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Abstract5

A cloud resolving model is used to examine the intensification of tilted tropi-6

cal cyclones from depression to hurricane strength over relatively cool and warm7

oceans under idealized conditions where environmental vertical wind shear has become8

minimal. Variation of the SST does not substantially change the time-averaged relation-9

ship between tilt and the radial length scale of the inner core, or between tilt and the10

azimuthal distribution of precipitation during the hurricane formation period (HFP).11

By contrast, for systems having similar structural parameters, the HFP lengthens12

superlinearly in association with a decline of the precipitation rate as the SST decreases13

from 30 to 26 oC. In many simulations, hurricane formation progresses from a phase of14

slow or neutral intensification to fast spinup. The transition to fast spinup occurs after15

the magnitudes of tilt and convective asymmetry drop below certain SST-dependent16

levels following an alignment process explained in an earlier paper. For reasons examined17

herein, the alignment coincides with enhancements of lower–middle tropospheric relative18

humidity and lower tropospheric CAPE inward of the radius of maximum surface wind19

speed rm. Such moist-thermodynamic modifications appear to facilitate initiation of20

the faster mode of intensification, which involves contraction of rm and the charac-21

teristic radius of deep convection. The mean transitional values of the tilt magnitude22

and lower–middle tropospheric relative humidity for SSTs of 28-30 oC are respectively23

higher and lower than their counterparts at 26 oC. Greater magnitudes of the surface24

enthalpy flux and core deep-layer CAPE found at the higher SSTs plausibly compensate25

for less complete alignment and core humidification at the transition time.26
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1. Introduction27

28

The development of an incipient tropical cyclone into a mature hurricane has been studied29

extensively for decades. The basic objective is to understand how the spinup mechanism and30

intensification rate depend on environmental conditions and vortex structure. Theoretical31

and observational studies suggest that a positive correlation exists between the maximum32

possible intensification rate and the environmentally determined potential intensity of a33

tropical cyclone (e.g., Xu et al. 2016; Emanuel 2012). The potential intensity parameter34

depends on several factors, but generally increases over warmer oceans (e.g., Xu et al. 2019).35

There is also evidence that the time scales of genesis and post-genesis intensification of a36

tropical cyclone tend to grow with the magnitude of a theoretically-based ventilation index37

that increases with the ambient vertical wind shear and midlevel moisture deficit [Rappin et38

al. 2010 (RNE10); Tang and Emanuel 2012].39

On the other hand, sizable spreads of intensification rates may be found among tropi-40

cal cyclones in similar environments (e.g., Hendricks et. al 2010). One might reasonably41

ask how well the variability can be predicted by differences in a limited number of basic42

vortex parameters. The highest intensification rates in a particular environment are often43

observed when the maximum wind speed of the tropical cyclone is a moderate fraction of44

its empirical or theoretical potential (Xu and Wang 2015; Tang and Emanuel 2012). Obser-45

vationally based statistical studies have also suggested a negative correlation between the46

intensification rate and the radius of maximum wind speed (Xu and Wang 2015,2018). On a47

related matter, observational and modeling studies suggest that the time scale required for48

an underdeveloped tropical cyclone to begin rapid intensification grows with the radius of49

maximum wind speed (Carrasco et al. 2014; Miyamoto and Takemi 2015).50

Moreover, conventional wisdom maintains that a sufficiently large tilt of the tropical51

cyclone created by vertical wind shear or some other means will usually hinder the intensi-52

fication process. The potential reasons are multifold. One proposed contributing factor53
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is the attendant warming of the lower–middle troposphere above the inner core of the54

surface vortex, tied to maintenance of nonlinear balance (DeMaria 1996). Another proposed55

contributing factor is the enhancement of “downdraft ventilation,” whereby the tilt leads to56

an amplification of low-entropy downdrafts adulterating the boundary layer air that feeds57

inner core convection [e.g., Riemer et al. 2010,2013; Riemer and Laliberté 2015; Alland et58

al. 2021a (A21a)]. An appreciable tilt may also help reduce lower–middle tropospheric59

relative humidity over a broad central-to-uptilt section of the inner core of the surface60

vortex by (i) facilitating the lateral advection of dry external air into the region or (ii)61

facilitating subsidence of the entering airstream [e.g., Zawislak et al. 2016 (Z16); Alvey et62

al. 2020 (AZZ20); Schecter and Menelaou 2020 (SM20); Alland et al. 2021b]. The potential63

effects of introducing tilt stated above could directly weaken the convective activity driving64

intensification, or keep convection far (downtilt) from the center of the surface circulation,65

where it is plausibly less efficient in accelerating the maximum cyclonic winds [e.g., Vigh66

and Schubert 2009; Pendergrass and Willoughby 2009; Schecter 2020 (S20)].67

Of paramount importance is to understand the mechanism and time scale by which68

an incipient tropical cyclone might overcome the foregoing detrimental effects of tilt and69

strengthen into a hurricane. One strategy for addressing this issue has been through simpli-70

fied modeling studies of weak tropical cyclones exposed to steady environmental vertical wind71

shear on the f -plane [e.g., Nolan and Rappin 2008; RNE10; Rappin and Nolan 2012 (RN12);72

Tao and Zhang 2014 (TZ14); Finnochio et al. 2016; Onderlinde and Nolan 2016; Rios-Berrios73

et al. 2018 (RDT18); Gu et al. 2019]. The aforementioned studies have underscored the74

potential importance of “precession” in regulating the time scale of hurricane formation.1 In75

the pertinent simulations, the tropical cyclone initially develops a downshear tilt in conjunc-76

tion with downshear convection. The tilt vector (the vector difference between the midlevel77

and surface centers of rotation) then precesses in concert with the azimuthal propagation of78

1While sometimes given a more restrictive definition, the term “precession” herein refers to rotation of
the tilt vector over time by any adiabatic, diabatic or hybrid mechanism. Likewise, the term “alignment”
refers to contraction of the tilt vector by any means.
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convection toward the upshear semicircle. A transition to fast alignment and spinup tends to79

occur once the angle of the tilt vector measured cyclonically from the shear vector increases80

to or beyond the neighborhood of 90o (e.g., RN12; TZ14; RDT18). The relative impor-81

tance of various kinematic and thermodynamic changes— coinciding with the reorientation82

of tilt —for the onset of fast alignment and spinup is a topic of ongoing research (ibid.;83

see also Chen and Gopalakrishnan 2015). One basic and seemingly important change is the84

nullification (or reversal) of the shear-induced misalignment forcing (e.g., Reasor et al. 2004).85

Among the simplified modeling studies mentioned above, there have been a number of86

sensitivity tests involving variation of environmental parameters. TZ14 notably showed87

that raising the SST from 27 to 29 oC without adjusting the initial environmental sound-88

ing toward one of radiative convective equilibrium (cf. Nolan and Rappin 2008; RNE10)89

expedites the transformation of a sheared (tilted) tropical cyclone into a hurricane. Such a90

result is intuitively reasonable based on the elevated level of moist-entropy allowed near the91

surface, and the related expectation of enhanced diabatic forcing to support the lower-to-92

middle tropospheric convergence of angular momentum that leads to intensification (further93

discussed by Črnivec et al. 2016). Adding to this, warming the ocean (in TZ14) appears to94

improve the efficiency of diabatic alignment processes in reducing tilt from an early stage95

of the tropical cyclone’s evolution. Such reduction of the tilt magnitude can limit the early96

detrimental impacts of misalignment, and accelerate the precession that brings forth a transi-97

tion to fast spinup (TZ14; Schecter 2016; RDT18).98

Schecter and Menelaou (SM20) introduced a distinct line of idealized cloud resolving99

modeling studies in which vertical wind shear is virtually eliminated from the environment of100

an initially tilted tropical cyclone. Such a setup was designed to address theoretical questions,101

but may have some direct relevance to situations in nature where tropical cyclones exposed to102

minimal shear have lingering tilts from prior forcing. SM20-type simulations are specifically103

intended to provide clear pictures of how tilt alone alters the organization of convection104

and the intensification rate. They are also intended to elucidate the efficiency of intrinsic105
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alignment mechanisms in diminishing the detrimental impact of a tilt created in the past.106

The preceding issues are not adequately resolved by studies preceding SM20 in which tilt107

coexists with an everlasting environmental shear-flow. The shear-flow clouds the picture by108

potentially enhancing ventilation and altering surface fluxes. Moreover, a sufficiently strong109

dynamical coupling of tilt with the shear-flow can fundamentally change the pathways of110

alignment and intensification. Whereas reorientation of the tilt vector through precession111

can be critical to enabling the onset of fast alignment and spinup when shear is present,112

reorientation of the tilt vector is irrelevant in a quiescent environment.113

The numerical simulations of SM20 expectedly showed that initial tilt magnitudes exceed-114

ing the core radius of a tropical cyclone appreciably hinder its transformation into a hurri-115

cane. Of greater note, increasing the initial tilt magnitude to several times the core radius116

was found to extend the hurricane formation period (defined in section 3a) by an order117

of magnitude. A Sawyer-Eliassen based analysis explicitly showed how the positive spinup118

tendency formally attributable to diabatic processes has trouble dominating the net negative119

tendency associated with other factors such as friction when a tropical cyclone is strongly120

misaligned. This condition of frustrated spinup generally ends upon sufficient decay of the121

tilt magnitude. SM20 analyzed various mechanisms working to reduce tilt, but did not122

thoroughly investigate the amount of alignment and other changes to the system required123

for a substantial boost of the intensification rate. Moreover, SM20 focused exclusively on124

systems with an SST of 28 oC. A broader survey is necessary given the sensitivities of tilt125

dynamics and vortex intensification to variation of the SST that have been demonstrated by126

related studies incorporating vertical wind shear (e.g., TZ14).127

The present study is essentially a continuation of SM20. Changes to the relationship128

between the initial tilt magnitude and the time scale of hurricane formation caused by129

warming or cooling the underlying ocean will be examined. The effects of changing the SST130

on the relationships between tilt, the core radius and the spatial distribution of precipitation131

will also be investigated. Tilt-related thermodynamic impediments to intensification common132
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among tropical cyclones over the full range of SSTs considered herein will be illustrated and133

explained; the main distinction from earlier illustrations will be in the removal of modulation134

by environmental vertical wind shear. Perhaps the most novel contribution of this paper will135

lie in an effort to quantify the reduction of tilt and attendant thermodynamic structural136

changes needed for an initially misaligned tropical cyclone to transition from a state of slow137

to fast spinup. This effort will notably reveal how changing the SST affects the requirements138

for such a transition to occur.139

Before moving on, it is important to acknowledge the possibility of circumstances under140

which an initial misalignment could actually serve as a catalyst for spinup by stimulat-141

ing strong downtilt convection (e.g., Jones 2000). Initially, convective activity far from142

the surface vortex center may not be optimal for spinup, but sufficiently strong convec-143

tion concentrated downtilt could create a smaller vorticity core that quickly intensifies and144

soon dominates the parent cyclone. Analogous “core reformation” events involved in the145

rapid intensification of systems with moderate environmental vertical wind shear have been146

discussed at length in the literature (e.g., Nguyen and Molinari 2015; Chen et al. 2018). One147

might speculate that increasing the SST beyond some threshold in an SM20-type simulation148

could set the stage for downtilt convection that is sufficiently vigorous to reverse the other-149

wise negative influence of tilt on intensification. However, this fails to occur for the systems150

considered herein— which have SSTs ranging up to 30 oC —and will therefore not be among151

the topics addressed below.152

The remainder of this article is organized as follows. Section 2 explains the setup of153

the numerical simulations. Section 3 provides a basic overview of hurricane formation in154

the entire simulation set. Included in the overview is a discussion of how variation of the155

SST affects the growth of the time scale of hurricane formation with increasing values of the156

initial tilt magnitude. Section 4 takes a moment to show that the delay of hurricane formation157

caused by a large initial tilt far exceeds that which would be caused solely by the attendant158

early modification of the symmetric component of the tropical cyclone that is theoretically159
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detrimental on its own. Section 5 examines details of the thermodynamic impediments to160

intensification that are common among the tilted tropical cyclones considered herein before161

the onset of fast spinup. Section 6 examines the structural changes that signal an imminent162

transition to fast spinup at various SSTs. Section 7 summarizes the findings of this study.163

164

2. Methodology165

166

2.a Model Configuration167

168

The evolutions of weak tropical cyclones into hurricanes are simulated herein with release169

19.5 of Cloud Model 1 (CM1; Bryan and Fritsch 2002). As in SM20, the model is config-170

ured with a variant of the two-moment Morrison microphysics parameterization (Morrison et171

al. 2005,2009), having graupel as the large icy-hydrometeor category and a constant cloud-172

droplet concentration of 100 cm−3. The influence of subgrid turbulence above the surface is173

accounted for by an anisotropic Smagorinsky-type closure that is tailored for tropical cyclone174

simulations as explained in SM20. Surface fluxes are parameterized with bulk-aerodynamic175

formulas. The momentum exchange coefficient Cd increases with the surface wind speed176

from 10−3 to 0.0024 above 25 m s−1 (compare with Fairall et al. 2003 and Donelan et177

al. 2004). The enthalpy exchange coefficient is given by Ce = 0.0012 roughly based on the178

findings of Drennan et al. (2007). Heating associated with frictional dissipation is activated.179

Rayleigh damping is imposed above an altitude of z = 25 km. The model is computationally180

and physically simplified by eliminating radiative transfer. There is ample evidence in the181

literature that realistically distributed radiation tends to accelerate tropical cyclone devel-182

opment (e.g., Rios-Berrios 2020; Ruppert et al. 2020). Nevertheless, we provisionally assume183

that the simplified model captures the essential features of tilted tropical cyclone dynamics.184

All simulations are conducted on a doubly periodic oceanic f -plane with a Coriolis param-185

eter of 5 × 10−5 s−1. The SST is held constant in space and time. The simulations are186

separated into three groups distinguished by whether the SST is 26, 28 or 30 oC. In the same187
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order, these three groups will be called T26, T28 and T30. Ambient vertical wind shear is188

reduced to a negligible level after the tropical cyclones are misaligned (see section 2b).189

The equations of motion are discretized on one of two stretched rectangular grids having190

relatively low resolution (LR) or high resolution (HR). All simulations from SM20 that are191

incorporated into the present study use the HR grid. The majority of new simulations use192

the LR grid for computational efficiency. Differences between LR and HR simulations seem193

limited to contextually unimportant details. In either case, the grid spans 2,660 km in both194

horizontal dimensions, and extends upward to z = 29.2 km. The 800×800 km2 central region195

of the horizontal mesh has uniform increments of 2.5 (1.25) km in the LR (HR) simulations.196

At the four corners of the mesh, the LR (HR) increments are 27.5 (13.75) km. In the verti-197

cal, the LR (HR) grid has 40 (73) levels. For the LR (HR) grid, the spacing between levels198

increases from 0.1 to 0.7 to 1.4 (0.05 to 0.4 to 0.75) km as z increases from 0 to 8 to 29 km.199

200

2.b Initialization201

202

Before describing the initialization and evolution of a tilted tropical cyclone, several notational203

conventions should be established. In this paper, r, ϕ and z will always be used to repre-204

sent (in order) the radius, azimuth and height above sea level in a surface vortex centered205

cylindrical coordinate system. Time will be represented by t. The variables u, v and w206

will respectively represent the radial, azimuthal and vertical velocity fields. Furthermore, an207

overline over an arbitrary fluid variable will denote an average of that variable over ϕ.208

The tilted vortices in all simulations are derived from a vertically aligned incipient tropi-209

cal cyclone that developed over a 99-h period from a weaker system in a shear-free environ-210

ment with an SST of 28 oC and an initial thermodynamic profile matching that of the211

Dunion (2011) moist tropical sounding in the far field. Interested readers may consult212

SM20 (Fig. 2 therein) for a detailed depiction of the kinematic and moist-thermodynamic213

structure of the basic state of this root vortex. Here we summarize only its most salient214

features. The basic state of the root vortex has an azimuthal velocity field v̄ maximized215
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at 12.0 m s−1 at r = 115.1 km and z = 3.7 km. The surface maximum of v̄ (denoted216

vm) is 8.6 m s−1 at a radius (denoted rm) of 42.9 km. The decay of v̄ beyond rm (on the217

surface) is relatively slow, in dropping by only 30% out to r = 254 km. The outer extrem-218

ities of the primary and secondary circulations are roughly 103 km away from the center of219

rotation. Of further note, much of the inner core has relative humidity of 89-100%, meaning220

that the system is well primed for quasi-symmetric intensification barring any detrimental221

disturbance (e.g., Nolan 2007).222

Before each simulation starts in earnest, the SST is adjusted (if necessary) to its group223

value without modifying any other aspect of the environment. Moreover, the root vortex224

is transformed into a tilted vortex using one of the three procedures that are thoroughly225

explained in SM20 (section 2a and appendix A therein). Implementation of several proce-226

dures over the simulation set is deemed beneficial in creating some variability of early convec-227

tion and structural detail among systems with comparable initial misalignments, which may228

reduce potential bias in the presented results. The three tilting procedures are called the229

impulsive separation (IS), impulsive separation plus damping (ISPD), and dry separation230

plus damping (DSPD) methods. Each method creates a tilt by imposing a transient environ-231

mental shear-flow that horizontally separates the upper and lower sections of the vortex that232

lie above and below a km-scale transition layer centered at height zl, which is usually set233

to 5.25 km. The degree of horizontal separation (tilt) is determined by the strength and234

duration of the shear-flow. For simulations that implement the IS or ISPD method, the235

forcing that turns the shear-flow on and off is “impulsive” in lasting only 6 hours. The236

ISPD method ends with a brief period of damping of the minimal domain-averaged winds237

that may unintentionally exist after the tilt is generated. Importantly, moist convection is238

allowed to stay active while the vortex is tilted when using either the IS or ISPD method.239

The DSPD method is similar to its ISPD counterpart in adding a brief period of corrective240

damping after the forcing ends, but the forcing can be longer and weaker. Moreover, moist241

convection is temporarily deactivated by removing hydrometeors and replacing water vapor242
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with a passive tracer. When the procedure ends, moist convection is reactivated by changing243

the passive tracer back into water vapor, and t is reset to zero. Regardless of the method244

used, the initial tilting reduces relative humidity above the inner core of the surface vortex,245

and causes a convectively driven enlargement of rm during or shortly after implementation.2246

247

2.c Working Definition of the Tilt Vector248

249

The initial and subsequent misalignment of a tropical cyclone is quantified by the tilt vector.250

The tilt vector is defined by xcm−xcs, and its magnitude is denoted by tilt. As in SM20, xcs251

and xcm represent the centers of rotation of the cyclonic circulations in thin layers adjacent252

to the sea-surface (subscript cs) and in the middle troposphere (subscript cm). The surface-253

adjacent layer extends up to z = 1.0 (1.2) km, and the middle tropospheric layer spans the254

interval 7.3 ≤ z ≤ 8.1 (7.1 ≤ z ≤ 8.5) km for HR (LR) simulations. Each center of rotation255

precisely corresponds to the point at which one must place the origin of a polar coordinate256

system to maximize the peak value of v̄ in the pertinent layer. Interested readers may consult257

section 2b of SM20 for details of the center finding algorithm. In doing so, note that the258

spacing of the fine grid used to find xcs or xcm (the value of lf given therein) is doubled for259

analyzing the LR simulations in this paper.260

261

2.d Tabulated Synopsis of the Constituent Members of Each SST Group262

263

For convenient reference, Table 1 summarizes the simulations considered for this study.264

As noted earlier, the simulations are separated into three groups according to their SST.265

Each SST group contains 9-11 LR simulations, but only T28 (which includes SM20 data)266

2A few details omitted from the preceding discussion should be noted. In contrast to all other simulations,
eight of the HR simulations in group T28 split the vortex at zl = 3.5 or 1.75 (as opposed to 5.25) km. All
but one of the HR simulations in group T28 are taken directly from SM20; these include the control run and
the 21 tilted tropical cyclone simulations described in Table 1 therein. A variant of the minimal-tilt control
run of SM20 is repeated here, starting with an axisymmetrized version of the root vortex (the a-root vortex)
that includes the water vapor distribution but excludes the secondary circulation and all hydrometeors. The
same initial condition is used for the T26, T28-LR and T30 simulations with zero initial tilt. Moreover, the
ISPD procedure of SM20 has been slightly modified for the new LR simulations by replacing the unfiltered
root vortex with the a-root vortex prior to tilting.
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contains more than a few HR simulations. The initial tilt magnitude (tilt0) ranges from 0267

to approximately 370 km in all SST groups.3 The rightmost columns of the table briefly268

describe and name the “featured” members of each SST group that will be selected for269

detailed analysis in various sections of the paper. The description contains the value of270

tilt0, and the time averages of tilt and rm (denoted by triangular brackets) over the hurri-271

cane formation period to be defined in section 3a. The suffix in the name of any particular272

group member indicates the resolution of the simulation (LR or HR), and is terminated by a273

letter (A or B) that differentiates one LR or HR simulation from another. While not of criti-274

cal importance, all featured simulations are initialized using the DSPD tilting procedure with275

zl = 5.25 km. Time averages of tilt and rm are not given for T26-HRA, because in contrast276

to all other simulations, the tropical cyclone fails to complete hurricane formation within its277

500-h duration. While T26-HRA will be incorporated into the discussions of section 5 and278

appendix C (Fig. C1a), it will be excluded from the analyses of all other sections.279

280

3. Overview of the Simulations281

282

3.a Time Scale of Hurricane Formation versus Initial Tilt, Core Size, and the SST283

284

As in SM20, the hurricane formation period (HFP) is defined as the time interval during285

which the surface maximum of the ϕ-averaged tangential velocity (vm) intensifies from 12.5 to286

32.5 m s−1. The length of the HFP will be denoted τhf , and the time average of an arbitrary287

variable h over the HFP will be represented by the expression 〈h〉. It is worth remarking288

that because vm differs from the conventionally defined maximum sustained surface wind289

speed of a tropical cyclone, the endpoint of the HFP does not precisely correspond to when290

an asymmetric hurricane would be officially declared.291

Figure 1a demonstrates that τhf increases with tilt0, when the value of tilt0 exceeds the292

3To be precise, tilt0 is the maximum tilt magnitude measured during the interval 0 ≤ t ≤ 6 h, in which
t = 0 corresponds to the start of the 6-h impulsive IS or ISPD tilting procedure, or the end of the generally
non-impulsive DSPD procedure.
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initial 100-km radial length scale of the core of the tropical cyclone. As noted in section 1,293

there is some theoretical basis for believing that the HFP should lengthen as the charac-294

teristic radius of convection increases. The positive correlation between τhf and tilt0 may295

therefore be a reflection of greater initial tilts leading to greater outward displacements of296

the dominant convective activity within a tropical cyclone. Because convection is statisti-297

cally peaked near rm in the systems under consideration (SM20 and section 3b), moving298

convection outward generally coincides with creating a larger vortex core. Figure 1c verifies299

that the core size during hurricane formation tends to increase with the initial tilt magni-300

tude when the latter exceeds roughly 100 km. Figure 1b shows how the growth of τhf with301

increasing tilt0 translates into the growth of τhf with increasing 〈rm〉 in each SST-group.302

Figure 1b further shows that τhf tends to grow with decreasing SST at a given value of 〈rm〉.303

Moreover, whereas [for moderate-to-high values of 〈rm〉] the length of the HFP increases on304

the order of 10 h from group T30 to T28, the length of the HFP increases on the order of305

100 h from group T28 to T26.306

Figure 2 suggests that the root cause for prolonged development over cooler oceans is a307

reduction of the diabatic forcing— reflected in a reduction of the precipitation rate —that308

drives intensification. Herein, the local precipitation rate P (r, ϕ, t) is calculated from the309

local surface rainfall accumulated over a 2-h period centered at t. The area-integrated precip-310

itation rate within a surface vortex centered disc of radius r is given by311

PI(r, t) ≡
∫ 2π

0

dϕ

∫ r

0

dr̃r̃P (r̃, ϕ, t). (1)312

Figure 2a shows the mean and spread of 〈PI〉 for each SST group. It is seen that decreasing313

the SST (i) reduces the area-integrated precipitation rate within a 150-200 km scale disc that314

generally incorporates the broader core region of the tropical cyclone during the entire HFP,315

and (ii) reduces the radial extent of precipitation indicated by where the 〈PI〉-curve levels off.4316

Further analysis reveals that the highly nonlinear growth of τhf with decreasing SST317

4Lin et al. (2015) reports a similar observational dependence of tropical cyclone precipitation
on relative SST.
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for any sufficiently large value of 〈rm〉 (Fig. 1b) coincides with a highly nonlinear decay of318

the area-integrated precipitation rate in a disc bounded (approximately) by the maximum319

surface winds of the tropical cyclone. Figure 2b shows the 〈rm〉-dependence of 〈PI(a, t)〉,320

in which the time-dependent disc radius is given by a = 1.2 rm(t). The T30 and T28 data321

points are seen to closely follow a common linear regression. The 〈PI〉 data from group T26322

clearly diverge from this linear trend and virtually level off beyond 〈rm〉 ≈ 40 km. The323

result at larger values of 〈rm〉 is a sizable reduction of the time-averaged area-integrated324

precipitation rate relative to that found in the inner cores of tropical cyclones over the two325

warmer oceans. It is worth remarking that the values of 〈PI〉 in Fig. 2b are tightly corre-326

lated to the inward mass current at rm in the boundary layer of the tropical cyclone, as327

represented by the variable −〈rm(t) ū[rm(t), t]〉, in which ū is vertically averaged over a 1-km328

layer adjacent to the sea-surface. Including data from all SST groups, the Pearson correla-329

tion coefficient is 0.99.330

331

3.b Basic Structural Similarities of Tilted Tropical Cyclones at all SSTs332

333

Despite differences in the precipitation rates found over relatively cool and warm oceans (Fig. 2),334

several basic structural features of the developing tropical cyclones do not vary much with335

the SST. Figure 3a shows a fairly insensitive positive linear relationship between the HFP336

time averages of the tilt magnitude and rm when both variables exceed 35 km. The minor337

displacement of all T30 tilt magnitudes above the plotted regression line in this parameter338

regime is notable, but of questionable importance given that two of the T26 data points have339

comparable upward shifts. Figure 3b shows that there is also an insensitive positive linear340

relationship between the HFP time averages of the precipitation radius rp and rm. As in341

SM20, rp is the radius from the surface vortex center at which the ϕ-averaged precipitation342

rate P̄ is maximized. The value of 〈rp〉 typically exceeds 〈rm〉 by 5-10 km.343

Figure 3c shows a generic r-t Hovmöller plot of P̄ , and further illustrates the fairly344

tight coupling between the radius of peak precipitation and the radius of maximum wind345
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speed (white line) during the HFP. The superimposed black contours correspond to the346

azimuthal average of w+ evaluated at z = 8 km, in which w+ = w (0) where the verti-347

cal velocity w is greater than (less than) wc = 5 m s−1. The contours help verify that348

rp tends to be near the radius rw where w+ is peaked and deep convection is prominent.349

A more comprehensive analysis of time averaged quantities including data from all SST350

groups yields the linear regression 〈rw〉 = 13.6 + 0.89〈rp〉 (in km) with an associated corre-351

lation coefficient of 0.97.5352

Of additional note, changing the SST has no major consequence on the relationship353

between the tilt and the azimuthal distribution of P . For illustrative purposes, Fig. 4a354

shows a snapshot of the asymmetric precipitation rate existing within a moderately tilted355

tropical cyclone. Lower and middle tropospheric streamlines are superimposed on the plot356

to convey the horizontal separation of rotational centers defining the tilt vector. It is clear357

that P is mostly concentrated downtilt, similar to what is commonly seen in nature [e.g.,358

Stevenson et al. 2014; Nguyen et al. 2017 (NRR17)].359

Figure 4b shows the precipitation probability distribution (PPD) versus the time averaged360

tilt magnitude during the HFP for all simulated systems. The precipitation probability is361

distributed over four equal quadrants of a circular disc of radius a centered at xcs. The362

four quadrants used for the present analysis are depicted with distinct colors in the inset.363

They are centered at ϕ = 0, π/2, π and 3π/2 radians, in which ϕ = 0 corresponds to the364

time-dependent direction of the tilt vector. The precipitation probability in the quadrant365

centered at ϕ is defined by 〈P̂ϕ〉, in which366

P̂ϕ(t; a) ≡
ϕ+π/4
∫

ϕ−π/4

dϕ̃

a
∫

0

drrP (r, ϕ̃, t)

/

PI(a, t). (2)367

In other words, the precipitation probability is the HFP time average of the integral of368

5Sensitivity tests with wc raised to 10 m s−1 or with w+ evaluated at z = 4 km (and wc varied between
2.5 and 5 m s−1) consistently produced values of 〈rw〉 fairly close to 〈rp〉. Regarding technical procedures,
the search for rw is restricted to r < 3rm, and the time average of rw is computed excluding occasional brief
intervals in which w (at the evaluation height) is less than wc everywhere in the search region. Moreover,
HR simulation data is locally averaged onto the LR grid before computing w+.
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the precipitation rate over the area of quadrant-ϕ divided by the integral over the entire369

disc. The plotted probabilities are evaluated with a = 200 km to account for most of the370

precipitation within the relatively large cores of strongly tilted vortices. It is seen that there371

is minimal variation of the PPD with the SST for small and medium tilt magnitudes. In372

general, the downtilt (ϕ = 0) probability rapidly grows at the expense of its uptilt and373

lateral counterparts as the tilt magnitude increases from 20 to 60 km. Over this interval,374

the systems change from having statistically symmetric precipitation to having roughly 60375

percent of the precipitation occurring downtilt. As the tilt magnitude increases beyond376

60 km, the PPD for group T28 stays fairly constant. There is some hint that the T26 (T30)377

PPDs may become modestly more symmetric (asymmetric), but a definitive statement on378

the matter would require a greater number of large-tilt data points.6379

380

4. Dynamical Importance of the Tilt-Related Structural Asymmetry of a381

Tropical Cyclone382

383

The preceding overview did not directly answer whether the structural asymmetry of the384

tropical cyclone associated with tilt is critical to impeding hurricane formation once the385

HFP officially begins. The answer is not entirely obvious, partly because systems with the386

largest tilt magnitudes tend to have the largest values of rm at the start of the HFP,7 and the387

developmental time scale tends to increase with the initial value of rm even in axisymmetric388

models (e.g., Rotunno and Emanuel 1987). The additional detriment of tilt to intensification389

can be verified for any particular case, if faster spinup can be shown to occur after restarting390

the simulation with only the symmetric component of the vortex. The following considers391

such restarts for simulations T26-LRA, T28-LRA and T30-LRA at the beginning of the392

6It should be noted that the PPD varies to some extent with the disc radius a. Repeating the preceding
analysis with a = 1.2rm increases the HFP time averaged precipitation probability in the ϕ = π/2 (downwind
of downtilt) quadrant mostly at the expense of that in the ϕ = 3π/2 (upwind of downtilt) quadrant, but does
not introduce any notable differences between the SST groups. The ϕ = 0 (downtilt) precipitation probability
gains dominance over its ϕ = π/2 counterpart (and all others) as 〈tilt〉 increases beyond approximately 40 km.

7Considering systems with tilt0 > 100 km, the correlation coefficients between tilt0 and rm averaged over
the first 6 hours of the HFP are 0.81 for group T26, 0.79 for group T28, and 0.88 for group T30.
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HFP (t = tb), when the tilt magnitudes are substantial and convective asymmetries are393

pronounced.8 The symmetric vortices in the restarts are obtained from the azimuthally394

averaged fields of the tilted tropical cyclones in a surface vortex centered coordinate system.395

Whereas the symmetric component of the water vapor mixing ratio is retained, hydrometeors396

are removed.397

Figure 5 compares the evolutions of the surface azimuthal velocity fields in the tilted and398

symmetrized systems. The surface vortices of the tilted tropical cyclones retain their broad399

structures and slowly intensify. The intensification of outer winds actually outpaces that400

found in the symmetrized restarts. However, the inner core of each symmetrized tropical401

cyclone shortly enters a stage of faster spinup, coinciding with contraction of rm and rp.402

Faster spinup of the inner core obviously implies a shorter HFP.403

Figure 6a shows τhf plotted against 〈rm〉 for the tilted systems (filled symbols) and404

their symmetrized counterparts (empty symbols). The reductions of τhf resulting from405

symmetrization are seen to coincide with considerable reductions of 〈rm〉. Of note, the value406

of τhf for each symmetrized system falls roughly two root-mean-square deviations below the407

τhf versus 〈rm〉 regression line obtained for tilted vortices at the same SST. It stands to408

reason that the regressions are quantitatively unreliable when rm is not dynamically coupled409

to a misalignment. Note also that the data shown here (and in Figs. 6b-d) for the tilted410

systems do not appreciably change when hydrometeors are removed at t = tb, as in the411

symmetrized restarts, without modifying any other fields. Such insensitivity should allay412

concerns raised during peer review that removing hydrometeors at the restart-time could be413

more important than symmetrization in altering the basic statistics of hurricane formation.414

Moving on, Figs. 6b-d convey various changes of precipitation and low-level inflow between415

the tilted tropical cyclone simulations and the symmetrized restarts. Figure 6b compares416

time averages of the precipitation asymmetry, defined by417

8The values of tb are 18.2 , 25.1 and 31.0 h for simulations T30-LRA, T28-LRA and T26-LRA, respectively.
For all simulations in Table 1, tb ranges from 6.6 to 66 h.
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Pasym(t; a) ≡

√

√

√

√

4

3

∑

ϕ

(

P̂ϕ(t; a)−
1

4

)2

, (3)418

in which P̂ϕ is given by Eq. (2), ϕ−ϕb ∈ {0, π/2, π, 3π/2}, and ϕb is chosen so as to maximize419

the sum over ϕ on the right-hand side. By construction, Pasym = 0 when the precipitation420

is uniform and P̂ϕ = 1/4 for all ϕ, whereas Pasym = 1 when all precipitation occurs in one421

quadrant. Large symbols in the figure represent averages taken over the HFPs of the tilted422

tropical cyclone simulations and the symmetrized restarts. Small filled symbols, connected by423

thin lines to their larger counterparts, represent averages of the tilted-system variables taken424

over the shorter HFPs of the symmetrized restarts (the time periods in Fig. 5). The ordinate425

and abscissa of the graph respectively correspond to Pasym measured with the disc radius a426

equal to 1.2rm(t) and 200 km. The graph verifies that the precipitation fields within either427

the inner or broader cores of the initially symmetrized systems develop minimal statistical428

asymmetry compared to that found in the tilted systems.429

Figure 6c is similar to 6b but for the area-integrated precipitation rate PI(a, t) [Eq. (1)]430

with the two values of a stated previously. In general, symmetrization does not cause a major431

boost of the area-integrated precipitation rate— which can be viewed as an indirect measure432

of latent heat release —over the inner or broader core of the surface vortex. The symmetrized433

restart of the T28 simulation only modestly violates this rule in causing a 14-16% boost of434

both variants of PI over the time-period in Fig. 5. Symmetrization more consistently reduces435

the magnitude of the time averaged inward mass-flux (−rū) in the 1-km deep boundary layer436

at both r = 1.2rm(t) and 200 km (Fig. 6d). So, there is no compelling evidence that faster437

spinup in the restarts generally results from augmented convection, despite the possibility of438

tilt removal diminishing a potentially destructive downflux of low-entropy air into the lower439

tropospheric inflow (e.g., Riemer et al. 2010,2013; Riemer and Laliberté 2015; A21a).440

In summary, without necessarily decreasing the average precipitation rate over the broader441

core of the surface vortex, or the inward mass-flux in the 1-km deep boundary layer, the442

existence of tilt at an early stage of development can effectively disable a relatively efficient443
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intensification process that is found in our quasi-symmetric tropical cyclones.9 The tilt444

lingers as an integral part of an asymmetric tropical cyclone structure that evidently hinders445

the contraction of rm and rp. Hindering contraction of the inner core and inward migration446

of deep convection is believed to render the diabatic forcing less effective in supporting fast447

spinup of cyclonic winds in the lower troposphere during the HFP (see for example, S20;448

Pendergrass and Willoughby 2009).449

450

5. Detailed Structure of a Tilted Tropical Cyclone During Slow Intensification451

452

A common feature of tilted tropical cyclone development in our simulations is a transition453

from slow to fast intensification prior to the emergence of a hurricane. As one might expect454

from the foregoing results, substantial reduction of the tilt magnitude is a common precursor455

of the transition (see section 6). To fully comprehend why a moderate-to-strong tilt tends456

to prevent fast spinup requires an understanding of the relationship between tilt and the457

internal moist-thermodynamic state of a tropical cyclone. This relationship is expounded458

below for simulations T30-HRA, T28-HRA and T26-HRA. The tropical cyclone in T28-459

HRA is selected for detailed examination for continuity with a complementary analysis of460

the same system in SM20, where the simulation is named DSPD-X400Z5. The other systems461

are selected because of their similar resolutions and initial conditions, but distinct SSTs.462

Figure 7 displays 6-h time averages of the velocity fields and moist-thermodynamic struc-463

tures of the tilted tropical cyclones under present consideration when at moderate tropi-464

cal storm intensity, before any potential transition to fast spinup. The start time of each465

averaging period will be denoted ts for future reference. In all cases, the misalignments466

of streamlines in the boundary layer and middle troposphere (left column of Fig. 7) are467

substantial, but appreciably reduced from their initial magnitudes. Consistent with the time468

averaged precipitation statistics presented in section 3b, the strongest upper tropospheric469

9This process is presumably akin to that of other vertically aligned systems reviewed elsewhere (e.g.,
Montgomery and Smith 2014).
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updrafts associated with deep convection (middle column) are concentrated downtilt near470

the radius of maximum surface wind speed. The moist-thermodynamic fields (middle and471

right columns) are not identical to each other, but have some common features that seem to472

resemble those found in earlier observational studies of tilted tropical cyclones [e.g., Dolling473

and Barnes 2012 (DB12); Reasor et al. 2013; Z16; NRR17]. The following examines the474

most notable features that are believed to help keep convection far downtilt from the surface475

vortex center, where it is theoretically inefficient in driving intensification.476

477

5.a Lower–Middle Tropospheric Relative Humidity478

479

Compared to conditions downtilt, the values of lower–middle tropospheric relative humidity480

uptilt and near the surface vortex center are fairly low (see Figs. 7c, 7f and 7i). There is481

longstanding evidence that low relative humidity above the boundary layer in combination482

with weak-to-moderate deep-layer CAPE (applicable to our systems) hinders deep convec-483

tion by the dilution of updrafts if nothing else (e.g., Brown and Zhang 1997; James and484

Markowski 2010; Kilroy and Smith 2013; Tang et al. 2016). It stands to reason that the485

aforementioned relative humidity deficits help limit the invigoration of deep convection in486

the central and uptilt regions of the tropical cyclones under present consideration.487

Figure 8 illustrates the moisture dynamics (in an earth-stationary reference frame) main-488

taining the central and uptilt lower–middle tropospheric relative humidity deficits for the489

representative case of simulation T28-HRA. All fields are averaged over the 6-h time period490

connected to Figs. 7d-f. Figures 8a and 8b are reference plots superimposing the lower–middle491

tropospheric velocity field over (a) relative humidity and (b) the 2D hydrometeor mass492

density σc. The velocity and relative humidity fields are averaged between z = 2.3 and493

7.7 km, and σc is obtained from an integral of the 3D hydrometeor mass density over the494

same interval. Figures 8c-h are various components of the z-averaged (between 2.3 and495

7.7 km) relative humidity budget explained below.496
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The relative humidity is given by the familiar formula H ≡ e/es, in which e is the vapor497

pressure and es is the saturation vapor pressure. Here, es is calculated with respect to liquid-498

water or ice if the absolute temperature T is above or below T0 ≡ 273.15 K, respectively.499

The Eulerian time derivative of H may be decomposed as follows:500

∂H
∂t

= −v · ∇H +

[(

cpd
RdΠ

− θ

es

des
dT

)

DΠ

Dt
− Π

es

des
dT

Dθ

Dt
+

ǫ

qv(ǫ+ qv)

Dqv
Dt

]

H, (4)501

in which v is the 3D velocity field, ∇ is the 3D spatial gradient operator, D/Dt ≡ ∂/∂t+v·∇502

is the material derivative, qv is the water vapor mixing ratio, θ ≡ T/Π is the potential503

temperature, Π ≡ (p/p0)
Rd/cpd is the Exner function of pressure p normalized to p0 ≡ 105 Pa,504

ǫ ≡ Rd/Rv, Rd (Rv) is the gas constant of dry air (water vapor), and cpd is the isobaric specific505

heat of dry air. The temperature derivative of es is given by the approximate Clausius-506

Clapeyron relation des/dT = Lvses/RvT
2, in which Lvs is the latent heat of vaporization (Lv)507

or sublimation (Ls) if T > T0 or T < T0, respectively. The first term on the right-hand side508

of Eq. (4) is associated with 3D advection. The remaining terms from left to right are509

attributable to changes of pressure, potential temperature and water vapor mass within a510

moving fluid parcel.10511

The H-budget indicates that diabatic moist processes have a measurable impact in the512

main downdraft region (left of the tilt vector) that contains lower–middle tropospheric air513

moving toward uptilt locations extending from the center to the periphery of the surface514

vortex core. Predominantly positive budget contributions from the vapor and potential515

temperature terms in the downdraft region (Figs. 8d and 8e) are believed to largely stem516

from endothermic phase changes of water substance, such as evaporation of cloud droplets or517

rain (inferred to be present from Fig 8b). However, there is a greater negative contribution518

from the pressure term (Fig. 8c), whose z-t average presumably contains contributions from519

10The sum of the vapor and potential temperature terms would exactly cancel the pressure term for a
saturated cloudy air parcel governed by reversible thermodynamics, in which water substance is conserved
and changes phase instantaneously. Otherwise, H would not remain equal to unity along the saturated parcel
trajectory. By contrast, the vapor (potential temperature) term is zero (practically zero) in unsaturated air
undergoing reversible adiabatic displacements.
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the subsidence of unsaturated air parcels minimally affected by transiting hydrometeors or520

the turbulent influx of suspended condensate. The net negative forcing (Fig. 8f) is enough to521

offset most of the positive advective tendency coinciding with a negative downwind gradient522

of H (Fig. 8g), as demonstrated by Fig. 8h. Note that the advective tendency is here523

dominated by its horizontal component (compare Fig. 9a to 9b).524

The preceding analysis supports the notion that subsidence can be as effective as the525

direct intrusion of dry environmental air (which seems largely precluded by the streamlines526

in Fig. 8a) in maintaining the deficiency of lower–middle tropospheric H over the central527

and uptilt regions of the inner core. Evidence for the potential importance of subsidence in528

this respect can also be found in a number of recent studies of real-world and realistically529

simulated tropical cyclones possessing appreciable tilt (e.g., DB12; Z16; NRR17; AZZ20).530

Whereas the central and uptilt deficits of lower–middle tropospheric relative humidity may531

be of primary interest, the maintenance of enhanced H in the vicinity of downtilt convec-532

tion merits brief consideration before moving on. Figure 8h demonstrates that the net533

positive forcing of H in the updraft region (Fig. 8f) effectively counterbalances the negative534

advective tendency (Fig. 8g). The net positive forcing of H results from the positive535

pressure term (Fig. 8c) overcompensating for the negative vapor and potential tempera-536

ture terms (Figs. 8d and 8e). One might reasonably suppose that such overcompensation537

in the z-t mean is partly due to positive contributions to the pressure term from unsatu-538

rated updrafts. One might also suppose that the overcompensation is partly due to some539

amount of evaporation or sublimation of detrained or falling condensate, and melting of icy540

hydrometeors. The positive forcing of H associated with the aforementioned microphysi-541

cal processes will lessen the net negative vapor and potential temperature terms that are542

presumably dominated by contributions from condensation, deposition and (in the latter543

case) freezing within cloudy updrafts. It is notable that the positive forcing of H due to544

evaporation, condensation and melting (Fig. 9c) is actually comparable to the net positive545

total forcing (Fig. 8f) in the updraft region.546
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547

5.b LCAPE548

549

Of course, lower–middle tropospheric H is not the only thermodynamic factor regulating550

deep convection. The middle column of Fig. 7 shows the distributions of “lower tropospheric”551

convective available potential energy, defined by552

LCAPE ≡
∫ z600

0

dz g
θv,prcl − θv

θv
, (5)553

in which z600 is the local height of the 600-hPa pressure isosurface, g is the gravitational554

acceleration near the surface of the earth, θv is the virtual potential temperature of the local555

atmospheric sounding, θv,prcl is the virtual potential temperature of a local 500-m “mixed-556

layer” parcel undergoing undiluted pseudoadiabatic ascent, and the integrand as a whole557

is the parcel buoyancy.11 Note that both positive and negative buoyancy contributions are558

included in the integral, so that LCAPE is not always positive. For all SSTs, small (and even559

negative) values of LCAPE are seen to cover much of the inner core of the surface vortex,560

including the most central region. Such conditions presumably hinder the local invigoration561

of deep convection should it be attempted by some forcing mechanism. More favorable562

conditions of relatively high LCAPE are generally seen in the vicinity of downtilt convection.563

The small values of inner-core LCAPE found away from downtilt convection are readily564

understood from the regional vertical profiles of the (pseudoadiabatic) entropy sp and satura-565

tion entropy sps. Here we use the approximation for sp in Bryan [2008, Eq. (11)] assuming566

liquid-only condensate. The selected profiles appearing in the bottom row of Fig. 10 corre-567

spond to soundings averaged over 6 hours (starting from t = ts) and within 35-km radii568

of the white diamonds in the middle column of Fig. 7. Inversions are seen to counter the569

initial decay of saturation entropy with increasing altitude from the sea surface, resulting in570

values of sps that exceed or nearly equal the nominal mixed-layer sp over a sizable fraction of571

the lower–middle troposphere. Such a state of affairs is consistent with mixed-layer parcels572

11The parcel buoyancy is calculated as in the getcape subroutine included in the CM1 software package.
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having small or (over certain intervals) negative buoyancy at altitudes relevant to the LCAPE573

integral. The foregoing saturation entropy profiles stand in sharp contrast to those found574

in the vicinity of downtilt convection, where inversions are absent and the values of sps are575

considerably reduced in the lower–middle troposphere (Fig. 10, top row).576

High saturation entropy in the lower–middle troposphere found away from downtilt577

convection in the inner core coincides with relatively warm air, or equivalently a regional578

lowering of θ-surfaces (Fig. 11). By contrast, low saturation entropy in the vicinity of579

the downtilt convection zone coincides with cooler air and elevated θ-surfaces. Such a580

configuration is at least qualitatively consistent with an atmosphere adjusted to nonlin-581

ear balance within a misaligned vortex (see DeMaria 1996). The deviations of the pressure582

and virtual potential temperature fields (from domain-averaged values) that are quanti-583

tatively consistent with nonlinear balance, given the vertical vorticity distribution (ζ ≡584

ẑ · ∇ × v) of a tropical cyclone, are readily obtained by solving Eqs. (C3) and (C4) of585

SM20. The corresponding saturation entropy profiles above the boundary layer are shown586

by the solid grey curves in Fig. 10. They are seen to agree reasonably well with the directly587

measured (solid black) profiles.588

Near-surface moist-entropy deficits do not appear to have a role comparable to that of589

relatively warm air in the lower part of the troposphere above the boundary layer in causing590

relatively low values of LCAPE over much of the inner core. The right column of Fig. 7 shows591

the distributions of a conventional measure of the near-surface moist entropy— the boundary592

layer equivalent potential temperature θeb calculated as in Emanuel [1994, Eq. (4.5.11)]. The593

values of θeb in the T26 and T30 tropical cyclones are actually peaked near the centers of the594

surface vortices (Figs. 7c and 7i), where LCAPE is depressed. Such high entropy reservoirs,595

built up where deep convection is hindered by conditions aloft, are notably reminiscent of596

that described by Dolling and Barnes (DB12) in their study of tropical storm Humberto597

(2001). The T28 system differs in that much of its inner region has lower θeb than that598
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which is found in the principal air mass entering the downtilt convection zone.12 However,599

the deficits of θeb are no more than 2 K below the core maximum, and do not seem to shape600

the distribution of LCAPE (compare Fig. 7e to 7f).601

The swath of relatively low-entropy air in the boundary layer of the T28 tropical cyclone602

appears to result from the infusion of low-entropy downdrafts (not shown) in the vicinity of603

downtilt convection and the associated downwind stratiform precipitation. Though appar-604

ently not spreading as far toward the surface center of the tropical cyclone, similar swaths605

of relatively low-entropy air near and downwind of the convection zone exist in the T26606

and T30 systems. While this low-entropy air may not have an obvious role in preventing607

deep convection at small radii, it could still infiltrate and weaken convective updrafts upon608

completing a recirculation cycle. The amount of low-entropy air that reaches the convective609

updrafts cannot be firmly ascertained without a trajectory analysis (cf. RDT18; A21a; Chen610

et al. 2021), but some insight on its potential impact is readily obtained by considering the611

time scale for its recovery under the action of the surface enthalpy fluxes13 depicted in the612

right column of Fig. 7. The time scale for surface enthalpy fluxes to raise θeb to the surface613

saturation level without impediments can be estimated by τs ∼ hb/Cev, in which hb is the614

characteristic depth (∼ 1 km) of the boundary layer. The velocity-independent ratio of τs to615

the circulation period τr ∼ 2πr/v increases from 0.9 to 1.3 to 2.7 as r decreases from 150 to616

100 to 50 km. Therefore, the negative impact of downdraft-adulterated air on the intensity617

of downtilt convection may not be too severe when recirculation occurs at a radius beyond618

approximately 100 km. Moreover, the streamlines suggest that much of the air mass entering619

the convection zone in the boundary layer derives not from regions of adulteration in the620

core, but from elsewhere in the outer vortex. Such would seem consistent with convection621

that is mechanically supported by the underlying frictional inflow (see appendix A).622

12The absence of a (relatively) high entropy reservoir near the surface center is believed to be a result
of chance, as opposed to being a general characteristic of tilted tropical storms over SSTs of 28 oC; such
reservoirs under depressions of LCAPE are seen in other tropical storms belonging to group T28.

13The surface enthalpy flux Fk is calculated here with the conventional approximation in Zhang et
al. (2008). The kinematic surface flux of equivalent potential temperature is approximately given by Fk/ρcpd,
in which ρ denotes density (e.g., De Ridder 1997).
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623

6. Transition from Slow to Fast Intensification624

625

In our simulations, a major boost of the intensification rate generally entails significant626

changes to the previously described structure of a tropical cyclone (section 5). The following627

aims to identify the conditions required for a transition to fast spinup for a given SST. The628

transition point will be defined so as to occur when the intensification rate begins to sharply629

grow after maintaining a sufficiently small value over the preceding 20 hours. Bear in mind630

that this does not necessarily correspond to the onset of rapid intensification (RI), which by631

its conventional definition occurs when the maximum sustained surface wind speed begins to632

grow at least 15.4 m s−1 (± a few m s−1) over 24 hours (Kaplan and DeMaria 2003; Kaplan633

et al. 2010). Conventional RI may occur after the transition, but is not explicitly required.634

635

6.a The Transition Time636

637

The transition time t∗ is identified herein with an ad hoc but objective method that is638

invariant with the SST and proves to be adequate for the simulations under present consid-639

eration. To begin with, the following conditions must be satisfied at t∗: (i) vm(t) > vm(t∗)640

for all t > t∗ with 2-h smoothing applied to vm, (ii) a
−

m < ao, and (iii) a+m ≥ max(ao, αa
−

m).641

The variable a±m appearing in (ii) and (iii) denotes the average of dvm/dt between t∗ and642

t∗ ± δt∗. The parameters are tuned to α = 3.5, ao = 3.0 × 10−5 m s−2, and δt∗ = 20 h.643

An additional measure is taken to overlook any early jump of dvm/dt that is subsequently644

nullified, and followed by a long episode of slow intensification. A number of systems are645

excluded from the forthcoming analysis, because they do not have transitions during the646

HFP that strictly satisfy the preceding identification criteria. The systems kept include 50%647

of group T26, 50% of group T28, and 25% of group T30. The small percentage from group648

T30 results from only the largest initial tilts giving rise to extended periods of sufficiently649

slow spinup over the warmest ocean.650

Figure 12a is a scatter plot of τ∗ versus τhf , in which τ∗ denotes t∗ minus the start time651
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of the HFP. The ratio τ∗/τhf is found to equal 0.74 ± 0.07 over the full range of systems652

retained for analysis.14 Figures 12b and 12c show vm and dvm/dt against t− t∗ for the same653

systems. In general, the transition times seem to adequately capture the moments when the654

acceleration begins to jump to a higher level that is subsequently maintained as the tropical655

cyclone becomes a hurricane.656

657

6.b Alignment and Axisymmetrization at the Time of Transition658

659

First and foremost, we should verify expectations based on section 4 and a number of comple-660

mentary studies addressing the onset of RI in systems with moderate shear (e.g., Z16; Munsell661

et al. 2017; Miyamoto and Nolan 2018; RDT18; AZZ20) that the transition to fast spinup662

generally occurs after substantial reduction of tilt. Figure 13a depicts the evolving statis-663

tics of the tilt magnitude during a 2-day time interval centered at t∗. The left, middle664

and right panels respectively show data averaged over the intervals −24 ≤ t − t∗ ≤ −12,665

−6 ≤ t − t∗ ≤ 6 and 12 ≤ t − t∗ ≤ 24, in which the end-points are given in hours. In each666

panel, the data are segregated into three columns according to the SST. The colored box667

in a given column extends vertically from the first to third quartile of the data associated668

with the pertinent SST. The dashed horizontal line within a box indicates the location of the669

median tilt magnitude. The columns also contain scatter plots of the SST-segregated data670

sets. The data points in each scatter plot are arranged from left to right in order of increasing671

values of the initial tilt magnitude (tilt0) of the simulation. Rulers for tilt0 are shown on the672

top of each panel. Regardless of the SST, the median tilt magnitude drops significantly from673

the pre-transitional time period to the transition time. The trend continues as fast spinup674

progresses. Figure 13b depicts the evolving statistics of the precipitation asymmetry [Eq. (3)675

with a = 200 km]. The plotting conventions are as in Fig. 13a. The results for Pasym are676

similar to those obtained for the tilt magnitude, because the two variables are dynamically677

correlated in the tropical cyclones under present consideration.678

14Here and elsewhere, a± b denotes the mean (a) ± one standard deviation (b) of a data set.
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The preceding analysis supports the notion that a sufficient reduction of the tilt magni-679

tude occurring simultaneously with a reduction of asymmetry in precipitating convection has680

an important role in enabling a transition to fast spinup. Overall, the coupled values of the681

tilt magnitude and Pasym that mark the transition for group T26 are appreciably smaller than682

their counterparts for groups T28 and T30 (see the middle panels of Figs. 13a and 13b). A683

fairly similar result is found for the transitional ratio of the tilt magnitude normalized to rm,684

which is 0.31±0.12 for group T26, 0.54±0.21 for group T28, and 0.74±0.24 for group T30.685

Alvey and coauthors (AZZ20) notably reported that a comparable variable having a value686

below 0.75 was generally needed for RI in an ensemble of simulations of tropical cyclone687

Edouard (2014) over an SST of 28-30 oC. As an aside, it is worth remarking that the reduc-688

tions of tilt and precipitation asymmetry seen here do not coincide with a transition to an689

approximate state of slantwise convective neutrality that is sometimes assumed in analytical690

intensification theories (see appendix B).691

In contrast to the behavior of tilt and Pasym, the magnitude of rm tends not to appre-692

ciably decline during the day preceding the transition time t∗ (Fig. 13c). Contraction of693

the inner core of the surface vortex is generally more evident in the day that follows, as694

the intensification of vm accelerates. Unshown time series demonstrate that the decline of695

rm after t∗ is normally sharper in group T30 than in groups T28 and T26, although some696

members of group T28 shortly exhibit abrupt contraction. In general, the reduction of rm697

coincides with a similar reduction of the precipitation radius rp. Quantitatively, the ratio698

of rm (rp) at the end of the HFP over its value found during the transitional time period699

is 0.37 ± 0.16 (0.42 ± 0.14). The preceding statistics are for the ensemble of all analyzed700

systems; the T26-ratios are mostly on the upper ends of the distributions. Note further that701

the post-transitional value of rp/rm tends not to stray too far above unity over time.702

703

6.c Moist-Thermodynamic Conditions at the Time of Transition704

705

In the experiments under present consideration, the reduction of tilt coincides with modifi-706
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cations of the moist-thermodynamic conditions of the vortex core that in the aggregate are707

believed to facilitate the faster spinup that ensues. These modifications are best explained708

by way of an illustrative example. Consider the tropical cyclone in simulation T28-HRA.709

Figures 7d-f depict the state of the system 14-20 hours prior to t∗. Figures 14a-c show the710

same fields averaged over a 6-h time window centered at t∗. The latter transitional state711

is clearly distinguished by having a smaller misalignment of middle and lower tropospheric712

circulations. In addition, the transitional state has lost the strong downtilt bias seen earlier713

in the distribution of deep convection. The previously small values of LCAPE uptilt and near714

the center of the surface vortex have also been eliminated. Furthermore, there are substantial715

enhancements of lower–middle tropospheric relative humidity and boundary layer equivalent716

potential temperature over much of the inner core.717

Figure 14d compares the central vertical distributions of entropy and saturation entropy718

during the foregoing 6-h pre-transitional and transitional time periods of the tropical cyclone719

evolution. The distributions are averaged within a 35-km radius of the surface vortex center.720

In contrast to the pre-transitional state, the transitional state exhibits monotonic decay of sps721

with increasing z in the lower–middle troposphere, and enhanced sp at essentially all altitudes722

up to the tropopause. The entropic changes coincide with lower–middle tropospheric cooling723

above the boundary layer, and a relatively deep augmentation of qv (Fig. 14e). The transi-724

tional state also exhibits warming in the upper troposphere. Both the upper warming and725

lower cooling are consistent with the maintenance of nonlinear balance during pre-transitional726

alignment.15 The solid curve in Fig. 14f shows the transitional distribution of the azimuthally727

averaged deep-layer CAPE16 minus that of the pre-transitional system in a surface-vortex728

centered coordinate system. A measurable boost of deep-layer CAPE is found inward of rm.729

15The author has verified the existence of a similar pattern in the vertical profile of the central temperature
difference between balanced vortices having the same ζ-distributions as the actual transitional and pre-
transitional vortices.

16The deep-layer CAPE is defined here as the positive contribution to the vertical buoyancy integral of a
500-m mixed-layer parcel ascending pseudoadiabatically to the highest tropospheric equilibrium level. The
highest equilibrium level is usually near the tropopause and may exceed the lowest equilibrium level. Thus,
the deep-layer CAPE ignores potential termination of ascent in the lower troposphere.
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At the radius of maximum gain, the thermal velocity (
√
2CAPE) increases from 54.6 to730

63.3 m s−1. Perhaps more significant is the dashed curve reflecting a large fractional boost731

of azimuthally averaged LCAPE (from 54 to 254 J kg−1 at r = 0) connected to the increase732

of T and qv in the boundary layer along with cooling in the lower part of the free troposphere.733

Considering this in combination with the 5-15% enhancement of lower–middle tropospheric734

relative humidity that is shown by the dash-dotted curve, the inner core of the transitional735

tropical cyclone seems appreciably more conducive to deep convection. In a general sense, the736

foregoing improvement of inner-core moist-thermodynamic favorability for deep convection737

attending the reduction of tilt and leading to faster intensification is not unlike that seen in738

typical studies of real and realistically simulated tropical cyclones that transition to RI (e.g.,739

Z16; AZZ20). The extent to which differences in details at the transition time— resulting740

from the environmental shear-flow commonly present in a real system —might fundamentally741

alter the mode of intensification that follows is currently unknown, and will be deferred to742

future study.743

The forthcoming analysis will confirm that the key inner core enhancements of relative744

humidity and LCAPE seen above to precede fast spinup are common across the broader745

spectrum of shear-free systems under present consideration. The analysis will also determine746

how the moist-thermodynamic aspects of the transition from slow to fast spinup vary quanti-747

tatively with the SST.748

For notational convenience in what follows, let G represent either H, LCAPE, CAPE, the749

surface enthalpy flux Fk, or the surface precipitation rate P . Here and for the remainder of750

section 6, H and CAPE should be understood to represent lower–middle tropospheric relative751

humidity17 and deep-layer CAPE, respectively. Continuing, let Gc denote the areal average752

of G over a surface vortex centered circular disc of radius rc. Let Gc
−
denote the temporal753

average of Gc over the pre-transitional time period given by −24 ≤ t−t∗ ≤ −12 h, with rc set754

equal to a similar temporal average of βrm. Define G
c
∗
in a similar way, but with the temporal755

17Lower–middle tropospheric relative humidity is measured in the following analysis as in section 5 by
taking a vertical average between z = 2.3 and 7.7 (7.8) km for HR (LR) simulations.
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averaging over the transitional time period given by −6 ≤ t− t∗ ≤ 6 h. The parameter β is756

set equal to 1 for G ∈ {H,LCAPE,CAPE} so that the areal averages represent conditions757

immediately relevant to the invigoration of deep convection inward of rm. A moderately758

larger β (1.5) is used for P to incorporate rainfall that extends to the outer proximity759

of rm, and for Fk to incorporate the impact of near-surface moist-entropy perturbations760

that may occur in the area of that rainfall. Figure 15a tabulates the mean values and761

standard deviations of Gc
−
and Gc

∗
for all pertinent moist-thermodynamic variables in each762

SST-group. Similar data are shown for the pre-transitional and transitional values of the tilt763

magnitude (tilt− and tilt∗) whose decay goes hand in hand with the moist-thermodynamic764

modifications of the tropical cyclone. Figure 15b depicts the SST-segregated distributions765

of the fractional change of each core-averaged variable between the pre-transitional and766

transitional time periods, given by the generic formula767

δGc ≡ Gc
∗
−Gc

−

Gc
−

. (6)768

The distribution of δtilt ≡ tilt∗−tilt−
tilt−

is also displayed.769

Referring to Fig. 15b, all SST groups show appreciable median fractional boosts ofHc and770

LCAPEc over the day leading up to t∗. The boosts of LCAPE
c tend to coincide with modest771

gains of equivalent potential temperature in the boundary layer, but the two changes are772

not well correlated,18 as other factors such as lower–middle tropospheric cooling (Fig. 14e)773

have substantial impact. The distributions for the fractional changes of CAPEc differ from774

those of LCAPEc in having smaller medians, and in one case (group T26) a negative median.775

One notable factor that may contribute to a negative change of CAPE is upper tropospheric776

warming (Fig. 14e). The core enthalpy flux F c
k tends to decline prior to t∗ by increasing777

fractional amounts with increasing SST. Such decline indicates a minor reduction of air-sea778

disequilibrium and/or surface wind speed immediately preceding fast spinup. The median779

18With θceb− (θceb∗) denoting the pre-transitional (transitional) average of θeb within a disc of radius rm,
θceb∗ − θceb− = 0.48 ± 0.31 K for group T26, 1.15 ± 0.79 K for group T28, and 0.53 ± 1.55 K for group T30.
The correlation coefficients between LCAPEc

∗
− LCAPEc

−
and θceb∗ − θceb− are -0.32 for group T26, -0.29 for

group T28, and 0.57 for group T30.
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fractional change of the core precipitation rate is non-negligible, but inconsistent in switching780

from a positive to negative value with increasing SST. Relatively large boosts of P c are not781

seen until after the transitional time period (not shown).782

Whereas some of the moist-thermodynamic changes coinciding with alignment over the783

day before t∗ may be incidental for a transition to fast spinup, others are presumably essential.784

It would be difficult to argue that the reduction of the surface enthalpy flux should directly785

promote a transition. On the other hand, the enhancements of Hc and moist instability–786

reflected primarily in the growth of LCAPEc –seem beneficial. Note that the mean transi-787

tional value of Hc decreases from 91 to 81 percent as the SST increases from 26 to 30 oC (Fig.788

15a). The drop is statistically significant (from group T26 to T28 or T30, but not from T28789

to T30) as determined by a p-value less than 0.05 in Welch’s t-test. Greater mean values of790

F c
k and CAPEc over warmer oceans (Fig. 15a) may help compensate for the less humid lower–791

middle troposphere and greater tilt magnitude in the recipe for a transition to fast spinup.792

Their monotonic growth with the SST may also help explain why the wind speed accelera-793

tions increase with the SST on average shortly after the transition (Fig. 12c). Interestingly,794

the mean transitional value of LCAPEc does not significantly vary with the SST (Fig. 15a).795

796

6.d Comparison to Moist-Thermodynamic Preconditioning for Fast Spinup in Symmetrized797

Systems798

799 Section 4 showed that removing a large tilt while leaving the symmetric part of the vortex800

unchanged can hasten the formation of a hurricane. The following demonstrates that the801

shorter HFP is generally linked to faster achievement of the moist-thermodynamic conditions802

seen above to signal (alongside reduced tilt) an imminent transition to fast spinup. When803

such conditions initially exist, symmetrization will be found to prevent their early breakdown.804

Figure 16 shows time series of various tropical cyclone parameters for the three LR simula-805

tions considered in section 4 from (left to right) groups T30, T28 and T26. These parame-806

ters include (top to bottom) vm, LCAPE
c, Hc and rm. The values of LCAPEc and Hc are807
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calculated with rc = rm(t). Each plot contains results from the unmodified tilted (principal)808

system and two restarts in which the tropical cyclones are initially symmetrized as explained809

in section 4. The first restart (denoted T∗R1, in which ∗ is the SST) is at the beginning of810

the HFP, whereas the second (T∗R2) is in the middle of the HFP. The tilt magnitudes of811

the principal systems (grey curves) are shown for reference in the bottom panels.812

The principal T30 simulation and T30R1 begin the HFP with LCAPEc and Hc having813

values near the high ends of the transitional levels found in section 6c. In T30R1, LCAPEc
814

and Hc promptly increase (Figs. 16b and 16c), and the tropical cyclone consistently moves815

into a stage of fast spinup (Fig. 16a). Such growth of the intensification rate appears to be816

hindered in the principal simulation by growth of the tilt magnitude (Fig. 16d) and atten-817

dant declines of moist-thermodynamic parameters to subtransitional levels (Figs. 16b and818

16c). T30R2 begins before LCAPEc and Hc are able to recover. Evidently, symmetrization819

expedites the recovery and coinciding transition to fast spinup. As in the principal simula-820

tion, a sharp reduction of rm occurs in T30R2 when the fast mode of intensification takes821

over (Fig. 16d). Note that late drops of LCAPEc and Hc appearing in Figs. 16b and 16c are822

presumably associated with the development of the eye of a strengthening hurricane.823

The principal T28 simulation begins the HFP having LCAPEc within and Hc below the824

statistical spreads of their transitional levels. Both parameters promptly decay and tend825

to stay below their mean transitional levels for several days (Figs. 16f and 16g), while the826

tilt magnitude remains above tilt∗ ≈ 44 km (Fig. 16h). Subsequent growth of LCAPEc and827

Hc leads to appreciable acceleration of intensification (Figs. 16e-g), but the change is too828

gradual for the identification of a transition point by the rules of section 6a. The symmetrized829

tropical cyclones (in T28R1 and T28R2) also begin in states having LCAPEc within and Hc
830

below the statistical spreads of their transitional levels. However, both parameters increase831

rapidly, and faster spinup occurs soon after Hc joins LCAPEc in rising to where a transition832

can be expected (Figs. 16e-g). The T26 simulations (Figs. 16i-l) do not require lengthy833

discussion, as they are qualitatively similar to their T28 counterparts.834
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It has been shown that our symmetrized tropical cyclones expeditiously begin acceler-835

ated intensification in conjunction with LCAPEc and Hc quickly acquiring or maintaining836

values that equal or exceed those within one standard deviation of the statistical means of837

LCAPEc
∗
and Hc

∗
. The preceding result is consistent with the proposition that the moist-838

thermodynamic changes coinciding with reduced tilt in our simulations, which facilitate deep839

convection inward of rm, are essential to enabling the onset of fast spinup. The mechanisms840

controlling the time scale of the alignment process that brings forth a state conducive to841

fast spinup were addressed in SM20 for systems in group T28. While the present study will842

not delve further into the intricate mechanics of alignment, those interested may consult843

appendix C for a brief discussion of how the alignment rate varies with the SST.844

845

7. Summary and Conclusions846

847

A cloud resolving numerical model has been used to examine how depression-strength tilted848

tropical cyclones evolve into hurricanes over oceans having a range of SSTs. The simulations849

analyzed herein were distinguished from those of earlier studies (barring SM20) in focusing on850

the evolution that occurs when environmental vertical wind shear— which may have created851

the initial tilt —is reduced to a negligible level. The length τhf of the hurricane formation852

period (HFP) at any SST was shown to exhibit approximate linear growth with either the853

initial tilt magnitude (above a threshold) or the positively correlated time average of the854

radius of maximum wind speed rm. Moreover, decreasing the SST led to superlinear growth855

of τhf . For a given time average of rm exceeding approximately 40 km, the growth of τhf856

upon cooling the ocean surface from 30 to 28 oC was an order of magnitude smaller than the857

growth upon further cooling to 26 oC. The disproportionately smaller growth of τhf over the858

first two-degree drop coincided with a disproportionately smaller (negligible by the measure859

in Fig. 2b) reduction of the precipitation rate integrated over the core of the surface vortex.860

The evolution of a strongly tilted tropical cyclone was often found to have a prolonged861

phase of slow (or neutral) intensification followed by fast spinup. The slow phase of intensi-862
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fication persists while the tropical cyclone maintains a state of substantial vertical misalign-863

ment with deep convection concentrated far downtilt from the center of the surface vortex.864

There was some concern that an early expansion of the inner core that occurs in response865

to the initial misalignment (SM20) could have set the tropical cyclone on course for slow866

intensification regardless of whether the structural asymmetry is retained. The preceding867

concern was allayed upon finding considerably faster development in a number of restarts868

beginning with the tilt-related asymmetry removed after the inner core expands.869

The off-center asymmetric organization of convection associated with sustained tilt and870

slow spinup was analyzed for selected tropical storms at several SSTs. While details may871

differ to some extent, results were qualitatively similar at all SSTs, and in many respects872

resembled those reported in earlier studies of real and realistically simulated tropical cyclones873

that are tilted by moderate environmental vertical wind shear (as explained in section 5).874

The analyses suggested that a combination of reduced lower–middle tropospheric relative875

humidity H and lower tropospheric convective available potential energy (LCAPE) discour-876

ages the invigoration of deep cumulus convection near the surface vortex center and uptilt.877

By contrast, high values ofH and LCAPE were found to facilitate deep convection in a region878

of boundary layer convergence located off-center and downtilt. Examination of individual879

tendency terms for lower–middle tropospheric H— in one particular case chosen for detailed880

analysis —suggested that its low values uptilt and near the surface vortex center are primar-881

ily maintained by mesoscale subsidence to the left of the tilt vector. Low values of LCAPE882

over the bulk of the inner core outside the vicinity of downtilt convection seemed largely883

connected to relatively warm air in the lower part of the troposphere above the boundary884

layer. Such warming was shown to be consistent with that expected for a misaligned tropical885

cyclone in a state of nonlinear balance in the free atmosphere.886

The transition to fast spinup occurs after the tilt magnitude becomes sufficiently small887

through an alignment process discussed in SM20 and appendix C. This geometrical change888

was shown to coincide with enhancements of lower–middle tropospheric H and LCAPE889
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within a surface vortex centered disc of radius rm. The moist-thermodynamic changes890

attending tilt-reduction seem crucial for initiating a fast, relatively symmetric intensifica-891

tion process that involves simultaneous contraction of rm and the characteristic radius of892

deep convection. The mean transitional value of LCAPE was found to have no statisti-893

cally significant variation with the SST. By contrast, the mean transitional values of the894

tilt magnitude and lower–middle tropospheric H over relatively warm oceans (having SSTs895

of 28 or 30 oC) were respectively higher and lower than their counterparts over the coolest896

ocean (having an SST of 26 oC). It is provisionally proposed that greater magnitudes of897

the surface enthalpy flux Fk and deep-layer CAPE in the cores of tropical cyclones over898

warmer oceans help compensate for the less complete alignment and core humidification.899

The monotonic growth of the mean transitional values of Fk and deep-layer CAPE with the900

SST may furthermore contribute to the positive correlation seen between the SST and the901

immediate post-transitional wind speed acceleration.902

Two notable elements of a natural system— radiative forcing and environmental vertical903

wind shear —were left out of the simulations considered for this study. Including a realis-904

tic parameterization of radiative transfer in the model is expected to accelerate hurricane905

formation, but the detailed consequences on the foregoing results are presently unknown.906

There presumably exists a parameter regime of sufficiently weak shear in which there is no907

radical change to the relationship between the tilt magnitude and the moist-thermodynamic908

structure of the tropical cyclone seen here under quiescent environmental conditions. In909

the same parameter regime, there would be no obvious reason to expect a major change to910

the coupled kinematic and moist-thermodynamic conditions that enable a transition from911

slow to fast spinup, or to the alignment process that goes hand in hand with creating those912

conditions (SM20). Determination of the precise level of shear at which major deviations913

begin to emerge has been left for future study.914
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929

Appendix A930

The Role of Surface Friction in Maintaining Deep Convection Downtilt931

932

Figure A1 provides some verification of the reasonable presumption that forcing of updrafts933

by frictional convergence in the boundary layer has an important role in maintaining the934

vigor of deep convection that occurs downtilt during the HFP. Figures A1a and A1b show935

two sequential plots of the 6-h accumulated precipitation and the 6-h time-averaged upper-936

tropospheric vertical velocity field in simulation T28-HRA. The sequence begins at t = ts−δt,937

in which ts is the start time of the averaging window in Figs. 7d-f, and δt = 6 h. Figures938

A1d and A1e show similar plots for a restart of the simulation at time ts − δt, with the939

surface drag coefficient Cd homogenized and reduced by two orders of magnitude so as to940

equal 2.5 × 10−5. Evidently, the reduction of Cd causes convection to rapidly dissipate and941

virtually vanish within 12 hours. Such dissipation coincides with pronounced decay of the942

inward boundary layer mass-flux seen in a complementary Hovmöller plot of rū averaged over943

the interval 0 ≤ z ≤ 1 km (Fig. A1f). No such decay is found in the control run (Fig. A1c).944

The preceding result should not be overgeneralized, but raises questions on the impor-945
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tance of certain hypothetical boosters for deep convection downtilt. One possible booster946

is adiabatic upgliding to the right of the tilt vector, which could lift initially unsaturated947

air to its level of free convection downtilt. It is unclear why convection supported by such948

a mechanism would so rapidly break down upon the reduction of surface drag. Another949

booster could be a robust cold pool downstream of convection, but there is no evidence950

of this scenario appreciably compensating for the removal of frictional convergence in the951

tropical storm considered above. The extent to which asymmetries in Ekman-like pumping952

may help give rise to a downtilt bias for deep convection near rm has not been investigated953

for the systems at hand. However, a concentration of deep convection downtilt would seem954

to be the most likely outcome of the broader frictional inflow, given the less conducive moist-955

thermodynamic conditions existing elsewhere.956

957

Appendix B958

Distinction Between the Transition to Fast Spinup and the Transition to SCN959

960

There has been a longstanding interest in tropical cyclone intensification theories that assume961

an azimuthally averaged state in which angular momentum contours arising from the vicinity962

of maximum wind speed are congruent with saturation entropy contours above the boundary963

layer (e.g., Emanuel 1997,2012; Peng et al. 2018). Such a condition of slantwise convective964

neutrality (SCN) and any dependent theory are generally inapplicable to cloud resolving965

simulations of early development. However, there is some computational evidence that SCN966

may be a reasonable approximation after an axisymmetric tropical cyclone intensifies beyond967

a transition point along its path toward equilibrium, where SCN in the eyewall is ideally968

exact (e.g., Peng et al. 2018).969

To be clear, the transition to fast spinup in the present simulations entails a reduction970

of asymmetry, but generally does not coincide with a transition to SCN in an emergent971

eyewall. Figure B1 depicts the azimuthal-mean states of selected T26, T28 and T30 tropical972

cyclones, time averaged over 6-h intervals centered at (top row) t∗ and (bottom row) t∗ plus973
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21 hours. In all cases, the angular momentum and saturation entropy contours are incongru-974

ent throughout the vortex core, especially in the lower troposphere (cf. Schecter 2011,2016).975

976 Appendix C977

Alignment and Precession978

979

Given that sufficiently large tilt magnitudes are correlated to unfavorable moist-thermodynamic980

conditions for intensification in our simulations, the time scale for the onset of fast spinup is981

linked to the time scale of vertical alignment. The time scale of alignment depends on the982

specific mechanism, which can be diabatic, adiabatic or more generally some hybrid of the983

two. Efforts to understand the mechanisms operating in pre-hurricane vortices, which partly984

involves elucidating the roles played by different facets of moist-convection, are ongoing (e.g.,985

Nguyen and Molinari 2015; Chen et al. 2018; RDT18; SM20; AZZ20; Rogers et al. 2020).986

SM20 began to examine the alignment process for the HR T28 simulations of the present987

study and identified 3 distinct stages. The first stage is characterized by a rapid decay988

of the tilt magnitude that involves the swift diabatically driven migration of the surface989

center toward deep convection downtilt, and in some cases the reformation of the middle990

tropospheric vorticity core closer to the surface center. The second stage is characterized by991

transient growth of the tilt magnitude, and is most pronounced in tropical cyclones initial-992

ized with the largest misalignments. In one system selected for detailed analysis (T28-HRA993

of this paper), the transient growth seemed partly caused by the emergence of a peripheral994

patch of anticyclonic vorticity (in the middle troposphere) that nudges the principal part of995

the midlevel cyclonic vorticity distribution away from the surface center; diabatic processes996

appeared to modulate the drift. The third stage of alignment identified in SM20 operates997

during much of the HFP, and typically involves gradual decay of the tilt magnitude. In the998

aforementioned case study, the gradual decay was driven by a complex interplay between999

diabatic forcing and adiabatic vortex dynamics, and failed to occur when moisture was1000

removed from the simulation. Bear in mind that the third stage of alignment is not always1001

purely gradual or monotonic, in that it sometimes contains notable secondary episodes of1002
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rapid decay or transient growth of the tilt magnitude.1003

While providing valuable insights, SM20 did not consider how the alignment process1004

depends on the SST. Figure C1a addresses the foregoing deficiency by showing how the time1005

series of the tilt magnitude varies with the SST for the illustrative subset of simulations with1006

318 ≤ tilt0 ≤ 367 km and a splitting altitude (see section 2b) of zl = 5.25 km. The narrow1007

range of tilt0 and common value of zl is to ensure that all included simulations have compara-1008

ble initial conditions. The thin dark curves in the plot correspond to the group mean values of1009

tilt, and the thick semitransparent background curves extend vertically from the minimum1010

to maximum group values of tilt. Note that the number of simulations in any particular1011

group can decrease with time, since each time series is terminated at the end of the HFP.1012

Figure C1a demonstrates (for strongly misaligned systems) that increasing the SST from1013

26 to 30 oC intensifies the initial decay of the tilt magnitude and diminishes the subsequent1014

transient growth. Consequently, increasing the SST decreases the tilt magnitude at the end1015

of stage 2 of the alignment process. Moreover, the mechanisms working to align the tropical1016

cyclones during stage 3 appear to be least efficient in the long term over the coolest ocean.1017

As mentioned in section 1, reducing the environmental vertical wind shear to a negligi-1018

ble level eliminates the potential importance of tilt reorientation to the alignment process.1019

However, precession of the tilt vector can still factor into the time scale for alignment. Before1020

discussing how, let us first examine the nature of precession for the systems considered herein.1021

Figure C1b illustrates the evolution of the tilt angle (ϕtilt, measured counterclockwise from1022

the positive x-direction in Fig. 7) for all simulations having well defined transitions to fast1023

spinup before the end of the HFP. The tropical cyclones in all SST groups exhibit a preces-1024

sion frequency (dϕtilt/dt) of order 10
−5 s−1 in the days leading up to t∗. There is only one1025

outlier from group T26 (dotted blue line) that has an episode of fast precession prior to1026

the official transition time. This episode coincides with a short-lived state of very small tilt1027

and relatively large wind speed acceleration that is disrupted by the restoration of modest1028

tilt, well before vm can appreciably intensify. The general boost of the precession frequency1029
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in groups T26 and T28 immediately after the onset of fast spinup is also notable, but of1030

questionable significance given the smallness of the tilt magnitude for t > t∗.1031

S20 theorized that the azimuthal propagation of downtilt convection coinciding with1032

precession can either hinder or help the diabatically induced migration of the surface center1033

toward the midlevel center of the tropical cyclone. In theory, the potentially positive influ-1034

ence becomes most evident when the azimuthal velocity of the propagation exceeds a certain1035

threshold that allows lower tropospheric vorticity to very efficiently amplify in the convec-1036

tion zone, thereby causing core reformation. The aforementioned threshold depends on1037

several factors, and most notably decreases with increasing strength of the diabatic forcing1038

that enhances convergence in the downtilt convection zone. For the simulations considered1039

above, the precession leading up to fast spinup has a much smaller angular velocity than1040

the characteristic rotation frequency of the cyclonic circulation (vm/rm >∼ 10−4 s−1). The1041

corresponding slowness of the azimuthal propagation of downtilt convection may have kept1042

the bar too high on the required strength of the diabatic forcing to have seen an irrefutable1043

case of alignment via lower tropospheric core reformation, indicated by an abrupt downtilt1044

jump of xcs. Regarding this point, S20 explicitly verified that the hypothetical condition for1045

core reformation is not satisfied during a representative interval of the slow intensification1046

phase of simulation T28-HRA (appendix A therein).1047

As a final remark on the subject, a number of theoretical studies preceding S20 suggested1048

that a wave-flow resonance associated with precession might be able to efficiently damp the1049

tilt of a tropical cyclone (e.g., Reasor et al. 2001; Schecter and Montgomery 2003,2007).1050

SM20 considered the potential relevance of resonant damping during the HFP, and provi-1051

sionally concluded that it should not have substantial impact when precession tends to be1052

as slow as that seen here before the onset of fast spinup.1053

1054
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Group Name SST Range of tilt0 NLR, NHR NIS, NISPD, NDSPD Featured tilt0, 〈tilt〉, 〈rm〉
(oC) (km) Group Members (km)

T26 26 0-367 9, 3 0, 4, 8 T26-LRA 365,98,66

T26-HRA 367,—,—

T26-HRB 182,48,54

T28 28 0-367 11, 23 3, 17, 14 T28-LRA 365,113,99

T28-HRA 367,122,107

T30 30 0-367 9, 3 0, 4, 8 T30-LRA 365,80,68

T30-HRA 367,95,69

TABLE 1. Summary of the numerical simulations. NLR/HR denotes the number of low/high
resolution simulations within a particular group. NIS/ISPD/DSPD denotes the number of
simulations initialized with the IS/ISPD/DSPD tilting procedure. All other variables appear-
ing in the table header are defined in the main text.
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Figure 1: (a) Length of the HFP (τhf) versus the initial tilt magnitude (tilt0). Filled (empty)
symbols correspond to simulations having tilts initially generated by the DSPD (IS or ISPD)
method. The color and shape of each symbol corresponds to the SST, and the relative size
corresponds to model-resolution as shown in the legend, which applies to all subfigures. The
dashed lines are linear regressions for the color-matched data points (belonging to distinct
SST groups) with tilt0 > 100 km. (b) Relationship between τhf and the HFP time-averaged
radius of maximum surface wind speed 〈rm〉. Each dashed line is a linear regression as in
(a), but covers all data points within the pertinent SST group. (c) Relationship between
〈rm〉 and tilt0 [the abscissas in (b) and (a)]. The linear regressions are as in (a), but are
drawn only for groups T28 and T30.
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Figure 2: (a) HFP time average of the precipitation rate integrated over a surface vortex
centered disc of radius r for simulation groups T26 (blue), T28 (black) and T30 (red).
Each thin dark line represents a group mean, and the thick light background curve extends
vertically from one local standard deviation below the mean, to one above. (b) HFP time
average of the precipitation rate integrated over a surface vortex centered disc of radius
1.2rm(t) versus the HFP time average of rm. The symbols are as in Fig. 1, and the dashed
line is the linear regression for groups T28 and T30 combined.
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Figure 3: (a) Relationship between the HFP time-averaged tilt magnitude 〈tilt〉 and 〈rm〉.
The symbols are as in Fig. 1; the dashed line is a linear regression with a correlation coefficient
of 0.87 for data with 〈rm〉 ≥ 35 km from all SST-groups. (b) Relationship between the HFP
time-averaged precipitation radius 〈rp〉 and 〈rm〉. The symbols are as in (a), but the dashed
linear regression (with a correlation coefficient of 0.97) covers all values of 〈rm〉. The solid
line corresponds to 〈rp〉 = 〈rm〉. (c) Radius-time Hovmöller plots of the logarithm of P̄
normalized to P0 = 1.25 cm h−1 (color), and w+ (contours) during the HFP of simulation
T28-LRA, which corresponds to the data point at the tail of the black arrow in (b). The
w+-contours are spaced 0.15 m s−1 apart, starting at 0.05 m s−1 on the periphery of a nested
set. The white curve with black trim shows rm(t).
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Figure 4: (a) Snapshot of the logarithm of the precipitation rate P normalized to P0 = 0.5
cm h−1 within a typical tropical cyclone (from T28-HRA) during its HFP. Middle tropo-
spheric (z ≈ 7.7 km, white) and lower tropospheric (z ≈ 1.2 km, black) streamlines are
superimposed over the distribution. The long thick black arrow points in the direction of the
tilt vector, which is parallel to the ϕ = 0 axis in the polar coordinate system used to construct
the PPD. (b) The precipitation probability 〈P̂ϕ〉 in each quadrant of the surface vortex,
plotted against the time averaged tilt magnitude. As indicated by the inset, black/blue
data correspond to the downtilt/uptilt quadrant, whereas red/green data correspond to the
quadrant on the left/right side of the tilt vector. The symbol shapes and sizes respectively
correspond to the SST and model resolution as in Fig. 1, but no distinction is made between
symbols representing simulations with different initialization procedures.
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tions T26-LRA, T28-LRA and T30-LRA (filled symbols), and for their counterparts in the
initially symmetrized restarts (empty symbols). Each slanted dashed line is a linear regres-
sion obtained using data from all of the tilted tropical cyclone simulations in a particular
SST-group with 〈rm〉 ≥ 40 km; the thick color-matched background line extends vertically
between plus and minus one root-mean-square deviation of this data from the regression
line. The colors of all symbols and lines indicate the SST as shown in the legend. (b) Time
averages of Pasym evaluated with a disc radius a equal to (vertical axis) 1.2rm(t) and (horizon-
tal axis) 200 km for the tilted tropical cyclones and their initially symmetrized counterparts.
Large (small) symbols correspond to HFP (shorter) time averages, as explained in the main
text. The color scheme follows that in (a). The legend applies to (b)-(d). (c) As in (b)
but for time averages of PI(a, t). (d) As in (b) but for the inward mass-flux in the nominal
boundary layer, measured by the vertical average of −rū from the surface to z ≈ 1 km,
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Figure 7: (a-c) Depiction of the tilted tropical cyclone in T30-HRA, averaged over a 6-h
interval starting in the midst of the HFP, well before fast spinup. (a) Horizontal streamlines
in the middle troposphere (black lines) and boundary layer (grey lines), superimposed over
the near-surface (z = 25 m) horizontal wind speed |us| in an earth-stationary reference frame.
(b) Vertical velocity (w) contours in the upper troposphere (z = 8.9 km) superimposed over
the distribution of LCAPE [Eq. (5)]. (c) Lower–middle tropospheric relative humidity H
(black contours, %), the surface enthalpy flux Fk where peaked (white contours, W m−2), and
the boundary layer equivalent potential temperature θeb (greyscale). A faint red boundary
layer streamline connected to the convection zone is shown for reference. (d-f) As in (a-c),
but for T28-HRA. (g-i) As in (a-c) but for T26-HRA. In each panel, the + marks the 6-h
time-averaged surface vortex center (xcs), where the origin of the x-y Cartesian coordinate
system is placed. The × marks the 6-h time average of the middle tropospheric vortex
center (xcm). The tilt vector points from + to ×, as illustrated by the blue arrows in
the left column. Positive (solid) and negative (dashed) w-contours are spaced 0.5 m s−1

apart starting from ±0.5 m s−1 in (b,e) on the outer rim of a nested set, and from ±0.25
m s−1 in (h); downdrafts are strong enough to be contoured only in (e). The boundary
layer streamlines and θeb are obtained from fields averaged over z ≤ 1 km. The middle
tropospheric streamlines are obtained from the average of the horizontal velocity field over
7.3 ≤ z ≤ 8.1 km. H is averaged over 2.3 ≤ z ≤ 7.7 km. All contoured fields (filled or
unfilled) are Gaussian smoothed with a standard deviation parameter of 6.25 km in both x
and y. The black/white diamonds in (b,e,h) mark the sounding locations for the top/bottom
row of Fig. 10.
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Figure 8: Illustration of the lower–middle tropospheric moisture dynamics occurring in the
tropical cyclone of simulation T28-HRA while moderately tilted during a selected 6-h segment
of the HFP (corresponding to that in Figs. 7d-f). All fields are time-averaged over this
segment and vertically averaged (except for σc, which is a vertical integral) as explained in
the main text. The surface and middle tropospheric vortex centers are respectively marked
by + and × as in Fig. 7. (a) Reference plot of relative humidity H (greyscale), w-contours
(black and white), and streamlines of horizontal velocity u (grey with arrows). Positive
(solid black) w-contours are from the set {0.15, 0.68, 1.13} m s−1, negative (dashed black) w-
contours are from the set −{0.03, 0.15, 0.25} m s−1, and the zero w-contours are represented
by the dotted white lines. (b) Reference plot of the logarithm of the z-integrated hydrometeor
mass density σc normalized to σc0 = 10 kg m−2. Contours and streamlines are as in (a).
(c-e) Formal positive and negative source terms contributing to ∂H/∂t on the right-hand
side of Eq. (4) attributable to changes of (c) pressure, (d) water vapor, and (e) potential
temperature in air parcels. (f) The sum of all positive and negative source terms in (c-e).
(g) The advection term on the right-hand side of Eq. (4). (h) The sum of the advection
and source terms. Contours in (c-h) are as in (a), except for the w = 0 contour being black
instead of white. The colorbar to the right of (e) applies to (c-e), whereas the colorbar to
the right of (h) applies to (f-h). All plotted fields (excluding u) are Gaussian smoothed in x
and y with a 6.25-km standard deviation parameter.
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Figure 9: (a,b) Contributions to the 3D advection term in Fig. 8g from (a) horizontal and
(b) vertical advection. (c) Sum of contributions to the Dqv/Dt and Dθ/Dt terms in Figs. 8d
and 8e from evaporation (subscript-e), sublimation (subscript-s) and melting (subscript-m).
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Figure 10: (a,b) Vertical profiles of the entropy sp (dashed black) and saturation entropy
sps (solid black) found in (a) downtilt and (b) uptilt regions of the inner core of the tropical
cyclone in simulation T30-HRA, averaged over the 6-h time period in Fig. 7b. Specifically,
the two profiles are taken in the vicinities of (a) the black diamond and (b) the white
diamond in the aforementioned figure. The solid grey curves starting above the boundary
layer show sps when the pressure and potential temperature fields are adjusted to precisely
satisfy the equations of nonlinear balance (BAL) for the particular ζ-distribution of the
misaligned vortex. (c,d) As in (a,b) but for entropy profiles taken from the 6-h time period
of simulation T28-HRA in Fig. 7e, and at the diamonds (black/white for c/d) in the same
figure. (e,f) As in (a,b) but for entropy profiles taken from the 6-h time period of simulation
T26-HRA in Fig. 7h, and at the diamonds (black/white for e/f) in the same figure. Note
that central profiles are shown instead of uptilt profiles in (f).
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Figure 11: (a) Height minus zm = 4.1 km (denoted δz) of the θ = 320.8-K isosurface
of the tilted tropical cyclone in simulation T30-HRA, averaged over the 6-h time interval
represented by Figs. 7a-c. (b) As in (a) but for the θ = 321.6-K isosurface of the tilted
tropical cyclone in simulation T28-HRA over the 6-h interval in Figs. 7d-f. (c) As in (a) but
for the θ = 321.6-K isosurface of the tilted tropical cyclone in simulation T26-HRA over the
6-h interval in Figs. 7g-i, and with zm = 4.4 km. The black w-contours, diamonds, + and
× are as in Figs. 7b, 7e and 7h for (a), (b) and (c) respectively. Note the inversion of the
usual blue-to-red colormap.
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Figure 12: (a) Time interval between the beginning of the HFP and the transition to fast
spinup (τ∗) versus the length of the HFP (τhf) for simulations that meet the rigid criteria
for exhibiting a transition. Symbols are as in Fig. 1. The dashed (dotted) line corresponds
to τ∗ = κτhf , in which κ = 1 (0.74). (b) Time series of vm for the simulations in (a). Each
thin curve represents the mean for a particular SST-group (see legend), whereas the thick
semitransparent curves extend vertically from minus-one to plus-one standard deviation from
the mean. The dashed horizontal line corresponds to vm at the end of the HFP, the dashed
vertical line corresponds to the transition time t = t∗, and the dotted vertical lines correspond
to t = t∗ ± 6 h. (c) As in (b) but for the time series of dvm/dt, and with the dashed
horizontal line corresponding to an intensification rate of zero. The curves representing
SSTs of 28 and 30 oC are truncated on the right approximately when the last group member
completes its HFP.
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Figure 14: (a-c) Depiction of simulation T28-HRA during a 6-h period centered at the
transition time t∗, similar to that shown for the pre-transitional time period starting 20 hours
earlier in Figs. 7d-f. Plotting conventions slightly differ in that the top of the greyscale for |us|
in (a) is extended to 19 m s−1, w-contours in (b) are spaced 0.25 m s−1 apart, the greyscale
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segments of black and white. (d) Inner core vertical profiles of the entropy sp and saturation
entropy sps in the pre-transitional (grey) and transitional (black) states of simulation T28-
HRA. (e) Changes (denoted by ∆) in the temperature T and water vapor mixing ratio qv
corresponding to the entropy changes from the pre-transitional to transitional states shown in
(d). (f) Changes in the azimuthally averaged radial profiles of deep-layer CAPE, LCAPE and
lower–middle tropospheric relative humidity (H averaged between z = 2.3 and 7.7 km) from
the pre-transitional to transitional states of the simulation. Extended ticks on the bottom
of the graph show rm during these two states; i.e., before (pre) and at (∗) the transition.
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Figure 16: (a-d) Time series of (a) vm, (b) LCAPEc, (c) Hc and (d) rm for simulation
T30-LRA (solid black) and symmetrized restarts at the beginning (dashed) and at a later
stage (dash-dotted) of the HFP. The dotted horizontal line in (a) corresponds to vm at the
end of the HFP. The dotted line in (b) corresponds to zero LCAPEc. The grey horizontal
bars in (b) and (c) are centered at the group-mean transitional values of the plotted moist-
thermodynamic variables (see Fig. 15a), and are two standard deviations wide in the vertical
dimension. The solid grey curve in (d) shows the tilt magnitude in T30-LRA. (e-h) As in
(a-d) but for simulation T28-LRA. (i-l) As in (a-d) but for simulation T26-LRA.
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Figure A1: (a) The accumulated rainfall (color) and time-averaged w-contours over the
interval −6 ≤ t − ts ≤ 0 h in simulation T28-HRA. The w-contour levels are as in Fig. 7e.
Both the rainfall and w fields are horizontally smoothed over an approximate 6.25 km radius.
As usual, the + and × respectively mark the time-averaged rotational centers of the surface
and middle tropospheric circulations. (b) As in (a) but for the interval 0 ≤ t − ts ≤ 6 h.
(c) Evolution of the radial distribution of the effective radial mass flux (rū) averaged over
height in a 1-km deep boundary layer. The black-and-white dashed line is the radius of
maximum height-averaged v̄ in the boundary layer. (d-f) As in (a-c) but for a restart with
Cd → 2.5× 10−5.
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Figure B1: (a) Saturation entropy that assumes liquid-only condensate (dashed black-and-
white contours; J kg−1 K−1) and absolute angular momentum (rv̄+ fr2/2, color) in simula-
tion T26-HRB, averaged in azimuth and over a 6-h interval centered at the time t∗ of the
transition to fast spinup. The solid white lines above the freezing level (thick cyan line)
are saturation entropy contours assuming ice-only condensate. The thick black curve is the
angular momentum contour passing through the lower tropospheric location of maximum v̄.
(b) As in (a) but for a 6-h time interval centered 21 hours after t∗. (c,d) As in (a,b) but
for simulation T28-HRA. (e,f) As in (a,b) but for simulation T30-HRA. The colorbar to the
right is for all subfigures.
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Figure C1: (a) Time series of the tilt magnitudes for tropical cyclones initialized with 318 ≤
tilt0 ≤ 367 km and zl = 5.25 km. The thin-dark and thick-semitransparent curves represent
the mean and spread of the time series in each SST group, as explained in the main text.
The time coordinate used for the graph is defined by t′ ≡ t − t0, in which t0 = 0 (6 h) for
tropical cyclones initially tilted with the DSPD (IS or ISPD) method described in section
2b. The three stages of alignment are indicated in the general vicinities of where they occur
for group T28. (b) The tilt angle ϕtilt versus t− t∗ for all tropical cyclones with well defined
transition points during the HFP. The curves are as in (a), but an outlier (dotted blue line)
is removed from the data determining the thin-dark and thick-semitransparent curves for
group T26. The vertical black lines correspond to t = t∗ (dashed) and t = t∗ ± 6 h (dotted).
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