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Abstract 23 

The dynamics of eyewall contraction of tropical cyclones (TCs) has been revisited in this 24 

study based on both three-dimensional and axisymmetric simulations and dynamical diagnostics. 25 

Because the eyewall contraction is closely related to the contraction of the radius of maximum 26 

wind (RMW), its dynamics is thus often studied by examining the RMW tendency in previous 27 

studies. Recently, Kieu and Stern et al., respectively, proposed two different frameworks to 28 

diagnose the RMW tendency, but had different conclusions. In this study, the two frameworks are 29 

evaluated first based on theoretical analysis and idealized numerical simulations. It is shown that 30 

the framework of Kieu is a special case of the earlier framework of Willoughby et al. if the 31 

directional derivative is applied. An extension of Stern et al.’s approach can not only reproduce but 32 

also predict the RMW tendency. A budget of the azimuthal mean tangential wind tendency 33 

indicates that the contributions by radial and vertical advections to the RMW tendency vary with 34 

height. Namely, radial advection dominates the RMW contraction in the lower boundary layer and 35 

vertical advection favors the RMW contraction in the upper boundary layer and lower troposphere. 36 

In addition to the curvature, the increase of radial gradient of horizontal mixing (including the 37 

resolved eddy mixing in three-dimensions) near the eyewall prohibits the eyewall contraction in 38 

the lower boundary layer. Besides, the vertical mixing including surface friction also plays an 39 

important role in the cessation of eyewall contraction in the lower boundary layer.  40 

  41 
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1. Introduction 42 

The eyewall contraction is closely related to intensification, often rapid intensification, of a 43 

tropical cyclone (TC). Therefore, understanding the dynamics of eyewall contraction is of 44 

fundamental importance for understanding the dynamics of TC intensification. However, although 45 

the eyewall contraction is a common feature during the TC intensification, its dynamics has not 46 

been well understood so far. Because the eyewall contraction is closely tied with the contraction of 47 

the radius of maximum wind (RMW), the dynamics of eyewall contraction is thus often studied by 48 

examining the change of the RMW in previous studies (Willoughby et al. 1982, hereafter W82; 49 

Kieu 2012, hereafter K12; Stern et al. 2015, hereafter S15). Note that although the inner core of a 50 

TC could be quite asymmetric and the RMW may vary azimuthally, the RMW is often defined 51 

using the azimuthal mean tangential wind, which may change with height (S15). 52 

Although no theory exists for the size of the RMW or its change, previous studies have 53 

attempted to examine key processes to the size of the RMW based on idealized high-resolution 54 

numerical simulations (e.g., Xu and Wang 2010a, b). Wang and Xu (2010) and Xu and Wang 55 

(2010a) showed that the RMW would contract more if the surface enthalpy flux outside 2~2.5 times 56 

of the RMW was removed. This is because the removal of surface enthalpy flux in the outer region 57 

suppressed outer rainband activities and thus diabatic heating outside the eyewall, which otherwise 58 

would reduce low-level inflow into the eyewall and reduce the eyewall contraction (cf. Xu and 59 

Wang 2010a). Xu and Wang (2010b) found that both the initial size of the RMW and the initial 60 

moisture in the lower troposphere could affect the rainband activities and thus the quasi-steady 61 
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RMW of a simulated TC. They also proposed that the effects of the initial vortex size and initial 62 

moisture are coupled with each other, although the quasi-steady RMW is more sensitive to the 63 

initial vortex size. Rotunno and Bryan (2012) found that the steady-state RMW is insensitive to the 64 

vertical mixing length, but sensitive to the horizontal mixing length in their simulations using an 65 

axisymmetric TC model, while Bu et al. (2017) showed that the RMW tends to be larger with 66 

stronger vertical mixing in the boundary layer or higher sea surface temperature. Bu et al. (2017) 67 

also found that cloud-radiative forcing can increase the RMW because the cloud-radiative forcing 68 

can promote rainband activities. 69 

Note that the mechanisms for the steady-state RMW in the mature phase and the RMW 70 

contraction during the intensification stage could be different. For example, a larger surface drag 71 

coefficient (𝐶𝐷) usually results in a faster contraction rate (e.g., Bryan 2013; Smith et al. 2014), 72 

but there was no obvious relationship between 𝐶𝐷 and the steady-state RMW (e.g., Bryan 2012, 73 

2013) unless 𝐶𝐷 was rather small or zero (Kilroy et al. 2017). Similar to the steady-state RMW, 74 

the contraction rate of RMW has been shown to be also sensitive to many parameters in previous 75 

numerical studies. For instance, a faster contraction rate can occur in simulations with a smaller 76 

Coriolis parameter (Smith et al. 2015; Deng et al. 2018). These are only some qualitative results 77 

from numerical simulations since the contraction rate of the RMW has not been the main focus of 78 

these studies. 79 

Shapiro and Willoughby (1982) proposed a mechanism to explain the contraction of RMW 80 

in a TC based on balanced vortex dynamics. They showed that the tangential wind tendency in 81 



 

4 

 

response to diabatic heating in the eyewall is greater inside of the RMW than at the RMW, leading 82 

to not only the intensification of a TC vortex but also the contraction of the RMW. This has become 83 

the major dynamical mechanism used for the explanation of the contraction of the RMW or the 84 

eyewall of a TC. However, this conceptual explanation could not be used to quantitatively estimate 85 

the contraction of the RMW. W82 proposed a kinematic RMW contraction equation following a 86 

moving frame of reference of the RMW, which showed good agreements with observations for the 87 

hurricane cases diagnosed. 88 

Some recent efforts have been devoted to quantitatively estimate the contraction rate of 89 

RMW (K12; S15). K12 derived an equation for the contraction rate of RMW based on the 90 

tangential wind equation and a kinematic equation of the RMW under some 91 

assumptions/approximations (see Section 2c). K12 proposed a dependence of the contraction rate 92 

of RMW on both the radial inflow and surface friction, with the former favoring the inward 93 

penetration of angular momentum and thus the RMW contraction and the latter being responsible 94 

for the slowdown and termination of the contraction. S15 proposed a method to diagnose the 95 

contraction rate of RMW based on the geometrical definition of the RMW, which was attributed 96 

to the radial gradient of tangential wind tendency and the curvature (or sharpness) of radial profile 97 

of tangential wind at the RMW. Kieu and Zhang (2017) presented concerns with the work of S15 98 

in terms of the lack of dynamics to the contraction rate of the RMW because the method was based 99 

purely on kinematics. S15 and Stern et al. (2017) also argued that the equation of K12 could not 100 

explain the contraction rate of RMW because of some contradictory mathematical assumptions 101 
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used in the derivation of the equation (see Section 2c). All of the concerns in S15 and Stern et al. 102 

(2017) for K12 were disputed by Kieu and Zhang (2017). 103 

In this study, the dynamics of the RMW contraction is revisited based on both theoretical 104 

consideration and diagnostics of numerical simulations. We first review the existing theories and 105 

compare their contraction rates of RMW with those from idealized numerical simulations. Both 106 

axisymmetric and three-dimensional simulations are conducted to understand the dynamics of the 107 

eyewall contraction. The rest of paper is organized as follows. Section 2 briefly reviews the main 108 

existing theories on eyewall contraction, including the balanced dynamics and those discussed in 109 

W82, K12, and S15. An evaluation of W82 and S15 using results from idealized simulations and 110 

an azimuthal mean tangential wind budget is discussed in Section 3, in which a three-dimensional, 111 

cloud-permitting high-resolution model is used. The axisymmetric dynamics of the RMW 112 

contraction and the roles of horizontal and vertical mixings are discussed in Section 4 using a series 113 

of axisymmetric simulations. Concluding remarks are given in Section 5. 114 

2. A brief review of existing theories 115 

a. Balanced vortex dynamics 116 

Balanced vortex dynamics assumes a quasi-balanced basic axisymmetric vortex that is in 117 

both hydrostatic and gradient wind balances. Given the spatial distributions of heat source and 118 

momentum forcing, a partial differential equation for the streamfunction of the transverse 119 

circulation, namely, the so-called Sawyer-Eliassen equation (SEQ, Eliassen 1951) can be obtained. 120 
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Since the SEQ is a linear partial differential equation and its solutions to different forcings are 121 

additive and thus can be used to understand the response of the transverse circulation in a TC vortex 122 

to various heat sources or momentum forcing. Because the low-level inflow in the transverse 123 

circulation can bring absolute angular momentum inward to spin up the tangential wind, the 124 

solution of the SEQ has been used to understand the TC intensification and the eyewall contraction 125 

(e.g., Shapiro and Willoughby 1982; Schubert and Hack 1982; Pendergrass and Willoughby 2009; 126 

Bui et al. 2009; Heng and Wang 2016; Heng et al. 2017), the TC outer-core size change (e.g., 127 

Fudeyasu and Wang 2011), and the secondary eyewall formation (e.g., Zhu and Zhu 2014; Wang 128 

et al. 2016). 129 

Shapiro and Willoughby (1982) found that the low-level tangential wind tendency in 130 

response to diabatic heating in the eyewall is greater inside of the RMW than at the RMW. As a 131 

result, as the TC vortex intensifies, its RMW would move inward, namely experiencing a 132 

contraction. The simultaneous intensification and eyewall contraction have been observed in real 133 

TCs (e.g., W82; Willoughby 1990) and in numerical simulations (e.g., Bryan 2013; Smith et al. 134 

2014; Smith et al. 2015, Wang and Heng 2016; Deng et al. 2018). However, recent observations 135 

(e.g., Wang and Wang 2013; Stern et al. 2015; Qin et al. 2016) indicate that it is very common for 136 

the asynchrony between TC intensification and eyewall contraction. This means that although the 137 

balanced vortex dynamics has been considered as a dominant dynamical mechanism responsible 138 

for the contraction of RMW or the eyewall of a TC, it could not explain all aspects of the eyewall 139 
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contraction. Furthermore, it only provides a qualitative explanation but not a quantitative 140 

estimation of the RMW contraction. 141 

b. Willoughby et al. (1982) 142 

As reviewed by Kieu and Zhang (2017), W82 proposed an RMW contraction equation, which 143 

can be derived from the definition of the directional derivative in a moving frame of reference 144 

following the RMW of a TC, namely 145 

(
𝑑𝑉̅

𝑑𝑡
)

RMW
= (

𝜕𝑉̅

𝜕𝑡
)

𝑟𝑚𝑤
+

𝑑RMW

𝑑𝑡
(

𝜕𝑉̅

𝜕𝑟
)

RMW
,    (1) 146 

where r is the radial distance from the TC center; overbar denotes azimuthal mean or the variable 147 

in an axisymmetric framework as in W82. Note that the subscript “rmw” denotes the arriving radial 148 

location of the RMW. Equation (1) indicates that the change in tangential wind 𝑉̅ following the 149 

RMW, namely the intensity change, is caused by the local change of tangential wind at the arriving 150 

radial location of the RMW (first term on the rhs) and the advective change of tangential wind due 151 

to the contraction of the RMW (second term on the rhs). W82 also assumed that the local change 152 

of tangential wind at the arriving RMW is primarily determined by the maximum local tangential 153 

wind tendency. Equation (1) can then be rearranged as follows 154 

𝑑RMW

𝑑𝑡
=

(
𝑑𝑉̅

𝑑𝑡
)

RMW
−(

𝜕𝑉̅

𝜕𝑡
)

𝑟𝑚𝑤

(𝜕𝑉̅/𝜕𝑟)RMW
.             (2) 155 

In Eq. (2), (𝑑𝑉̅/𝑑𝑡)RMW  is the intensification rate of the storm; (𝜕𝑉̅/𝜕𝑡)𝑟𝑚𝑤  denotes local 156 

tangential wind tendency at the arriving radius of the RMW. Note that although the radial gradient 157 
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of tangential wind, 𝜕𝑣̅ 𝜕𝑟⁄ , should be zero at the RMW by definition, here (𝜕𝑉̅/𝜕𝑟)RMW should 158 

be considered being related to the upwind radial gradient of tangential wind, i.e., relative to the 159 

arrival location of the RMW (noted as subscript “rmw”). This means that (𝜕𝑉̅/𝜕𝑟)RMW should be 160 

calculated using an upwind (backward in this case) finite-differencing scheme, as used in W82 and 161 

recently emphasized by Kieu and Zhang (2017, see their Fig. 1). In practical applications of W82, 162 

the radial gradient of tangential wind inside the current RMW was approximated as 𝑉̅𝑚𝑎𝑥/RMW, 163 

namely a Rankine vortex wind profile was assumed inside the RMW. Note that because the local 164 

tendency of tangential wind at the arriving RMW needs to be known before the tendency of RMW 165 

can be calculated, Eq. (2) can only be used for diagnostic purpose and could not be used to predict 166 

the contraction of RMW. Furthermore, Eq. (2) is a pure kinematic contraction rate and does not 167 

provide understanding of dynamics of the RMW contraction. To distinguish the notions of 168 

“dynamics” and “kinematics/geometrics”, one must recall the difference between “physics” and 169 

“mathematics”. The “dynamical” process reveals the physical reasoning for RMW contraction and 170 

can thus provide understanding of physical mechanisms, while the “kinematics/geometrics” 171 

mathematically describes the contraction rate of RMW with little insights into dynamics of RMW 172 

contraction. For example, in the kinematic case of W82, the tangential wind profiles at both the 173 

current and arriving RMW should be given in order to know the RMW change. 174 

c. Kieu (2012) 175 

K12 and Kieu and Zhang (2017) developed an equation for the contraction rate of the RMW 176 
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of a TC. They started with the tangential wind equation at the RMW for an axisymmetric TC vortex 177 

given below  178 

𝜕𝑉̅

𝜕𝑡
= −𝑈̅

𝜕𝑉̅

𝜕𝑟
−

𝑈̅𝑉̅

RMW
− 𝑊̅

𝜕𝑉̅

𝜕𝑧
− 𝑓𝑈̅ + 𝐹̅𝜆

∗
,          (3) 179 

where 𝑧 and 𝑓denote height and Coriolis parameter; the uppercases and the superscript * denote 180 

those variables at the RMW exactly; 𝑈 and 𝑊 denote radial and vertical velocity at the RMW; 181 

and, 𝐹̅𝜆
∗
 is the momentum forcing, including subgrid horizontal and vertical turbulent mixing (and 182 

surface friction), and eddy advection if the asymmetric effect is included, at the RMW. By assuming 183 

(i) wind profile within and at the RMW is a Rankine vortex, i.e., 𝑣̅(𝑡, 𝑟)~Ω̅(𝑡)𝑟 , and, (ii) the 184 

angular velocity, Ω̅, is a strict function of time within and at the RMW, i.e., 𝜕Ω̅(t) 𝜕𝑡⁄ =  𝑑Ω̅(t) 𝑑𝑡⁄ , 185 

and further considering 𝜕𝑉̅(𝑡, RMW) 𝜕𝑟⁄ = 0, Eq. (3) can be rewritten as 186 

𝑑Ω̅∗

𝑑𝑡
RMW = −𝑈̅Ω̅∗ − 𝑊̅

𝜕𝑉̅

𝜕𝑧
− 𝑓𝑈̅ +  𝐹̅𝜆

∗
.          (4) 187 

K12 also assumed that the wind profile within the RMW maintained as a Rankine vortex at all 188 

times, implying 𝑉̅(𝑡) = Ω̅∗(t) × RMW(𝑡), thus one can have 189 

(
𝑑𝑉̅

𝑑𝑡
)RMW =

𝑑Ω̅∗

𝑑𝑡
RMW +

𝑑RMW

𝑑𝑡
Ω̅∗,            (5) 190 

where ( )RMW denotes an operator, in which the derivation follows the RMW rather than the air 191 

parcel. By definition, the (𝑑𝑉̅ 𝑑𝑡⁄ )RMW is the intensification rate of the TC. Plugging Eq. (5) into 192 

Eq. (4), one can get 193 

𝑑RMW

𝑑𝑡
Ω̅∗ = (

𝑑𝑉̅

𝑑𝑡
)RMW + 𝑈̅(Ω̅∗ + 𝑓) + 𝑊̅

𝜕𝑉̅

𝜕𝑧
− 𝐹̅𝜆

∗
.        (6) 194 

Note that Eq. (6) would be reduced to Eq. (6) in K12 if 𝜕𝑉̅ 𝜕⁄ 𝑧  is omitted and 𝐹̅𝜆
∗
  is 195 

assumed for a slab boundary layer in an axisymmetric TC vortex. Equation (6) can be rewritten as 196 
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𝑑RMW

𝑑𝑡
=

RMW

𝑉̅
(

𝑑𝑉̅

𝑑𝑡
)RMW +

RMW

𝑉̅
𝑈̅(Ω̅∗ + 𝑓) +

RMW

𝑉̅
𝑊̅

𝜕𝑉̅

𝜕𝑧
−

RMW

𝑉̅
 𝐹̅𝜆

∗
.     (7) 197 

The four terms on the rhs of Eq. (7) denote the TC intensification forcing, inflow effect, vertical 198 

advection effect, and subgrid vertical turbulent mixing including surface friction and eddy 199 

advection, respectively. According to K12, Kieu and Zhang (2017), and Qin et al. (2018), in the 200 

boundary layer, the intensification forcing and vertical advection effect are negligible compared to 201 

the inflow effect and the frictional effect. In addition, the inflow term can be simplified as 𝑈̅, 202 

because Ω̅∗ ≫ 𝑓. That is, the boundary layer inflow advects angular momentum inward and thus 203 

contributes to the RMW contraction and surface friction slows down or retards the RMW 204 

contraction.  205 

The framework of K12 and Kieu and Zhang (2017) outlined above was challenged by S15 206 

and Stern et al. (2017). First, S15 indicated that the total derivative of Ω̅∗, (𝑑Ω̅∗ 𝑑𝑡⁄ ) is not equal 207 

to its partial derivative (𝜕Ω̅∗ 𝜕𝑡⁄ ), because Ω̅∗ should be also a function of 𝑟, but this argument 208 

seems to be inconsistent with the assumption of K12 or in Kieu and Zhang (2017) as mentioned 209 

above. In addition, Stern et al. (2017) noted that the contraction rate in the simulations of K12 210 

obviously increased with surface friction or 𝐶𝐷, which is in contradictory to the explanation of Eq. 211 

(6). The positive correlation between 𝐶𝐷 and the eyewall contraction rate has been also reported 212 

in previous studies (e.g., Bryan 2013; Smith et al. 2014; Heng and Wang 2016). We also noticed 213 

that the dependence of RMW contraction rate on 𝐶𝐷 should be a local behavior, that is, in addition 214 

to surface friction, the radial advection in Eq. (7) and the TC structure during the initial spin-up 215 

period will also change considerably if 𝐶𝐷 is changed (e.g., Smith et al. 2014; Heng et al. 2016). 216 
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Therefore, it is hard to tell the role of surface friction in the RMW contraction just by changing 𝐶𝐷 217 

from the beginning of a simulation. 218 

Here, we would show that Eq. (7) can be considered as a special case of W82. Based on Eq. 219 

(3) the sum of the last three terms on the rhs of Eq. (6) is exactly the negative local tendency of the 220 

azimuthal mean tangential wind at the RMW because 𝜕𝑉̅ 𝜕𝑟⁄ = 0 , i.e., (𝜕𝑉/𝜕𝑡)RMW =221 

−𝑈̅(Ω̅∗ + 𝑓) −  𝑊̅ 𝜕𝑉̅ 𝜕𝑧⁄ +  𝐹̅𝜆
∗
. Plugging this into Eq. (7) yields 222 

𝑑RMW

𝑑𝑡
=

RMW

𝑉̅
[(

𝑑𝑉̅

𝑑𝑡
)

RMW
− (

𝜕𝑉̅

𝜕𝑡
)

RMW
]           (8) 223 

The first term is related to the intensification rate of the TC, (𝑑𝑉̅ 𝑑𝑡⁄ )RMW, and the second 224 

term is related to the local change of tangential wind at the RMW, (𝜕𝑉̅ 𝜕𝑡⁄ )RMW. Note that Eq. (8) 225 

looks similar to Eq. (2) if one assumes that the tangential wind within and at the RMW strictly 226 

satisfies a Rankine vortex, i.e., 𝜕𝑣̅ 𝜕𝑟⁄ |𝑟≤RMW = 𝑉̅ RMW⁄ , which is the key assumption of K12 227 

and also an assumption used in estimating the RMW contraction based on the flight-level data in 228 

W82. The major difference between Eq. (8) and Eq. (2) lies in where the local tendency of the 229 

azimuthal mean tangential wind is defined. In Eq. (2) it is defined at the arriving point of the RMW, 230 

while in Eq. (8) it seems to be defined at the current time. Since the contraction of RMW could not 231 

be evaluated if the local change of tangential wind is defined at the current time (see Fig. 1 of Kieu 232 

and Zhang 2017), this suggests an alternative problem of K12. As a result, only when the local 233 

tendency of tangential wind or the last three terms are evaluated at the arriving point of the RMW, 234 

Eq. (7) can be used to diagnose the contraction rate of the RMW. However, in this case, Eq. (7) 235 

becomes equivalent to Eq. (2) and it does not provide any extra dynamical insights into the 236 
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contraction of the RMW as claimed by K12 and Kieu and Zhang (2017). Therefore, K12 will not 237 

be included in the following discussion. 238 

d. Stern et al. (2015) 239 

Based on the kinematic/geometric definition of the RMW (i.e., 𝜕𝑉̅(𝑟, 𝑡) 𝜕𝑟⁄ |𝑟=RMW = 0), a 240 

diagnostic equation for the contraction rate of the RMW can be derived without any assumption as 241 

given in S15, i.e., 242 

𝑑RMW

𝑑𝑡
= −

(𝜕 𝜕𝑟⁄ )(𝜕𝑉̅ 𝜕𝑡⁄ )

𝜕2𝑉̅ 𝜕𝑟2⁄
|RMW.          (9) 243 

The numerator and denominator of Eq. (9) denote the radial gradient of local time tendency of the 244 

azimuthal mean tangential wind and the curvature of the azimuthal mean tangential wind in the 245 

radial direction at the RMW, respectively. Because of the radially peaked tangential wind profile 246 

at the RMW, the curvature is always negative. Two main implications can be inferred from Eq. (9). 247 

First, for a given radial gradient of tangential wind tendency at the RMW, the TC with a stronger 248 

curvature or sharpness at the RMW is harder to contract. The curvature, however, is usually become 249 

sharper with the intensification of a TC, which was hypothesized as the reason for the cessation of 250 

the RMW contraction in S15. Second, because the curvature is negative definite at the RMW, the 251 

sign of the RMW tendency depends on the radial gradient of tangential wind tendency at the RMW, 252 

i.e., the RMW tends to contract if 𝜕(𝜕𝑉̅ 𝜕𝑡⁄ ) 𝜕𝑟⁄ < 0  and vice versa. However, these were 253 

regarded as an invalid statement by Kieu and Zhang (2017), who argued that there was no involved 254 

dynamics of the RMW contraction because the radial gradient of tangential wind tendency is not 255 
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dynamically determined in S15. Although later Stern et al. (2017) pointed out that it was possible 256 

to substitute the tangential wind tendency equation into Eq. (9) as shown in their Eq. (24), and as 257 

applied in Tang et al. (2019) for explaining the different RMW contraction rates under different 258 

radiative forcings, they did not provide any detailed insight into the dynamical processes that 259 

control the contraction of the RMW.  260 

3. Evaluation of W82 and S15 261 

In this section, the performances of W82 and S15 in capturing the contraction rate of the 262 

RMW are evaluated using the outputs from three-dimensional high-resolution idealized numerical 263 

simulations and a tangential wind budget analysis.  264 

a. Model and experimental design 265 

The Weather Research and Forecasting (WRF) model version 3.8.1 (Skamarock et al. 2008) 266 

was used, which is a fully compressible, nonhydrostatic model with a terrain-following vertical 267 

coordinate. The triply nested and fixed domains were used with the finest resolution of 2 km in the 268 

innermost domain. Physical parameterizations used in our simulations include the Mellor-Yamada 269 

Nakanishi Niino (MYNN) Level 2.5 scheme (Nakanishi and Niino 2009) for the surface layer and 270 

the planetary boundary layer processes, the Dudhia shortwave radiation scheme (Dudhia 1989), the 271 

Rapid Radiative Transfer Model (RRTM; Mlawer et al. 1997) for longwave radiation scheme, the 272 

Thompson microphysical scheme (Thompson et al. 2008) for cloud microphysics, and the Kain–273 
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Fritsch cumulus parameterization (Kain 2004) in the outermost 18-km mesh only. The average 274 

moist tropical sounding during June-October 2002 of Dunion and Marron (2008) was used as the 275 

unperturbed environment with the sea surface temperature was fixed at 29oC. 276 

Two idealized three-dimensional simulations were conducted. In the control experiment, the 277 

experimental design followed that in Zhu and Zhu (2014), in which a strong initial TC vortex with 278 

the maximum tangential wind speed of 36 m s-1 at a radius of 45 km was used. A sensitivity 279 

experiment was conducted to ensure the robustness of the results from the control experiment. The 280 

sensitivity experiment was the same as the control experiment except that a weaker initial TC 281 

vortex with the maximum tangential wind speed of 18 m s-1 was used. All results discussed below 282 

were based on the model outputs from the innermost domain at 10-min intervals.  283 

To make the finite differencing smoother enough to facilitate the evaluation of the theoretical 284 

work summarized in section 2, similar to S15, we first filtered out the small-scale perturbations 285 

less than 40 min in time using a time mean and less than 8 km in radial direction using a spatial 286 

average, and then we interpolated all the azimuthal mean variables from a radial grid spacing of 2 287 

km into a 50-m grid spacing using the cubic spline interpolation. The results discussed below are 288 

all based on the filtered variables and the results are not sensitive to the filtering scale qualitatively. 289 

b. Evaluation results 290 

Consistent with previous studies, in the control experiment, after about 15 h initial adjustment, 291 

a rapid contraction of the RMW occurred, which stopped well before the end of intensification (Fig. 292 



 

15 

 

1). The largest hourly contraction rate reached ~16 km h-1 at about 17 h of the simulation. The 293 

RMW remained almost constant after about 22.5 h, but the TC continued to intensify. This means 294 

that the contraction of RMW is not necessarily accompanied by TC intensification, which is 295 

consistent with observations (Stern et al. 2015; Qin et al. 2016; Wang and Wang 2013). Figure 2a 296 

compares the time tendency of the RMW from the control experiment with those calculated using 297 

Eqs. (2) and (9), respectively, from W82 and S15 at a height of 250 m, which is the same as in S15. 298 

Note that here the finite-differencing scheme for W82 exactly followed that suggested by Kieu and 299 

Zhang (2017) using the tangential wind profile at the arriving RMW, and a centered finite-300 

difference scheme was used for S15 in both time and space at the current time and current location 301 

of RMW. We can see that the diagnosed tendency of the RMW using Eq. (2) or Eq. (9) is almost 302 

identical to that of the model simulation. This is not surprising since both equations were derived 303 

without any mathematical simplification, although Eqs. (2) and (9) are not equivalent 304 

mathematically (Kieu and Zhang 2017). In addition, there is almost no error for W82 (Fig. 2c) 305 

because it is a fully closed kinematic model, in which the arriving profile has been provided, as 306 

mentioned earlier. As we can see from Figs. 2b and 2d, the conclusion is unchanged with an initially 307 

weaker TC vortex.  308 

To understand contributions to the RMW contraction in S15, we show in Fig. 3a the time 309 

series of both the radial gradient of the azimuthal mean tangential wind tendency and the curvature 310 

of the azimuthal mean tangential wind in the radial direction at the RMW and 250-m height. We 311 

can see from Fig. 3a that the curvature of tangential wind was negative definite throughout the 312 
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simulation as mentioned earlier, while the radial gradient of tangential wind tendency showed large 313 

variability with both negative and positive values corresponding to the contraction and expansion 314 

of RMW in the simulation (Fig. 2). During the early stage of the rapid RMW contraction period 315 

15–19 h (Fig. 1), the radial gradient of the azimuthal mean tangential wind tendency at the RMW 316 

was largely negative and the curvature of the azimuthal mean tangential wind was small, 317 

corresponding to the rapid contraction of the RMW. With the rapid contraction, the curvature of 318 

the azimuthal mean tangential wind increased rapidly, and the tangential wind showed large 319 

sharpness near the RMW (Fig. 3b). S15 attributed the cessation of the RMW contraction to the 320 

increase in the curvature or sharpness of tangential wind. In our simulation, both the decrease in 321 

the negative radial gradient of azimuthal mean tangential wind tendency and the increase in the 322 

sharpness of the azimuthal mean tangential wind contributed to the cessation of the RMW 323 

contraction as we can see from Figs. 2 and 3a. 324 

c. The azimuthal mean tangential wind budget 325 

Based on the above analysis, the method in S15 can be used as a good starting point to 326 

understand the dynamical processes responsible for the RMW contraction (or the RMW change, in 327 

general). Because of the negative definite nature of 𝜕2𝑉̅ 𝜕𝑟2⁄  in Eq. (9), the sign of the RMW 328 

tendency depends on the radial gradient of the azimuthal mean tangential wind tendency at the 329 

RMW (𝜕 𝜕𝑟⁄ )(𝜕𝑉̅ 𝜕𝑡⁄ ). To understand dynamical processes that contribute to the radial gradient 330 

of the azimuthal mean tangential wind in Eq. (9), we performed a budget analysis for the azimuthal 331 
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mean tangential wind tendency as in Fudeyasu and Wang (2011) and Qin et al. (2018). The budget 332 

equation can be given as,  333 

𝜕𝑣̅

𝜕𝑡
= −𝑢̅𝜁𝑎̅ − 𝑤̅

𝜕𝑣̅

𝜕𝑧
− 𝑢′𝜁𝑎

′̅̅ ̅̅ ̅̅ ̅ − 𝑤′ (
𝜕𝑣′

𝜕𝑧
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅
−

𝛼′

𝑟
(

𝜕𝑝′

𝜕𝜆
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅
+  𝐹̅𝑓𝑟𝑖𝑐 + 𝐹̅𝑑𝑖𝑓𝑓,    (10) 334 

where variables or terms with overbar denote the azimuthal mean, and those with prime denote the 335 

deviations from the corresponding azimuthal mean, 𝜍𝑎 = 𝜕𝑣 𝜕𝑟⁄ + 𝑣 𝑟⁄ + 𝑓  is the absolute 336 

vertical vorticity, p is air pressure, λ is the azimuth, and α is the specific volume of dry air. The 337 

first two terms on the rhs of Eq. (10) denote the mean horizontal (radial) advection (ADV_H) and 338 

mean vertical advection (ADV_V); followed by eddy horizontal advection (Eddy_H), eddy vertical 339 

advection (Eddy_V), perturbation pressure gradient force, turbulent vertical mixing including 340 

surface friction (Ff), and subgrid-scale horizontal diffusion (Diff), respectively. Note that our 341 

results show that the perturbation pressure gradient force is rather small, at least four orders smaller 342 

in magnitude than the leading terms in Eq. (10), and thus is omitted in the following discussions. 343 

Note also that the RMW tilts mostly outward with height after the initial adjustment. This implies 344 

the importance of boundary layer dynamics for the contraction of RMW. Therefore, the budget 345 

analysis is confined below 3 km. 346 

To ensure a nearly residual-free budget analysis, in addition to the instantaneous values, all 347 

the 10-min mean 𝑢̅ , 𝑣̅ , 𝑤̅ , horizontal advection, vertical advection, turbulent vertical mixing 348 

(including surface friction), subgrid-scale horizontal diffusion, and pressure gradient force were 349 

directly calculated during the model integration. All these variables were then interpolated into the 350 

cylindrical coordinates. The TC center was defined as the circulation center, which maximizes the 351 
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TC maximum tangential wind speed at 250 m height above the sea surface. Note that during the 352 

WRF integration only the total advections (−𝑢𝜁𝑎
̅̅ ̅̅ ̅ and −𝑤 𝜕𝑣 𝜕𝑧⁄̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) could be explicitly given and 353 

saved. This means that both the eddy advection terms (−𝑢′𝜁𝑎
′̅̅ ̅̅ ̅̅ ̅ and −𝑤′(𝜕𝑣′ 𝜕𝑧⁄ )̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) and the mean 354 

advections ( −𝑢̅𝜁𝑎̅  and −𝑤̅ 𝜕𝑣 𝜕𝑧⁄̅̅ ̅̅ ̅̅ ̅̅ ) should be calculated off-line. However, the off-line 355 

calculations would induce some numerical errors in the partitioned mean and eddy advections due 356 

to the coordinate transformation, interpolation, and the use of different finite-differencing schemes. 357 

To reduce any bias in such partitioning, we first directly calculated both mean and eddy advections 358 

off-line and then indirectly obtained the mean (eddy) advection terms by subtracting the off-line 359 

directly calculated eddy (mean) advections from the WRF-output total advections. Finally, the 360 

mean (eddy) advections used in the final budget analysis are defined as the average of the two mean 361 

(eddy) advections obtained above. In this way, the calculation errors are distributed equally 362 

between the mean and eddy advections. Note that to minimize errors that might be introduced due 363 

to the use of different finite-differencing algorithms in calculating the advection terms in the WRF 364 

model and in the budget, as in the WRF model, the staggered grid finite-differencing in both 365 

vertical and radial directions was used to improve the precision. Figure 4 compares the eddy 366 

advection terms obtained from the above method and that directly calculated using the 10-min 367 

mean wind field at 19 h (Figs. 4a–d) and 21 h (Figs. 4e–h). The overall patterns are very similar 368 

except some discrepancies. Note that the 10-min mean field was used to define the storm center to 369 

avoid any inconsistencies in the calculated eddy contributions. This might introduce some extra 370 

errors. However, because the TC motion in 10 minutes in the simulation on an f-plane in a quiescent 371 
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environment is often less than one half of the finest grid spacing (often less than 1 km), the errors 372 

would not affect our main conclusions. Therefore, the budget results can be used to understand 373 

contributions of various forcing processes to the RMW contraction. 374 

To provide a general view on the structure of the local azimuthal mean tangential wind 375 

tendency and their relative position to the RMW, a 40-min averaged budget during the rapid RMW 376 

contraction period (19 h) is shown in Fig. 5. Note that the azimuthal mean tangential wind 377 

tendencies from both the model and budget are shown in Fig. 5 for a comparison. Clearly, the 378 

budget reproduced the tendency structure from the simulation very well (Figs. 5a, b), with 379 

negligible errors (~10-5 m s-1 h-1) from interpolations. As we can see from Fig. 5, the tangential 380 

wind tendency inside the RMW is larger than that outside, which results in the contraction of the 381 

RMW during this period (cf. Figs. 1 and 2a). Some key points can be noticed by comparing all 382 

individual terms in Figs. 5c–5h. First, the contribution by mean advection varies with height. For 383 

example, the mean vertical advection (ADV_V) contributes to an expansion below ~300 m but a 384 

contraction above; the mean horizontal advection (ADV_H) contributes to a contraction of the 385 

RMW below ~400 m but an expansion above. The turbulent vertical mixing including surface 386 

friction (Ff), eddy horizontal advection (Eddy_H), and subgrid-scale horizontal diffusion (Diff) all 387 

contribute to the RMW expansion in the boundary layer, and eddy vertical advection (Eddy_V) 388 

contributes to the RMW contraction at this time. 389 

Following Stern et al. (2017), substituting Eq. (10) into Eq. (9) and omitting the perturbation 390 

pressure gradient force, we get 391 
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𝑑RMW

𝑑𝑡
= [

𝜕

𝜕𝑟
(𝑈̅𝜁̅𝑎)

𝜕2𝑉̅ 𝜕𝑟2⁄
+

𝜕

𝜕𝑟
(𝑊̅

𝜕𝑉̅

𝜕𝑧
)

𝜕2𝑉̅ 𝜕𝑟2⁄
+

𝜕

𝜕𝑟
(𝑢′𝜁𝑎

′̅̅ ̅̅ ̅̅ ̅̅ )

𝜕2𝑉̅ 𝜕𝑟2⁄
+

𝜕

𝜕𝑟
(𝑤′(

𝜕𝑣′

𝜕𝑧
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
)

𝜕2𝑉̅ 𝜕𝑟2⁄
−

𝜕

𝜕𝑟
(𝐹𝑓𝑟𝑖𝑐)

𝜕2𝑉̅ 𝜕𝑟2⁄
−

𝜕

𝜕𝑟
(𝐹𝑑𝑖𝑓𝑓)

𝜕2𝑉̅ 𝜕𝑟2⁄
]|RMW.     (11) 392 

Considering the contribution by mean advection to the RMW tendency varies with height (cf. Figs. 393 

5c, d), and the turbulent vertical mixing is large below 500-m height (cf. Fig. 5e), two different 394 

integral averages are calculated, i.e., between 0–500 m (the lower boundary layer) and between 395 

500–1500 m (the upper boundary layer and lower troposphere), to illustrate the contribution of 396 

each tangential wind tendency forcing to the RMW tendency. Figure 6 shows each integral-397 

averaged tangential wind tendency at the RMW [Figs. 6a and 6b; cf. Eq. (10)] and the 398 

corresponding contribution to the RMW tendency [denoted by the prefix “S15” in Figs. 6c and 6d; 399 

cf. Eq. (11)].  400 

In the lower boundary layer, as expected, the mean horizontal advective forcing (S15_ADV_H) 401 

dominates the contraction of the RMW (Fig. 6c), consistent with its large magnitude (ADV_H, Fig. 402 

6a). The subgrid-scale horizontal diffusion forcing (S15_Diff) and eddy vertical advective forcing 403 

(S15_Eddy_V) contribute marginally to the RMW contraction (Fig. 6c), consistent with their small 404 

magnitudes (Fig. 6a). In addition, although the mean vertical advection (ADV_V) at the RMW is 405 

much larger than the eddy vertical advection (Eddy_V) (Fig. 6a), its contribution to the RMW 406 

tendency is small and comparable with S15_Eddy_V (Fig. 6c). The role of mean vertical advection 407 

in the RMW tendency (S15_ADV_V) is alternately positive and negative during the simulation 408 

(Fig. 6c). Consistent with K12, the turbulent vertical mixing including surface friction (Ff) 409 

contributes to the RMW expansion (Fig. 6c). Besides, the increase of eddy horizontal advective 410 

forcing (S15_Eddy_H) also plays an important role in the cessation of RMW contraction from the 411 
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later rapid contraction stage (after ~20 h) (Fig. 6c). Note that although Ff in the later rapid 412 

contraction stage is comparable with Eddy_H (Fig. 6a), its contribution (S15_Ff) to the RMW 413 

tendency is smaller than S15_Eddy_H (Fig. 6c). This difference is understandable, because 414 

𝐹̅∗
𝑓𝑟𝑖𝑐~ − 𝐶𝐷 𝐻⁄ [𝑉̅√(𝑉̅2 + 𝑈̅2)]~ −𝐶𝐷𝑉̅2 𝐻⁄   (see K12), considering 𝑉̅2 ≫ 𝑈̅2  therefore, 415 

𝜕𝐹̅∗
𝑓𝑟𝑖𝑐 𝜕𝑟⁄ ~ − (2 𝐶𝐷𝑉̅ 𝐻⁄ )(𝜕𝑉̅ 𝜕𝑟⁄ )~0 , if we assume 𝐶𝐷  and 𝐻  are constant. Indeed, the 416 

contours of Ff near the RMW are almost perpendicular to the RMW (Fig. 5e), indicating a small 417 

radial gradient of Ff at the RMW, except for those levels near the surface where the approximation, 418 

𝑉̅2 ≫ 𝑈̅2 is often invalid. However, the contours of Eddy_H near the RMW in the lower boundary 419 

layer are almost parallel to the RMW (Figs. 4a,b, 4e,f, and 5f), which implies a large radial gradient 420 

of Eddy_H. 421 

In the upper boundary layer and lower troposphere, consistent with the above analyses (Fig. 422 

5), the results change a lot, especially for the mean advection terms (Figs. 6b, d), compared to that 423 

in the lower boundary layer (Figs. 6a, c). First, the sign of mean horizontal (vertical) advection 424 

term to the TC intensification changes (Fig. 6b). Second, the mean horizontal (vertical) advective 425 

forcing changes to dominate the expansion (contraction) of the RMW from the later rapid 426 

contraction stage (Fig. 6d). As a result, the increase of the mean horizontal advective forcing 427 

(S15_ADV_H) prevents further contraction of the RMW in this layer. Note that the S15_ADV_H 428 

also contributes to the RMW contraction during the early rapid contraction stage around 17 h (Fig. 429 

6d). In addition, both the vertical mixing forcing and eddy horizontal advective forcing play a 430 

marginal role in the RMW tendency in this layer, and the eddy vertical advective forcing changes 431 
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to favor the RMW contraction.  432 

Based on the above analyses, in addition to the curvature of the azimuthal mean tangential 433 

wind, the increase in the radial gradient of eddy horizontal advection at the RMW also plays an 434 

important role in preventing further contraction of the RMW, especially in the lower boundary 435 

layer (Fig. 6c). Since the eddy horizontal advection reflects the horizontal mixing by the resolved 436 

eddies in three-dimensions, we thus can consider that the radial gradient of (both resolved and 437 

parameterized) horizontal mixing contributes to the cessation of the RMW contraction. Note that 438 

the resolved eddy mixing in three-dimensions is implicitly parameterized by horizontal diffusion 439 

in axisymmetric simulations (Bryan and Fritsch 2002). Therefore, if the horizontal eddy mixing in 440 

three-dimensional simulation is really important for the cessation of RMW contraction, the 441 

subgrid-scale horizontal mixing in axisymmetric simulations should be important for the cessation 442 

of the RMW contraction. This may imply that larger horizontal diffusion (e.g., with a larger 443 

horizontal mixing length) in axisymmetric simulations may result in a larger steady-state RMW. 444 

This is indeed the case already given by Bryan (2012) and Rotunno and Bryan (2012). To further 445 

verify this implication, an axisymmetric model was used to perform several sensitivity experiments 446 

in the next section. 447 

4. Axisymmetric dynamics of the RMW contraction 448 

This section gives insights into the axisymmetric dynamics of the RMW contraction with the 449 

focus on examining the role of horizontal mixing processes in preventing the RMW contraction as 450 
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implied from the three-dimensional simulations discussed in section 3. 451 

a. Model and experimental design 452 

The axisymmetric model selected for our numerical experiments is the state-of-the-art cloud 453 

model CM1, version 19.4 (Bryan and Fritsch 2002), which has been used widely for understanding 454 

TC dynamics (e.g., Bryan 2012; Rotunno and Bryan 2012; Bu et al. 2017). The model resolution 455 

was 3 km within a radius of 300 km and then stretched to 13 km near the lateral boundary of the 456 

model domain at 1500 km. The model had 59 vertical levels with a stretching vertical grid spacing 457 

from 25 m at the surface to 500 m at 5.5 km and remains at 500 m above. The initial TC vortex 458 

was axisymmetric with the maximum tangential wind of about 15 m s-1 at an 82.5-km radius, which 459 

decreases to zero with radius out to 412.5 km and the height up to 20 km. An idealized saturated 460 

and neutral sounding (Bryan and Rotunno2009) with a fixed sea surface temperature of 28 oC was 461 

used to initialize the unperturbed atmospheric environment in all simulations. The Coriolis 462 

parameter was set to 5×10-5 s-1, corresponding to 20o N. Similar to Bryan (2012), the Morrison 463 

double moment scheme was used for cloud microphysics (Morrison et al. 2009) and no cumulus 464 

convective parameterization was used. The Newtonian cooling capped at 2 K day-1 was used to 465 

represent longwave radiation. The ratio of surface exchange coefficients for enthalpy and 466 

momentum, 𝐶𝐾 𝐶𝐷⁄ , was fixed at 0.5 with the 𝐶𝐷 fixed at 2.4×10-3. Following Bryan (2012), the 467 

Smagorinsky scheme (Bryan and Fritsch, 2002) was used to parameterize eddy mixings. Namely, 468 

the horizontal viscosity, 𝐾𝑚,ℎ, is calculated by 𝐾𝑚,ℎ = 𝑙ℎ
2𝑆ℎ, and the vertical viscosity, 𝐾𝑚,𝑣, is 469 
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calculated by 𝐾𝑚,𝑣 = 𝑙𝑣
2𝑆𝑣(1 − 𝑅𝑖 𝑃𝑟⁄ )1 2⁄ , where 𝑆ℎ  and 𝑆𝑣  denote horizontal and vertical 470 

deformations; 𝑅𝑖  and 𝑃𝑟 denote Richardson number and Prandtl number; 𝑙ℎ  and 𝑙𝑣  denote 471 

horizontal and vertical mixing lengths. The vertical mixing length at each level is determined by 472 

𝑙𝑣
−2 = (𝑘𝑧)−2 + 𝑙∞

−2 , where 𝑘  denotes Karman constant and 𝑙∞  denotes asymptotic (𝑧 → ∞) 473 

vertical mixing length. In the control experiment, the 𝑙ℎ and 𝑙∞ were set at 1000 m and 50 m, 474 

respectively. In addition to the control experiment, four sensitivity experiments were conducted 475 

with the 𝑙ℎ and 𝑙∞ doubled and halved, respectively, during contraction period after the initial 476 

adjustment to examine the effects of horizontal and vertical mixing on the RMW contraction. 477 

Similar to the WRF simulation, every 10-min model output of CM1 were used in the analysis. 478 

b. Results 479 

The temporal evolution of the maximum wind speed and RMW at the lowest model level (25 480 

m) and 250 m in the control simulation are shown in Figs. 7a and 7b. The RMW experienced an 481 

overall contraction but with large fluctuations in the early stage of simulations. Similar to that in 482 

the three-dimensional WRF simulation, the contraction stopped at the early stage of intensification 483 

by about 60 h of simulation, but the TC intensity reached a quasi-steady state after about 140 h. 484 

Note that because the initial vortex was weaker with larger RMW than that in the WRF simulation, 485 

the TC vortex experienced a longer initial adjustment period up to 48 h during which the RMW 486 

changed more irregularly and discontinuously. Since Eq. (9) assumes a continuous change of the 487 

RMW, following the current location of the RMW to predict its radial movement, we focus on the 488 
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period of a nearly continuous RMW contraction after the initial adjustment or from the later rapid 489 

contraction stage (i.e., 48 h). Similar to the analysis in section 3, the model output after the initial 490 

48 h of simulation was also filtered and interpolated onto a 50-m radial resolution. As expected, 491 

the method of S15 and W82 can capture the RMW tendency very well in the axisymmetric 492 

simulation (Fig. 7c).  493 

To understand the dynamics of the RMW contraction, a tangential wind budget during the 494 

contraction period (50 h) was conducted as what was done in section 3c. All the tangential wind 495 

tendency terms in Eq. (10) excepted for those eddy terms were direct output from the model 496 

simulation. Note that these tendencies were not averaged in time because the budgeted tendency at 497 

any given time (e.g., Fig. 8b) can well capture the tendency from the model (e.g., Fig. 8a). Overall, 498 

the results are consistent with those from the WRF model simulations. The local tendency of 499 

tangential wind is larger inside the RMW than outside during the contraction period, corresponding 500 

to the RMW contraction (Fig. 7). Contributions by (both horizontal and vertical) advection terms 501 

varies with height (Figs. 8c–d). The direct contribution by vertical mixing (and surface fiction) 502 

makes the RMW expansion in the boundary layer (Fig. 8e). As expected, the horizontal mixing in 503 

the boundary layer is larger than that in the WRF simulation and contributes to the RMW expansion 504 

(Fig. 8f), similar to the eddy horizontal advection in the WRF simulations.  505 

The individual tendencies in Eq. (10) at the RMW below and above 500-m height and their 506 

corresponding contributions to the RMW tendency in Eq. (11) are shown in Fig. 9. The overall 507 

results are consistent with those from the WRF model simulations. First, except for the horizontal 508 
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advection (ADV_H), all other terms slow down the TC intensification rate during the 509 

intensification period in the lower boundary layer (Fig. 9a), and the sign of mean horizontal 510 

(vertical) term to the TC intensification changes from the lower boundary layer (Fig. 9a) to the 511 

upper boundary layer and lower troposphere (Fig. 9b). Second, the horizontal advective forcing 512 

(S15_ADV_H) dominantly contributes to the RMW contraction in the lower boundary layer (Fig. 513 

9c) but expansion above (Fig. 9d). In addition, the vertical advective forcing on RMW tendency 514 

(S15_ADV_V) is mainly positive during the rapid contraction period (48–57 h) and plays a small 515 

role later in the lower boundary layer (Fig. 9c), but dominantly contributes to the RMW contraction 516 

throughout the analysis period in the upper boundary layer and lower troposphere (Fig. 9d). As 517 

expected, the horizontal mixing forcing (S15_Diff) increases during the rapid contraction period, 518 

and then makes an obvious inhibitory effect on the RMW contraction in the lower boundary layer 519 

(Fig. 9c), similar to the resolved eddy horizontal advection/mixing shown in Fig. 6c in the three-520 

dimensional WRF simulation. Note that Diff and S15_Diff in Fig. 6 are different from those in Fig. 521 

9, in which both the resolved and parameterized horizontal mixing are included as mentioned above. 522 

In addition, turbulent vertical mixing including surface friction (Ff) also contributes to the cessation 523 

of the RMW contraction in the lower boundary layer (Fig. 9c). Note that although the Ff in the 524 

contraction stage is about twice the value of Diff in the lower boundary layer (Fig. 9a), their 525 

contributions (S15_Ff and S15_Diff) to the RMW tendency are comparable with each other (Fig. 526 

9c) because the contours of Diff are more parallel to the RMW than that of Ff (cf. Fig. 8e, f), 527 

consistent with the analysis in the three-dimensional WRF simulation. In addition, the roles of Ff 528 
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and S15_Diff become marginal above the lower boundary layer (Fig. 9d). 529 

The above analyses for the control axisymmetric simulation demonstrate that horizontal 530 

advective forcing predominantly contributes to the RMW contraction during the RMW contraction 531 

period in the lower boundary layer, while the horizontal mixing forcing plays an important role in 532 

preventing the RMW contraction, as the eddy horizontal advection in three-dimensional 533 

simulations. In addition, the vertical mixing (including surface friction) forcing also plays an 534 

important role in the cessation of RMW contraction. These two conclusions are further confirmed 535 

by results from four sensitivity experiments, in which the horizontal mixing length and the 536 

asymptotic vertical mixing length were doubled or halved of that used in the control experiment 537 

from 48 h of simulation in the control experiment. Figure 10 shows the evolutions of the RMW 538 

(Figs. 10a, c) and the corresponding mixing forcing (S15_Diff, S15_Ff; Figs. 10b, d). As expected, 539 

the increased horizontal and vertical mixing slowed down the RMW contraction in the rapid RMW 540 

contraction period (Figs. 10b and 10d) and resulted in a larger steady-state RMW (Figs. 10a and 541 

10c), which are consistent well with Bryan (2012) and Bu et al. (2017). Therefore, our results 542 

indicate that in addition to the sharpness of tangential wind as identified by S15, eddy and/or 543 

subgrid-scale mixing also play an important role in slowing down and finally stopping the RMW 544 

contraction in TCs. 545 

5. Concluding remarks 546 

In this study, we have revisited the dynamics of the RMW contraction in TCs based on both 547 
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theoretical consideration and diagnostics of high-resolution axisymmetric and three-dimensional 548 

numerical simulations. The existing theories are first reviewed and evaluated using idealized 549 

numerical simulation results. Dynamically, the RMW contraction results from larger tangential 550 

wind tendency inside of the RMW than that outside of it. The balanced response of a TC vortex to 551 

eyewall heating, which shows a larger tangential wind tendency inside the RMW, is considered to 552 

be the major reason for TC eyewall contraction (Shapiro and Willoughby 1982). This concept was 553 

quantified based on the definition of the directional derivative in a moving frame of reference 554 

following the RMW of a TC (W82).  555 

More recently, K12 and S15 developed different frameworks for RMV contraction. Although 556 

the equation of K12 could be simplified to the RMW tendency equation of W82 under some 557 

assumptions, the framework of S15 can provide a tendency equation of the RMW without any 558 

assumption/simplification. We have shown that both W82 and S15 can reproduce precisely the 559 

changing rate of RMW in idealized high-resolution numerical simulations in both three-560 

dimensional and axisymmetric models. However, compared with that of W82, an extension of 561 

equation of S15 can be further used to provide insights into the dynamics of the RMW contraction. 562 

Based on S15, the rate of the RMW change is directly proportional to the radial gradient of local 563 

tangential wind and inversely proportional to the curvature or sharpness of tangential wind at the 564 

RMW. In addition to the increase of the sharpness, as suggested by S15, this study indicates that 565 

the decrease in the negative radial gradient of azimuthal mean tangential wind tendency also 566 

contributes to the cessation of the RMW contraction. 567 
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The azimuthal-mean tangential wind budget, based on the three-dimensional and 568 

axisymmetric idealized simulations, indicates that the mean horizontal advective forcing 569 

contributes predominantly to the RMW contraction (expansion) in the lower boundary layer (the 570 

upper boundary layer and lower troposphere) in the later rapid contraction stage. The mean vertical 571 

advective forcing is secondary but also plays a role in the lower boundary layer, particularly during 572 

the rapid contraction stage, but contributes predominantly to the RMW contraction above. Overall, 573 

the vertical mixing and surface friction often lead to the RMW expansion and the cessation of 574 

RMW mainly in the lower boundary layer. An interesting finding is that in addition to the increase 575 

of sharpness of tangential wind, with the TC intensification, the increase of radial gradient of (both 576 

resolved and parameterized) horizontal mixing also slows down the RMW contraction, mainly in 577 

the lower boundary layer, and subsequently contributes to the cessation of the RMW contraction. 578 

Note that although the conclusions here are similar to those in K12, Kieu and Zhang (2017), and 579 

Qin et al. (2018), in which the mean advection effects make a net positive while the mixing effects 580 

make a net negative impact on the RMW contraction, we refer to the radial gradient of these 581 

processes while K12 and KZ17 referred to those processes themselves.  582 

Finally, note that the framework of S15 assume continuous changes of the RMW in both time 583 

and space. As a result, the method can not be applied to understand discontinuity or jump of the 584 

RMW, such as prior to the formation of an eyewall structure and the concentric eyewall 585 

replacement. Note that in the diagnostic viewpoint W82 is still valid even the RMW change is 586 

discontinuous because the directional derivative is involved. In addition, although the resolved 587 
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eddy mixing prevents the RMW contraction, it may contribute positively to the initial organization 588 

of the eyewall through the eddy-mean flow interaction. Therefore, eddy processes could play 589 

different roles in different stages of a TC. This remains an issue for a future study. 590 
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 707 

FIG. 1. Radius–time Hovmöller plot of the azimuthal mean tangential wind speed (shades, m s-1) 708 

at a height of 250 m, overlaid by the radial position of RMW (black), and the two cyan 709 

horizontal lines mark the rapid contraction period of the RMW. 710 

  711 
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 712 

FIG. 2. (a) Time series of the tendency of the RMW simulated in control experiment (red solid) 713 

and diagnosed by S15 (purple dashed) and W82 (cyan dashed), respectively. (b) Same as (a), 714 

but for the sensitivity experiment with an initially weak TC vortex of maximum wind speed of 715 

18 m s-1. (c)–(d) Same as (a)–(b), but showing the difference between the diagnosed and 716 

simulated results. 717 

  718 
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(c) (d)
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 719 

FIG. 3. (a) Time series of the radial gradient of time tendency of the azimuthal mean tangential 720 

wind [(𝜕 𝜕𝑟⁄ )(𝜕𝑉̅ 𝜕𝑡⁄ ); purple dashed] and the curvature of the azimuthal mean tangential 721 

wind in radial direction at the RMW (∂2 V ∂r2⁄ ; green dotted) at a height of 250 m. (b) The 722 

radial profile of the azimuthal mean tangential wind speed at a height of 250 m.  723 
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 725 

FIG. 4. Radius–height cross-sections of the (a)–(b) eddy horizontal advection at 19 h with an 40-726 

min average, from (a) direct off-line calulation based on 10-min average wind field and (b) 727 

average between the direct off-line calculation and the difference between total horizontal 728 

advection and the off-line calculated mean horizontal advection. (c)–(d) Same as (a)–(b), but 729 

for vertical advection. The contour interval is 2 m s-1 h-1. (e)–(h) Same as (a)–(d), but for 21 730 

h with an contour interval of 3 m s-1 h-1.  731 
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 733 

FIG. 5. Radius–height cross-sections of the averaged local accelaration of the azimuthal mean 734 

tangential wind at 19 h with a 40-min average of simulaiton based on (a) model simulaiton and 735 

(b) budget. (c)–(h) Same as (b), but for the individual contributions by mean horizontal 736 

advection, mean vertical advection, vertical mixing including surface friction, eddy horizontal 737 

advection, eddy vertical advection, and horizontal diffusion terms, respectively. The contour 738 

interval is 1 m s-1 h-1 in (a)–(b); 3 m s-1 h-1 in (c)–(g); and 0.4 m s-1 h-1 in (h). The red dotted 739 

line shows the RMWs at different vertical levels. 740 
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 742 

FIG. 6. (a) Time series of each tangential wind tendency at the RMW averaged below 500-m height. 743 

(b) Same as (a), but averaged between 500–1500-m height. (c)–(d) Same as (a)–(b), but for the 744 

contributions by each tangential wind tendency to the RMW tendency.  745 
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 747 

FIG. 7. (a) Time series of the maximum azimuthal-mean tangential wind speed (Vmax; red solid) 748 

at the lowest model level (25 m) and its corresponding radius (RMW; red dotted). (b) and (c) 749 

Same as Fig. 1 and Fig. 2, but for the control experiment from CM1.  750 
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 752 

FIG. 8. Same as Fig. 5, but for the control experiment from CM1 at 50 h with a 40-min average, 753 

and the eddy terms are excluded here. The contour interval is 1 m s-1 h-1 in (a)–(b) and (e)–(f); 754 

and 2 m s-1 in (c)–(d). 755 
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 757 

FIG. 9. Same as Fig. 6, but for the control experiment from CM1 with the eddy terms being 758 

excluded. 759 
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 761 

FIG. 10. (a) Time series of RMW at 250 m from CM1 for control experiment (CTL; black solid), 762 

and sensitivity experiments with the horizontal mixing length doubled (2000; red dotted) and 763 

halved (500; yellow dashed). (b) Same as (a), but showing S15_Diff. (c) Same as (a), but with 764 

the asymptotic vertical mixing length doubled (100; red dotted) and halved (25; yellow 765 

dashed). (d) Same as (c), but showing S15_Ff. 766 

(a) (b)

(c) (d)


