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Abstract 26 

The existence of supergradient wind in the interior of the boundary layer is a distinct feature 27 

of a tropical cyclone (TC). Although the vertical advection is shown to enhance supergradient wind 28 

in TC boundary layer (TCBL), how and to what extent the strength and structure of supergradient 29 

wind are modulated by vertical advection are not well understood. In this study, both a TCBL model 30 

and an axisymmetric full-physics model are used to quantify the contribution of vertical advection 31 

process to the strength and vertical structure of supergradient wind in TCBL. Results from the 32 

TCBL model show that the removal of vertical advection of radial wind reduces both the strength 33 

and height of supergradient wind by slightly more than 50%. The removal of vertical advection of 34 

agradient wind reduces the height of the supergradient wind core by ~30% but increases the 35 

strength of supergradient wind by ~10%. Results from the full-physics model show that the removal 36 

of vertical advection of radial wind or agradient wind reduces both the strength and height of 37 

supergradient wind but the removal of that of radial wind produces a more substantial reduction 38 

(52%) than the removal of that of agradient wind (35%). However, both the intensification rate and 39 

final intensity of the simulated TCs in terms of maximum 10-m wind speed show little differences 40 

in experiments with and without the vertical advection of radial or agradient wind, suggesting that 41 

supergradient wind contributes little to either the intensification rate or the steady-state intensity of 42 

the simulated TC.   43 
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1. Introduction 44 

Tropical cyclones (TCs) are warm-cored cyclonic atmospheric vortices and form over warm 45 

tropical oceans. Although to the first order, the wind and mass fields in TCs are in gradient wind 46 

balance in the free troposphere, the winds in the boundary layer deviate substantially from the 47 

gradient wind balance, and thus are unbalanced, due to the presence of surface friction and vertical 48 

turbulent mixing (e.g., Hawkins and Rubsam 1968; Willoughby 1990; Zhang et al. 2001; Bell and 49 

Montgomery 2008). The unbalanced flow in the boundary layer is often referred to as agradient 50 

winds (𝑣𝑎 = 𝑣 − 𝑣𝑔, where v is tangential wind and vg is the gradient wind), which includes both 51 

subgradient winds in the lower part and supergradient winds in the upper part of the TC boundary 52 

layer (TCBL). Previous studies based on both observations and numerical simulations have shown 53 

that supergradient winds are much stronger inside the radius of maximum gradient wind (RMGW) 54 

than outside the RMGW and also stronger in strong TCs, and can be as large as 10–15% of the 55 

gradient winds (Mitsuta et al. 1988; Zhang et al. 2001; Kepert 2006a, b; Schwendike and Kepert 56 

2008; Miyamoto et al. 2014).  57 

In some earlier studies, the weak subsidence in the eye of a TC was considered as a result of 58 

the radially outward advection of supergradient air into the eyewall (Malkus 1958; Kuo 1959). This 59 

is because once the supergradient winds are transported upward out of the boundary layer by 60 

eyewall updraft, an outward agradient force (the sum of the outward Coriolis force and centrifugal 61 

force is greater than the inward pressure gradient force) will be induced, which will lead to the 62 

development of outflow near the RMGW immediately above the boundary layer, and thus 63 
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divergence inside the RMGW and subsidence in the eye region. More recently, the supergradient 64 

winds are also considered as a momentum source of the eyewall above the boundary layer in a TC 65 

when they are advected upward out of the boundary layer by the eyewall updraft (Schmidt and 66 

Smith 2016; Montgomery and Smith 2017, 2018). However, whether the upward advection of the 67 

supergradient component of boundary layer wind is a major momentum source to the spinup of the 68 

eyewall of a TC is still under debate (Willoughby 1991; Zhang et al. 2001; Heng et al. 2017, 2018; 69 

Montgomery and Smith 2018; Li et al. 2020a). Nevertheless, the existence of supergradient winds 70 

in the interior of the boundary layer is a distinct feature of a TC and may play some important 71 

dynamic and thermodynamic roles in TCs. Therefore, understanding the controlling processes of 72 

supergradient winds may help improve the understanding of TC dynamics in general and TC 73 

boundary layer dynamics in particular. 74 

The earlier theoretical studies relevant to TCBL can be traced back to Rosenthal (1962), 75 

Eliassen (1971), and Eliassen and Lystad (1977). These studies presented the Ekman layer of a 76 

stationary hurricane-like circular vortex and used the result to explain why the eye with no clouds 77 

exists in TCs. Although the presence of supergradient winds was not the foci of these studies, their 78 

results indeed showed the existence of weak supergradient winds in the upper part of the Ekman 79 

layer. In a depth-averaged (slab) boundary layer model, Shapiro (1983) found that the tangential 80 

winds in a small area inside the RMGW in a stationary TC vortex are about 10-15% supergradient, 81 

comparable to observations. Such supergradient flow was found to be primarily due to the radially 82 

inward transport of absolute angular momentum (AAM), suggesting that the nonlinear radial 83 

advection process is important to the development of supergradient flow. Note that although the 84 
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slab boundary layer model can reproduce the supergradient winds in TCBL, later studies 85 

demonstrated that the controlling processes of supergradient winds in the slab boundary layer are 86 

quite different from those in a multi-level boundary layer model as demonstrated by Kepert (2010a, 87 

b) and Williams (2015). Namely, the radial advection of AAM is important only in the lower part 88 

of the boundary layer and vertical advection dominates the radial advection in the upper part of the 89 

boundary layer in producing supergradient winds in TCBL. 90 

A more systematic and comprehensive study of supergradient winds in TCBL was given in 91 

Kepert (2001) and Kepert and Wang (2001, hereafter KW01). Kepert (2001) extended the earlier 92 

linear theory of Ekman layer for a circular vortex to include the effects of TC vortex translation 93 

and a more realistic parameter space of TC-like vortices. He found that the linear theory could well 94 

capture the radial variation of the TC inflow boundary layer and the height of the maximum in 95 

supergradient winds, namely the boundary layer jet in the TC vortex core, but produced only weak 96 

supergradient winds as in earlier linear Ekman model. This underestimation of supergradient winds 97 

by the linear model was attributed to the strong effect of nonlinearity, in particular the vertical 98 

advection process, as demonstrated by KW01 in a multi-level boundary layer model. In KW01, 99 

realistic strength of supergradient winds was reproduced in a full nonlinear TCBL model. Results 100 

from an AAM budget analysis indicate that above the jet maximum, upward transport of jet 101 

momentum by the eyewall updraft becomes important, which is primarily balanced by the 102 

spindown due to the radial advection associated with the weak outflow induced by the outward 103 

agradient force. As a result, any process that prevents the development of outflow in the upper part 104 

of the boundary layer is important to the maintenance of strong supergradient winds. Results from 105 
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a radial wind budget analysis in KW01 showed that the vertical advection of inflow plays a role in 106 

deepening the inflow. As a result, KW01 hypothesized that the upward advection of inflow can 107 

partly offset the outflow resulting from the upward advection of supergradient winds in the upper 108 

part of the boundary layer. This implies that the upward advection of boundary layer inflow may 109 

be important to the maintenance of supergradient winds in the upper part of the TCBL. In a more 110 

recent study, Williams (2015) generally confirmed the findings of KW01 and also found that the 111 

upward transport of supergradient momentum by both vertical advection and vertical diffusion 112 

leads to the production of a supergradient maximum in the upper part of the inflow boundary layer.  113 

The above studies from both KW01 and Williams (2015), as well as Kepert (2010a, b), 114 

demonstrate that in addition to the radial inward transport of AAM, vertical advection is also 115 

important to the realistic strength and vertical structure of supergradient winds in TCBL. However, 116 

results from the AAM and radial wind budgets could not isolate the relative importance of the 117 

vertical advection of supergradient winds from the vertical advection of radial winds to the realistic 118 

strength and structure of supergradient winds in TCBL. This is because the budget terms based on 119 

the full momentum equation(s) already included the feedback from the contribution of vertical 120 

advection because vertical advection may change the advected variable(s) and affect the 121 

distributions of other variables as well, which in turn may affect other processes, including the 122 

vertical advection itself, in the model. This means that the budget analyses only indicated the 123 

qualitative importance but could not give quantitative measure of the net contribution. Furthermore, 124 

results from TCBL models only provide the steady-state response of the boundary layer to a given 125 

distribution of gradient winds at the top of the boundary layer. It is unclear whether those findings 126 
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are applicable for an intensifying TC and what the consequence of any change in supergradient 127 

winds in the boundary layer is to the intensification and maximum intensity of a TC.  128 

In this study, both an axisymmetric TCBL model and an axisymmetric full-physics model are 129 

used to address the above issues. We will first examine the sensitivity of the simulated 130 

supergradient winds in TC boundary layer to the vertical advection of agradient winds and radial 131 

winds in the nonlinear TCBL model. We then reevaluate the findings from the TCBL model in an 132 

axisymmetric full-physics model and discuss the possible role of supergradient winds in affecting 133 

the simulated TC intensification rate and the maximum intensity as a byproduct. The rest of the 134 

paper is organized as follows. The models used and experimental design are described in section 2. 135 

Results from the TCBL model and the full-physics model are discussed, respectively, in sections 3 136 

and 4. Our major findings are summarized and discussed in the last section. 137 

2. Models and experimental design 138 

Two axisymmetric numerical models are used in this study: a TCBL model similar to that of 139 

KW01 and the latest version (V19.8) of the advanced full-physics cloud model (CM1) developed 140 

and used by Bryan and Fritsch (2002) and Bryan and Rotunno (2009). Here, the axisymmetric 141 

models are employed because issues we attempted to address are mostly relevant to the 142 

axisymmetric dynamics in relatively strong TCs.  143 

a. The TCBL model 144 

The axisymmetric TCBL model used in this study is a multi-level boundary layer model that 145 

is used to study the steady-state response of the boundary layer flow to a prescribed pressure 146 
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gradient force in gradient wind balance with a specified gradient distribution which represents a 147 

mature TC vortex (KW01; Williams 2015). The main advantage of using such a “diagnostic” model 148 

is that it can capture the basic dynamical feature of the boundary layer flow in response to the 149 

prescribed pressure (gradient force) distribution. Therefore, the model can be used to help 150 

understand the basic dynamics of the TCBL and also the possible role of boundary layer dynamics 151 

in TC structure and intensity changes (e.g., Kepert 2017; Li and Wang 2020a, b). The TCBL model 152 

used here is the same as that used in Li and Wang (2020a, b), which is a simplified version of the 153 

model used in KW01.  154 

The model includes two momentum equations for tangential and radial winds, respectively, 155 

and the continuity equation for incompressible atmosphere. The model has a top at 4-km height 156 

and is unevenly discretized into 40 layers between the surface and the model top, with the lowest 157 

model level of tangential and radial winds at 10-m height. The model has a radial grid spacing of 158 

1 km and covers the region from the TC center to a radius of 2500 km. The subgrid-scale turbulent 159 

mixing is parameterized with the Smagorinsky scheme (Bryan and Rotunno 2009), as used in the 160 

full-physics model CM1. The horizontal mixing length (𝑙ℎ) is set to be 700 m. The vertical mixing 161 

length is parameterized as 𝑙𝑣
−2 = 𝑙∞

−2 + [𝜅(𝑧 + 𝑧0)]
−2  (Bryan et al. 2017), where 𝜅 = 0.4 is 162 

the von Kármán constant, z is height, and 𝑧0 is aerodynamic roughness length (set to zero in the 163 

TCBL model), and the asymptotic vertical mixing length 𝑙∞ is set to be 70 m. Values of 𝑙ℎ and 164 

𝑙∞ are both inferred from estimates based on observations in TCs (Zhang et al. 2011; Zhang and 165 

Montgomery 2012). The surface drag coefficient is a function of 10-m wind speed (|𝑉10
⃗⃗ ⃗⃗  ⃗|) and is 166 
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given as 𝐶𝐷 = max [(1.0,min(2.4, 1.0 + 0.07(|𝑉10
⃗⃗ ⃗⃗  ⃗| − 5.0))] × 10−3. The Coriolis parameter is 167 

assumed to be constant at 5×10-5 s-1. These are chosen to be the same as those used in the full-168 

physics model discussed in section 2b below so that a direct comparison between the two models 169 

can be possible. 170 

Four numerical experiments are performed using the TCBL model. In all experiments, the 171 

distribution of pressure gradient force throughout the model domain is prescribed and is in balance 172 

with a specified radial profile of gradient wind at the model top, which is obtained from the gradient 173 

wind at 2-km height averaged during the quasi-steady state (96–120 h of simulation) from the 174 

control experiment using the axisymmetric full-physics model CM1 (CTL_CM1; cf. Table 1) 175 

described below. The use of gradient wind from CM1 not only provides a more realistic vortex 176 

profile for the TCBL model but also makes the following comparisons of results between the two 177 

models more straightforward. In the control experiment (CTL_BL), all default settings as described 178 

above are utilized. To determine to what extent the vertical advection of radial and agradient winds 179 

may affect the boundary layer flow, three sensitivity experiments are conducted. In these three 180 

sensitivity experiments, the vertical advections of radial wind (noU_BL), agradient wind 181 

(noVa_BL), and both agradient and radial winds (noUVa_BL) within the radius of 40 km (in inner-182 

core region with supergradient winds) are ignored, respectively. In all TCBL model experiments, 183 

the boundary layer achieves a steady state after several hours. All results and budget analyses 184 

discussed below are for the steady-state response (after 12 h model run in each experiment). Note 185 

that in the TCBL model the pressure gradient wind force is height independent, and thus the vertical 186 

shear of gradient wind is zero. As a result, the vertical advection of agradient wind also represents 187 
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the vertical advection of total tangential wind, which is different from the full-physics model 188 

experiments where gradient wind decreases with height in general. 189 

Four extra TCBL model experiments are also performed. In these experiments, instead of using 190 

the radial gradient wind profile at 2-km height, the actual radial-vertical distributions of gradient 191 

winds averaged during the quasi-steady stage in the corresponding full-physics CM1 experiments 192 

(CTL_CM1, noU_CM1, noVa_CM1, and noUVa_BL) are used, namely CTL_2d_BL, noU_2d_BL, 193 

noVa_2d_BL, and noUVa_2d_BL (see Table 1), as done in Stern et al. (2020). These four 194 

experiments are conducted to help understand the differences in the simulated supergradient winds 195 

between the TCBL model and the full-physics model CM1 as described below, as well as provide 196 

a direct assessment to see how accurate of the boundary layer model in reproducing the boundary 197 

layer structure in full-physics model simulations. Note that the results from these extra experiments 198 

are discussed in section 4 after the results from the full-physics model CM1 experiments are 199 

discussed and when the differences between the TCBL and CM1 are explained. 200 

b. The full-physics model (CM1) 201 

The full-physics model used in this study is the axisymmetric version of the nonhydrostatic 202 

and fully-compressible cloud model CM1 developed by Bryan and Fritsch (2002). Instead of the 203 

steady-state response of the boundary layer flow to prescribed pressure gradient force in the TCBL 204 

model described in section 2a, the full-physics model allows a full interaction between the free 205 

atmosphere and the boundary layer. This means that the boundary layer response can in turn affect 206 

the pressure gradient force and gradient wind above the boundary layer. As a result, on one hand, 207 
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the similarity and difference in the boundary layer structure in the two models can be examined, 208 

and on the other hand, the possible feedback of the boundary layer response to TC structure and 209 

intensity change can be recognized. Since a full description of CM1 can be found in Bryan and 210 

Fritsch (2002) and Bryan and Rotunno (2009), only some key features relevant to this study are 211 

briefly summarized here. 212 

The model domain size is 3100 km (radial) × 25 km (vertical). The radial grid spacing is 1 km 213 

in the inner-core region and is stretched to 14 km to the radial outer boundary. The model has 59 214 

vertical levels and the vertical grids are stretched below 5.5 km as that done in Li et al. (2019). The 215 

Thompson microphysical scheme (Thompson et al. 2008) is applied for moist cloud microphysics. 216 

No cumulus convective parameterization is used in all experiments. The subgrid-scale turbulent 217 

mixing is also parameterized by the Smagorinsky scheme (Bryan and Rotunno 2009) and the same 218 

horizontal and vertical mixing lengths are utilized as in the TCBL model. Note that our preliminary 219 

tests show that the main conclusions of this study are not dependent on the values of the vertical 220 

and horizontal mixing lengths in reasonable ranges in the TCBL model or in CM1. Therefore, only 221 

analyses based on the default values mentioned above are discussed hereafter. The surface drag 222 

coefficient is a function of 10-m wind speed, which is also the same as that used in the TCBL model 223 

as described in section 2a, and the surface exchange coefficient for enthalpy is set to be a constant 224 

of 1.2ⅹ10-3. The Newtonian cooling capped at 2 K day-1 is introduced to mimic radiative cooling 225 

(Rotunno and Emanuel 1987). 226 

The moist tropical sounding of Dunion (2011) is adopted as the unperturbed environment of 227 

the model tropical atmosphere. Sea surface temperature is fixed at 29oC, and an f-plane is assumed 228 



  

   11 

   

with the Coriolis parameter of 5×10-5 s-1. The initial TC vortex has the radial distribution of 229 

tangential wind following that introduced by Wood and White (2011) with the initial maximum 230 

tangential wind speed of 15 m s-1 at a radius of 80 km from the vortex center. The radial shape 231 

parameter is set to be 1.6 and the tangential wind speed decreases linearly with height to zero at a 232 

height of about 18 km. To address whether and to what extent the vertical advection influences the 233 

strength and structure of supergradient winds in the boundary layer, and the TC intensification rate 234 

and maximum intensity, four experiments are conducted using CM1 as done in the TCBL model. 235 

In the control experiment (CTL_CM1), all default model settings described above are adopted. In 236 

the three sensitivity experiments, the vertical advections of radial winds (noU_CM1), agradient 237 

winds (noVa_CM1), and both radial and agradient winds (noUVa_CM1) are removed below 3-km 238 

height and within the radius of 40 km (in the inner-core region) after 48 hours (spinup period), 239 

respectively. The first 48-h integration is considered as the spinup of model boundary layer 240 

dynamics and model physics. Since our interest is the boundary layer dynamics after the model TC 241 

develops a typical eyewall and boundary layer structure in the primary intensification and the quasi-242 

steady evolution stages, the removal of vertical advection term is activated after the initial 48-h 243 

adjustment. Note that only the vertical advection term below 3-km and within the radius of 40 km 244 

is removed in all sensitivity experiments so that its dynamical effect is mainly constrained in the 245 

inner-core region of the TCBL. 246 

To reduce the effect of model internal variability and ensure the robustness of the model results, 247 

ensemble simulations with 21 members for each experiment are performed, similar to those in Xu 248 

and Wang (2018) and Li et al. (2020a). Besides the standard run described above, in the remaining 249 
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20 runs, the initial maximum tangential wind speed is perturbed by increments of ±0.1 m s-1 (for 250 

10 runs) and the radius of maximum wind is perturbed by increments of ±0.4 km (for 10 runs). 251 

All 21 runs for each experiment are integrated for 120 h with every 6-min model output for the 252 

composite analyses discussed in section 4. In the following analyses, only results of the ensemble 253 

composite from the 21 runs for each experiment are discussed. Our preliminary tests indicate that 254 

the main conclusions from this study are not affected by the perturbation increments in reasonable 255 

ranges. 256 

In addition, we should point out that by turning off the vertical advection in this study, we have 257 

not only suppressed the direct contribution of vertical advection but also suppressed any possible 258 

feedback from the indirect effect of vertical advection on other processes, including the vertical 259 

advection of the variable itself. Note also that the vertical advection is removed only in the inner 260 

core boundary layer, namely in the region with considerable supergradient wind component. As a 261 

result, except for changes to the wind structure in the inner core boundary layer, the overall TC 262 

structure is nearly unchanged in the full-physics model experiments (see discussion in section 4), 263 

which also justifies the adequacy of the methodology used for the purpose to address an issue 264 

locally in the inner core boundary layer. We should also remind that the model system with vertical 265 

advection artificially removed does not exist in the real word. Therefore, the thought (sensitivity) 266 

experiments should not be considered as “realistic” simulations but are specially designed to 267 

explore the relative contribution of vertical advection(s) to the boundary layer supergradient wind 268 

in a sophisticated nonlinear system. Note that a similar approach was also recently used in Li et al. 269 

(2020a) and some extended discussions on the method can be found in Li et al. (2020b). 270 
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3. Results from the TCBL model 271 

Figure 1 compares the radius-height cross-sections of total tangential wind (𝑣 ) and its 272 

agradient wind component (𝑣𝑎 = 𝑣 − 𝑣𝑔)  in experiments CTL_BL, noU_BL, noVa_BL, and 273 

noUVa_BL. We can see that in CTL_BL (Fig. 1a), there is a maximum wind speed of more than 274 

80 m s-1 at the height between 500 and 1000 m, accompanied by a maximum supergradient wind 275 

at 550-m height slightly inside the radius of maximum tangential wind (RMW). The maximum 276 

supergradient wind reaches 19 m s-1, which is about 25% of the maximum tangential wind speed 277 

in the boundary layer. In addition to supergradient wind, a region with weak subgradient wind 278 

slightly over 6 m s-1 appears right above the supergradient wind region near the RMW. This is 279 

associated with inertial oscillation related to the rotating flow in the boundary layer (Kepert 2001; 280 

KW01; Rotunno and Bryan 2012; Rotunno 2014; Stern et al. 2020). 281 

The removal of vertical advection of radial wind in noU_BL (Fig. 1b) leads to a substantial 282 

reduction of supergradient winds by 54% and a decrease of 52% in the height of the supergradient 283 

wind core in the boundary layer (Fig. 2). This suggests that the upward advection of boundary layer 284 

inflow plays an important role in deepening and strengthening the supergradient wind core. This 285 

occurs because the upward advection of inflow can reduce the outflow induced by the outward 286 

agradient force associated with the upward advection of supergradient wind. The removal of 287 

vertical advection of agradient wind in noVa_BL (Fig. 1c) also lowers the supergradient wind core 288 

by 30% but leads to a strengthening of supergradient wind by 11% (Fig. 2). This implies that the 289 

vertical advection of agradient wind plays a role in deepening the supergradient core but somewhat 290 
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reduces the strength of supergradient wind. This is consistent with the momentum budget analysis 291 

presented in Williams (2015), who found that the vertical advection of tangential momentum plays 292 

an important role in maintaining supergradient wind in the upper part of the TC boundary layer. 293 

The removal of vertical advections of both radial wind and agradient wind in noUVa_BL (Fig. 1d) 294 

reduces the strength of the supergradient wind core by 39% and lowers the supergradient core by 295 

53% (Fig. 2). These results demonstrate that it is the vertical advection of radial inflow that 296 

substantially enhances supergradient wind, in support to the hypothesis of KW01 based on 297 

momentum budget analysis, while the vertical advection of agradient wind deepens the 298 

supergradient wind in the boundary layer but moderately reduces the strength of the supergradient 299 

wind core, consistent with the result of Williams (2015). Furthermore, in contrast to that in 300 

CTL_BL, no obvious subgradient winds occur above the supergradient wind in the three sensitivity 301 

experiments, suggesting that the removal of vertical advection of agradient wind, or radial wind, 302 

or both would largely suppress the inertial oscillation near the RMW above the TC boundary layer. 303 

Since supergradient wind is closely related to the inward transport of AAM and thus the 304 

boundary layer inflow, to understand the differences in supergradient wind in the four experiments 305 

discussed above, we show in Fig. 3 the vertical-radial cross-sections of radial wind and agradient 306 

force in the four experiments. The agradient force is the imbalance between Coriolis force, 307 

centrifugal force, and pressure gradient force, and has the following form in our TCBL model: 308 

𝐴𝑔𝑟 = 𝑓𝑣 +
𝑣2

𝑟
− (𝑓𝑣𝑔 +

𝑣𝑔
2

𝑟
),        (1) 309 

where f is Coriolis parameter, r is radius, v and vg are the actual tangential wind and the tangential 310 

wind in gradient wind balance with the prescribed pressure gradient force. Namely, the pressure 311 
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gradient force is represented as the Coriolis force and centrifugal force associated with gradient 312 

wind in (1). In CTL_BL (Fig. 3a), there is a strong outflow right above the inflow layer with a 313 

maximum outflow over 12 m s-1, which is also found in some observations (Kepert 2006a, b) and 314 

numerical models (KW01; Williams 2015). This outflow develops as a response to the outward 315 

agradient force due to the upward advection of supergradient wind from below by the eyewall 316 

upward motion (e.g., Li et al. 2020a). Akin to that in CTL_BL, the outflow also exists in noU_BL, 317 

but is much weaker, with the maximum outflow of 8 m s-1 (Fig. 3b). This weaker outflow above 318 

the inflow boundary layer can be attributed to the weaker outward agradient force because of 319 

weaker supergradient wind in the boundary layer and thus smaller upward advection of 320 

supergradient wind in noU_BL than in CTL_BL. In sharp contrast, although the supergradient 321 

winds are stronger in noVa_BL (Fig. 1c) than in CTL_BL (Fig. 1a), the outflow aloft in the former 322 

is rather weak, only about 4 m s-1 (Fig. 3c). This is mainly because without the upward advection 323 

of agradient wind in noVa_BL, the flow in the upper part of the boundary layer is nearly in gradient 324 

wind balance. As a result, the agradient force above the inflow boundary layer, which is responsible 325 

for the development of the outflow layer, is quite small (Fig. 3c). In lack of outflow, the subgradient 326 

winds above the inflow boundary layer in CTL_BL (Fig. 3a) also become much smaller in 327 

noVa_BL than in CTL_BL (Fig. 3c). Similar to noU_BL, noUVa_BL also exhibits weak agradient 328 

force with weak outflow located right above, but the outflow in noUVa_BL is weaker than in 329 

noU_BL because of further removal of vertical advection of agradient wind in noUVa_BL (Figs. 330 

3b and 3d). This further confirms that both the strength and height of supergradient wind are largely 331 

controlled by the vertical advection of radial wind while the height of supergradient wind and the 332 
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outflow immediately above the inflow boundary layer are largely controlled by the upward 333 

advection of supergradient wind.  334 

To understand the differences in the simulated boundary layer structure in the four 335 

experiments, we performed budget analyses of AAM (= 𝑟𝑣 + 
1

2
𝑓𝑟2)and radial wind, as done in 336 

KW01 and Williams (2015). The AAM and radial wind tendency equations in the axisymmetric 337 

TCBL model can be written as  338 

𝜕(𝐴𝐴𝑀)

𝜕𝑡
= −𝑢

𝜕(𝐴𝐴𝑀)

𝜕𝑟
− 𝑤

𝜕(𝐴𝐴𝑀)

𝜕𝑧
+ 𝐹𝐴𝐴𝑀,      (2) 339 

𝜕𝑢

𝜕𝑡
= 𝐴𝑔𝑟 − 𝑢

𝜕𝑢

𝜕𝑟
−  𝑤

𝜕𝑢

𝜕𝑧
+ 𝐹𝑢.       (3)  340 

where u and w are radial and vertical velocity, respectively. Terms on the lhs of Eqs. (2) and (3) are 341 

local tendencies of AAM and radial velocity, respectively. Note that the tendency of AAM can been 342 

understood as the tendency of tangential wind in some sense. Terms on the rhs of (2) are radial 343 

advection, vertical advection (vb_vadv), and diffusion (vb_diff, namely FAAM, which contains both 344 

horizontal and vertical diffusion including the effect of surface friction) of AAM. Terms on the rhs 345 

of (3) are the agradient force [ub_agr, see Eq. (1)], horizontal advection (ub_hadv), vertical 346 

advection (ub_vadv), and diffusion (ub_diff, namely Fu, which contains both horizontal and 347 

vertical diffusion including the effect of surface friction) of radial velocity. Since we mainly focus 348 

on the steady response of the boundary layer to the prescribed pressure gradient force, the local 349 

tendencies on the lhs of (2) and (3) are equal to zero. As a result, the balance in the steady-state 350 

solution of the TCBL model varies among different processes in the four experiments. 351 

Since our main interest is in the supergradient wind, the vertical profiles of tendencies at 17 352 

km radius, which is near the radius of maximum supergradient wind in CTL_BL (Fig. 1a), are 353 
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discussed herein. We first look at the vertical profiles of tangential and radial winds at 17 km radius 354 

(Fig. 4a). The inflow in CTL_BL is the strongest among the four experiments and the depth of the 355 

inflow layer reaches 750 m above the surface, slightly above the maximum in supergradient wind 356 

(at about 600 m). In noU_BL, the depth of the inflow layer becomes shallower in accordance with 357 

the lower height of the maximum in supergradient wind than in CTL_BL. In contrast, in noVa_BL, 358 

although the supergradient wind is largely suppressed in the upper part of the boundary layer, the 359 

depth of the inflow layer is almost the same as that in CTL_BL. In noUVa_BL, the height of 360 

supergradient wind is also reduced in accordance with the lowering of inflow depth as described 361 

for noU_BL above. These results indicate that the removal of vertical advection of radial wind 362 

reduces the height of supergradient wind core by lowering the inflow depth while the removal of 363 

vertical advection of agradient wind lowers the supergradient wind core by redistributing the 364 

supergradient wind in the vertical.  365 

Figures 4b-d compare the vertical profiles of AAM tendencies due to all three terms on the 366 

rhs of Eq. (2) near the radius of maximum supergradient wind among all four experiments. In 367 

CTL_BL, below the level of supergradient wind maximum, the positive AAM tendency contributed 368 

by inward advection (Fig. 4b) is balanced by vertical advection and diffusion terms (Figs. 4c and 369 

4d). Above the level of supergradient wind maximum, the positive vertical advection of AAM is 370 

balanced by the radially outward transportation of AAM associated with outflow and diffusion, 371 

which is negative below 1000-m height and becomes positive but very small above. Note that the 372 

positive contribution by the inward advection of AAM reaches a height about 100 m above the 373 

level of supergradient wind maximum. This is mainly caused by the upward advection of inflow 374 



  

   18 

   

from below, which largely balances the negative radial wind tendency due to diffusion, indicating 375 

that the upward advection of inflow plays an important role in deepening and strengthening 376 

supergradient wind. This is indeed supported by the weaker strength and shallower depth of 377 

supergradient wind in noU_BL than in CTL_BL (Fig. 4a). The negative vertical advection of AAM 378 

below the level of supergradient wind maximum in CTL_BL and its lack in noVa_BL (Fig. 4c) 379 

explains why the tangential (supergradient) wind is stronger below 500 m height in noVa_BL than 380 

in CTL_BL (Fig. 4a). In noUVa_BL, the positive tendency due to inward advection of AAM is 381 

balanced by the negative tendency due to diffusion (mainly vertical diffusion) in the lower part of 382 

the boundary layer. In this case, supergradient wind appears at the lowest layer among the four 383 

experiments. The budget results indicate that the inward advection of AAM, and thus the boundary 384 

layer inflow, is the initial forcing to the development of supergradient wind in the lower part of the 385 

boundary layer while vertical advection, in particular the vertical advection of radial wind, is 386 

responsible for the deepening and further strengthening of supergradient wind in the upper part of 387 

the boundary layer.  388 

To understand the maintenance of radial wind in the four experiments, we show in Fig. 5 all 389 

terms on the rhs of Eq. (3). We can see that in all four experiments (Fig. 5a), the agradient force 390 

above the surface layer is positive, and thus tends to decelerate the inflow in the layer where 391 

supergradient winds are located. The weak inward agradient force further above the outward 392 

agradient force is related to the subgradient wind as mentioned earlier, which is the largest and 393 

appears at the highest level in CTL_BL but is negligible in both experiments without the vertical 394 

advection of radial wind (namely in noU_BL and noUVa_BL). The radial advection dominantly 395 
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contributes to the acceleration of inflow below the height of supergradient wind maximum but 396 

becomes very small above (Fig. 5b). In both CTL_BL and noVa_BL, the vertical advection of radial 397 

wind is negative and thus plays a role in deepening the inflow or weakening the outflow above the 398 

inflow boundary layer (Fig. 5c). Therefore, the vertical advection of radial wind largely offsets the 399 

outflow induced by the outward agradient force and thus holds supergradient wind in a deeper layer, 400 

as pointed out by KW01. The positive diffusion (mainly vertical diffusion) in the lower boundary 401 

layer, which decreases with height rapidly, results from surface friction and represents the frictional 402 

deceleration of inflow (Fig. 5d). Further above, the diffusion becomes negative but relatively small, 403 

partly contributing to the deepening of the inflow layer. The above budget results explain well why 404 

the inflow layer is shallower and supergradient wind is weaker in both noUVa_BL and noU_BL 405 

than in CTL_BL and noVa_BL (Fig. 4a). 406 

4. Results from the full-physics model 407 

Results discussed in section 3 are the steady-state response of the boundary layer flow to the 408 

prescribed height-independent pressure gradient force in gradient wind balance above the boundary 409 

layer. We have found that the vertical advection of radial wind is key to both the strength and height 410 

of supergradient wind in TCBL and the vertical advection of agradient wind deepens supergradient 411 

wind while slightly reduces the strength of supergradient wind. It is our interest in this section to 412 

see the extent to which the findings based on the boundary layer model may apply to a full-physics 413 

model in which the pressure gradient force is no longer prescribed. This means that the boundary 414 

layer response may in turn affect the pressure distribution. Therefore, in addition to confirm results 415 
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from the TCBL model, the differences in the simulated TC structure and intensity between the 416 

control experiment (with all default model settings in CTL_CM1) and sensitivity experiment with 417 

the vertical advection of radial wind or agradient wind, or both ignored can also help address 418 

whether and to what extent supergradient wind may affect the intensification rate and final steady-419 

state intensity of the simulated TC.  420 

Figure 6 compares the temporal evolutions of the ensemble mean maximum 10-m height wind 421 

speed and maximum supergradient wind in CTL_CM1, noU_CM1, noVa_CM1, and noUVa_CM1. 422 

Since the removal of vertical advection term in each sensitivity experiment is activated after 48-h 423 

spinup, our analyses will focus on the results after 48-h simulations. We can see from Fig. 6a that 424 

the removal of the vertical advection of radial wind or agradient wind or both produces negligible 425 

changes to both the overall intensification rate during the primary intensification period from 48 to 426 

72 h of simulation and the final intensity in the quasi-steady stage of the simulated storm. However, 427 

the differences in the evolution of supergradient wind among the four experiments increase with 428 

time as the storms are intensifying and reach the maximum after 96 h of simulations when the 429 

storms start experiencing their quasi-steady evolutions (Fig. 6b). The supergradient wind develops 430 

most slowly in noUVa_CM1 among all four experiments (see also Fig. 2). As a result, the maximum 431 

supergradient wind averaged during the quasi-steady stage (96-120 h of simulation) in 432 

noUVa_CM1 is reduced by 59% compared to that in CTL_CM1. The strength of supergradient 433 

wind in noU_CM1 is reduced by 52% compared to that in CTL_CM1, which is slightly stronger 434 

than that in noUVa_CM1. The removal of vertical advection of agradient wind in noVa_CM1 435 

reduces maximum supergradient wind by 35%, which is the smallest reduction among the three 436 
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sensitivity experiments in CM1. Although most of the results from CM1 are qualitatively and 437 

quantitatively consistent with those in the TCBL model, the removal of vertical advection of 438 

agradient wind leads to 11% increase in the strength of supergradient wind in the TCBL model 439 

while it results in a reduction of 35% in CM1 (Fig. 2). To understand the similarities and differences 440 

in the simulated supergradient winds and TC intensity among these experiments and the related 441 

physical processes, we choose the quasi-steady stage from 96 to 120 h of simulations for further 442 

analyses. Note that the major conclusions based on the results for the intensification stage (from 443 

48 to 96 h) are consistent with those for the quasi-steady stage discussed below (not shown).  444 

The overall structures of the simulated TCs in their quasi-steady stages are very similar in 445 

CTL_CM1, noU_CM1, noVa_CM1, and noUVa_CM1 except for the differences below about 3-446 

km height in the inner-core region where vertical advections are modified (Fig. 7). The distinct 447 

differences in the three sensitivity experiments from the control experiment CTL_CM1 are closely 448 

related with the weaker supergradient wind and the associated shallower and weaker outflow layer 449 

immediately above the inflow boundary layer in the inner core. This indicates that the removal of 450 

vertical advection of radial or agradient wind or both below 3-km height mainly has a local impact 451 

by suppressing the boundary layer supergradient wind and its related outflow above the inflow 452 

boundary layer. However, this local effect on the boundary layer supergradient wind has little 453 

impact on the overall structure (Fig. 7) of the simulated storm, the overall intensification rate, and 454 

the final storm intensity (Fig. 6). Since the substantial reduction of supergradient wind in the 455 

boundary layer in the three sensitivity experiments largely reduces the upward advection of 456 

supergradient wind from the boundary layer, our results imply that the upward advection of 457 
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supergradient wind out of the boundary layer should not be a major process of the overall TC 458 

intensification. This is in support to the hypothesis of Heng et al. (2018), who indicated that the 459 

upward advection of supergradient wind out of the boundary layer might contribute little to TC 460 

intensification because its spinup of tangential wind is almost balanced by the spindown due to the 461 

related outflow. This has also been recently demonstrated by Li et al. (2020a), who showed that the 462 

upward advection of supergradient wind from the boundary layer has little effect on the 463 

intensification of the simulated TC but slightly increased the TC quasi-steady intensity. However, 464 

our results contrast with the claim of Schmidt and Smith (2016) and Montgomery and Smith (2017, 465 

2018), who stated that it is the upward advection of tangential momentum associated with 466 

supergradient wind in the boundary layer that spins up the tangential wind aloft in the eyewall. This 467 

point will be further discussed later. 468 

Figure 8 shows the time-averaged tangential wind and agradient wind during the quasi-steady 469 

stage in the four CM1 experiments. Generally, the strength and structure of boundary layer winds 470 

in CTL_CM1 (Fig. 7a) are similar to those in CTL_BL (Fig. 1a) except for the slightly weaker 471 

subgradient wind above 2 km height in CTL_CM1. This is mainly because the pressure gradient 472 

force in the TCBL model, which is taken from that at 2-km height from CTL_CM1, is height-473 

independent, while it is height-dependent and decreases with height in CTL_CM1. As a result, the 474 

upward advection of gradient wind in CTL_CM1 slightly reduces the subgradient wind above the 475 

boundary layer in CTL_CM1. However, in the supergradient wind region, the upward advection of 476 

gradient wind may lead to a weak outward agradient force and thus the development of outflow, 477 

contributing negatively to supergradient wind. To verify the above hypothesis, an additional 478 
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simulation (labeled as CTL_2d_BL in Table 1) is conducted, in which the 2-dimensional (radial-479 

vertical) pressure gradient force averaged in the quasi-steady state during 96–120 h of simulation 480 

in CTL_CM1 is used to drive the TCBL model instead of that at 2-km height used in CTL_BL. As 481 

expected, in CTL_2d_BL (Fig. 9a) the maxima in subgradient wind above the boundary layer and 482 

supergradient wind in the boundary layer are both slightly reduced while the height of the 483 

supergradient wind core is slightly increased compared with those in CTL_BL (Fig. 2), leading to 484 

the distribution of agradient wind from the TCBL model more consistent with that in CTL_CM1 485 

(Fig. 8a). 486 

With the vertical advection of radial wind removed in noU_CM1, the supergradient wind is 487 

reduced by 52%, close to that of 54% in noU_BL, and the height of the supergradient wind core is 488 

lowered by 69% compared with that in CTL_CM1, which is larger than the reduction of 52% in 489 

noU_BL relative to CTL_BL in the TCBL model (Fig. 8b and Fig. 2). This difference in the height 490 

of the supergradient core is found to be largely related to the difference in the radial and vertical 491 

distribution in gradient wind between noU_BL and noU_CM1 because the gradient wind can be 492 

changed in response to changes in the boundary layer flow in noU_CM1. This is verified by results 493 

from the experiment noU_2d_BL (Table 1, Fig. 9b) in which the TCBL model is driven by the two-494 

dimensional pressure gradient force from noU_CM1. In addition, consistent with that in noU_BL 495 

discussed in section 3 (Fig. 1b), there is no distinct subgradient wind above the supergradient wind 496 

because of the weak agradient force related to the vertical advection of weak supergradient wind 497 

from the boundary layer in noU_CM1 (Fig. 8b) and noU_2d_BL (Fig. 9b).  498 

The removal of vertical advection of agradient wind in noVa_CM1 leads to a reduction of 499 



  

   24 

   

supergradient wind by around 35% and a reduction of the height of the supergradient wind core by 500 

51% of that in CTL_CM1 (Fig. 8c and Fig. 2). This is not fully consistent with the results in the 501 

TCBL model in which the removal of vertical advection of agradient wind leads to a 11% increase 502 

in the strength of supergradient wind and a reduction of the height of the supergradient core by 503 

only 30% (Figs. 1c and 2). The difference is mainly due to the difference in the radial and vertical 504 

distributions in gradient wind between noVa_BL and noVa_CM1 as discussed above for noU_CM1. 505 

This is confirmed by the results in noVa_2d_BL (Fig. 9c). Now compared with that in CTL_2d_BL, 506 

the strength and the height of the supergradient wind core are reduced by 32% and 50%, 507 

respectively, both are close to those in noVa_CM1 relative to CTL_CM1 (Fig. 2). In addition, we 508 

also conduct an extra experiment in which the radial and vertical distribution of gradient wind 509 

averaged during the quasi-steady stage from noVa_CM1 is used to drive the TCBL model with 510 

vertical advection of both radial and agradient wind, the results (figure not shown) show no increase 511 

in the strength of the supergradient wind core compared to that in noVa_2d_BL. This confirms that 512 

the difference in response to the removal of vertical advection of agradient wind in the TCBL model 513 

and CM1 results primarily from the difference in the gradient wind as will be discussed further 514 

below. Note that Li et al. (2020a) found a ~35% reduction in the strength of supergradient wind by 515 

the removal of the positive upward advection of supergradient wind from the boundary layer but 516 

little effect on the intensification rate of their simulated storm.  517 

The removal of vertical advections of both radial wind and agradient wind in noUVa_CM1 518 

reduces the strength of supergradient wind by 59% and the height of the supergradient wind core 519 

by 69% from that in CTL_CM1 (Figs. 8a and 8d and Fig. 2). The reduction in both the strength 520 
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and height in the supergradient wind core in noUVa_CM1 seems to be dominantly contributed by 521 

the removal of vertical advection of radial wind, as found in the TCBL model discussed in section 522 

3. However, both reductions are larger than those (39% and 53%) in the TCBL model (Fig. 2). As 523 

in noU_CM1 and noVa_CM1, the larger reductions in CM1 result primarily from the difference in 524 

the radial and vertical distributions in gradient wind between the TCBL model and CM1. This is 525 

also verified by the results from the experiment noUVa_2d_BL (Fig. 9d and Fig.2). In addition, 526 

similar to the results from the TCBL model discussed in section 3, no obvious subgradient wind 527 

appears above the supergradient wind in all three sensitivity experiments in CM1 (Fig. 8) and their 528 

corresponding boundary layer model (Fig. 9), which is in sharp contrast to that in CTL_CM1 in 529 

which subgradient wind of over 4 m s-1 appears in the inner core above 2-km height (Fig. 8a). 530 

Figure 10 compares the low-level radial wind and agradient force1 averaged during the quasi-531 

steady stage in the four experiments in CM1. We can see that the major features of radial wind and 532 

agradient force in the four CM1 experiments are similar to those in the TCBL model except that 533 

the agradient force in noVa_CM1 is smaller than that in noVa_BL (Figs. 3c and 10c) because of 534 

the upward advection of weaker supergradient wind in the former (Figs. 1c and 8c). The stronger 535 

outflow layer immediately above the inflow layer in CTL_CM1 is likely responsible for the more 536 

outward tilt of the RMW in the lower troposphere than in the other three sensitivity experiments in 537 

CM1 (Fig. 8). This is different from that in the TCBL model where the pressure gradient force is 538 

 
1Note that in CM1, the agradient force has the form 𝐴𝑔𝑟 = 𝑓𝑣 +

𝑣2

𝑟
− 𝑐𝑝𝜃𝑣

𝜕𝜋′

𝜕𝑟
, where cp is the specific heat at 

constant pressure of dry air, θv is the virtual potential temperature, π’ is the perturbation Exner function and the 

others are the same as that in Eq. (1). 
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prescribed and height-independent. In this sense, in the full-physics model, in addition to changes 539 

in supergradient wind and its related outflow aloft in the inner core, the removal of vertical 540 

advection of radial wind and/or agradient wind also leads to some changes in the inner-core 541 

structure to the simulated storm likely through modifying eyewall convection and thus diabatic 542 

heating as discussed further below although the overall structure remains similar to that in 543 

CTL_CM1 (Fig. 7). 544 

We have mentioned above the changes in gradient wind in the full-physics model simulations 545 

using CM1 and attributed some differences between the TCBL model discussed in section 3 and 546 

CM1 to the response of gradient wind to the removal of vertical advection of radial wind and/or 547 

agradient wind. Therefore, we further examine how the balanced gradient winds and eyewall 548 

diabatic heating in the sensitivity experiments are changed due to the removal of vertical advection 549 

of radial wind and/or agradient wind compared to that in CTL_CM1. Figure 11 compares the 550 

radius-height cross sections of gradient winds and diabatic heating rate averaged during the quasi-551 

steady stage in the four CM1 experiments. Note that both the radial locations of the maximum total 552 

tangential wind speed (RMW) and the maximum gradient wind speed (RMGW) are also shown in 553 

Fig. 11 for a reference. Although the strength of supergradient wind varies up to ~60% among the 554 

four experiments (Fig. 2), the maximum gradient wind speeds are quite similar. The maximum 555 

gradient wind is ~5% stronger in noU_CM1 than in other three experiments (Fig. 11).  556 

An interesting result is the difference in the distance between RMGW and RMW (which can 557 

be represented by RMGW/RMW, i.e., the ratio of RMGW to RMW) among the four experiments. 558 

RMGW/RMW is the largest in CTL_CM1 compared to other experiments, and it also shows large 559 
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vertical variability in CTL_CM1. The largest RMGW/RMW in CTL_CM1 is closely related to the 560 

strongest outflow layer above the inflow boundary layer (Fig. 10a) while the smallest 561 

RMGW/RMW in noUVa_CM1 is closely related to the weakest outflow above the inflow boundary 562 

layer (Fig. 10d). Since the strength of the outflow layer is largely controlled by the upward 563 

advection of supergradient wind out of the boundary layer, it is not surprising that the 564 

RMGW/RMW in the lower troposphere is larger in the two experiments (CTL_CM1 and 565 

noU_CM1) with vertical advection of agradient wind than that in the two experiments (noVa_CM1 566 

and noUVa_CM1) with the vertical advection of agradient wind ignored (Figs. 8 and 11). Note that 567 

the RMGW and RMW show larger departure from each other in CTL_CM1 but very close to each 568 

other in the three sensitivity experiments. In addition, the RMW in CTL_CM1 also shows a zigzag 569 

change with a large outward tilt below 2 km height and then shift inward and then tilts outward 570 

with height again above about 4 km height (Fig. 11a). This change in the RMW is closely related 571 

to the changes in agradient winds or inertial oscillation in the eyewall associated with in the rotating 572 

boundary layer as recently discussed by Stern et al. (2020). Since the inertial oscillation is largely 573 

suppressed in the three sensitivity experiments, the change of RMGW/RMW with height is much 574 

smoother than that in CTL_CM1 (Fig. 11). The large outward tilt of the RMGW/RMW in the 575 

boundary layer and lower troposphere is closely related to the strong outflow layer above the inflow 576 

boundary layer (Fig. 10).  577 

The outflow in CTL_CM1 also leads to relatively weaker vertical motion in the outwardly 578 

tilted eyewall and thus weaker diabatic heating in the eyewall than in the three sensitivity 579 

experiments (Figs. 7 and 11). Indeed, the weaker gradient wind in CTL_CM1 can be explained by 580 
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the weaker vertical motion, which results mainly from the stronger outflow (Fig. 10) associated 581 

with the upward advection of stronger supergradient wind from the boundary layer as discussed 582 

above. The diabatic heating rate in the eyewall (Fig. 11) is roughly proportional to upward motion 583 

in the eyewall (Fig. 7). The mid-level diabatic heating rate is smaller and the balanced gradient 584 

wind is weaker in CTL_CM1 than in the three sensitivity experiments (Fig. 11). Note that the 585 

maximum total tangential wind speed in the lower part of the boundary layer (near the surface) are 586 

similar because of the large compensation of weaker gradient wind by stronger supergradient wind 587 

in CTL_CM1. As a result, the simulated storm intensification rates and the quasi-steady intensities 588 

are very similar in the four experiments. Nevertheless, the presence of supergradient wind might 589 

contribute negatively to eyewall convection due to the outflow immediately above the boundary 590 

layer, which may slightly weaken the eyewall updraft and causes a larger outward tilt of the eyewall 591 

in the lower troposphere. 592 

5. Conclusions and discussion 593 

The unbalanced flow, including both supergradient and subgradient winds or in general 594 

agradient wind, in the frictional boundary layer is a distinct feature of a TC in its entire lifetime. 595 

The importance of supergradient wind in affecting the reduction factor of low-level wind to surface 596 

wind in TCs has been demonstrated in previous studies (e.g., Kepert 2001; 2006a, b; KW01). 597 

KW01 found that the nonlinear vertical advection substantially enhances supergradient wind in 598 

TCBL. In this study, both an axisymmetric TCBL model and an axisymmetric full-physics model 599 

are used to conduct numerical sensitivity experiments to further understand the effect of vertical 600 
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advection on supergradient wind in TC boundary layer and the possible impact of supergradient 601 

wind on the simulated TC intensification and maximum intensity.  602 

Results from the TCBL model demonstrate that supergradient wind in the lower part of the 603 

boundary layer results mainly from the inward advection of AAM but both the strength and height 604 

of the supergradient wind core are largely controlled by the vertical advection of both radial and 605 

agradient winds. We found that the vertical advection of agradient wind deepens supergradient 606 

wind in the boundary layer but slightly reduces the strength of supergradient wind. However, the 607 

vertical advection of radial wind is key to both the strength and height of supergradient wind in 608 

TCBL, which can contribute over 50% to the strength and height of supergradient flow in the 609 

boundary layer. This is because the vertical advection of radial wind deepens the inflow layer to 610 

against the outward agradient force caused by the upward advection of supergradient wind from 611 

below, thus deepening and maintaining strong supergradient wind. The vertical advection of 612 

agradient wind also is key to the development of an outflow layer immediately above the inflow 613 

boundary layer. The strength and height of the outflow layer are largely determined by the strength 614 

and height of supergradient wind in the boundary layer.  615 

Results from the full-physics model CM1 confirm the key role of vertical advection in 616 

controlling the strength and height of supergradient wind in TCBL as found in the boundary layer 617 

model. The removal of vertical advection of radial wind in CM1 also leads to ~50% reduction of 618 

the strength of supergradient wind and even a larger (69%) reduction of the height of supergradient 619 

wind in the boundary layer, generally consistent with the results obtained in the TCBL model. The 620 

removal of vertical advection of agradient wind leads to 35% reduction of the strength of 621 
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supergradient winds, which is different from the weak increase in the TCBL model. The differences 622 

between the two models are well explained by changes in the strength and distribution of gradient 623 

wind simulated in CM1. We also found that the outflow immediately above the inflow boundary 624 

layer due to the upward advection of supergradient wind out of the boundary layer can lead to a 625 

more outward tilt of the RMW and also slightly weaken eyewall updraft (convection), and thus 626 

reducing the diabatic heating rate in the eyewall. This may lead to up to 5% reduction of gradient 627 

wind in the balanced response to eyewall heating. 628 

Results from CM1 experiments also show that although supergradient wind (and thus its 629 

vertical advection) is largely suppressed in the experiment with the vertical advection of radial 630 

wind, or agradient wind, or both artificially removed, both the intensification rate and final intensity 631 

in terms of the maximum 10-m wind speed are little affected. This suggests that the upward 632 

advection of supergradient wind out of the boundary layer could not be a major process contributing 633 

to the overall TC intensification. This supports the hypothesis of Heng et al. (2018) and the recently 634 

findings of Li et al. (2020a) but does not support the statement made in Montgomery and Smith 635 

(2017, 2018). However, the boundary layer dynamics is key to TC development by modifying the 636 

strength and radial location of eyewall updraft inside the RMGW as proposed by Kepert (2017) 637 

based on results from a boundary layer model and demonstrated by Li and Wang (2020a, b) based 638 

on results from three-dimensional full-physics model simulations. Therefore, results from this 639 

study together with those in Li et al. (2020a) and Li and Wang (2020a, b) strongly suggest that 640 

more efforts should be given to further understand how the boundary layer dynamics control 641 

convection and diabatic heating in the eyewall of a TC in future studies. In addition, we have 642 
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restricted ourselves on the axisymmetric processes in this study. The conclusions thus may be 643 

applicable to quasi-axisymmetric stage of TCs. We plan to conduct three-dimensional simulations 644 

to examine how our results/conclusions could be extended into more general three-dimensional 645 

TCs in a future study.  646 
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Table 1. List of numerical experiments. 769 

TCBL model exp. Vertical advection of horizontal wind  Initial gradient wind  

CTL_BL Default model settings 

Gradient wind profile at 2-km height from 

CTL_CM1 

noU_BL Set −𝑤 𝜕𝑢/𝜕𝑧 = 0 if 𝑟 ≤40 km 

noVa_BL 
Set −𝑤 𝜕𝑣/𝜕𝑧  = −𝑤 𝜕𝑣𝑔/𝜕𝑧  if 

𝑟 ≤40 km 

noUVa_BL 
Set −𝑤 𝜕𝑣/𝜕𝑧 = −𝑤 𝜕𝑣𝑔/𝜕𝑧  & 

−𝑤 𝜕𝑢/𝜕𝑧 = 0 if 𝑟 ≤40 km 

CTL_2d_BL Default model settings as in CTL_BL 2D gradient wind field from CTL_CM1 

noU_2d_BL Same as noU_BL 2D gradient wind field from noU_CM1 

noVa_2d_BL Same as noVa_BL 2D gradient wind field from noVa_CM1 

noUVa_2d_BL Same as noUVa_BL 2D gradient wind field from noUVa_CM1 

   

CM1 exp. Vertical advection of horizontal wind Initial gradient wind 

CTL_CM1 Default model settings 

Using Analytical vortex profile according to 

Wood and White (2011) with maximum 

wind speed of 15 m s-1 at a radius of 80 km 

and radial shape parameter of 1.6 

noU_CM1 
Set −𝑤 𝜕𝑢/𝜕𝑧 =0 if 𝑟 ≤ 40 km, z  ≤ 3 

km, and t ≥48 h 

noVa_CM1 
Set −𝑤 𝜕𝑣/𝜕𝑧 =−𝑤 𝜕𝑣𝑔/𝜕𝑧  if 𝑟 ≤ 40 

km, z ≤3 km, and t ≥48 h 

noUVa_CM1 

Set −𝑤 𝜕𝑢/𝜕𝑧 =0 & −𝑤 𝜕𝑣/𝜕𝑧 = 

−𝑤 𝜕𝑣𝑔/𝜕𝑧 if 𝑟 ≤40 km, z ≤3 km, and 

t ≥48 h 

  770 
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  771 

FIG. 1. Radius-height cross sections of total tangential wind (shaded; the 35 and 65 m s-1 contours 772 

are highlighted in yellow) and agradient wind (with contour interval of 2 m s-1, red for positive, 773 

blue for negative, and black for zero) in the steady-state response in (a) CTL_BL, (b) noU_BL, 774 

(c) noVa_BL, and (d) noUVa_BL. The green dots mark the radial location of the maximum 775 

wind speed at each level. 776 
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  777 

FIG. 2. Bar plots of the strength (a) and height (b) of the supergradient wind core in the three sets 778 

of experiements listed in Table 1, including those from the TCBL model forced by the height-779 

independent gradient wind at 2-km height from the average in the quasi-steady stage during 780 

96–120 h of simulation in CTL_CM1 (blue), those from CM1 experiments (red), and those 781 

from the TCBL model forced by the two-dimentional gradient wind from the corresponding 782 

CM1 experiments (grey). The numbers on the top of the bars denote the change ratios of 783 

sensitivity experiments compared to the corresponding control experiment. Red and grey bars 784 

will be discussed in section 4.  785 
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 786 

FIG. 3. Radius-height cross sections of radial wind (shaded, m s-1) and agradient force (with 787 

contour interval of 50 m s-1 hr-1, solid for positive and dashed for negative values) in the steady 788 

state response in (a) CTL_BL, (b) noU_BL, (c) noVa_BL, and (d) noUVa_BL.  789 
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 790 

FIG. 4. Vertical profiles of tangential and radial wind speeds (a) and AAM budget components due 791 

to (b) horizontal advection (vb_hadv), (c) vertical advection (vb_vadv) and (d) diffusion 792 

(vb_diff) at 17-km radius (near the radius of maximum supergradient wind speed in CTL_BL) 793 

in CTL_BL (black), noU_BL (red), noVa_BL (green), and noUVa_BL (blue). The two grey 794 

vertical lines in (a) represent zero radial wind and gradient wind speed, respectively.   795 
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 796 

FIG. 5. Vertical profiles of radial wind budgets at 17-km radius in CTL_BL (black), noU_BL (red), 797 

noVa_BL (green), and noUVa_BL (blue). The budget components include (a) agradient force  798 

(ub_agr), (b) horizontal advection (ub_vadv), (c) vertical advection (ub_vadv), and (d) 799 

diffusion (ub_diff).  800 
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 801 

FIG. 6. Time series of (a) maximum 10-m tangential wind speed and (b) maximum supergradient 802 

wind speed in CTL_CM1 (black), noU_CM1 (red), noVa_CM1 (blue), and noUVa_CM1 803 

(green), with the thick curves showing the ensemble mean and the thin curves showing the 21 804 

individual members for the corresponding experiments in (a). The values in panels (a) and (b) 805 

refer to the averaged maximum 10-m height tangential wind speed and maximum 806 

supergradient wind speed during the quasi-steady stage (96-120 h of simulations), respectively.  807 

CTL_CM1        58.2

noU_CM1        58.1

noVa_CM1      60.0

noUVa_CM1   58.7

(a)

(b)

CTL_CM1        17.2

noU_CM1        8.4

noVa_CM1      11.2

noUVa_CM1   7.1
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 808 

FIG. 7. The radial-vertical structures of the simulated TCs in CTL_CM1 (a), noU_CM1 (b), 809 

noVa_CM1 (c), and noUVa_CM1 (d), respectively, averaged in the quasi-steady stage during 810 

96-120 h of simulations. The black and purple contours and shades are for ensemble mean 811 

tangential and radial winds (m s-1), and vertical motion (m s-1), respectively.  812 

(a) CTL_CM1

(c) noVa_CM1                               

(b) noU_CM1                          

(d) noUVa_CM1                       
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 813 

FIG. 8. Same as Fig. 1 but for the results from the quasi-steady stage averaged during 96-120 h in 814 

CTL_CM1 (a), noU_CM1 (b), noVa_CM1 (c), and noUVa_CM1 (d), respectively.  815 
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 816 

FIG. 9. Same as Fig. 1 but for results from the four extra experiments (CTL_2d_BL [a], 817 

noU_2d_BL [b], noVa_2d_BL [c], and noUVa_2d_BL [d]) in the TCBL model forced by the 818 

two-dimentional pressure gradient force from the corresponding experiments in CM1.  819 
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 820 

FIG. 10. Same as Fig. 3 but for the results from the quasi-steady stage averaged during 96-120 h 821 

in CTL_CM1 (a), noU_CM1 (b), noVa_CM1 (c), and noUVa_CM1 (d), respectively.  822 

(a) CTL_CM1

(c) noVa_CM1                               

(b) noU_CM1                          

(d) noUVa_CM1                       
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 823 

FIG. 11. Radius-height cross sections of the ensemble mean diabatic heating rate (shaded, K s-1) 824 

and gradient wind speed (contours, m s-1) in CTL_CM1 (a), noU_CM1 (b), noVa_CM1 (c), 825 

and noUVa_CM1 (d), respectively, averaged in the quasi-steady stage during 96-120 h of 826 

simulations. The black dots mark the radial location of maximum total tangential wind and 827 

the green dots mark the radial location of maximum gradient wind speed at each level. 828 


