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ABSTRACT 15 

Recent studies have demonstrated the sensitivity of simulated tropical cyclone (TC) 16 

intensity to horizontal diffusion in numerical models. It is unclear whether such sensitivity 17 

comes from the horizontal diffusion in or above the boundary layer. To address this issue, 18 

both an Ooyama-type model and a full-physics model are used to conduct sensitivity 19 

experiments with reduced or enlarged horizontal mixing length (lh) in the boundary layer 20 

and/or in the free atmosphere. Results from both models show that enlarging (reducing) lh 21 

throughout the model domain considerably reduces (increases) the TC intensification rate and 22 

quasi-steady intensity. A new finding is that changing lh above the boundary layer imposes a 23 

much greater influence than that in the boundary layer. Large lh above the boundary layer is 24 

found to effectively reduce the radial gradient of tangential wind inside the radius of 25 

maximum tangential wind and thus the inward flux of absolute vorticity, reducing the 26 

positive tangential wind tendency and the TC intensification rate and the steady-state 27 

intensity. In contrast, although larger lh in the boundary layer reduces the boundary-layer 28 

tangential wind tendency, it also leads to the more inward-penetrated inflow and thus 29 

enhances the inward flux of absolute vorticity, which offsets part of the direct negative 30 

contribution by horizontal diffusion, making the net change in tangential wind tendency not 31 

obvious. Results from three-dimensional simulations also show that the resolved eddies 32 

contribute negatively to TC spinup when lh is small, while its effect weakens when lh is 33 

enhanced either in or above the boundary layer. 34 

1. Introduction 35 

Turbulent mixing processes are of great importance to the intensification and 36 

maintenance of tropical cyclones (TCs), especially the turbulences within the boundary layer 37 

and near the eyewall (Emanuel 1995, 1997; Bryan and Rotunno 2009a,b, hereafter BR09a,b; 38 

Rotunno et al. 2009; Rotunno and Bryan 2012, hereafter RB12; Zhang et al. 2015). This is 39 

because turbulence mixes dynamic and thermodynamic quantities both horizontally and 40 

vertically. In the conventional view, turbulent processes more specifically refer to the vertical 41 

turbulent mixing assuming that the horizontal counterpart is much smaller. This is why 42 

numerous efforts have been given to the vertical turbulent mixing in theoretical studies 43 

relevant to TC dynamics and the representation of vertical turbulent mixing in numerical 44 

models for improving TC forecasts. For example, in the classic Ekman spiral model of the 45 

boundary layer wind in a TC-like circular vortex, only the vertical turbulent transport of 46 
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momentum is considered without the inclusion of horizontal mixing (Eliassen 1971; Eliassen 47 

and Lystad 1977; Kepert 2001). Previous studies also demonstrated the sensitivity of the 48 

simulated TC structure and intensity to the representation of boundary layer turbulent mixing 49 

in numerical models (Braun and Tao 2000; Nolan et al. 2009a,b; Gopalakrishnan et al. 2013; 50 

Zhang et al. 2015). More recently, observational studies have also focused on quantifying the 51 

vertical mixing length in TC boundary layer (Zhang et al. 2011; Zhang and Drennan 2012). 52 

 Although the horizontal turbulent mixing is much smaller than the vertical mixing in TC 53 

boundary layer (Kepert and Wang 2001) and has received less attention in earlier studies on 54 

TC dynamics and modeling (Emanuel 1986), it is indispensable in all numerical weather and 55 

climate models. The horizontal turbulence parameterization plays three main roles in TC 56 

simulations. First, the small-scale turbulence (and also organized eddies) that cannot be 57 

explicitly resolved by the model resolution should be represented and parameterized using the 58 

resolve-scale motions. Second, horizonal diffusion is often used to prevent the formation of 59 

frontal discontinuities near the eyewall, and numerical instability (RB12). Third, in an 60 

axisymmetric TC model, the parameterized horizontal mixing also takes into account for non-61 

axisymmetric eddy motions in affecting the azimuthal mean flow.  62 

Recently, increasing effort has been devoted to understanding the effect of horizontal 63 

turbulent mixing on TC structure and intensity (Zhang and Montgomery 2012; Zhang and 64 

Marks 2015; Zhang et al. 2018; Wang et al. 2021). Horizontal diffusion is found essential to 65 

the intensity of numerically simulated TCs (BR09a,b; Bryan 2012). Using an axisymmetric 66 

numerical model, BR09a found a strong dependence of the simulated TC steady-state 67 

structure and intensity on the parameterized horizontal mixing length. Similar strong 68 

sensitivities of simulated TCs to horizontal mixing are also demonstrated in later 69 

axisymmetric (Bryan 2012; Tao et al. 2020) and three-dimensional numerical simulations 70 

(Zhang and Marks 2015). Zhang and Marks (2015) revealed the negative correlation between 71 

horizontal mixing length and TC intensification rate. Some efforts have also been made to 72 

tune the parameterization of horizontal diffusion in numerical models with the results 73 

showing some improvements to TC intensity forecasts (Zhang et al. 2018; Wang et al. 2021). 74 

The sensitivity of the simulated TC maximum intensity to horizontal mixing length in 75 

axisymmetric simulations was explained by BR09a in terms of the modification to TC 76 

structure. They suggested that lateral mixing reduces the radial gradient of momentum so that 77 

the inward transport of angular momentum from the near-core environment into the TC inner 78 

core in the boundary layer could be reduced. A similar explanation was given in a three-79 
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dimensional simulation by Zhang and Marks (2015). To understand the dynamics, RB12 80 

conducted an angular momentum budget for the model output from idealized simulations. 81 

They found that horizontal diffusion contributes largely to the angular momentum budget in 82 

the inner-core boundary layer and acts to diffuse the radial distribution of angular momentum 83 

carried upward in the eyewall, producing a smaller maximum TC intensity. 84 

Previous studies have attributed the dependence of the numerically simulated TC 85 

intensification and maximum intensity on horizontal mixing length (and thus horizontal 86 

diffusion) to the dynamical effect in TC boundary layer. Since most studies used a single 87 

horizontal mixing length throughout the model atmosphere, the sensitivity includes 88 

contributions by the horizontal diffusion in both the boundary layer and the free troposphere. 89 

Therefore, it is unclear whether and to what extent the horizontal diffusion above the 90 

boundary layer contributed to the sensitivity in previous studies. In this regard, the following 91 

two aspects should be considered. On the one hand, the TC eyewall has a frontogenetical 92 

nature with large radial gradients of key dynamical variables across the eyewall from the 93 

surface to the upper troposphere (Emanuel 1997). As a result, the lateral diffusion in the 94 

eyewall region is still noticeable above the boundary layer where the vertical turbulent 95 

mixing generally becomes small. On the other hand, the interior flow (mainly the gradient 96 

wind or pressure gradient force) in the free atmosphere largely controls the structure and 97 

intensity of the flow in the boundary layer (Kepert 2001; Kepert and Wang 2001; Li and 98 

Wang 2021a,b). This suggests that horizontal diffusion above the boundary layer may not 99 

only weaken the radial gradient of momentum locally but also modify the boundary-layer 100 

flow below, which may indirectly affect the TC intensification and maximum intensity by 101 

modifying the eyewall ascent and thus convection. 102 

Considering the fact that there has been no study in the literature that has devoted to 103 

understanding the relative importance/contributions of horizontal diffusion in the boundary 104 

layer and in the free atmosphere to TC intensification and maximum intensity, we attempt to 105 

address this issue in this study based on sensitivity experiments using both the newly 106 

developed Ooyama-type three-layer TC model with a multilevel boundary layer by Fei and 107 

Wang (2021, thereafter FW21) and the widely used cloud model CM1 developed by BR09a. 108 

By specifying different values for horizontal mixing length in the boundary layer and in the 109 

free atmosphere in numerical simulations and performing tangential wind budget analysis, we 110 

can quantify and understand the relative importance of horizontal diffusions in and above the 111 

boundary layer to TC intensification and maximum intensity. The rest of the paper is 112 
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organized as follows. Section 2 describes model settings and experimental design. Results 113 

from the Ooyama-type TC model and those from the full-physics model CM1 are discussed 114 

in sections 3 and 4, respectively. Section 5 provides a summary of main conclusions and 115 

some further discussions. 116 

2. Model and experimental design 117 

Two numerical models are utilized to conduct a series of numerical experiments in this 118 

study. One is the improved version of the axisymmetric Ooyama-type three-layer TC model 119 

with a multilevel boundary layer (hereafter, OMBL model; FW21). Compared with the 120 

original Ooyama model (Ooyama 1969), in this version, the gradient wind balance 121 

assumption is removed and the original slab boundary layer is replaced with a multilevel 122 

boundary layer. The advantage of this succinct model is that modifications to the horizontal 123 

mixing length can be made independently in the boundary layer and in the free atmosphere 124 

above so that the relative contributions of horizontal diffusion in the two parts of the 125 

atmosphere can be quantified without any ambiguity. The other model is the full-physics 126 

cloud model—CM1 (BR09a), which is extensively used in idealized TC simulations to 127 

understand various aspects of TC dynamics (BR09a,b; Bryan 2012; Li et al. 2019, 2020). 128 

Note that although the simple OMBL model has its advantage to be used to address the issue 129 

under concern, the more sophisticated full-physics model CM1, which comprises 130 

comprehensive physical processes, can be used to confirm the robustness of conclusions 131 

obtained based on the simple model. The two models and the corresponding experimental 132 

designs are briefly described below. 133 

a. The OMBL model 134 

The governing equations, physical parameterizations, and model parameters of the 135 

Ooyama-type TC model (OMBL model) used in this study was elaborated by FW21 (see 136 

their section 2 for details). In brief, the OMBL model is composed of two layers of the free 137 

atmosphere formulated with shallow water equations of different densities and a multilevel 138 

boundary layer similar to that used in Kepert and Wang (2001) and Li and Wang (2021a,b). 139 

For clarity, layer b, layer 1, and layer 2 are used to refer to the boundary layer, the lower free 140 

troposphere, and the upper free troposphere, respectively. Exchanges of mass, momentum, 141 

and heat are allowed between different layers, and also exchanges of enthalpy and 142 

momentum between the boundary layer and the underlying ocean surface. The model has a 143 
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uniform radial grid spacing of 1 km, extending from the TC center outward to 2400 km, 144 

where an open lateral boundary condition is assumed. There are 20 vertical levels within the 145 

boundary layer with the top at 1774 m. Most model parameters are the same as those listed in 146 

Table 1 of FW21 except for those modified in accordance with the configurations of CM1 147 

described in the next subsection. Specifically, the Coriolis parameter f is set to 5×10-5 s-1 148 

(assumed at 20oN); Sea surface temperature (SST) is fixed at 29 ℃; The surface drag 149 

coefficient CD is a function of wind speed and given as 10−3 × max{1.0,min[2.4, 1.0 +150 

0.07(|𝑉𝑠⃑⃑⃑  | − 5)]}, where |𝑉𝑠⃑⃑⃑  | is the near-surface wind speed (Donelan 2004); The surface 151 

exchange coefficient CE is a constant of 1.2×10-3 (Drennan et al. 2007). The subgrid-scale 152 

turbulent mixing is parameterized with the Smagorinsky-type scheme as used in CM1, with 153 

the horizontal turbulent diffusivity given as 𝐾ℎ = 𝑙ℎ
2 [2(

𝜕𝑢

𝜕𝑟
)2 + 2(

𝑢

𝑟
)
2

+ (
𝜕𝑣

𝜕𝑟
−

𝑣

𝑟
)2]

1/2

, 154 

where u, v are radial and tangential winds, respectively, r is radius, and 𝑙ℎ is the horizontal 155 

mixing length, which is set to be 700 m as default in control simulations (see section 2c 156 

below). The asymptotic vertical mixing length 𝑙∞ in calculating vertical turbulent diffusivity 157 

is set to 70 m. These values are recommended by Bryan (2012) based on numerous 158 

axisymmetric TC simulations. 159 

b. The CM1 model 160 

The full-physics model used in this study is the nonhydrostatic and fully compressible 161 

cloud model CM1, version 19.10 (BR09a), and both axisymmetric and three-dimensional 162 

versions were utilized. The model domain is 3100 km in radius (or in x and y directions for 163 

three-dimensional simulations) and 25 km in the vertical direction. The horizontal grid 164 

spacing is 1 km in the inner core and stretched to 14 km to the radial outer boundary. The 165 

model has 59 vertical levels with fixed grid spacing of 0.5 km above 5.5 km and compressed 166 

grids below. Cloud/precipitation processes are parameterized with the double-moment 167 

microphysics scheme of Thompson et al. (2008) and no cumulus convective parameterization 168 

is used in all simulations. To mimic radiative cooling, Newtonian cooling capped at 2 K day-1 169 

is added to the thermodynamic equation (Rotunno and Emanuel 1987). The parameterization 170 

of subgrid-scale turbulent mixing also follows the Smagorinsky-type scheme, as introduced 171 

in BR09a, with the default asymptotic vertical mixing length and horizontal mixing length of 172 

70 m and 700 m, respectively, as in the default OMBL model. The surface exchange 173 

coefficients for momentum and heat are the same as those in OMBL model (section 2a). An f 174 
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plane is assumed with the Coriolis parameter of 5×10-5 s-1 and SST is set constant at 29℃. 175 

The unperturbed environment of the model atmosphere adopts the moist tropical sounding of 176 

Dunion (2011). In general, the vertical and horizontal mixing parameterizations and the 177 

relevant parameters, as well as the surface drag and exchange coefficients, in CM1 and 178 

OMBL are identical. This makes it feasible to examine the consistency of the sensitivity of 179 

the simulated TC structure and intensity to changes in the horizontal mixing length in the two 180 

models. 181 

c. Experimental design 182 

The initial cyclonic vortex in both OMBL and CM1 models has the same radial 183 

distribution of tangential wind following Wood and White (2011), with the initial maximum 184 

tangential wind speed of 15 m s-1 at a radius of 80 km from the TC center and with the radial 185 

decaying parameter of 1.6. In OMBL simulations, the initial vortex is specified in the 186 

boundary layer and in the lower layer of the free troposphere while there is no flow in the 187 

upper layer of the free atmosphere. The initial tangential wind in CM1 simulations decreases 188 

linearly with height from the maximum 15 m s-1 at the surface to zero at a height of about 18 189 

km. In addition, to reduce the internal variability in CM1 axisymmetric simulations and gain 190 

robust model results, ensemble simulations with 21 members are performed, as done in Li et 191 

al. (2020). Namely, in addition to the standard run described above, in the remaining 20 runs, 192 

the initial maximum tangential wind speed is perturbed by increments of ±0.1 m s-1 (for 10 193 

runs), and the initial radius of maximum tangential wind (RMW) is perturbed by increments 194 

of ±0.4 km (for 10 runs). All simulations in OMBL and CM1 models are integrated for 192 h 195 

when TCs achieve their quasi-steady stages in all simulations. 196 

A series of numerical experiments were performed to quantify the relative importance of 197 

horizontal diffusions in the boundary and in the free atmosphere to the simulated TC 198 

intensification and maximum intensity (Table 1). In the control experiment of OMBL (O-199 

CTL), all default model settings described in section 2a were employed. In two sets of 200 

OMBL sensitivity experiments, the horizontal turbulent mixing was enhanced and reduced, 201 

respectively. Specifically, in the first set of five experiments, the horizontal mixing length 202 

(𝑙ℎ) was reduced to 300 m (in contrast to 700 m in O-CTL) in the whole model domain (O-203 

ALL-300), in layers 1 and 2 (O-F12-300), in layer b (O-B-300), in layer 1 (O-F1-300), and in 204 

layer 2 (O-F2-300), respectively. In the second set of five experiments, 𝑙ℎ was enlarged to 205 
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1500 m in the whole model domain (O-ALL-1500), in layers 1 and 2 (O-F12-1500), in layer 206 

b (O-B-1500), in layer 1 (O-F1-1500), and in layer 2 (O-F2-1500), respectively. 207 

Table 1. List of numerical experiments. 208 

Exp. Model Horizontal diffusion 

O-CTL OMBL Default in OMBL (𝑙ℎ = 700 m) 

O-ALL-300 (1500) OMBL 𝑙ℎ = 300 m (1500 m) in the whole domain 

O-B-300 (1500) OMBL 𝑙ℎ = 300 m (1500 m) in layer b 

O-F12-300 (1500) OMBL 𝑙ℎ = 300 m (1500 m) in layer 1 and 2 

O-F1-300 (1500) OMBL 𝑙ℎ = 300 m (1500 m) in layer 1 

O-F2-300 (1500) OMBL 𝑙ℎ= 300 m (1500 m) in layer 2 

C-CTL CM1 Default in CM1 (𝑙ℎ = 700 m) 

C-ALL-300 (1500) CM1 𝑙ℎ = 300 m (1500 m) in the whole domain 

C-z1.5-300 (1500) CM1 𝑙ℎ = 300 m (1500 m) if z ≤ 1.5 km 

C-z1.5-10-300 (1500) CM1 𝑙ℎ = 300 m (1500 m) if 1.5 < z < 10 km 

C-lz10-300 (1500) CM1 𝑙ℎ = 300 m (1500 m) if z ≥ 10 km 

In CM1 simulations, the control experiment (C-CTL) used the default settings as 209 

introduced in section 2b. Similar to the sensitivity experiments in OMBL, 𝑙ℎ was also 210 

modified separately in CM1. The vertical domain was divided into three layers: the layer 211 

below 1.5 km (boundary layer), the layer between 1.5 and 10 km (middle layer), and the layer 212 

above 10 km (outflow layer). In the first set of CM1 experiments, 𝑙ℎ was reduced to 300 m in 213 

the boundary layer (C-z1.5-300), middle layer (C-z1.5-10-300), outflow layer (C-lz10-300), 214 

and throughout the model domain (C-ALL-300), respectively. Similarly, the sensitivity 215 

experiments with 𝑙ℎ enlarged to 1500 m were labelled as C-z1.5-1500, C-z1.5-10-1500, C-216 

lz10-1500, and C-ALL-1500, respectively. The three layers were chosen based on the radial 217 

wind structure of the simulated TC in C-CTL.  Results from preliminary tests show that 218 

changing the interfaces up or down by 0.5 km does not affect the major results discussed 219 

below (not shown). Note that the use of extremely weak horizontal turbulent mixing (such as 220 

the inviscid limit 𝑙ℎ= 0) would be unrealistic because in an axisymmetric model, the 221 

horizontal diffusion represents the lateral mixing not only by the subgrid-scale axisymmetric 222 

turbulence but also by the unresolvable asymmetric eddies. Since our focus is on the relative 223 

importance of horizontal diffusions in the boundary layer and in the free atmosphere to TC 224 

intensification and maximum intensity, we did not attempt to examine the whole parameter 225 

space in this study but with those parameters chosen as previously suggested for TC 226 

simulations. 227 

3. Results from OMBL simulations 228 
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Figure 1 presents the time series of TC intensities in terms of the maximum tangential 229 

winds in layer 1 (𝑣1𝑚) and the 24-h intensity changes in OMBL simulations. Note that in 230 

OMBL, the tangential wind in layer 1 (𝑣1) is usually deemed as the interior flow and the 231 

maximum 𝑣1 is often referred to as TC intensity (Ooyama 1969; FW21). The near-surface 232 

tangential wind shows consistent evolution with 𝑣1 except for the systematically smaller 233 

values (not shown). We can see from Fig. 1 that the suppressed (enhanced) horizontal 234 

diffusion by reducing (enlarging) the horizontal mixing length in the whole model domain 235 

substantially accelerates (slows down) TC intensification (Figs. 1c,d) and leads to an 236 

increased (a decreased) quasi-steady intensity relative to those in the control OMBL 237 

experiment (O-CTL) (Figs. 1a,b), which agrees with the results reported in previous studies 238 

(e.g., BR09a; Zhang and Marks 2015). 239 

 240 

Figure 1. Time series of the simulated (a,b) maximum layer-1 tangential wind 𝑣1 (𝑣1𝑚; unit: m s-1) and 241 

(c,d) intensification rate (unit: m s-1 24h-1) in OMBL model simulations. The left panels present the results 242 

with the horizontal mixing length reduced to 300 m. Black circles, red, green, orange, blue, and purple 243 

cures refer to O-CTL, O-B-300, O-F12-300, O-F1-300, O-F2-300, and O-ALL-300, respectively. The right 244 

panels are the same as the left panels but for experiments with the horizontal mixing length enlarged to 245 

1500 m. The gray zones in (a) and (b) denote the period when 𝑣1𝑚 increases from 30 to 35 m s-1. Some 246 

further analyses about this intensifying period are conducted as shown in Figs. 3 and 4. 247 

The reduced (enlarged) horizontal mixing length in the lower-layer free troposphere in O-248 

F1-300 (O-F1-1500) leads to the increased (decreased) intensification rate and stronger 249 
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(weaker) quasi-steady intensity, which is comparable to the results with the reduced 250 

(enlarged) horizontal mixing length throughout the model atmosphere in O-ALL-300 (O-251 

ALL-1500). In sharp contrast, modifications to the horizontal mixing length in either the 252 

boundary layer (O-B-300 and O-B-1500) or the upper-layer free troposphere (O-F2-300 and 253 

O-F2-1500) have negligible effects on both the TC intensification rate and the quasi-steady 254 

intensity. Note that the differences in TC intensity evolution and intensification rate among 255 

all experiments are not prominent until 24 h of the simulations (Fig. 1) because the disparity 256 

of horizontal diffusion among experiments becomes distinct with the increasing TC intensity 257 

(Fig. 2b). Nevertheless, the above results demonstrate that it is the horizontal diffusion in 258 

layer 1 immediately above the boundary layer that dominates the effect of horizontal 259 

diffusion on the simulated TC intensification rate and steady-state intensity, while the effects 260 

of horizontal diffusion in the boundary layer and in the upper troposphere are secondary. 261 

 262 

Figure 2. Radius-time diagrams of tendency terms (unit: m s-1 h-1) of 𝑣1 in O-CTL, including (a) the 263 

net tendency (v1-net), (b) horizontal diffusion (v1-hturb), (c) radial flux of absolute vorticity (v1-hadv), 264 

and (d) vertical advection (v1-vadv). Deep pink dots denote the radius of maximum 𝑣1 (rmv1). 265 
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To understand the above differences, the tangential wind budget analysis is performed for 266 

the lower-layer free troposphere. The tendency equation of tangential wind in layer 1 (𝑣1) in 267 

OMBL is given as 268 

                
𝜕𝑣1

𝜕𝑡
= −𝑢1𝜁𝑎1 + 𝐷𝑣,𝑣1

+ 𝐷ℎ𝑑,𝑣1
, (1) 269 

where 𝜁𝑎1 = 𝑓 +
𝑣1

𝑟
+

𝜕𝑣1

𝜕𝑟
 is the absolute vertical vorticity. The term on the left-hand side is 270 

the local tendency of 𝑣1 (v1-net). Terms on the right-hand side refer to the tendencies of 𝑣1 271 

induced by, respectively, the radial flux of absolute vorticity (v1-hadv), the upward advection 272 

of tangential wind from the boundary layer below (v1-vadv1), and the horizontal diffusion of 273 

tangential wind (v1-hturb2). Figure 2 shows the time evolution of radial distributions of all 274 

tendency terms in O-CTL. The local 𝑣1 tendency (v1-net) keeps positive near the radius of 275 

maximum 𝑣1 (rmv1, Fig. 2a) and always peaks inside of the rmv1, contributing to the TC 276 

intensification and the contraction of the rmv1 (Stern et al. 2015; Li et al. 2021). The inward 277 

flux of absolute vorticity (v1-hadv) is the most significant contributor to TC intensification 278 

(Fig. 2c). The lateral turbulent mixing of 𝑣1 (v1-hturb), which acts to diffuse the peak of 𝑣1 279 

near the rmv1, has an adverse effect on the local tendency of 𝑣1 near the rmv1, especially 280 

during the late intensification and quasi-steady stages (Fig. 2b). The negative value of 281 

horizontal diffusion near the rmv1 increases progressively as TC intensifies because the 282 

horizontal diffusivity and the corresponding horizontal diffusion are both proportional to the 283 

radial gradient of 𝑣1. The positive values of horizontal diffusion in the eye region inside the 284 

negative values indicate the inward mixing of high angular momentum to spin up the 285 

tangential wind in the eye region at the expense of reducing the positive tangential wind 286 

tendency near and immediately inside the rmv1. Namely, horizontal diffusion has a negative 287 

impact on TC intensification. The tendency due to the upward momentum transport from the 288 

boundary layer is rather small. This is because most mass brought upward by updraft from 289 

the boundary layer is transported to the upper layer of the free troposphere during the 290 

intensification stage in the Ooyama-type model. 291 

 

1 The upward advection of tangential wind 𝐷𝑣,𝑣1
= 𝑄𝑏,1

𝑣𝑏−𝑣1

ℎ1
 , where 𝑣𝑏 and 𝑣1 are the tangential winds at the 

boundary-layer top and layer 1, respectively,  ℎ1 is the depth of layer 1, 𝑄𝑏,1 is a variable denoting the 

convection type and intensity and it is related with frictional updraft and thermodynamical stability. See section 

2 of FW21 for more details. 

2 Horizontal diffusion of tangential wind 𝐷ℎ𝑑,𝑣1
=

1

ℎ1𝑟
2

𝜕

∂𝑟
[𝐾ℎℎ1𝑟

3 𝜕

∂𝑟
(

𝑣1

𝑟
)]. 
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 292 

Figure 3. Radial profiles of 𝑣1 (dots; right ordinate) and its tendency terms (curves; left ordinate) in (a) 293 

O-CTL, (b) O-B-300, (c) O-F1-300, (d) O-B-1500, and (e) O-F1-1500 during the period when 𝑣1𝑚 294 

increases from 30 to 35 m s-1. Tendency terms include the net tendency (gray), horizontal diffusion of 295 

tangential wind (red), radial flux of absolute vorticity (blue), and vertical advection (green). 296 

The radial profiles of 𝑣1 and its tendency terms averaged during the periods when the TCs 297 

intensify from 30 to 35 m s-1 (marked in Fig. 1 with gray region) in O-CTL, O-B-300, O-B-298 

1500, O-F1-300, and O-F1-1500 are compared in Fig. 3. The average TC intensities during 299 

the chosen periods among these experiments are similar so that the differences in tendency 300 

terms are not caused by the differences in the simulated TC intensities, making a fair 301 

comparison of tendency terms among these experiments. Note that results from O-F2-300 (O-302 

F2-1500), O-F12-300 (O-F12-1500), and O-ALL-300 (O-ALL-1500) are similar to those in 303 

O-B-300 (O-B-1500) and O-F1-300 (O-F1-1500), respectively, and thus are not shown. 304 

Consistent with the results in O-CTL shown in Fig. 2, the net 𝑣1 tendency near the rmv1 is 305 

predominantly contributed by the radial flux of absolute vorticity, and the lateral diffusion 306 

spins up the tangential wind in the eye region but spins down the tangential wind near the 307 
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rmv1 (Fig. 3a). Enlarging (reducing) the horizontal mixing length in the boundary layer 308 

makes little difference to the radial distributions of 𝑣1 and its tendency terms (Figs. 3b,d). On 309 

the contrary, changing the horizontal mixing length in the lower-layer free troposphere 310 

largely modifies the 𝑣1 tendency terms (Figs. 3c,e). The absolute value of the negative 311 

tendency due to horizontal diffusion near the rmv1 is reduced in O-F1-300 while the positive 312 

inward flux of absolute vorticity is increased, together giving rise to larger positive net 313 

tendency of 𝑣1 and thus larger TC intensification rate.  314 

 315 

Figure 4. (a) Radial profiles of the absolute vertical vorticities in layer 1 of O-CTL (circles), O-B-300 316 

(solid red), O-F1-300 (solid blue), O-B-1500 (dashed red), and O-F1-1500 (dashed blue) when 𝑣1𝑚 317 

increases from 30 to 35 m s-1. Radius-height cross sections of vertical winds (unit: m s-1) at the boundary 318 

layer top in (b) O-CTL, (c) O-B-300, (d) O-F1-300, (e) O-B-1500, and (f) O-F1-1500. Values on the top-319 

right corners of panels (b)-(f) denote the updraft maximum. 320 
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The enhancement of radial flux of absolute vorticity in O-F1-300 is primarily due to the 321 

larger magnitude of absolute vorticity (Fig. 4a) related to the increased sharpness of the radial 322 

tangential wind profile near and inside the rmv1 (Fig. 3c). On the contrary, with the horizontal 323 

mixing length enlarged in O-F1-1500, the radial flux of absolute vorticity decreases (Fig. 3e) 324 

due to the reduced sharpness of the radial tangential wind profile near and inside the rmv1 325 

(Fig. 4a), leading to the reduced net tendency of 𝑣1 and thus smaller intensification rate. 326 

Furthermore, the modified feedback from the boundary layer because of changing 𝑙ℎ also 327 

plays a role in changing TC intensification (Figs. 4b-f). Enlarging 𝑙ℎ in the lower free 328 

atmosphere in C-F1-1500 effectively weakens the frictional updraft which controls the 329 

intensity of deep convection and the detrainment of air in the lower troposphere (Fig. 4f), 330 

thus reducing the inflow and inward flux of absolute vorticity and the intensification rate. In 331 

contrast, with 𝑙ℎ increased in the boundary layer (O-B-1500), frictional updraft is also 332 

reduced but the change is marginal (Fig. 4e). In addition, the upper-layer free atmosphere is 333 

almost a passive layer in response to the convective processes from below. As a result, 334 

changes in horizontal mixing length in the upper-layer free atmosphere has little effect on the 335 

overall intensity evolution of the simulated TC in OMBL. 336 

4. Results from CM1 simulations 337 

Although the OMBL model provides a convenient way to distinguish the respective 338 

effects of the lateral mixing in the boundary layer and in the free atmosphere, it includes 339 

many simplifications. Next, the results from OMBL simulations discussed in section 3 are 340 

further validated/confirmed with simulations using both the axisymmetric and three-341 

dimensional versions of CM1 as described in section 2c. 342 

a. Axisymmetric simulations 343 

 Figure 5 shows the evolution characteristics of the TC simulated in the axisymmetric 344 

version of CM1, including TC intensity in terms of maximum 10-m height tangential wind 345 

speed (𝑣10𝑚) and central sea level pressure (pmin), intensification rate (24-h intensity change 346 

in 𝑣10𝑚), and the radius of 𝑣10𝑚 in C-CTL, C-z1.5-1500, C-z.15-10-1500, C-lz10-1500, and 347 

C-ALL-1500. We can see distinct differences in TC intensity evolution among these 348 

experiments no matter in terms of 𝑣10𝑚 or pmin. In terms of 𝑣10𝑚, increasing the horizontal 349 

mixing length from 700 m to 1500 m in the whole model domain (C-ALL-1500) reduces the 350 

quasi-steady TC intensity by 17.4% (Fig. 5a). This reduced intensity is predominantly 351 
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attributed to the larger horizontal diffusion in the middle atmosphere (C-z1.5-10-1500), 352 

which alone reduces the quasi-steady TC intensity by 11.5%. Increasing the horizontal 353 

mixing length from 700 m to 1500 m in the boundary layer (C-z1.5-1500) causes a smaller 354 

(8.7%) reduction in the quasi-steady intensity. The differences in the steady-state pmin are 355 

generally consistent with those in 𝑣10𝑚. However, we notice that pmin in C-z1.5-10-1500 is 356 

much closer to that in C-ALL-1500, and that in C-z1.5-1500 is much closer to that in C-CTL 357 

(Fig. 5b) compared with the difference in 𝑣10𝑚. This implies that the horizontal diffusion also 358 

affects the simulated TC structure to some extent and partly changes the wind-pressure 359 

relationship (Bryan 2012). The inner-core size during the quasi-steady stage is consistent 360 

with the TC intensity (Figs. 5a,b,d), namely, with a stronger TC corresponding to a smaller 361 

inner-core size (in terms of the RMW).  362 

  363 

Figure 5. Time series of the ensemble-mean (a) maximum 10-m height tangential wind (𝑣10𝑚), (b) 364 

minimum sea level pressure, (c) 24-h intensity change, and (d) the radius of 𝑣10𝑚 in C-CTL (thick black), 365 

C-z1.5-1500 (thick red), C-z1.5-10-1500 (thick green), C-lz10-1500 (thick orange), and C-ALL-1500 366 

(thick blue). Thin curves represent different ensemble members. The gray zone in (a) marks the period 367 

when the simulated TCs intensify from 30 to 40 m s-1. Some further analyses about this intensifying period 368 

are conducted later and shown in Figs. 7-11 and 15. 369 

The TC intensification rate (in terms of the 24-h intensity change) during the primary 370 

intensification stage is smaller in both C-ALL-1500 and C-z1.5-10-1500 than in C-CTL with 371 

the peak intensification rate reduced by 42.8% and 35.7%, respectively (Fig. 5c). In contrast, 372 
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the peak intensification rate in C-z1.5-1500 is only reduced by 20.6% compared to that in C-373 

CTL. In addition, increasing horizontal mixing in the outflow layer (C-lz10-1500) has little 374 

effect on the TC intensification rate and maximum intensity. Different from that in the 375 

primary intensification stage, the spinup during the early intensification stage or the onset of 376 

the primary intensification does not slow down by enlarging the horizontal mixing length, but 377 

even is slightly accelerated. This is because the larger horizontal turbulent mixing favors the 378 

initial inward mixing of angular momentum (Fig. 7e) and the moistening in the inner core, 379 

and thus the earlier initiation of convective organization. 380 

  381 

Figure 6. As in Fig. 5, but for C-CTL (thick black), C-z1.5-300 (thick red), C-z1.5-10-300 (thick 382 

green), C-lz10-300 (thick orange), and C-ALL-300 (thick blue). 383 

Figure 6 shows the evolutions of variables as in Fig. 5 but for the set of experiments with 384 

the horizontal mixing length reduced. The most remarkable feature is that the quasi-steady 385 

intensities simulated in C-ALL-300 and C-z1.5-10-300 are larger than that simulated in C-386 

CTL, with 𝑣10𝑚 being 19.1% and 15.4% larger, respectively, while the intensity evolution 387 

simulated in C-z1.5-300 is similar to that in C-CTL (Figs. 6a,b). Although the differences in 388 

the intensification rate among these experiments with the reduced horizontal mixing length 389 

are not as obvious as those with the enlarged horizontal mixing length in Fig. 5, there are still 390 

some differences during the late primary intensification stage. The TCs simulated in C-ALL-391 

300 and C-z1.5-10-300 show longer intensification periods than those in C-CTL and C-z1.5-392 

300 during the late intensification stage. Overall, the results from the full-physics model 393 
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simulations demonstrate that the horizonal diffusion in the middle troposphere has a 394 

considerably larger impact on the simulated TC intensification rate and quasi-steady intensity 395 

than that in the boundary layer, while that in the outflow layer has little effect on both. This is 396 

consistent with the conclusion from the Ooyama-type model discussed in section 3 although 397 

some differences in details exist. 398 

To understand how the horizontal diffusion affects the TC intensification in the 399 

axisymmetric CM1 simulations, we also performed a tangential wind budget analysis. The 400 

equation for the local tendency of tangential wind (𝑣) in the axisymmetric CM1 is given as: 401 

                
𝜕𝑣

𝜕𝑡
= −𝑢𝜁𝑎 − 𝑤

𝜕𝑣

𝜕𝑧
+ 𝐷𝑣𝑑,𝑣 + 𝐷ℎ𝑑,𝑣, (2) 402 

where 𝜁𝑎 = 𝑓 +
𝑣

𝑟
+

𝜕𝑣

𝜕𝑟
 is the absolute vertical vorticity. Terms on the right-hand side denote 403 

the tendency terms due to the radial flux of absolute vorticity (v-hadv), the vertical advection 404 

of tangential wind (v-vadv), and the vertical and horizontal diffusions of tangential wind (v-405 

vturb, v-hturb), respectively. The formulae of 𝐷𝑣𝑑,𝑣 and 𝐷ℎ𝑑,𝑣 can be found in section 2a of 406 

BR09a. The net 𝑣 tendency (v-net) and all tendency components during the primary 407 

intensification stage (from 30 to 40 m s-1 as marked in Fig. 5 by gray range) of the simulated 408 

TC in C-CTL are shown in Fig. 7. We can see that the net local 𝑣 tendency peaks inside the 409 

RMW at all levels (Fig. 7a), facilitating the eyewall contraction and intensification of the 410 

simulated TC (Li et al. 2021). In general, the radial flux of absolute vorticity dominates the 411 

positive tangential wind tendency and TC intensification in the boundary layer (Fig. 7c). The 412 

vertical advection contributes to the positive tangential wind tendency near and inside the 413 

RMW above the boundary layer (Fig. 7b), where, however, the positive tendency is largely 414 

offset by the negative radial flux of absolute vorticity (Fig. 7c) associated with the shallow 415 

outflow induced by the outward agradient force due to the upward advection of supergradient 416 

wind component from the boundary layer (Li et al. 2020; Fei et al. 2021). Note that the 417 

positive tangential wind tendency contributed by the radial flux of absolute vorticity in the 418 

boundary layer (Fig. 7c) is largely counteracted by the negative tendency due to vertical 419 

diffusion including surface friction (Fig. 7d). The horizontal diffusion imposes a direct 420 

negative contribution to tangential wind tendency near the RMW with the maximum 421 

magnitude in the lower boundary layer (Fig. 7e), which is consistent with RB12 (p. 2296). 422 

However, the horizontal diffusion in the free atmosphere is found to have a more pronounced 423 

total effect on TC intensification and the steady-state intensity than that in the boundary layer 424 

(Figs. 5 and 6), as detailed further (see results given in Figs. 8–11). 425 
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 426 

Figure 7. Radius-height distributions of the ensemble-mean tendency terms of tangential wind (unit: m 427 

s-1 h-1) in C-CTL when the simulated TC intensifies from 30 to 40 m s-1. The tendency terms include (a) 428 

the net tendency (v-net), (b) vertical advection (v-vadv), (c) radial flux of absolute vorticity (v-hadv), (d) 429 

vertical diffusion (v-vturb), (e) horizontal diffusion (v-hturb), and (f) total diffusion [(v-turb) = (v-hturb) + 430 

(v-vturb)]. Deep pink dots denote the RMW, which are also shown in Figs. 8-11,13,15. Note that the color 431 

bars of different panels are different. 432 

 433 

Figure 8. Radius-height diagrams of the ensemble-mean horizontal diffusion of tangential wind (unit: 434 

m s-1 h-1) in (a) C-z1.5-300, (b) C-z1.5-10-300, (c) C-ALL-300, (d) C-z1.5-1500, (e) C-z1.5-10-1500, and 435 

(f) C-ALL-1500 when the simulated TCs intensify from 30 to 40 m s-1. The values at the top-right corners 436 

are the average TC intensities (unit: m s-1) in terms of maximum 10-m height tangential wind during the 437 

chosen intensifying period. 438 

Figure 8 compares the tangential wind tendencies due to horizontal diffusion in all 439 

axisymmetric CM1 simulations, averaged in the periods when the simulated TCs intensified 440 

from 30 to 40 m s-1 (marked in Figs. 5 and 6), during which the time-averaged intensities are 441 

similar among all simulations (as labelled in each panel). Note that since the corresponding 442 
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changes in simulations with  𝑙ℎ modified in the outflow layer (C-lz10-300 and C-lz10-1500) 443 

show very marginal, the results are not shown. Reducing (enlarging) the horizontal mixing 444 

length in the boundary layer and/or the free atmosphere leads to a marked decrease (increase) 445 

in the absolute magnitude of the horizontal diffusion of tangential wind in the inner core of 446 

the corresponding region. However, changing 𝑙ℎ above the boundary layer also slightly 447 

modifies the horizontal tangential wind diffusion in the boundary layer in addition to its 448 

direct influence on the tangential wind diffusion above the boundary layer. This implies that 449 

the horizontal mixing above the boundary layer has some effect on the boundary layer wind 450 

structure. This is mainly because the boundary layer flow is largely controlled by the interior 451 

flow above.  452 

 453 

Figure 9. Radius-height diagrams of the ensemble-mean tangential wind (contour; unit: m s-1) and its 454 

radial gradient (shaded; unit: s-1) in (a) C-CTL, (b) C-ALL-1500, (c) C-z1.5-1500, and (d) C-z1.5-10-1500 455 

when the simulated TCs intensify from 30 to 40 m s-1. 456 

The horizontal diffusion acts to reduce the sharpness of the tangential wind profile inside 457 

the RMW as indicated in section 3. This can be seen from Fig. 9, which shows the radius-458 

height cross sections of tangential wind and its radial gradient (𝜕𝑣/𝜕𝑟), both averaged in the 459 

chosen periods as marked in Fig. 5a for simulations with 𝑙ℎ enlarged from 700 m to 1500 m. 460 

The results in those experiments with the horizontal mixing length reduced from 700 m to 461 

300 m are generally consistent and are not shown. Comparing Figs. 9a and 9b, we can see 462 

that larger radial diffusion in the whole model atmosphere considerably reduces the radial 463 

gradient of tangential wind inside the RMW throughout the troposphere, and accordingly the 464 



20 

Influence of horizontal diffusion on numerically simulated TC intensification and intensity 

radial profile of tangential wind becomes less peaked near the RMW. Enlarging the 465 

horizontal mixing length below 1.5-km height in the boundary layer (C-z1.5-1500) only leads 466 

to the reduced radial gradient of tangential wind inside the RMW in a very shallow layer near 467 

the surface (Fig. 9c). In contrast, the radial gradient of tangential wind in C-z1.5-10-1500 is 468 

reduced inside the RMW, no matter above or within the boundary layer (Fig. 9d). This 469 

indicates that the horizontal diffusion in the free troposphere has a more significant effect on 470 

the simulated TC structure and thus the intensity evolution than that in the boundary layer. 471 

 472 

Figure 10. Radius-height diagrams of the ensemble-mean tendency terms of tangential wind (unit: m s-473 

1 h-1) in (a-d) C-ALL-1500, (e-h) C-z1.5-1500, and (i-l) C-z1.5-10-1500. The tendency terms include (top 474 

row) the net tendency, (second row) vertical advection, (third row) radial flux of absolute vorticity, and 475 

(bottom row) vertical diffusion. Note that horizontal diffusion has been given in Figs. 8d-f. 476 

Tangential wind tendencies of sensitivity experiments are shown in Fig. 10 for a better 477 

comparison with that of C-CTL given in Fig. 7. The net tangential wind tendencies in C-478 

ALL-1500 and C-z1.5-10-1500 are substantially reduced compared to that in C-CTL (Figs. 479 

10a,i), which is consistent with the smaller intensification rates in the former two experiments 480 

(Fig. 5). The net tangential wind tendency in C-z1.5-1500 is also reduced but not as 481 

obviously as those in the other two sensitivity experiments.  It is the decrease in the inward 482 

flux of absolute vorticity (Fig. 10k) that accounts for the decrease in the net tangential wind 483 

tendency in C-z1.5-10-1500 (Fig. 10i). The weaker inward flux of absolute vorticity in C-484 

z1.5-10-1500 is a result of the smaller absolute vorticity in the boundary layer due to changes 485 
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in the TC wind structure (Fig. 9d). On the contrary, an increase in the inward flux of absolute 486 

vorticity occurs in C-z1.5-1500 (Fig. 10g), which partly offsets the increase in the negative 487 

tangential wind tendency induced by the enhanced horizontal diffusion in the boundary layer. 488 

As a result, both the intensification rate and steady-state intensity are somewhat reduced. The 489 

stronger inward flux of absolute vorticity in C-z1.5-1500 is due to the stronger inward 490 

horizontal mixing of radial wind in the boundary layer, which makes the inflow to penetrate 491 

more inward from the inflow core and maintain a certain strength inside the RMW where the 492 

absolute vorticity is large (Fig. 11). Nevertheless, overall, the results from the axisymmetric 493 

full-physics model CM1 support the main conclusions drawn from the simple Ooyama-type 494 

model. Namely, the horizontal diffusion in the middle-lower troposphere has a more 495 

pronounced effect on the intensification rate and the steady-state intensity of the simulated 496 

TC than that in the boundary layer while that in the outflow layer has little effect on both. 497 

  498 

Figure 11. Radius-height diagrams of the ensemble-mean radial wind (contoured at an interval of -2 m 499 

s-1 from -1 m s-1) and its tendency due to horizontal diffusion (shaded; unit: m s-1 h-1) in (a) C-CTL, (b) C-500 

ALL-1500, (c) C-z1.5-1500, and (d) C-z1.5-10-1500. The gray zone in each panel denotes the radial range 501 

where the inflow on the lowest model level weakens from 15 to 2 m s-1. 502 

b. Three-dimensional simulation 503 

Figure 12 shows time series of the maximum azimuthally averaged 10-m height 504 

tangential wind speed and its 24-h change in the three-dimensional simulations with CM1. 505 

Compared with the results of axisymmetric (Figs. 5 and 6) and three-dimensional simulations 506 

(Fig. 12), the changes in TC intensification rates and mature intensities caused by modifying  507 

𝑙ℎ in different vertical regions are generally similar. This demonstrates that the finding that 508 
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the horizontal diffusion above the boundary layer has a more pronounced impact on TC 509 

intensity is tenable no matter the asymmetric eddies are included or not. 510 

  511 

Figure 12. Time series of (a) maximum azimuthally averaged 10-m height tangential wind (𝑣10𝑚) and 512 

(b) 24-h intensity change in the three-dimensional version of C-CTL (black), C-z1.5-1500 (red), C-z1.5-513 

10-1500 (green), C-lz10-1500 (orange), and C-ALL-1500 (blue). Panels (c) and (d) are similar to (a) and 514 

(b) respectively but for the sensitivity experiments with 𝑙ℎ shortened to 300 m. 515 

The azimuthally-averaged tangential wind budget analysis is performed for the three-516 

dimensional simulations to further elucidate the dynamical mechanisms, in particular the 517 

effects of asymmetric eddy motion. Following Xu and Wang (2010), the budget equation of 518 

the azimuthally average tangential wind is given by 519 

                
𝜕𝑣̅

𝜕𝑡
= −𝑢̅𝜁𝑎̅ − 𝑤̅

𝜕𝑣̅

𝜕𝑧
− 𝑢′𝜁𝑎

′ − 𝑤′ 𝜕𝑣′

𝜕𝑧

̅̅ ̅̅ ̅̅ ̅
+ 𝐷𝑣𝑑,𝑣

̅̅ ̅̅ ̅̅ ̅ + 𝐷ℎ𝑑,𝑣
̅̅ ̅̅ ̅̅ ̅， (3) 520 

where variables or terms with an overbar denote the azimuthal average, and those with a 521 

prime represent the deviations from the corresponding azimuthal average (namely the 522 

asymmetric eddy). The terms on the right-hand side of Eq. (3) are, respectively, the mean 523 

radial flux of absolute vertical vorticity, the mean vertical advection of the azimuthally mean 524 

tangential wind, the radial eddy flux of eddy vorticity, the vertical advection of eddy 525 

tangential wind, parameterized vertical diffusion, and parameterized horizontal diffusion. To 526 

investigate the role of horizontal mixing in different vertical regions, the net wind tendency 527 

(v-net), the total azimuthal mean contribution (v-adv, the first two terms on the right-hand 528 

side of Eq. 3), the sum of the eddy terms (v-eddy, the third and fourth terms), and the sum of 529 

diffusion terms (v-turb, the last two terms) are calculated and compared among different 530 

experiments. Note that the results of the experiments with 𝑙ℎ of 300 m are consistent with 531 
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those of 1500 m, and thus only the results of the experiments with 𝑙ℎ enlarged to 1500 m are 532 

discussed below.  Figure 13 shows 3-h average of the terms in the azimuthally averaged 533 

tangential wind budget equation Eq. (3) when the TC intensities are about 30 m s-1 (during 534 

the period of rapid intensification) in the three-dimensional experiments C-CTL, C-ALL-535 

1500, C-z1.5-1500, and C-z1.5-10-1500. Compared to that in C-CTL, the net tendencies of 𝑣̅ 536 

are reduced to different extents in C-ALL-1500, C-z1.5-1500, and C-z1.5-10-1500 (Figs. 537 

13a-d), which is consistent with the reduced TC intensification rates shown in Fig. 12b. 538 

 539 

Figure 13. Radius-height distributions of the tendency terms of azimuthally averaged tangential winds 540 

(unit: m s-1 h-1) in C-CTL (leftmost column), C-ALL-1500 (second column from the left), C-z1.5-1500 541 

(third column from the left), and C-z1.5-10-1500 (rightmost column) when the simulated TC intensities are 542 

around 30 m s-1. The tendency terms include the net tendency (v-net; top row), parameterized diffusion (v-543 

turb=𝐷𝑣𝑑,𝑣
̅̅ ̅̅ ̅̅ ̅ + 𝐷ℎ𝑑,𝑣

̅̅ ̅̅ ̅̅ ̅; second row), the sum of the eddy transport (v-eddy=−𝑢′𝜁𝑎
′ − 𝑤′ 𝜕𝑣′

𝜕𝑧

̅̅ ̅̅ ̅̅ ̅̅
; third row), and 544 

the total mean advection (v-adv=−𝑢̅𝜁𝑎̅ − 𝑤̅
𝜕𝑣̅

𝜕𝑧
; bottom row). Deep pink dots denote the RMW. Note that 545 

the color bars on different rows are different. 546 

In all simulations, the total mean advection (Figs. 13m-p) and the diffusion term (Figs. 547 

13e-h) are the main contributors to the positive and negative tendency of 𝑣̅, respectively, 548 

especially in the boundary layer. In the control experiment, the eddy term is also a significant 549 

negative contributor to 𝑣̅ tendency around the eyewall and is comparable to the parameterized 550 
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diffusion term in the boundary layer (Fig. 13i). Previous studies of three-dimensional 551 

numerical simulations of TC also found that resolved eddies tended to spin down the 552 

tangential wind speed in the boundary layer of TC eyewall (Wang 2002; Wu and Braun 2004; 553 

Zhang and Marks 2015). After enlarging 𝑙ℎ throughout the model domain (C-ALL-1500), the 554 

eddy contribution to the negative 𝑣̅ tendency in the boundary layer is much smaller. Similar 555 

phenomenon was also found by Zhang and Marks (2015) through a budget analysis of 556 

absolute angular momentum using the output from a three-dimensional Hurricane Weather 557 

and Research Forecasting model simulation (cf. their Fig. 9). The weakened eddy 558 

contribution is related to the suppressed eddy activities by the strong horizontal diffusion in 559 

C-ALL-1500. This can be seen clearly from Fig. 14, which exhibits the time evolutions of 560 

eddy kinetic energy [ =(𝑢′2 + 𝑣′2)/2 ] averaged within 1.2 times of the RMW in the three-561 

dimensional CM1 simulations. Enlarging 𝑙ℎ throughout the model domain results in a 562 

substantial reduction of the eddy kinetic energy, which agrees with the finding by Zhang and 563 

Marks (2015) who found that larger 𝑙ℎ corresponded to smoother horizontal distributions of 564 

vertical wind and relative vorticity (cf. their Fig. 10). 565 

 566 

Figure 14. Time-height diagrams of the eddy kinetic energy (unit: m2 s-2) which is averaged within 1.2 567 

times of RMW in the three-dimensional version of (a) C-CTL, (b) C-ALL-1500, (c) C-z1.5-1500, and (d) 568 

C-z1.5-10-1500. 569 

In the simulation with 𝑙ℎ only increased in the boundary layer (C-z1.5-1500), the 570 

magnitude of negative diffusion term is strengthened in the boundary layer (Fig. 13g). 571 
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Accordingly, the eddy activity in the shallow layer is restrained (Fig. 14c) and the negative 572 

contribution from the eddy term to the 𝑣̅ tendency near the eyewall is reduced (Fig. 13k). 573 

With the horizontal mixing enlarged above the boundary layer, the positive azimuthal mean 574 

contribution to the 𝑣̅ tendency is reduced in the boundary layer (Fig. 13p). Note that changes 575 

in the azimuthally averaged tangential wind structure are consistent with those in 576 

axisymmetric simulations discussed earlier in section 4a (Figs. 9d and 10k) and thus are not 577 

shown. Besides modulating the azimuthal mean contribution, the horizontal mixing above the 578 

boundary layer also shows an effect on the boundary-layer eddy activity. The eddy kinematic 579 

energies both above and within the boundary layer are reduced with the horizontal mixing 580 

length enlarged above the boundary layer (Fig. 14d). Because of the suppressed resolved 581 

eddies in the boundary layer, the negative contribution from the eddy term to the 𝑣̅  tendency 582 

is reduced accordingly to some extent (Fig. 13l), though it is not so pronounced as that in C-583 

z1.5-1500 (Fig. 13k). This further indicates that consistent with the axisymmetric CM1 584 

simulations, changing the parameterized horizontal diffusion above the boundary layer 585 

affects the boundary-layer wind structure and the intensity of the simulated TC. Such effects 586 

include the effect on the azimuthal mean TC structure and the effect on the eddy activities. In 587 

three-dimensional experiments, the negative effect of the parameterized horizontal diffusion 588 

on TC intensification is less remarkable than that in axisymmetric experiments because 589 

mainly because the eddy activity has a negative effect on tangential wind budget near the 590 

RMW, which is also reduced by the enhanced parameterized horizontal diffusion. 591 

5. Conclusions and discussion 592 

Previous numerical studies have shown that horizontal diffusion can impose significant 593 

impacts on TC intensification and maximum intensity and attributed such impacts to the 594 

horizonal diffusion in the boundary layer. Enhanced horizontal diffusion can reduce the radial 595 

gradient of absolute angular momentum and thus the inward transport of absolute angular 596 

momentum from the outer core region, leading to the reduced intensification rate and 597 

maximum intensity. However, most previous studies have examined the sensitivity of the 598 

simulated TC intensity evolution to the horizontal diffusion by varying the horizontal mixing 599 

length throughout the model atmosphere (BR09a; Bryan 2012; RB12; Zhang and Marks 600 

2015). It is unclear the relative importance of horizontal diffusions in the boundary layer and 601 

in the free atmosphere. To address this issue, we performed sensitivity numerical experiments 602 

by varying the horizontal mixing length in the boundary layer and in the free atmosphere 603 
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either together or separately in the axisymmetric Ooyama-type three-layer model with a 604 

multilevel boundary (OMBL, FW21) and the axisymmetric and three-dimensional versions of 605 

the full-physics cloud model CM1 (BR09a).  606 

Results from the OMBL model show that enlarging (reducing) the horizontal mixing 607 

length in the lower-layer free atmosphere considerably reduces (increases) the intensification 608 

rate and the steady-state intensity of the simulated TC, while changing the horizontal mixing 609 

length in the boundary layer or in the upper-layer free atmosphere has little effect. The 610 

tangential wind budget analysis indicates that in addition to the direct negative contribution to 611 

the tangential wind tendency, the horizontal diffusion in the lower-layer free atmosphere also 612 

leads to a decrease in the tangential wind tendency near and immediately inside the RMW by 613 

reducing the inward flux of absolute vorticity. Since in the OMBL model the boundary layer 614 

flow is largely driven by the flow (and pressure gradient force) above the boundary layer, 615 

changing the horizontal mixing length in the boundary layer has little effect on the tangential 616 

wind budget above the boundary layer. In addition, because the upper-layer free atmosphere 617 

is almost a passive layer in response to the convective processes from below, changes in 618 

horizontal mixing length in the upper-layer free atmosphere almost has no effect on the 619 

overall intensity evolution of the simulated TC. 620 

The basic results of CM1 experiments, no matter with the axisymmetric or three-621 

dimensional versions, are generally consistent with those of OMBL. Namely, the horizontal 622 

mixing in the middle-lower troposphere (the layer between 1.5 and 10 km heights) has a 623 

pronounced effect on TC intensification rate and maximum intensity, and that in the outflow 624 

upper troposphere (above 10 km) has little effect. Tangential wind budget analysis indicates 625 

that the horizontal diffusion in the middle-lower troposphere reduces the tangential wind 626 

tendency by reducing the inward flux of absolute vertical vorticity in the boundary layer, 627 

which is because the boundary-layer wind structure is largely controlled by the interior flow 628 

above. This finding supports the conjecture proposed by RB12 who suggested that horizontal 629 

diffusion may influence TC intensity through adjusting interior flow. Modifying the 630 

horizontal mixing length in the boundary layer (below 1.5 km) in CM1 experiments also 631 

causes a nonnegligible change in TC intensity, although the change is not as large as that 632 

induced by modifying the mixing in the middle-lower troposphere. This is because the 633 

horizontal diffusion of tangential wind in the boundary layer has a direct negative effect on 634 

TC spinup. However, stronger horizontal diffusion of radial wind flattens the radial 635 

distribution of boundary-layer inflow, making the inflow penetrates more inward from the 636 
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inflow core and thus increasing the radial flux of absolute vorticity near the RMW. The latter 637 

partly offsets the direct negative contribution from the horizontal diffusion of tangential wind 638 

but still results in a nonnegligible decrease in the intensification rate and the steady-state 639 

intensity of the simulated TC. In the three-dimensional CM1 simulations, the horizontal 640 

mixing also affects the activities of resolved asymmetric eddies. Results from the azimuthal 641 

mean tangential wind budget analysis show that the resolved eddies contribute negatively to 642 

the azimuthal mean tangential wind tendency near the RMW, especially in the boundary 643 

layer. This negative effect is often relatively large when a small horizontal mixing length is 644 

used but is considerably suppressed when the horizontal mixing length is large. This is 645 

because large horizontal mixing length both within and above the boundary layer suppresses 646 

eddy activities.  647 

Note that although the results from the full-physics model CM1 support the major finding 648 

based on the simple OMBL model, changing the horizontal mixing in the boundary layer in 649 

the CM1 simulations shows some visible effect on TC intensity, which is different from that 650 

in the OMBL simulations. This is mainly due to the different model frameworks of the two 651 

models. In OMBL, the TC intensity refers to the maximum tangential wind in the lower free 652 

atmosphere layer in our analysis, which is characterized by the interior flow and is more 653 

easily affected by the horizontal diffusion in this layer. However, in CM1, the maximum 10-654 

m height tangential wind is deemed as TC intensity, which is partly affected by the inherent 655 

boundary-layer processes although the latter is largely controlled by the interior flow.  656 

In addition, we found that the effect of horizontal diffusion is not obvious until the 657 

simulated TC reaches a certain intensity. This is because the absolute value of horizontal 658 

diffusion is relatively small compared to other tangential wind tendency terms in the early 659 

intensification stage. The absolute value increases as the TC intensifies, and thus giving rise 660 

to increasing impacts on the intensification rate in the late intensification stage and the 661 

steady-state intensity of the simulated TC. 662 

Finally, we should point out that the dynamics and thermodynamics are coupled in CM1 663 

and in nature. Change in the horizontal mixing length affects not only momentum but also 664 

thermodynamic variables. BR09a mentioned that the weaker radial gradient of potential 665 

temperature resulting from horizontal diffusion above the boundary layer indicates smaller 666 

vertical shear of tangential wind in the eyewall due to approximate thermal wind balance. 667 

Figure 15 shows the radial gradient of the potential temperature in CM1 sensitivity 668 

experiments. Enlarging the horizontal mixing in the free troposphere or throughout the whole 669 
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model domain reduces the radial gradient of potential temperature to some degree, while 670 

modifying the horizontal mixing length in the boundary layer induces little change. This 671 

seems to suggest that horizontal diffusion in the free troposphere imposes more effect on both 672 

the dynamic and thermodynamic structures of the simulated TC. Nevertheless, the major 673 

difference in the radial gradient of potential temperature between C-ALL-1500 (or C-z1.5-10-674 

1500) and C-CTL is apparent only in the eye region and not across the eyewall. This is 675 

consistent with the statement of BR09a who indicated that TC intensity is more sensitive to 676 

horizontal diffusion of momentum than to that of scalars. Our results thus seem to support the 677 

notion that the dynamical effect of horizontal diffusion is predominant in affecting the 678 

simulated TC evolution in comparison to the thermodynamical effect.  679 

 680 

Figure 15. Radius-height diagrams of the ensemble-mean radial gradient of potential temperature (K 681 

m-1) in the axisymmetric CM1 simulations of (a) C-CTL, (b) C-ALL-1500, (c) C-z1.5-1500, and (d) C-682 

z1.5-10-1500 when the simulated TCs intensify from 30 to 40 m s-1 during the primary intensification 683 

stage. 684 

This study offers new insights to understanding how horizontal diffusion influences the 685 

intensification and the maximum intensity of numerically simulated TCs. Results from this 686 

study also recall the view that the interior flow predominantly controls the boundary-layer 687 

flow, while the latter feeds back to the interior flow through its control on the radial location 688 

and strength of eyewall updraft. It is this coupled/interactive processes that determine the TC 689 

intensification and maximum intensity, and the sensitivity of the simulated TC intensity 690 

evolution to the initial TC vortex structure, as recently elaborated by Li and Wang (2021a,b).  691 

Future studies should devote more efforts to examining how the dynamical and 692 
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thermodynamical processes affect the interior flow and how the interior flow structure 693 

influences TC intensification and maximum intensity. To address these issues may help better 694 

understand the intensification processes and the prediction of TC intensity. 695 
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