inside the RMW with higher inertial 57 

stability. This contributes positively to the TC intensification as inferred from the balanced vortex 58 

dynamics (e.g., Schubert and Hack 1982; Vigh and Schubert 2009). However, the enhanced 59 

positive indirect effect due to an increased CD is often largely offset by the enhanced negative 60 

dissipation effect of surface friction, resulting in insensitivity of the simulated TC intensification 61 

rate to CD. Based on the results in Part I, the amplitude and radial location of frictional eyewall 62 

updraft can be largely determined by boundary layer dynamics given the radial distribution of 63 

gradient wind above the boundary layer (see also Kepert 2013 and 2017). However, because the 64 

main objective in Part I is to address why the simulated TC intensification rate is insensitive to 65 

CD, the question remains how the initial structure of the TC vortex may affect the amplitude and 66 

radial location of the frictional eyewall updraft in response to boundary layer dynamics, and thus 67 

the TC intensification rate, which we will address here. 68 

The impact of the vortex structure on TC intensification has received considerable attention 69 

in previous studies (Rotunno and Emanuel 1987; Chen et al. 2011; Rogers et al. 2013; Carrasco 70 

et al. 2014; Xu and Wang 2015; Xu and Wang 2018a, b). Based on the best-track data for the 71 
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western North Pacific, Chen et al. (2011) found that higher intensification rates are favored for 72 

compact TCs (either small RMW, small average 34-kt wind radius, or both). They found that the 73 

compact TCs with strong convection concentrated near their centers showed a higher occurrence 74 

of rapid intensification relative to the less compact TCs. Similar to the results in Chen et al. (2011), 75 

Carrasco et al. (2014) found that the rapid intensification depends significantly on the initial size 76 

(including the RMW and average 34-kt wind radius) of the TC in the North Atlantic. A comparison 77 

between rapid and non-rapid intensification TCs suggests that TCs that undergo rapid 78 

intensification tend to be initially smaller than TCs that intensify non-rapidly. Based on the same 79 

database, Xu and Wang (2015) found that the intensification rate of TCs increases with decreasing 80 

RMW because of the higher inner-core inertial stability for TCs with smaller RMW. They also 81 

showed that storms with a larger radius of gale force wind are unfavorable for rapid intensification. 82 

Similar results are also found for western North Pacific TCs (Xu and Wang 2018a). 83 

To understand the physical processes responsible for an observed dependence of TC 84 

intensification rate on TC structure, Xu and Wang (2018b) conducted idealized ensemble 85 

sensitivity experiments using the axisymmetric full-physics model (Bryan and Rotunno 2009) and 86 

examined the impact of the initial vortex structure on the initial spinup and the primary 87 

intensification of the simulated TC. They showed that the initial spinup stage is shorter and the 88 

intensification rate is higher during the primary intensification stage for a TC vortex with an 89 
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initially smaller RMW or weaker winds outside the RMW. Xu and Wang (2018b) found that the 90 

weaker Ekman pumping in a vortex with a larger RMW, or of greater strength (i.e., slower radial 91 

decay of tangential wind outside the RMW) and thus higher inertial stability outside the RMW, 92 

slowed down the moistening of the inner core, leading to a longer initial spinup period. The lower 93 

inertial stability in the inner core in a vortex with a larger RMW, or the higher inertial stability 94 

outside the RMW in a vortex of greater strength, slowed down the intensification during the 95 

primary intensification stage. They explained these results mainly based on the quasi-balanced 96 

vortex dynamics (Schubert and Hack 1982; Pendergrass and Willoughby 2009).  97 

In this study, we will give an alternative explanation for the dependence of the intensification 98 

rate of a simulated TC on the initial vortex structure based on the boundary layer dynamics as 99 

discussed in Part I. It is our hypothesis that the indirect effect of boundary layer dynamics on TC 100 

intensification depends considerably on TC structure, while the dissipation effect of surface 101 

friction depends primarily on TC intensity but little on TC structure. As a result, the intensification 102 

rate of a simulated TC during its primary intensification stage should be largely determined by 103 

the structure of the initial TC vortex through the indirect effect of surface friction. This hypothesis 104 

will be verified based on results from a series of numerical experiments using both the boundary 105 

layer model and the full-physics model already introduced in Part I. The experimental design is 106 

briefly given in section 2. Results from the boundary layer model and full-physics model are 107 
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discussed in sections 3 and 4, respectively. Our main conclusions from this study are summarized 108 

in section 5. 109 

2. Experimental design 110 

a. Experiments with the multi-level boundary layer model 111 

The multi-level axisymmetric TC boundary layer model was introduced in detail in Part I (Li 112 

and Wang 2020). The model can be used to examine the boundary layer response to a prescribed 113 

pressure gradient force that represents the gradient wind distribution at the model top. The 114 

modified parametric TC tangential wind profile (Wood and White 2011; Wood et al. 2013), which 115 

was given in (5) and (6) in Li and Wang (2020), was used for all experiments in the boundary 116 

layer model. Because we attempt to understand how the simulated TC intensification rate depends 117 

on the initial vortex structure, different values of both the RMW and the decaying parameter b for 118 

the tangential wind speed outside the RMW were used in the boundary layer model. Two groups 119 

of sensitivity experiments were conducted. In the first group, the Rm varied from 20 to 100 km 120 

with an interval of 1 km (81 cases in total) and b = 1.0. In the second group, b varied from 0.4 to 121 

1.0 with an interval of 0.05 (13 cases in total) and Rm = 40 km. A smaller decaying parameter b 122 

indicates a slower radial decay rate of tangential wind outside the RMW, which indicates greater 123 

strength. All experiments were integrated for 12 hours when a steady state was reached. Several 124 
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examples of the radial distribution of the tangential wind speed specified at the model top in the 125 

boundary layer model experiments are shown in Fig. 1. 126 

b. Experiments with the TC model version 4 (TCM4) 127 

The full-physics TC Model version 4, TCM4, developed by Wang (2007) was used to conduct 128 

a series of sensitivity experiments. A brief description of the model was given in Part I (Li and 129 

Wang 2020), and a more complete description and the application of TCM4 to TC studies can be 130 

found in the literature (e.g., Wang 2007, 2008a, b, 2009; Wang and Xu 2010; Xu and Wang 2010a, 131 

b; Wang and Heng 2016; Heng and Wang 2016; Heng et al. 2017). The model was initialized with 132 

an idealized axisymmetric cyclonic vortex, which has a surface radial profile of tangential wind 133 

given in (7) in Li and Wang (2020). 134 

To address how the structure of the initial TC vortex may affect the intensification rate of a 135 

simulated storm through condensational heating largely controlled by boundary layer dynamics, 136 

similar to the sensitivity experiments using the boundary layer model, we ran two groups of 137 

sensitivity experiments. The experiments were conducted by varying either the RMW or the 138 

decaying parameter of tangential wind outside the RMW in the initial conditions (Table 1). In the 139 

sensitivity experiments to the RMW, the initial vortex had the maximum tangential wind speed 140 

Vm = 20.0 m s-1 at Rm = 40 (R041) km, 60 (R061) km, and 100 (R101) km with b = 1.0. In the 141 
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sensitivity experiments to the vortex strength, the radial decaying parameter b in (14) in Li and 142 

Wang (2020) was set to be 0.5 (b055), 0.7 (b075), and 1.0 (b105) with the maximum tangential 143 

wind speed Vm = 25.0 m s-1 at Rm = 75 km. A smaller decaying parameter b indicates a slower 144 

radial decay rate of tangential wind outside the RMW, which corresponds to a TC vortex of greater 145 

strength. Figure 2 compares the radial distributions of the initial tangential wind speed and inertial 146 

stability of the two groups of TC vortices with different RMWs and strengths. The storm with a 147 

smaller RMW (Fig. 2a) has higher inertial stability in the inner-core region but has lower inertial 148 

stability outside the RMW (Fig. 2c). A storm of lesser strength (larger b, Fig. 2b) has lower inertial 149 

stability outside the RMW and has the same inertial stability in the inner-core region inside the 150 

RMW (Fig. 2d). All experiments were integrated for 180 h but the following analyses will focus 151 

on the initial spinup stage and the primary intensification stage. Here, the initial spinup stage 152 

refers to the initial period prior to the primary intensification stage, refer to Part I in Li and Wang 153 

(2020) for a brief definition. 154 

Note that some parameters such as CD and radial tangential wind distribution used in the 155 

boundary layer model and TCM4 are not the same. Although the comparison could be 156 

straightforward if the same wind distribution and CD were used, any direct comparison between 157 

the two models would be impossible because of the interactive nature in the full-physics model 158 

in which the TC structure and intensity evolve with time. The main purpose of using the boundary 159 
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layer model is to highlight the dynamical processes in a qualitative way rather than for a side-to-160 

side quantitative comparison with the full-physics model simulations. Nevertheless, some extra 161 

experiments using the boundary layer model forced by the azimuthal mean pressure gradient force 162 

from the full-physics model experiments, similar to that did in Kepert and Nolan (2014), Zhang 163 

et al. (2017), and Stern et al. (2020), were also performed and discussed in section 4. 164 

3. Results from the boundary layer model 165 

Figure 3 shows the radius-height cross-sections of tangential and radial winds, vertical relative 166 

vorticity, and vertical motion for a storm in response to the prescribed radial distribution of 167 

gradient wind with default Rm = 40 km and b = 1.0, slower radial decay rate of tangential wind 168 

outside the RMW (b = 0.4, greater strength), and with a larger RMW (Rm = 60 km) at the model 169 

top, respectively. Comparing Figs. 3a and 3c, we can see that the boundary layer inflow near the 170 

RMW is weaker and shallower in the greater strength vortex than in the lesser strength vortex. 171 

This is because the former has relatively larger inertial stability outside the RMW and thus 172 

receives a greater resistance to the frictionally induced inflow. As a result, the boundary layer 173 

inflow in the greater strength TC vortex is weaker and extends more broadly to outer radii (Fig. 174 

3c). This leads to the reduction of the radial gradient of both tangential and radial winds, and thus 175 

weaker vertical relative vorticity and vertical motion (Figs. 3b and 3d). These results are generally 176 
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consistent with those of Kepert and Wang (2001). Note that the vertical relative vorticity in the 177 

greater strength vortex is more broadly distributed and the pattern is closer to a monopole rather 178 

than a ring structure in the boundary layer (Fig. 3d). The weaker vertical motion in the greater 179 

strength vortex may imply less favorable for rapid intensification due to less condensational 180 

heating in the eyewall. This is consistent with the results of Rogers et al. (2013), who compared 181 

the intensifying TC group with the steady-state TC group and found that intensifying TCs often 182 

showed lesser strength structure with stronger convection inside the RMW.  183 

Similar to a storm of greater strength, the boundary layer inflow, the vertical motion, and 184 

vertical relative vorticity are weaker in the vortex with a larger RMW (Figs. 3e and 3f) than in the 185 

vortex with a smaller RMW (Figs. 3a and 3b). An interesting result is the more inwardly displaced 186 

upward motion and relative vorticity ring relative to the RMW in the vortex with the larger RMW 187 

than in the vortex with the smaller RMW (Figs. 3b and 3f). This result is consistent with the 188 

finding of Kepert (2017), who hypothesized that this may explain why TCs with a larger RMW 189 

may contract more rapidly during their early intensification stage while the contraction of the 190 

RMW often slows down in the later intensification stage after the RMW becomes small. Kepert 191 

(2017) also found that the frictional eyewall updraft displaced to the inward side of the RMW by 192 

a distance scaled by –u10/I (where u10 is 10-m height radial wind and I is the inertial stability 193 

parameter in the inner core). 194 
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To give an overall description of the dependences of the boundary layer response on both the 195 

RMW and the vortex strength, Fig. 4 shows the minimum radial wind speed (maximum inflow), 196 

the maximum vertical motion at the top of the inflow boundary layer, and the inward displacement 197 

of the eyewall updraft relative to the initial RMW from all sensitivity experiments using the 198 

boundary layer model. A storm of lesser strength corresponds to stronger boundary layer inflow 199 

along with stronger and more inwardly displaced frictional updraft inside the RMW at the top of 200 

the inflow boundary layer. On the other hand, a storm with a smaller RMW also corresponds to 201 

stronger boundary layer inflow and stronger frictional eyewall updraft, although the inward 202 

displacement is smaller with the storm with a smaller RMW. A storm with a smaller RMW has a 203 

smaller inward displacement due to its higher inertial stability near and inside the RMW (see Fig. 204 

2c). Note that the greater inward displacement does not imply a more rapid intensification of the 205 

storm with an initially larger RMW because of the lower inertial stability inside the RMW and 206 

weaker frictional eyewall updraft. Therefore, based on the results in Li and Wang (2020), a storm 207 

of lesser strength or with a smaller RMW favors stronger eyewall convection to occur inside the 208 

RMW and thus may intensify more rapidly as inferred from the balanced vortex dynamics 209 

(Schubert and Hack 1982; Vigh and Schubert 2009). This will be further demonstrated with results 210 

from the full-physics model TCM4 in the next section. 211 
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4. Results from the full-physics model TCM4 212 

a. Sensitivity to the initial RMW 213 

Figure 5 compares the time evolutions of maximum azimuthal mean 10-m height tangential 214 

wind speed, RMW, and intensification rate in all three sensitivity experiments with varying RMW 215 

of the initial TC vortex. It took about 12 h to spin up for the storm with an initially smaller RMW 216 

in R041, while the storms with an initially larger RMW had a longer spinup period of about 18 h 217 

in R061 and of 24 h in R101. After the initial spinup stage, the storm with a smaller RMW 218 

intensified more rapidly during the primary intensification stage. The RMWs in all three 219 

experiments experienced a contraction during the spinup stage and primary intensification stage 220 

but did not change much during the quasi-steady stage. Note that the TC structure changed with 221 

time in the simulations (Fig. 5b), while the overall structural difference among these three storms 222 

was still distinct. From Fig. 5c, we can see that the storm with the initially smallest RMW in R041 223 

had a substantially higher intensification rate (about 50 m s-1 24 hr-1) than the storms in either 224 

R061 or R101 (about 30 and 20 m s-1 24 hr-1, respectively). The storm with the initially largest 225 

RMW in R101 took about 60 h to reach its maximum intensification rate, while the storms in 226 

R061 and R041 took only about 36 h and 30 h, respectively. These results suggest that a TC vortex 227 

with the initially smaller RMW corresponds to the shorter initial spinup stage and higher 228 
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intensification rate during the primary intensification stage. The faster initial 229 

moistening/saturation of the inner core in R041 is associated with stronger upward motion 230 

primarily due to stronger boundary layer inflow and larger moisture convergence and Ekman 231 

pumping (Fig. 6). In addition, the storm with an initially smaller RMW had a smaller volume in 232 

the inner core, which could be moistened in a shorter time period and established convection in 233 

the inner-core region earlier as well. These are consistent with many previous studies using both 234 

axisymmetric and three-dimensional models (e.g., Rotunno and Emanuel 1987; Emanuel 1989, 235 

1995; Kilroy and Smith 2017, Miyamoto and Nolan 2018, and Xu and Wang 2018b).  236 

After the initial spinup stage, the storms started their primary intensification stage after the 237 

averaged relative humidity in their inner-core region reached about 90% in all three experiments, 238 

which is consistent with the results in Part I. During the primary intensification stage, the averaged 239 

vertical motion in the inner-core region was the strongest (about 50 cm s-1) in R041, compared 240 

with about 30 cm s-1 in R061 and 20 cm s-1 in R101. Unlike the effect of boundary layer dynamics 241 

on the initial spinup stage, which can accelerate moistening in the inner-core region, the boundary 242 

layer dynamics during the primary intensification stage primarily enhanced condensational 243 

heating in the region with higher inertial stability inside the RMW.  244 

Figure 7 compares the radial inflow and condensational heating rate together with the inertial 245 

stability averaged in three hours prior to the primary intensification stage in all three RMW 246 
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experiments. As expected, the storm with an initially smaller RMW induced stronger inflow and 247 

upward motion inside the RMW (Fig. 7a) and had a higher condensational heating rate in the 248 

region with higher inertial stability (Fig. 7b). However, both the condensational heating rate and 249 

inertial stability were lower inside the RMW in R101 (Fig. 7f). These are consistent with the 250 

results in section 3, which suggest that a storm with an initially smaller RMW could induce 251 

stronger frictional eyewall updraft inside the RMW through the boundary layer dynamics (cf. Figs. 252 

3b and 3f). Stronger condensational heating in higher inertial stability region implies higher 253 

dynamical efficiency to spin up the low-level tangential wind and thus a higher intensification 254 

rate of the storm (Schubert and Hack 1982; Pendergrass and Willoughby 2009; Xu and Wang 255 

2018b). Note that the eyewall updraft and absolute angular momentum surface were more upright 256 

in a smaller RMW storm (R041) than in a larger RMW storm (R101), which is consistent with the 257 

observational results (Stern and Nolan 2009; Stern et al. 2014) (not shown). Similarly, the eyewall 258 

convection (condensational heating) is located inside the RMW in both R041 and R101.  259 

b. Sensitivity to the initial vortex strength 260 

The vortex strength is another important parameter that may affect the intensification rate of 261 

a TC, as discussed in section 3 and also studied by Xu and Wang (2018a, b). Figure 8 compares 262 

the time evolutions of maximum azimuthal mean 10-m height tangential wind speed, RMW, and 263 
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intensification rate in the three sensitivity experiments for different initial vortex strengths. 264 

Similar to the evolution of the initially smaller RMW TC, the storm in b105 intensified a few 265 

hours earlier, namely the initial spinup stage was shorter than the other two TCs of initially greater 266 

strength. The initially lesser strength storm in b105 showed a slightly higher intensification rate 267 

during the primary intensification stage than the initially greater strength TC in b055. The storm 268 

in b105 behaved similarly to the TC with the initially smaller RMW discussed in section 4a. From 269 

Fig. 8c, we can see that the maximum intensification rate was higher in b105 during the early 270 

primary intensification stage (24 to 36 h), but the difference was very small. The difference in the 271 

intensification rate for the initially different strength vortices is smaller than that shown in Xu and 272 

Wang (2018b, see their Fig. 2). This is mainly because different radial profiles of tangential wind 273 

were used in their study (see their Fig. 1) and in this study (Fig. 2). As we can see, the three 274 

vortices with different b parameters (0.5, 0.7, and 1.0) in this study show little difference in inertial 275 

stability outside the inner core between the RMW and a radius of 150 km from the storm center. 276 

On the other hand, in Xu and Wang (2018b), the difference in inertial stability in the initial vortex 277 

was large in the inner core (i.e., inside the RMW) but little difference outside the inner core (see 278 

Fig. 1b in Xu and Wang 2018b and Fig. 2d in this study). This suggests that the TC intensification 279 

rate is more sensitive to the inertial stability in the inner core but less sensitive to the inertial 280 

stability outside the inner core. Note also that since the different models and wind profiles of the 281 
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initial vortex were used in the study of Xu and Wang (2018b) and in this study, a direct 282 

comparison of the intensification rate is impossible. Nevertheless, the dependence of the 283 

intensification rate on the wind profile outside the RMW in the initial vortex is qualitatively 284 

consistent in the two studies.  285 

Figure 9 shows the time evolutions of relative humidity and vertical motion averaged within 286 

a radius of 1.5 RMW in all three experiments. Based on results in section 3, the storm of greater 287 

strength would induce a weaker boundary layer inflow and upward motion (Ekman pumping) 288 

inside the RMW through the boundary layer dynamics. This explains the initially slower 289 

moistening of the inner core in b055 compared to b075 and b101. These results are consistent 290 

with those recently reported by Xu and Wang (2018b), who also found that an initially greater 291 

strength TC vortex had a longer initial spinup stage and intensified less rapidly than an initially 292 

lesser strength TC vortex because the higher inertial stability outside the RMW in the former 293 

imposed a larger resistance to boundary layer inflow.  294 

The azimuthal mean radial wind, vertical motion, condensational heating rate, and inertial 295 

stability averaged in three hours prior to the corresponding primary intensification stage in the 296 

three experiments are compared in Fig. 10. We can see that the initially lesser strength TC 297 

developed stronger and deeper boundary layer inflow in the inner-core region within a radius of 298 

75 km, leading to stronger and more inwardly penetrated inflow and upward motion in the early 299 
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primary intensification stage. Meanwhile, the condensational heating rate in b105 was higher 300 

inside the RMW where inertial stability was also high and thus the condensational heating 301 

intensified the TC more efficiently. These results are consistent with those implied from the 302 

boundary layer model discussed in section 3.  303 

c. Direct and indirect effects of surface friction 304 

Figure 11 shows the vertically integrated energy gain from condensational heating and the 305 

energy loss due to surface wind stress, both averaged between 0.5 and 1.5 times of the RMW in 306 

the simulated TCs in all six experiments during their corresponding primary intensification stage 307 

as done in Part I (Li and Wang 2020). The storm with an initially smaller RMW or lesser strength 308 

gained more energy from condensational heating (indirect effect of surface friction) near the 309 

RMW than the storm with a larger RMW or greater strength even they had similar intensities 310 

(Figs. 11a and 11b). The difference among the storms increased as the TC intensified. However, 311 

the energy loss due to surface wind stress (direct dissipation effect of surface friction) near the 312 

RMW was almost the same in all six experiments (Figs. 11c and 11d) because they had the same 313 

dependence of CD on 10-m height wind speed. The difference in energy gain from condensational 314 

heating is responsible for the different intensification rates of the storms since energy losses due 315 

to surface wind stress during the primary intensification stage is similar in all six experiments. 316 
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These results support the hypothesis mentioned in the introduction that the indirect effect of 317 

boundary layer dynamics in the presence of surface friction on TC intensification depends 318 

considerably on storm structure, while the direct dissipation effect of surface friction depends 319 

primarily on the TC intensity but little on the storm structure. 320 

The difference in both the duration of the initial spinup stage and the subsequent 321 

intensification rate among the vortex strength sensitivity experiments is much smaller (Fig. 8) 322 

than that among the sensitivity experiments to the initial RMW (Fig. 5), although the lesser 323 

strength storm can induce higher condensational heating rate inside the RMW through boundary 324 

layer dynamics shown in section 3 (cf. Figs. 3b and 3d) and section 4b (cf. Figs. 10a and 10e). 325 

This could be explained by the fact that the inner-core inertial stability was very similar in the 326 

vortex strength experiments and the difference in inertial stability outside the RMW was moderate 327 

(Fig. 2d). Another reason is that the vortex structures in vortex strength experiments are changed 328 

with integration. We found that the storm with initially lesser strength contracted more rapidly 329 

than the storm with initially greater strength, leading to a smaller RMW, while the RMW 330 

difference in vortex strength experiments is smaller than that in vortex RMW experiments (not 331 

shown). Nevertheless, the overall feature is still visible, namely, the storm of initially lesser 332 

strength had a shorter duration of the initial spinup stage and a higher intensification rate during 333 

the primary intensification stage. 334 



19 
 

To further confirm the dependence of the indirect effect of boundary layer dynamics on initial 335 

vortex structure in determining the storm intensification rate during the primary intensification 336 

stage, we performed six extra experiments using the boundary layer model forced with the 337 

azimuthal mean pressure gradient force averaged in three hours prior to the corresponding primary 338 

intensification stages in the six TCM4 experiments (three RMW experiments and three strength 339 

experiments). These experiments can help understand how the indirect effect of surface friction 340 

depends on the initial vortex structure through boundary layer dynamics. Figure 12 shows the 341 

steady-state response of radial wind and vertical motion to the azimuthal mean pressure gradient 342 

force averaged in the three hours prior to the primary intensification stage from the corresponding 343 

TCM4 experiments using the boundary layer model, similar to that done in Stern et al. (2020). 344 

We can see that the overall structure and the differences among the experiments are quite similar 345 

to those directly from TCM4 (Figs. 7 and 10). This further demonstrates that it is the vortex 346 

structure that determines the strength and radial location of condensational heating in the eyewall 347 

through boundary layer dynamics and thus the intensification of the simulated TC (indirect effect 348 

of surface friction).  349 

In addition, the relationship between the inward displacement of the maximum eyewall 350 

updraft relative to the RMW (∆r) and -u10/I, as identified in Kepert (2017), are examined for all 351 

experiments in both Part I and Part II with the results shown in Fig. 13. First, the inward 352 
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displacement of the maximum eyewall updraft relative to the RMW and -u10/I in the sensitivity 353 

experiments to CD (black) from both the boundary layer model and TCM4 show a nearly linear 354 

relationship when CD is multiplied by a factor between 0.5 and 2.0. Second, the experiments with 355 

an initially lesser strength (b = 1.0) storm (blue) or a larger CD (black) show a larger ∆r and 356 

stronger radial inflow, in good agreement with Fig. 8 in Kepert (2017). Third, the storms with a 357 

larger RMW (red) have a larger ∆r, and those with a smaller RMW have a stronger radial inflow 358 

but with higher inertial stability. This is consistent with the results in Fig. 4 and Kepert (2017) 359 

that both -u10/I and inward displacement are larger when the RMW is larger. Finally, the results 360 

from the full-physics model are very similar to those from the boundary layer model in that ∆r is 361 

almost linearly proportional to the scale of -u10/I, indicating that results from the boundary layer 362 

model can capture the indirect effect of surface friction through boundary layer dynamics. 363 

In all, the storm with an initially smaller RMW or lesser strength can produce stronger 364 

convergence in the boundary layer and more inwardly displaced eyewall updraft and thus higher 365 

condensational heating rate inside the RMW through boundary layer dynamics than a storm with 366 

a larger RMW or greater strength. This would shorten the duration of the initial spinup stage and 367 

increase the intensification rate during the primary intensification stage for the storm with a 368 

smaller RMW or lesser strength. Note that the differences in the azimuthal mean radial wind, 369 

vertical motion, and condensational heating rate between R041 and R101 (b105 and b055) are 370 
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very similar to those between CT20R and CT05R with different CDs (cf. Fig. 7 in Li and Wang 371 

2020). However, the positive effect of the higher condensational heating rate in CT20-R with a 372 

larger CD was largely offset by the negative effect of greater surface frictional dissipation effect 373 

(Fig. 8 in Li and Wang 2020), resulting in little net contribution to the TC intensification rate. In 374 

sharp contrast, because the two storms during their primary intensification stages in R041 and 375 

R101 (b105 and b055) had a similar intensity and thus similar surface frictional dissipation effects 376 

(Figs. 11c or 11d), the greater energy gain from condensational heating in R041 (b105) directly 377 

contributed to the higher intensification rate of the simulated storm. These results demonstrate 378 

that the structure (such as the RMW and strength) of the initial TC vortex is key to both the 379 

duration of the initial spinup stage and the subsequent intensification rate during the primary 380 

intensification stage of a TC.  381 

5. Summary 382 

In this study, the indirect and (direct) dissipation effects of surface friction on TC 383 

intensification have been studied using both a boundary layer model and a full-physics model. We 384 

show that the positive indirect effect of surface friction on TC intensification involves an 385 

interaction between the boundary layer response and the radial distribution of gradient wind above 386 

the boundary layer (red arrow in Fig. 14). On the other hand, surface friction has a negative 387 
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dissipation effect on TC intensification through surface wind stress on boundary layer winds 388 

(green arrow in Fig. 14). Results in Part I showed that the intensification rate of the simulated TC 389 

during the primary intensification stage is insensitive to CD because the changes of the positive 390 

and negative effects of surface friction due to the change in CD largely offset each other. Results 391 

in Part II demonstrate that the intensification rate of the simulated TC is sensitive to the initial 392 

vortex structure. This is because the indirect effect of surface friction as a boundary layer response 393 

to gradient wind above the boundary layer depends strongly on the vortex structure (yellow arrow 394 

in Fig. 14), while the negative dissipation effect of surface friction depends primarily on the TC 395 

intensity but little on the storm structure.  396 

The boundary layer process was first investigated as a forced response to the prescribed radial 397 

distribution of gradient wind above the boundary layer using a boundary layer model. The results 398 

demonstrate that a storm with an initially smaller RMW or lesser strength corresponds to stronger 399 

boundary layer inflow as well as stronger upward motion inside the RMW. This implies stronger 400 

eyewall updraft/convection and higher condensational heating rate inside the RMW with higher 401 

inertial stability. This would be favorable for a higher intensification rate of the TC. This indirect 402 

effect of surface friction was confirmed by results from full-physics model simulations. As 403 

expected, the faster moistening in the inner core of the TC vortex with an initially smaller RMW 404 

or lesser strength in the full-physics model experiment results from stronger boundary layer 405 
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moisture convergence and Ekman pumping. This can shorten the duration of the initial spinup 406 

stage of the simulated TC. The higher condensational heating rate inside the RMW with higher 407 

inertial stability (largely contributed by the indirect effect of surface friction) can lead to a larger 408 

positive contribution to the intensification of the simulated storm with an initially smaller RMW 409 

or lesser strength. Note that compared to the sensitivity to the initial RMW, the sensitivity of the 410 

TC intensification rate to the initial vortex strength is considerably weaker. This is because the 411 

initial vortices of different strengths examined in this study have relatively smaller differences in 412 

the boundary layer inflow and condensational heating rate through boundary layer dynamics. Note 413 

that the boundary layer process (namely the indirect effect of surface friction) discussed in this 414 

study is mainly controlled by the differences in inertial stability between the inner core and outer 415 

core regions of the TC vortex. 416 

Results from this study strongly suggest that the initial structure of the TC vortex is critical to 417 

both the initial spinup stage or the onset of the intensification and the subsequent intensification 418 

rate of a TC through boundary layer dynamics. More attention needs to be given to the analysis 419 

of TC structure in observations and accurate representation of TC structure in the initial conditions 420 

of numerical prediction models used for TC forecasts. In addition, an issue arises as to whether 421 

the results from this study might be valid if a coupled ocean-atmospheric model were used because 422 

only the atmospheric model was used in this study. As already mentioned in Part I, with ocean 423 
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coupling, a larger CD would impose larger surface stress curl and stirring to the upper ocean and 424 

induce stronger upwelling and mixing at the mixed layer base, leading to greater cooling in sea 425 

surface temperature. This extra negative effect has not been considered in this study. Similarly, 426 

the ocean response, such as upwelling and mixing, to the TC forcing also depends on TC structure. 427 

Therefore, a more complete understanding of the role of boundary layer dynamics in determining 428 

the TC intensification rate could be further achieved with numerical experiments with a coupled 429 

ocean-atmosphere-wave model, which is a topic for a future study.  430 
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List of Figures 538 

Fig. 1  Radial profiles of the initial tangential wind speed used in sensitivity experiments in the 539 

boundary layer model for (a) storm strength [b = 1 (black) and b = 0.4 (grey)] and (b) storm 540 

RMW (Rm = 20 km, black and Rm = 100 km, grey). 541 

Fig. 2  Radial distribution of (a), (c) initial tangential wind speed (m s-1) and inertial stability 542 

(10-4 s-2) in R041 (Rm = 40 km, red), R061 (Rm = 60 km, blue), and R101 (Rm = 100 km, 543 

magenta), and (b), (d) initial tangential wind speed (m s-1) and (b) inertial stability (10-4 s-2) 544 

in b055 (b = 0.5, magenta), b075 (b = 0.7, blue), and b105 (b = 1, red). 545 

Fig. 3  Radius-height cross-sections of (a, c, e) tangential (shaded; m s-1) and radial wind speeds 546 

(contours; m s-1) and (b, d, f) vertical vorticity (shaded; 10-4 s-1) and vertical velocity (contours; 547 

with contour interval of 2 m s-1) for (a, b) default vortex, (c, d) greater strength (b = 0.4), and 548 

(e, f) a larger RMW (Rm = 60 km) in the steady-state response in the boundary layer model. 549 

Fig. 4  Dependence of the maximum radial wind speed (solid, left ordinate, m s-1) and the 550 

maximum vertical velocity (dashed, right ordinate, m s-1) near the top of the boundary layer 551 

(at the 866-m height) and dependence of the inward displacement of the frictional eyewall 552 

updraft (km) at the same height relative to the initial RMW on (a, c) the initial vortex strength 553 

inferred from the decaying parameter b and (b, d) the initial RMW (km) in the steady-state 554 

response in the boundary layer model. Positive values of ∆r indicate an inward displacement. 555 

Fig. 5  Time evolution of (a) the maximum azimuthal mean 10-m height tangential wind speed 556 

(m s-1), (b) the RMW (km), and (c) the intensification rate (m s-1 24 hr-1) with 5-h running 557 

mean in R041 (Rm = 40 km, red), R061 (Rm = 60 km, blue), and R101 (Rm = 100 km, magenta). 558 

Fig. 6  Time-height cross-sections of relative humidity (shaded, %) and vertical velocity 559 

(contours, cm s-1), both averaged within the radius of 1.5 times of the RMW in (a) R041 (Rm 560 
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= 40 km), (b) R061 (Rm = 60 km), and (c) R101 (Rm = 100 km). The vertical green dashed 561 

line in each panel shows the time when the initial spinup stage ends in the corresponding 562 

experiment. 563 

Fig. 7  Radius-height cross-sections of the azimuthal mean radial wind speed (left shaded, m s-564 

1) and vertical velocity (left contours, m s-1), and condensational heating rate (right shaded, 565 

K hr-1) and inertial stability (right contours, 10-4 s-1) for R041 [(a, b) Rm = 40 km], R061 [(c, 566 

d) Rm = 60 km], and R101 [(e, f) Rm = 100 km], all variables are averaged in three hours prior 567 

to the corresponding primary intensification stage. The red solid curve shows the RMW in 568 

the corresponding experiment. 569 

Fig. 8  Time evolution of (a) the maximum azimuthal mean 10-m height tangential wind speed 570 

(m s-1), (b) the RMW (km), and (c) the intensification rate (m s-1 24 hr-1) with 5-h running 571 

mean in b055 (b = 0.5, magenta), b075 (b = 0.7, blue), and b105 (b = 1, red). 572 

Fig. 9  Same as Fig. 6 but for (a) b105 (b = 1), (b) b075 (b = 0.7), and (c) b055 (b = 0.5). 573 

Fig. 10  Same as Fig. 7 but for (a) and (b) b105 (b = 1), (c) and (d) b075 (b = 0.7), and (e) and 574 

(f) b055 (b = 0.5). 575 

Fig. 11  Dependence of (a, b) the vertically integrated energy gain rate from condensational 576 

heating (J kg-1 s-1) and (c, d) the rate of kinetic energy loss due to surface friction (J kg-1 s-1) 577 

on the maximum 10-m tangential wind speed (m s-1), both averaged in the area between 0.5 578 

and 1.5 times of the RMW with 5-h running mean during the corresponding primary 579 

intensification stage. The left (right) panel is for the sensitivity to the initial RMW (initial 580 

vortex strength). 581 

Fig. 12  Radius-height cross-sections of radial wind speeds (shaded; m s-1) and vertical velocity 582 

(contours, with contour interval of 0.1 m s-1) for (a) R041 (Rm = 40 km), (c) R061 (Rm = 60 583 

km), and (e) R101 (Rm = 100 km) and for (b) b105 (b = 1), (d) b075 (b = 0.7), and (f) b055 584 
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(b = 0.5) in the steady-state response in the boundary layer model. The azimuthal radial 585 

gradient wind distribution, averaged in three hours prior to the corresponding primary 586 

intensification stage, from the outputs of TCM4 were used to be the initial inputs of boundary 587 

layer model. 588 

Fig. 13  Dependence of the inward displacement (km) of the maximum eyewall updraft relative 589 

to the RMW near the top of the boundary layer (at the 654-m height) on -u10/I (evaluated at 590 

the RMW at the same height) for all experiments in the steady-state response in (a) the 591 

boundary layer model and (b) that prior to the corresponding primary intensification stage in 592 

the full-physics model TCM4.  593 

Fig. 14  Schematic diagram showing the indirect effect and the (direct) dissipation effect of 594 

boundary layer dynamics in the presence of surface friction on TC intensification rate. The 595 

direction of the arrow represents the cause and effect. The upper gray (bottom yellow) dashed 596 

rectangle was concluded in Part I (Part II). 597 

  598 
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 599 

Fig. 1  Radial profiles of the initial tangential wind speed used in sensitivity experiments in the 600 

boundary layer model for (a) storm strength [b = 1 (black) and b = 0.4 (grey)] and (b) storm 601 

RMW (Rm = 20 km, black and Rm = 100 km, grey).  602 
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 603 

Fig. 2  Radial distribution of (a), (c) initial tangential wind speed (m s-1) and inertial stability 604 

(10-4 s-2) in R041 (Rm = 40 km, red), R061 (Rm = 60 km, blue), and R101 (Rm = 100 km, 605 

magenta), and (b), (d) initial tangential wind speed (m s-1) and (b) inertial stability (10-4 s-2) 606 

in b055 (b = 0.5, magenta), b075 (b = 0.7, blue), and b105 (b = 1, red).  607 
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 608 

Fig. 3  Radius-height cross-sections of (a, c, e) tangential (shaded; m s-1) and radial wind speeds 609 

(contours; m s-1) and (b, d, f) vertical vorticity (shaded; 10-4 s-1) and vertical velocity (contours; 610 

with contour interval of 2 m s-1) for (a, b) default vortex, (c, d) greater strength (b = 0.4), and 611 
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(e, f) a larger RMW (Rm = 60 km) in the steady-state response in the boundary layer model.  612 
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  613 

Fig. 4  Dependence of the maximum radial wind speed (solid, left ordinate, m s-1) and the 614 

maximum vertical velocity (dashed, right ordinate, m s-1) near the top of the boundary layer 615 

(at the 866-m height) and dependence of the inward displacement of the frictional eyewall 616 

updraft (km) at the same height relative to the initial RMW on (a, c) the initial vortex strength 617 

inferred from the decaying parameter b and (b, d) the initial RMW (km) in the steady-state 618 

response in the boundary layer model. Positive values of ∆r indicate an inward displacement.  619 



38 
 

  620 

Fig. 5  Time evolution of (a) the maximum azimuthal mean 10-m height tangential wind speed 621 

(m s-1), (b) the RMW (km), and (c) the intensification rate (m s-1 24 hr-1) with 5-h running 622 

mean in R041 (Rm = 40 km, red), R061 (Rm = 60 km, blue), and R101 (Rm = 100 km, magenta). 623 
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  624 

Fig. 6  Time-height cross-sections of relative humidity (shaded, %) and vertical velocity 625 

(contours, cm s-1), both averaged within the radius of 1.5 times of the RMW in (a) R041 (Rm 626 

= 40 km), (b) R061 (Rm = 60 km), and (c) R101 (Rm = 100 km). The vertical green dashed 627 

line in each panel shows the time when the initial spinup stage ends in the corresponding 628 

experiment.  629 
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  630 

Fig. 7  Radius-height cross-sections of the azimuthal mean radial wind speed (left shaded, m s-631 

1) and vertical velocity (left contours, m s-1), and condensational heating rate (right shaded, 632 

K hr-1) and inertial stability (right contours, 10-4 s-1) for R041 [(a, b) Rm = 40 km], R061 [(c, 633 

d) Rm = 60 km], and R101 [(e, f) Rm = 100 km], all variables are averaged in three hours prior 634 

to the corresponding primary intensification stage. The red solid curve shows the RMW in 635 

the corresponding experiment.  636 
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   637 

Fig. 8  Time evolution of (a) the maximum azimuthal mean 10-m height tangential wind speed 638 

(m s-1), (b) the RMW (km), and (c) the intensification rate (m s-1 24 hr-1) with 5-h running 639 

mean in b055 (b = 0.5, magenta), b075 (b = 0.7, blue), and b105 (b = 1, red).  640 
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  641 

Fig. 9  Same as Fig. 6 but for (a) b105 (b = 1), (b) b075 (b = 0.7), and (c) b055 (b = 0.5).  642 
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 643 

Fig. 10  Same as Fig. 7 but for (a) and (b) b105 (b = 1), (c) and (d) b075 (b = 0.7), and (e) and 644 

(f) b055 (b = 0.5).  645 
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  646 

Fig. 11  Dependence of (a, b) the vertically integrated energy gain rate from condensational 647 

heating (J kg-1 s-1) and (c, d) the rate of kinetic energy loss due to surface friction (J kg-1 s-1) 648 

on the maximum 10-m tangential wind speed (m s-1), both averaged in the area between 0.5 649 

and 1.5 times of the RMW with 5-h running mean during the corresponding primary 650 

intensification stage. The left (right) panel is for the sensitivity to the initial RMW (initial 651 

vortex strength).  652 
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 653 

Fig. 12  Radius-height cross-sections of radial wind speeds (shaded; m s-1) and vertical velocity 654 

(contours, with contour interval of 0.1 m s-1) for (a) R041 (Rm = 40 km), (c) R061 (Rm = 60 655 

km), and (e) R101 (Rm = 100 km) and for (b) b105 (b = 1), (d) b075 (b = 0.7), and (f) b055 656 

(b = 0.5) in the steady-state response in the boundary layer model. The azimuthal radial 657 

gradient wind distribution, averaged in three hours prior to the corresponding primary 658 

intensification stage, from the outputs of TCM4 were used to be the initial inputs of boundary 659 

layer model.  660 
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 661 

Fig. 13  Dependence of the inward displacement (km) of the maximum eyewall updraft relative 662 

to the RMW near the top of the boundary layer (at the 654-m height) on -u10/I (evaluated at 663 

the RMW at the same height) for all experiments in the steady-state response in (a) the 664 

boundary layer model and (b) that prior to the corresponding primary intensification stage in 665 

the full-physics model TCM4.  666 

  667 
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 668 

Fig. 14  Schematic diagram showing the indirect effect and the (direct) dissipation effect of 669 

boundary layer dynamics in the presence of surface friction on TC intensification rate. The 670 

direction of the arrow represents the cause and effect. The upper gray (bottom yellow) dashed 671 

rectangle was concluded in Part I (Part II).  672 
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