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Abstract

This study investigates the contributions of incipient vortex circulation and mid-level moisture to tropical cyclone (TC) ex-

pansion within an idealized numerical modeling framework. We find that the incipient vortex circulation places the primary

constraint on TC expansion. Increasing the mid-level moisture further promotes expansion but mostly expedites the intensifi-

cation process. The expansion rate for initially large vortices exhibits a stronger response to increasing the mid-level moisture

compared to initially small vortices. Previous studies have noted a proclivity for relatively small TCs to stay small and rela-

tively large TCs to stay large; that is, TCs possess a sort of “memory” with respect to their incipient circulation. We reproduce

this finding with an independent modeling framework and further demonstrate that an initially large vortex can expand more

quickly than its relatively smaller counterpart; therefore, with all other factors contributing to expansion held constant, the

contrast in size between the two vortices will increase with time. Varying the incipient vortex circulation is associated with

subsequent variations in the amount and scale of outer-core convection. As the incipient vortex circulation decreases, outer-core

convection is relatively scarce and characterized by small-scale, isolated convective elements. On the contrary, as the incipient

vortex circulation increases, outer-core convection abounds and is characterized by relatively large rainbands and mesoscale

convective systems. A combined increase in the amount and scale of outer-core convection permits an initially large vortex to

converge a substantially larger amount of absolute angular momentum compared to its relatively smaller counterpart, resulting

in distinct expansion rates.
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Abstract12

This study investigates the contributions of incipient vortex circulation and mid-level13

moisture to tropical cyclone (TC) expansion within an idealized numerical modeling frame-14

work. We find that the incipient vortex circulation places the primary constraint on TC15

expansion. Increasing the mid-level moisture further promotes expansion but mostly ex-16

pedites the intensification process. The expansion rate for initially large vortices exhibits17

a stronger response to increasing the mid-level moisture compared to initially small vor-18

tices. Previous studies have noted a proclivity for relatively small TCs to stay small and19

relatively large TCs to stay large; that is, TCs possess a sort of “memory” with respect20

to their incipient circulation. We reproduce this finding with an independent modeling21

framework and further demonstrate that an initially large vortex can expand more quickly22

than its relatively smaller counterpart; therefore, with all other factors contributing to23

expansion held constant, the contrast in size between the two vortices will increase with24

time.25

Varying the incipient vortex circulation is associated with subsequent variations26

in the amount and scale of outer-core convection. As the incipient vortex circulation de-27

creases, outer-core convection is relatively scarce and characterized by small-scale, iso-28

lated convective elements. On the contrary, as the incipient vortex circulation increases,29

outer-core convection abounds and is characterized by relatively large rainbands and mesoscale30

convective systems. A combined increase in the amount and scale of outer-core convec-31

tion permits an initially large vortex to converge a substantially larger amount of ab-32

solute angular momentum compared to its relatively smaller counterpart, resulting in33

distinct expansion rates.34

Plain Language Summary35

A variety of atmospheric and oceanic processes contribute to the expansion of a36

tropical cyclone wind field. We examine a subset of factors with idealized simulations37

to better understand how tropical cyclones expand. When both the initial size of a trop-38

ical cyclone and the environmental moisture are varied in accordance with observations,39

we find that the initial size of a tropical cyclone places the primary constraint on the ex-40

pansion of a tropical cyclone wind field. We verify that tropical cyclones possess “mem-41

ory” of their size when they first developed such that a small tropical cyclone stays small42

and a large tropical cyclone stays large. We further demonstrate that large tropical cy-43
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clones can expand more quickly than their relatively smaller counterparts. The amount44

of moisture in the atmosphere modulates the expansion of a tropical cyclone wind field.45

A relatively moist environment facilitates the development of convection and a concomi-46

tant increase of wind speeds that contributes to an expansion of the tropical cyclone wind47

field. Our findings motivate additional research investigating the variability of processes48

contributing to the initial size of a tropical cyclone amidst Earth’s warming climate sys-49

tem.50

1 Introduction51

Accurately forecasting the lateral extent of a tropical cyclone (TC) wind field pro-52

vides critical information to assess the potential scope of its wind, precipitation, and storm53

surge related hazards. Climatological studies have shown that TCs are characterized by54

an expansive range of scales (Merrill, 1984; Chavas & Emanuel, 2010; Chan & Chan, 2012;55

Knaff et al., 2014); however, the processes contributing to variable TC sizes are not fully56

understood. Complex multi-scale interactions occurring between a TC and its ambient57

environment underlie the difficulties associated with accurately forecasting the lateral58

expansion of a TC wind field. Several risk analyses have demonstrated the importance59

of considering TC size metrics in assessing the potential amount of losses associated with60

landfalling TCs (e.g., Czajkowski & Done, 2014; Zhai & Jiang, 2014; Klotzbach et al.,61

2020). Furthermore, recent studies have demonstrated that TC size distributions among62

various ocean basins will shift toward larger TCs amidst Earth’s warming climate sys-63

tem (Knutson et al., 2015). As societal exposure to TC hazards continues to escalate among64

expanding coastal communities (Klotzbach et al., 2018), a thorough understanding of65

the processes contributing to the lateral expansion of TC wind fields is necessary to pre-66

vent fatalities and mitigate economic losses.67

In proceeding, we note that several metrics of “size” exist in the literature, each68

describing to varying degrees the lateral extent of the TC circulation. Rather than elab-69

orating the utility of each metric, we will note a few among the more common employed70

in the literature and refer the reader to a subset of references listed below: Radius of the71

outermost closed surface isobar (ROCI; Brand, 1972; Merrill, 1984; Kimball & Mulekar,72

2004), radius of hurricane-force winds (64 kt; Hill & Lackmann, 2009), radius of damaging-73

force winds (50 kt; Kimball & Mulekar, 2004; Xu & Wang, 2010), and the equivalent radii74

of tropical storm-force and gale-force winds (34 kt; Chan & Chan, 2012; Kilroy & Smith,75
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2017). Operational forecasting agencies, such as the National Hurricane Center and the76

Joint Typhoon Warning Center, routinely produce wind radii forecasts for the radius of77

hurricane-force winds, damaging-force winds, and tropical storm-force winds (Knaff et78

al., 2017). Following Kilroy and Smith (2017), we define TC size as the maximum ex-79

tent of the azimuthally averaged tangential velocity equal to the radius of gale-force winds80

(34 kt) 1 km above the ocean surface (henceforth, Rgales). Furthermore, we define TC81

expansion as the process whereby Rgales increases and conversely, contraction as the pro-82

cess whereby Rgales decreases.83

The two tails of the global TC size distribution represent vastly different scales, demon-84

strating the potential for TCs to exhibit remarkable structural differences. Early stud-85

ies provided evidence for weak typhoons with compact circulations, referred to as “midget”86

typhoons (Arakawa, 1952; Harr et al., 1996). On the same tail of the TC size distribu-87

tion are intense TCs with compact circulations, referred to as “micro-hurricanes” (Hawkins88

& Rubsam, 1966) or “strong dwarfs” when depicted on an intensity–kinetic energy di-89

agram (Musgrave et al., 2012). Exemplars of intense TCs with compact circulations in-90

clude Hurricane Inez (1966; Hawkins & Rubsam, 1966; Hawkins & Imbembo, 1976) and91

Hurricane Patricia (2015; Rogers et al., 2017; Doyle et al., 2017; Martinez et al., 2019).92

The opposite tail of the TC size distribution is characterized by TCs such as Super Ty-93

phoon Tip (1979), which at its most intense stage possessed a maximum sustained wind94

speed of ∼85 m s−1 and a radius of gale-force winds exceeding 1100 km (Dunnavan &95

Diercks, 1980). Together, the foregoing examples allude to the weak relationship between96

TC intensity and size (Merrill, 1984; Weatherford & Gray, 1988; Carrasco et al., 2014).97

Such profound differences in TC size further emphasize the difficulties in forecasting po-98

tential hazards as a TC approaches land, necessitating a better understanding of expan-99

sion at various stages during a TC’s life cycle.100

Inter-basin comparisons have demonstrated that TCs in the western North Pacific101

basin, on average, tend to be the largest (Merrill, 1984; Knaff et al., 2014). Seasonal vari-102

ations in TC size have been noted in the North Atlantic and western North Pacific basins,103

with average sizes exhibiting a relative minimum during mid-summer months and a rel-104

ative maximum during the fall (Brand, 1972; Merrill, 1984; Liu & Chan, 2002; Kimball105

& Mulekar, 2004). Although basin and season alone do not necessarily provide physi-106

cal information to describe TC size differences, inter-basin and seasonal variations in meso-107

synoptic scale precursor disturbances to cyclogenesis and environmental conditions, such108
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as sea-surface temperatures and moisture, are certainly among the many factors under-109

lying observed differences in TC size. For example, Knaff et al. (2014) concluded that110

small TCs are favored when vertical vorticity is supplied by the incipient vortex distur-111

bance rather than the synoptic environment. Liu and Chan (2002) found that large TCs112

in the western North Pacific tend to be associated with a southwesterly surge of envi-113

ronmental flow into the vortex at 850 hPa resulting from cross-equatorial monsoonal flow,114

whereas small TCs tend to be embedded within easterly flow. Congruous with the fore-115

going discussion, variance in TC size can be partly attributed to the scale of an incip-116

ient vortex and the ambient large-scale environment throughout a TC’s life cycle.117

Idealized modeling studies have sought to elucidate the most relevant processes gov-118

erning TC expansion. Hill and Lackmann (2009) demonstrated that environmental hu-119

midity is an important factor contributing to TC size. Increasing the environmental hu-120

midity promotes a greater amount of PV generated by radially outward propagating spi-121

ral rainbands. PV generated by the spiral rainbands is then subsumed by the inner-core122

PV tower, increasing its lateral extent and spinning up the outer-core cyclonic wind field123

through a balanced response. Xu and Wang (2010) demonstrated that increasing the RMW124

of incipient vortices results in larger outer-core surface fluxes that promote stronger di-125

abatic heating within spiral rainbands. Stronger diabatic heating within spiral rainbands126

promotes more boundary layer vorticity convergence that spins up the outer-core circu-127

lation, which in turn increases the surface fluxes at increasingly larger radii. Xu and Wang128

(2010) also demonstrated that varying the RMW of incipient vortices has a larger in-129

fluence on the final size of a TC compared to varying the environmental moisture. Chan130

and Chan (2014) demonstrated that TC size exhibits a dependency on both initial vor-131

tex size and planetary vorticity. They argued that when holding the vortex size constant,132

angular momentum fluxes imparted by the Coriolis torque increase when displacing the133

vortex further north whereas radial fluxes of relative angular momentum decrease as a134

result of increased inertial stability. These competing effects on angular momentum fluxes135

were shown to be minimized at 25 N such that there may exist an “optimal” latitude136

for TC expansion. Chan and Chan (2015) demonstrated that expansion rates are not137

sensitive to the initial vortex intensity, but rather the outer-core wind profile radially out-138

ward of the RMW. Increasing the outer-core tangential winds produces larger absolute139

angular momentum that can be subsequently converged toward the TC center, thereby140

promoting larger expansion rates. Kilroy and Smith (2017) emphasized the importance141
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of boundary layer dynamics in governing both the radial location of low-level ascent out142

of the boundary layer and the associated thermodynamic properties of this air. They demon-143

strated with the aid of a slab boundary layer model that an initially large vortex con-144

centrates relatively weak ascent over a broad radial region near the axis of rotation com-145

pared to an initially small vortex that concentrates relatively strong ascent closer to the146

axis of rotation. The organization of ascent occurs prior to the development of deep con-147

vection. A larger vortex will therefore develop a broader distribution of diabatic heat-148

ing and stronger inflow at larger radii, which in the presence of a larger radial absolute149

angular momentum gradient contributes to a more rapid spin-up of the outer-core cir-150

culation. A reasonable conclusion drawn from idealized modeling studies in aggregate151

is that TC expansion is inextricably linked to convectively driven convergence of abso-152

lute angular momentum toward the TC center of circulation.153

The foregoing discussion demonstrates there are several internal and external fac-154

tors contributing to TC expansion; however, our understanding of how these factors evolve155

together and contribute to TC expansion remains limited. In nature, “internal” and “ex-156

ternal” factors are not entirely independent, precluding definitive statements regarding157

the relative contributions of one factor in one category over the other. Furthermore, em-158

ploying a combined framework that integrates both internal and external factors is chal-159

lenging and requires selecting from the numerous potential factors contributing to TC160

expansion in each respective category. Therefore, it is practical to limit the number of161

factors we explore and to investigate the underlying processes contributing to TC ex-162

pansion associated with this reduced set of factors. Here we choose to examine the con-163

tributions of incipient vortex circulation and environmental moisture to TC expansion;164

that is, one “internal” and one “external” factor, respectively. Our choice is motivated165

by the aforementioned relevance of the incipient vortex circulation and environmental166

moisture when considering TC expansion.167

Several past studies have noted a proclivity for relatively small TCs to stay small168

and relatively large TCs to stay large (e.g., Merrill, 1984; Knaff et al., 2014; Kilroy &169

Smith, 2017; Tao et al., 2020). The results presented herein reproduce this finding and170

indicate potential for additional, new insights regarding TC expansion. The following171

section discusses the methods to create variable incipient vortex circulations and envi-172

ronmental moisture profiles within the idealized numerical modeling framework. Section 3173
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presents results gathered from the simulations. Section 4 discusses the processes under-174

lying TC expansion along with concluding remarks and avenues for future work.175

2 Methods176

2.1 Incipient Vortex Circulation177

Previous studies investigating the contributions of initial vortex size to TC expan-178

sion within an idealized modeling framework begin by prescribing an axisymmetric vor-179

tex profile with a fixed tangential velocity maximum. A subset of vortices with differ-180

ent sizes is created by either varying the radius of maximum tangential winds (RMW;181

e.g., Xu & Wang, 2010; Kilroy & Smith, 2017; Xu & Wang, 2018) or fixing the RMW182

and varying the radial vortex shape outward of the RMW (e.g., Chan & Chan, 2014, 2015;183

Xu & Wang, 2018). Although the two methods vary a different element of the incipient184

vortex circulation, and thus likely differ in producing variable TC expansion rates, both185

methods more generally vary the incipient vortex circulation strength. That is, either186

increasing the RMW or decreasing the radial decay of tangential velocity outward of the187

RMW is tantamount to increasing the incipient vortex circulation strength.188

We choose to fix the initial tangential velocity maximum and RMW while vary-189

ing the radial decay of tangential velocity outward of the RMW to produce a set of in-190

cipient vortices. The radial structure of tangential velocity is prescribed via a modified191

Rankine vortex of the form192

v(r) =


vmax

(
r

rmax

)
0 ≤ r < rmax

vmax

(
r

rmax

)−α
r ≥ rmax,

(1)193

where vmax = 15 m s−1 is the maximum tangential velocity, rmax = 50 km is the RMW,194

and α is the decay parameter. After the radial structure of the incipient vortices is pre-195

scribed, we apply a radial decay function following Nolan (2007) to ensure that the to-196

tal circulation is zero in the doubly periodic model domain for 3-D simulations. The ra-197

dial decay function is given by198

v(r) = v0(r) exp
(
− r
R

)
, (2)199

where v0(r) denotes the initial modified Rankine vortex profile given by (1), r is the ra-200

dius, and R is chosen as 600 km. Figure 1 shows the tangential velocity and vorticity201

profiles after applying the radial decay function. Then, a linear vertical decay function202
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is applied that reduces the tangential velocity to zero at an altitude of 20 km. Values203

of α are chosen as 0.3, 0.5, and 0.7, in accordance with observations of North Atlantic204

basin TCs (Mallen et al., 2005). It is unlikely that a tropical storm is characterized by205

as steep a radial decay of tangential velocity given by the α = 0.7 vortex, but we ex-206

amine this subset of vortices to elucidate the contributions of incipient vortex circula-207

tion to TC expansion. The α = 0.7 and α = 0.3 vortices will henceforth be referred208

to as small and large, respectively.
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Figure 1. Axisymmetric radial profiles of tangential velocity (solid) and vertical vorticity

(dashed) are shown for each of the incipient vortices. The decay parameter used for each mod-

ified Rankine vortex is given in the legend by α. A radial decay function (2) is applied to each

of the tangential velocity profiles to ensure that the circulation is zero at the doubly-periodic

boundaries of 3-D simulations. See section 2.3 for additional details.

209

2.2 Environmental Moisture210

The degree to which environmental moisture modulates TC expansion will largely211

depend on its horizontal and vertical variations throughout the atmosphere. Prior stud-212

ies investigating the contributions of environmental moisture to TC expansion often des-213

ignate a sounding representative of the tropics, fix the temperature profile, and vary the214

mixing ratio; this method preserves the temperature while varying the relative humid-215

ity. For example, Hill and Lackmann (2009) placed their vortices in a moist envelope where216

the environmental humidity was held constant within 100 km of the incipient vortex cen-217

ter, linearly reduced between 100–150 km, and constant beyond 150-km radius. The en-218
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vironmental moisture reduction factor was applied uniformly in the vertical (i.e., no vari-219

ations in the vertical were introduced beyond those given in the original sounding). Xu220

and Wang (2010) also applied a uniform reduction factor in the vertical to create vari-221

able initial environments. We adopt a methodology that is motivated by climatological222

studies demonstrating that tropical moisture variance is maximized near the mid-troposphere223

(e.g., Holloway & Neelin, 2009; Dunion, 2011). Furthermore, relatively high mid-tropospheric224

moisture content within tropical waves has been shown to be an important factor con-225

tributing to cyclogenesis (Davis & Ahijevych, 2013; Komaromi, 2013).226

Beginning with the Dunion moist-tropical sounding (Dunion, 2011), we fix the tem-227

perature profile and systematically vary the vertical structure of moisture to produce a228

set of three soundings. The Dunion moist-tropical sounding is first interpolated to 40-
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Figure 2. (a) Relative humidity (H) is shown as a function of log-pressure for the Dunion

moist-tropical sounding (black) and each of the environmental moisture profiles (gray). (b)

Temperature and dewpoint temperature are shown as a function of log-pressure for the Dunion

moist-tropical sounding (red and green, respectively), along with dewpoint temperature for each

of the environmental moisture profiles (gray).

229

m vertical intervals between the surface and 10-km altitude. This region is smoothed us-230

ing a 3-km low-pass Lanczos filter with 35 weights. Variations to the smoothed mois-231
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ture profile are then introduced by applying a Hanning window with a multiplicative fac-232

tor such that the relative humidity (H) is set to 20%, 40%, or 60% at 4960-m altitude233

(∼560 hPa; Fig. 2a). The dewpoint temperature profiles are reconstructed with these234

variations and shown on a skew-t log-p diagram in Fig. 2b, along with the original Dunion235

moist-tropical sounding for reference. The H = 60% sounding is nearly identical to the236

Dunion moist-tropical sounding, and the H = 20% sounding resembles the mid-level237

moisture content observed during a Saharan air layer event in the North Atlantic basin238

(Dunion, 2011). We neglect initial horizontal moisture variations aside from those re-239

quired to satisfy thermal wind balance when superposing an axisymmetric vortex cir-240

culation onto a horizontally homogeneous environment. This method is limited in its rep-241

resentation of nature where TCs often develop in asymmetric distributions of moisture;242

however, we find it fruitful to examine the expansion of TCs in a simplified framework243

that can be generalized to represent a larger set of environments in future work. The H =244

20% and H = 60% environments will henceforth be referred to as dry and moist, re-245

spectively.246

2.3 Numerical Model Setup247

Numerical simulations are carried out with the non-hydrostatic, fully compressible248

Cloud Model 1 (CM1) version 19.7 (G. H. Bryan & Fritsch, 2002). As described above,249

the incipient vortex circulation and environmental moisture are varied to create three250

different initial conditions for each parameter, resulting in nine experiments. Each of the251

nine experiments are simulated with the axisymmetric configuration of CM1, and the252

four experiments representing the small/large incipient vortices and the dry/moist en-253

vironments are simulated with the full, three-dimensional configuration of CM1. Axisym-254

metric simulations are computationally inexpensive, and therefore an ensemble of ten255

axisymmetric simulations is produced for each of the nine experiments in the original256

set. The 3-D experimental design is chosen to aid in delineating the underlying processes257

contributing to TC expansion in three dimensions by selecting the extrema of initial con-258

ditions. Following V. S. Nguyen et al. (2008), we introduce random moisture perturba-259

tions with an amplitude of ± 0.5 g kg−1 to the lowest 500 m of the axisymmetric sim-260

ulation domains. This method is chosen to examine the sensitivity of TC expansion, and261

the processes discussed herein, to stochastic processes such as deep, moist convection.262
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The axisymmetric grid spans 3050 km in radius and is defined with a uniform 1-263

km radial grid spacing in the innermost 300 km that gradually stretches to 10-km spac-264

ing at the domain boundary. There are 800 radial grid points in total. The vertical grid265

spans 28 km in altitude and is defined with a grid spacing that stretches from 50- to 500-266

m in the lowest 5.5 km and is a uniform 500-m above 5.5 km. There are 65 vertical grid267

points in total, with 12 lying in the lowest 2-km altitude. A Rayleigh damping layer is268

applied 100 km from the outer horizontal boundary and above 22-km altitude to aid in269

mitigating the reflection of internal gravity waves.270

The 3-D grid spans 2040×2040 km in the horizontal and is defined with a uniform271

2.5-km grid spacing in the innermost 1200 km that gradually stretches to 11.5-km spac-272

ing at the domain boundaries. There are 600×600 horizontal grid points in total. The273

vertical grid and Rayleigh damping layer applied above 22-km altitude are identical to274

those used in the axisymmetric simulations. We note that the radial grid spacing in the275

axisymmetric domain is not identical to the horizontal grid spacing in the 3-D domain.276

The principal findings in this study are not sensitive to the choice of axisymmetric grid277

spacing (not shown), and therefore we opt to present results from the axisymmetric sim-278

ulations with a finer 1-km radial grid spacing.279

Rather than placing the 3-D vortices in a quiescent environment, we gradually im-280

pose a 5 m s−1 uniform westerly flow throughout the domain following a methodology281

similar to the time-varying point-downscaling (TVPDS) technique (Onderlinde & Nolan,282

2017). The uniform flow is introduced by adding a Newtonian relaxation term to the hor-283

izontal momentum equations, given by284

∂u

∂t
= . . .− 〈u〉 − uref

τn
, (3)285

and286

∂v

∂t
= . . .− 〈v〉 − vref

τn
, (4)287

where 〈u〉(z) and 〈v〉(z) denote the domain-averaged zonal and meridional wind veloc-288

ities, respectively, uref (z, t) and vref (z, t) denote the reference zonal and meridional wind289

profiles to nudge toward, respectively, and τn is the nudging time scale. Thus, domain-290

averaged winds at each vertical level are nudged toward a specified reference profile that291

is a function of height and time, avoiding the introduction of a net circulation into the292

domain. The nudging time scale τn controls the rate at which the domain-averaged winds293
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are nudged toward the reference wind profile. We permit each of the vortices to develop294

deep, moist convection for 24 h prior to introducing the 5 m s−1 uniform westery flow295

with a 6-h nudging time scale. A time-varying translational domain is updated each hour296

in the simulation to track the minimum of a smoothed pressure field that represents the297

approximate center of each vortex, and the domain translation velocity vector is subtracted298

from the total wind to produce grid-relative winds. We further refine our specification299

of the center location with a 2–8 km layer-averaged pressure centroid following the method300

described by L. T. Nguyen et al. (2014).301

All simulations are integrated for eight days on an f -plane corresponding to ∼16 ◦N302

latitude with underlying sea-surface temperatures fixed at 29 ◦C. Radiative processes303

are approximated via a simple 2 K day−1 Newtonian relaxation to the base-state tem-304

perature profile (Rotunno & Emanuel, 1987). Microphysical processes are parameter-305

ized using the Morrison double-moment scheme with graupel selected as the large ice cat-306

egory (G. H. Bryan & Morrison, 2012). Sub-grid-scale turbulent processes are param-307

eterized using a first-order local closure, commonly referred to as the “Louis PBL scheme”308

(Louis, 1979; Kepert, 2012; H. G. Bryan et al., 2017). The horizontal and vertical eddy309

viscosities are separately determined given the local flow deformation and the moist Brunt-310

Väisälä frequency. The heat diffusivity is taken as identical to the momentum diffusiv-311

ity such that the Prandtl number is unity. This turbulence parameterization requires spec-312

ifying the horizontal and vertical mixing length scales, chosen herein as lh = 1000 m313

and lv = 100 m, respectively for both the axisymmetric and 3-D simulations.314

3 Results315

3.1 Intensity and Initiation of Rapid Intensification316

The intensity of each simulated TC is shown as a function of time in Fig. 3, where317

intensity is approximated as the maximum azimuthally averaged wind speed at the low-318

est model level (25 m). There are no discernible intensity relationships as a function of319

either incipient vortex circulation or environmental moisture for the axisymmetric en-320

semble averages, whereas an initially larger incipient vortex circulation and larger en-321

vironmental moisture produce slightly higher-intensity TCs for the 3-D simulations. Dis-322

crepancies in the timing to begin rapid intensification (RI) are noted among the axisym-323

metric ensemble averages and the 3-D simulations. Consistent with previous studies, larger324

–12–



manuscript submitted to JGR: Atmospheres

tropospheric moisture content expedites the development phase and initiation of RI as325

the incipient vortex is more quickly moistened, thereby promoting deep convection (e.g.,326

Tao & Zhang, 2014; Kilroy & Smith, 2017). We define the initiation of RI following a327

method similar to that used by Judt and Chen (2016) and Rios-Berrios et al. (2018), which328

is motivated by the approximate 95th percentile of 24-h over-water TC intensification329

rates in the North Atlantic basin (Kaplan et al., 2010). The initiation of RI is specified330

as the first (hourly) time step where the subsequent 24-h intensification rate exceeds 15.4331

m s−1 and each of the 6-h intensification rates within the 24-h time window exceeds 3.8332

m s−1. Black dots in Fig. 3 denote the initiation of RI for each simulation following this333

definition. To account for timing discrepancies in the initiation of RI and provide a more334

consistent comparison of TC evolution, we subtract off the time when RI begins from335

each simulation unless otherwise specified. Furthermore, to facilitate the discussion of336

results as a function of incipient vortex circulation and environmental moisture, we ab-337

breviate references to each simulation as follows: small (S), large (L), dry (D), and moist338

(M). For example, the simulation with a decay parameter of α = 0.7 and mid-level en-339

vironmental moisture of H = 20% is referred to as the SD simulation.340

3.2 RMW and Rgales Evolution341

Time series of the azimuthally averaged RMW at the lowest model level and Rgales342

are shown for all simulations in Fig. 4. In each of the axisymmetric ensemble averages,343

the RMW contracts to approximately 10-km radius during the intensification phase and344

subsequently expands for the remainder of the simulation. 3-D simulations illustrate a345

similar contraction of the RMW during intensification; however, the RMW does not ex-346

pand subsequent to the intensification phase for the small TCs. Both sets of axisymmet-347

ric and 3-D simulations show that for a given environmental moisture, as the incipient348

vortex circulation increases, the resulting RMW is larger at all times during the TC life349

cycle. Furthermore, the axisymmetric ensemble averages show that for a given incipi-350

ent vortex circulation, TCs embedded in environments with larger moisture content at-351

tain a larger RMW; however, this relationship is not present for small TCs in the 3-D352

simulations.353

Figure 4 elucidates the principal finding of this study; the incipient vortex circu-354

lation places the primary constraint on TC expansion, and in part establishes the ex-355

pansion rate. An initially large vortex (α = 0.3) expands more quickly than its rela-356
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Figure 3. The maximum azimuthally averaged wind speed at the lowest model level (25 m)

is shown as a function of time for (a) the nine axisymmetric ensemble averages (10 ensemble

members each) and (b) the four 3-D simulations. Simulations are distinguished by the modified

Rankine vortex decay parameter (α, color) and by the mid-level environmental relative humidity

(H, line style). Ū denotes the presence of a uniform 5 m s−1 westerly flow for 3-D simulations

(see section 2.3 for details). Black dots denote the initiation of rapid intensification for each re-

spective simulation. Each time series is smoothed using a 12-h low-pass Lanczos filter with nine

weights.

tively smaller counterpart (α = 0.7); therefore, with all other factors contributing to357

expansion held constant, the contrast in size between the two vortices increases with time.358

Increasing the environmental moisture produces larger TCs when the timing to rapid in-359

tensification is left unaccounted; however, a more consistent comparison accounting for360

the timing to RI reveals that the expansion rate is only slightly modulated by increas-361

ing the environmental moisture. The axisymmetric ensemble averages show a slightly362
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larger expansion rate as the environmental moisture is increased for a given incipient vor-363

tex circulation. The degree to which varying the environmental moisture modulates the364

expansion rate in the 3-D simulations is dependent on the incipient vortex circulation.365

Increasing the environmental moisture does not influence the expansion rate for initially366

small vortices, whereas increasing the environmental moisture results in larger expan-367

sion rates for initially large vortices. Furthermore, Figs. 4c,d show that as the RMW be-368

gins to expand for the large 3-D vortices, the expansion rate increases. Henceforth, re-369

sults will only be discussed for the 3-D simulations.
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Figure 4. The radius of maximum tangential winds (RMW) and the radius of gale force

winds (Rgales) are shown as a function of time with respect to the initiation of rapid intensifi-

cation for (a,b) the nine axisymmetric ensemeble averages and (c,d) the four 3-D simulations,

respectively. Simulations are distinguished by the modified Rankine vortex decay parameter (α,

color) and mid-level environmental relative humidity (H, line style). Ū denotes the presence of a

uniform 5 m s−1 westerly flow for 3-D simulations (see section 2.3 for details). Each time series is

smoothed using a 12-h low-pass Lanczos filter with nine weights.

370
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As noted in section 1, TC expansion is inextricably linked to convectively driven371

convergence of absolute angular momentum toward the TC center of circulation. To il-372

lustrate this relationship, Fig. 5 shows the azimuthally averaged evolution of absolute373

angular momentum (M) for each TC at 1-km altitude. Overlaid in orange is the M sur-374

face corresponding to 3.0×106 m2 s−1 (for simplicity, the M = 3.0 surface) for each re-375

spective TC. The large TCs begin with larger outer-core M compared to the small TCs376

and subsequently converge a substantially larger amount throughout their life cycles. Fur-377

thermore, the extent of radial inflow is a function of incipient vortex circulation, such378

that the small TCs do not have radial inflow exceeding 3 m s−1 beyond 100-km radius.379

Collectively, this evolution is captured by the M = 3.0 surface beginning at approxi-380

mately 300-km radius for the small TCs and contracting ∼50–75 km, whereas the M =381

3.0 surface begins at approximately 230-km radius for the large TCs and contracts over382

200 km; the M = 3.0 surface is eventually subsumed into the inner-core circulation of383

the LM TC (Fig. 5d). A combination of initially larger outer-core M and a broader ex-384

tent of radial inflow contributes to the large TCs converging a substantially larger amount385

of M throughout their life cycles compared to the small TCs. The following sections will386

demonstrate that this finding is primarily related to the areal distribution and nature387

of convection found in the outer-core region.388

3.3 Convective Evolution389

The evolution of convection for each 3-D simulation is shown by azimuthally av-390

eraged radar reflectivity (dBZ) in Fig. 6. Each simulated TC is characterized by vigor-391

ous eyewall convection near the RMW, denoted by reflectivity values exceeding 50 dBZ.392

Notable differences are found radially outward of the RMW, where decreasing the in-393

cipient vortex circulation strength or environmental moisture generally corresponds to394

less convection. Figures 6c,d show that the aforementioned expanding RMW in the large395

TCs is accompanied by radially propagating convection that contributes to an expan-396

sion of the eyewall in both simulations. We examined animations of radar reflectivity and397

potential vorticity (PV) and noted an increase in the amount of spiral rainband convec-398

tion and a subsequent growth of the eye region during the time period that the RMW399

expands for the large TCs (not shown). The animations suggest that the eyewall may400

have expanded via PV mixing near the eye–eyewall interface or an eyewall replacement401
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Figure 5. Azimuthally averaged absolute angular momentum at 1-km altitude (shaded), 0–1

km altitude layer-averaged radial inflow magnitude (cyan contours at 3, 5, 10, and 15 m s−1),

and the absolute angular momentum surface corresponding to 3.0×106 m2 s−1 (orange) are

shown as a function of time relative to the initiation of rapid intensification for the 3-D simu-

lations: (a) SD, (b) SM , (c) LD, and (d) LM . The innermost black curve in each panel is the

radius of maximum tangential winds (RMW) and the outermost black curve is the radius of

gale-force winds (Rgales).

cycle. We reserve a thorough analysis of the processes contributing to eyewall expansion402

in the large TCs for future work.403
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Figure 6. Radar reflectivity (dBZ) at 2-km altitude is shown as a function of radius and time

relative to the initiation of rapid intensification for the 3-D simulations: (a) SD, (b) SM , (c) LD,

and (d) LM . The innermost black curve in each panel is the radius of maximum tangential winds

(RMW) and the outermost black curve is the radius of gale-force winds (Rgales).

Cartesian snapshots of radar reflectivity at 2-km altitude, 72 h after the initiation404

of RI, are shown for each simulation in Fig. 7. As the incipient vortex circulation is de-405

creased, outer-core convection is relatively scarce and characterized by small-scale, iso-406

lated convective elements. On the contrary, as the incipient vortex circulation is increased,407

outer-core convection abounds and is characterized by relatively large-scale rainbands408
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and mesoscale convective systems. Varying the environmental moisture slightly increases409

the areal coverage of convection, but does not appear to have a significant influence on410

the spatial scale of outer-core convection.
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Figure 7. Cartesian snapshots of radar reflectivity (dBZ) at 2-km altitude, 72 h after the

initiation of rapid intensification, are shown for the (a) SD, (b) SM , (c) LD, and (d) LM sim-

ulations. Radius rings in increments of 100 km from the center of each TC are given by the

dashed-black lines and the radius of gale-force winds (Rgales) for each respective TC is given by

the solid black line.

411

The relationship between incipient vortex circulation and the scale of outer-core

convection is quantified by representing the reflectivity at 2-km altitude, given by Z(r, j, t),
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as a Fourier series along the azimuthal dimension

Zm(r, t) =

J−1∑
j=0

Z(r, j, t) [cos(2πmj/J) + isin(2πmj/J)] , (5)

where m is the azimuthal wavenumber (m = 0, 1, 2, . . . , 180), r the radius, j the azimuth

angle in degrees (j = 0, 1, 2, . . . , J = 360), and t the time. The Fourier coefficient for

each azimuthal wavenumber is given by Zm(r, t). Then, the power spectrum for each az-

imuthal wavenumber is given by

Zm(r, t) =
1

J2
|Zm(r, t)|2, (6)

and the normalized power spectrum for each azimuthal wavenumber is given by

Ẑm(r, t) =
Zm(r, t)∑
mZm(r, t)

. (7)

The normalized power spectrum (7) is computed for reflectivity at 2-km altitude between412

100–300 km radius and for each hourly time step. Normalized power spectra are then413

area-averaged between 100–300 km radius and cumulatively summed over all wavenum-414

bers for each hourly time step.415

Figure 8 shows the cumulative normalized power spectra at 48 h and 72 h after the416

initiation of RI for each simulation. The median cumulative power of outer-core reflec-417

tivity occurs between azimuthal wavenumbers 4–8 for the large TCs and above azimuthal418

wavenumber 9 for the small TCs. Therefore, the median distribution of convection is shifted419

toward larger scales as the incipient vortex circulation is increased. In general, the large420

TCs have a propensity to develop relatively large-scale convection in the outer-core re-421

gion throughout their life cycle, regardless of environmental moisture. The outer-core422

convection for the small TCs exhibits a slightly greater scale-dependence on environmen-423

tal moisture compared to the large TCs, with the moist environment producing larger424

scales of convection; however, Fig. 4d suggests that differences in the scales of convec-425

tion between the SD and SM TCs have a negligible influence on the their expansion rates.426

This may be partly due to the longevity of convection that develops in the outer-core427

region or the relative scarcity of outer-core convection for the SD TC. The following sec-428

tion will further investigate differences in the nature of convection among the simulated429

TCs to elucidate the differences in expansion rates.430
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Figure 8. Cumulative normalized power spectra of outer-core (r = 100–300 km) radar reflec-

tivity at 2-km altitude are shown as a function of azimuthal wavenumber (m) for each simulation

at (left) 48 h and (right) 72 h after the initiation of rapid intensification. The dashed-black line

denotes the median cumulative normalized power. See text for additional details on how the

cumulative normalized power spectra are constructed.

3.4 Vertical Mass Flux Distributions431

We begin comparing the nature of convection between the simulated TCs via fre-432

quency distributions of vertical mass flux within the inner- and outer-core regions. We433

define the inner-core region as the area enclosed by r ≤ 50 km; this definition is cho-434

sen to capture the evolution of convection confined by the initial RMW for each TC (r =435

50 km), including the eyewall, principal, and secondary rainbands (Houze, 2010). We de-436

fine the outer-core region as the area enclosed by 100 ≤ r ≤ 300 km; this definition is437

chosen to capture the evolution of convection beyond twice the initial RMW for each TC,438

including principal and secondary rainbands that propagate from the inner- to outer-core439

region and distant rainbands (Houze, 2010). We tested several definitions for the inner-440

and outer-core regions, including dynamic boundaries that follow the RMW (e.g., Hence441

& Houze, 2012). We elect to use the aforementioned static boundaries when distinguish-442

ing between the inner- and outer-core regions to preserve the same number of grid points443

compared between each TC and to avoid issues with boundaries that account for the RMW444

given that it flares radially outward at upper levels in the TC circulation. Results re-445

main qualitatively similar when using a definition that accounts for the RMW. Further-446

more, we created inner- and outer-core vertical mass flux frequency distributions as a447
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function of altitude for various time windows and found that the results remain largely448

consistent regardless of the initial window time or length (not shown). Therefore, we choose449

to show the vertical mass flux frequency distributions during the 12-h time window be-450

ginning 48-h after the initiation of RI for each TC. This time window captures the evo-451

lution of convection in each TC subsequent to its bulk intensification phase (see Fig. 3)452

and coincides with the previous reflectivity spectral analysis (Fig. 8a).
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Figure 9. Individual quantiles (colors) from the inner-core (r ≤ 50 km) vertical mass flux

distribution are shown as a function of altitude for each TC between 48–60 h after the initia-

tion of rapid intensification. (a) Vertical mass flux quantiles are shown for the (solid) large, dry

(LD) TC and the (dashed) small, dry (SD) TC. (b) Vertical mass flux quantiles are shown for

the (solid) large, moist (LM) TC and the (dashed) small, moist (SM) TC. The middle panel is

horizontally stretched to twice the spacing between vertical mass flux values compared to the left

and right panels.

453

Figure 9 shows individual quantiles from the inner-core (r ≤ 50 km) vertical mass454

flux distribution for each TC between 48–60 h after the initiation of RI. Vertical mass455
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flux quantiles are shown separately for TCs in the dry and moist environments to facil-456

itate comparisons between the small and large TCs. Beginning with the dry environment457

(Fig. 9a), the LD TC is characterized by a higher frequency of modest-to-large inner-458

core updraft mass flux throughout 12-km altitude compared to the SD TC; however, the459

SD TC has a higher frequency of the largest inner-core updraft mass flux values. This460

result is illustrated by the 75%, 90%, 95%, and 99% updraft mass flux quantiles occur-461

ring at larger values for the LD TC, but the 99.9% updraft mass flux quantile occurring462

at larger values for the SD TC. Furthermore, the LD TC is characterized by a higher463

frequency of modest-to-large inner-core downdraft mass flux between ∼4–10 km altitude464

compared to the SD TC, but the SD TC has a higher frequency of the largest inner-465

core downdraft mass flux values.466

Transitioning to the moist environment (Fig. 9b), note that differences between the467

LM and SM TCs are largely similar to those found in the dry environment. One no-468

ticeable difference is that a higher frequency of the largest updraft mass flux values for469

the SM TC is only found above 8-km altitude rather than throughout 12-km altitude470

as in the dry environment. It is also worth noting that differences in the inner-core ver-471

tical mass flux distributions between the small and large TCs are more pronounced in472

the moist environment compared to the dry environment. In general, the vertical mass473

flux distributions shown in Fig. 9 demonstrate that subsequent to the bulk intensifica-474

tion phase, an initially large vortex is characterized by a higher frequency of modest-to-475

large inner-core vertical mass fluxes compared to its relatively smaller counterpart that476

is instead characterized by a higher frequency of the largest inner-core vertical mass fluxes.477

478

Figure 10 shows individual quantiles from the outer-core (100 ≤ r ≤ 300 km)479

vertical mass flux distribution for each TC between 48–60 h after the initiation of rapid480

intensification. The general results are consistent when comparing the small and large481

TCs for both the dry and moist environments; the large TCs are characterized by larger482

outer-core updraft and downdraft mass fluxes compared to the small TCs. In contrast483

to the inner-core vertical mass flux analysis, large TCs exhibit a higher frequency of outer-484

core updraft and downdraft mass fluxes for all quantiles. A higher frequency of larger485

outer-core updraft and downdraft mass fluxes for all quantiles corresponds with the greater486

amount of outer-core convection previously noted for large TCs (see Figs. 6 and 7). Ad-487

ditionally, larger magnitudes of vertical mass flux correspond to relatively stronger outer-488
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Figure 10. As in Fig. 9, but for the outer-core (100 ≤ r ≤ 300 km) vertical mass flux distribu-

tion. The middle panel is horizontally stretched to four times the spacing between vertical mass

flux values compared to the left and right panels.

core convection for the large TCs. Collectively, Fig. 10 demonstrates that for a given en-489

vironment, the large TCs are distinguished from their relatively smaller counterparts by490

a greater amount of stronger outer-core convection.491

3.5 Absolute Circulation Evolution492

Results discussed up to this point have demonstrated that large TCs are primar-493

ily distinguished from their relatively smaller counterparts by more abundant outer-core494

convection that occurs at a larger scale and transports a greater amount of mass through-495

out the troposphere. Here we investigate the relationship between the characteristics of496

outer-core convection and TC expansion rates via the absolute circulation equation. Fol-497

lowing the discussion in section 2 of Davis and Galarneau (2009) and section 1 of Raymond498

et al. (2011), we formulate the absolute circulation equation in a geometric cylindrical499

coordinate framework as500

∂C

∂t
= −ηz δ̃A−

∮
η′zV

′
h · n̂dl +

∮
wηh · n̂dl −

∮
(k̂× F) · n̂dl, (8)501
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where C is the absolute circulation, t the time, ηz the absolute vertical vorticity, δ̃ the502

area-averaged horizontal divergence within the area (A) bounded by the integration cir-503

cuit, Vh the horizontal velocity vector comprising the radial (u) and tangential (v) ve-504

locity components, w the vertical velocity, ηh the horizontal vorticity vector, and F the505

three-dimensional friction force vector. In a geometric cylindrical coordinate framework,506

the integration of terms on the right hand side of Eq. (8) occurs along a circuit of con-507

stant radius and altitude, where n̂ is the unit vector that lies in the horizontal plane nor-508

mal to the circuit, k̂ the vertical unit vector, and dl the incremental length along the cir-509

cuit path. An overbar denotes the azimuthal mean (i.e., average along the circuit) and510

primes denote deviations from the azimuthal mean (i.e., asymmetries or eddies). Eq. (8)511

can be further simplified by noting that in a geometric cylindrical coordinate framework,512

the radial vector is parallel to the unit normal vector and the azimuthal vector is par-513

allel to the direction of integration along the circuit path (i.e., counter-clockwise). There-514

fore, Eq. (8) becomes515

∂C

∂t
= −ηz δ̃A−

∮
η′zu
′dl −

∮
w
∂v

∂z
dl +

∮
Ftdl, (9)516

where Ft denotes friction opposing the tangential circulation (i.e., flow along the circuit).517

The terms on the right hand side of Eq. (9) represent contributions from 1) the prod-518

uct of area-integrated horizontal divergence within the circuit and azimuthal-mean ab-519

solute vorticity along the circuit, 2) asymmetric fluxes of absolute vertical vorticity across520

the circuit, 3) the flux of absolute vertical vorticity across the circuit arising from tilt-521

ing horizontal vorticity normal to the circuit, and 4) the flux of absolute vertical vortic-522

ity across the circuit associated with friction that opposes the tangential circulation. For523

simplicity, we henceforth refer to the contributions as stretching, eddy fluxes, tilting, and524

friction, respectively. Similar to Rios-Berrios et al. (2016), Eq. (9) is normalized by the525

area of the circuit and integrated forward in time from t0 to t1, yielding the area-averaged526

absolute vorticity change (henceforth, area-averaged vorticity change for simplicity)527

η̃z(t1)− η̃z(t0) = −
∫ t1

t0

ηz δ̃dt−
1

A

∫ t1

t0

∮
η′zu
′dldt528

− 1

A

∫ t1

t0

∮
w
∂v

∂z
dldt+

1

A

∫ t1

t0

∮
Ftdldt. (10)529

We create an ensemble-average analysis centered on the 300-km radius circuit to530

assess contributions from both the inner- and outer-core convection to the area-averaged531

vorticity change. The ensemble-average approach is designed to mitigate biases intro-532

–25–



manuscript submitted to JGR: Atmospheres

duced from convective activity concentrated along the circuit (Davis & Galarneau, 2009;533

Rios-Berrios et al., 2016). To produce an ensemble of circuits, we perturb the radial ex-534

tent of the circular integration domain ±12.5 km. Terms on the right hand side of Eq. (10)535

are then evaluated along each of the circuits and the ensemble average is defined by the536

area-weighted contributions from all of the circuits.537

We note that the area-averaged vorticity change comprises contributions from vor-538

tex intensification, strengthening, and expansion (e.g., Merrill, 1984). In particular, the539

stretching contributions to the area-averaged vorticity change vary as the product be-540

tween the area-integrated horizontal divergence within the circuit and the azimuthal-mean541

absolute vertical vorticity along the circuit. We can infer that variations to the horizon-542

tal divergence located near the eyewall will impart variations to the stretching contri-543

bution evaluated along the 300-km radius circuit; however, we cannot distinguish the “amount”544

of stretching contributing to vortex intensification and strengthening from the “amount”545

of stretching contributing to vortex expansion. Therefore, we choose to analyze the area-546

averaged vorticity change integrated for the 48-h time window beginning 48 h after the547

initiation of RI. The bulk intensification has completed for each TC 48 h after the ini-548

tiation of RI (Fig. 3) such that the area-averaged vorticity change is primarily comprised549

of contributions associated with vortex strengthening and expansion. Additionally, the550

48-h integration time window captures the evolution of each TC during the time peri-551

ods shown in the reflectivity spectral analysis (Fig. 8) and the vertical mass flux anal-552

yses (Figs. 9, 10).553

Ensemble-averaged terms on the right hand side of Eq. (10) are integrated for the554

48-h time window using hourly model output. The sum of terms on the right hand side555

of Eq. (10) is compared to the net area-averaged vorticity change over the 48-h integra-556

tion time window on the left hand side. We note that hourly model output reasonably557

captures the quantitative area-averaged vorticity change for each TC (Fig. 11), provid-558

ing confidence in the assessment of individual terms in the budget and comparisons be-559

tween the TCs. We examined all 48-h integration time windows beginning 24-h after the560

initiation of RI and found that the principal results remain largely consistent (not shown).561

Toward the later integration time windows for the LM TC (e.g., beginning 72-h after562

the initiation of RI), the magnitude of stretching begins to decrease rapidly as the TC563

stops expanding (see Figs. 4d, 5d). We have not thoroughly examined the processes con-564
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tributing to the structural evolution of the LM TC during this time period and reserve565

this investigation for future work.
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Figure 11. The net area-averaged vorticity change [left hand side of Eq. (10)] over a 48-h

time window beginning 48-h after the initiation of RI is shown as a function of altitude for each

TC in black. The sum of individual contributions to the net area-averaged vorticity change [right

hand side of Eq. (10)] is shown for each respective TC in gray. See text for additional details on

the analysis method.

566

Figure 12 shows the individual contributions on the right hand side of Eq. 10 to567

the area-averaged vorticity change. In general, as the incipient vortex circulation or en-568

vironmental moisture increases, the stretching contribution to the net area-averaged vor-569

ticity change increases. Contributions from stretching substantiate the statement made570

earlier that varying the environmental moisture has a larger influence on expansion rates571

for the large TCs. When comparing the small TCs, increasing the environmental mois-572
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ture produces a slight increase in the stretching contributions throughout 9-km altitude.573

In contrast, when comparing the large TCs, increasing the environmental moisture re-574

sults in approximately twice the stretching contributions throughout 9-km altitude. For575

a given environmental moisture, the large TCs are characterized by a relative abundance576

of outer-core convection that occurs at a larger scale compared to their relatively smaller577

counterparts (see Figs. 7 and 8), resulting in approximately 2–4 times more stretching578

throughout 9-km altitude.579

As the incipient vortex circulation increases, the tilting contribution to the net area-580

averaged vorticity change also increases. Differences in tilting primarily arise from dif-581

ferences in the amount of convection located near the 300-km radius circuit; large TCs582

have a greater amount of outer-core convection and therefore larger tilting contributions583

to the net area-averaged vorticity change. Differences in tilting are smaller between TCs584

in the moist environment compared to TCs in the dry environment. When comparing585

the SM and LM TCs, the SM TC is characterized by less outer-core convection com-586

pared to the LM TC, but differences in the amount of convection are not as large com-587

pared to those between the SD and LD TCs (see Fig. 7). Additionally, differences in588

the scale of outer-core convection between the SM and LM TCs are smaller than those589

between the SD and LD TCs (Fig. 8). Therefore, the tilting contribution is approximately590

2–3 times larger for the LM TC compared to the SM TC, and approximately 2–4 times591

larger for the LD TC compared to the SD TC. The differences in tilting contributions592

to the net area-averaged vorticity change between the large and small TCs generally in-593

creases with altitude. Fig. 10 demonstrates that the large TCs have a greater amount594

of outer-core updraft mass flux at all vertical levels throughout 12-km altitude compared595

to the small TCs. Given that the large TCs are characterized by an initially larger amount596

of horizontal vorticity compared to the small TCs, a combination of more upper-level597

updraft mass flux that tilts stronger horizontal vorticity into the vertical results in a larger598

upper-level tilting contribution.599

In general, the eddy vorticity fluxes provide a negative contribution to the net area-600

averaged vorticity change throughout a deep layer of the troposphere. Negative contri-601

butions from eddy vorticity fluxes indicate that cyclonic vorticity produced by outer-core602

convection is exported across the circuit, or equivalently, that anticyclonic vorticity is603

imported across the circuit. Differences in the eddy vorticity fluxes between TCs are rel-604

atively small below ∼4-km altitude and primarily increase with increasing incipient vor-605
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tex circulation above 4-km altitude, with large TCs exhibiting a greater (negative) eddy606

vorticity flux compared to the small TCs. Similar to the differences noted in the tilting607

contributions between the large and small TCs, a greater amount of upper-level updraft608

mass flux for the large TCs produces a greater amount of vorticity that can be trans-609

ported across the circuit; hence, the differences in eddy vorticity flux contributions be-610

tween the large and small TCs increase with altitude. Finally, larger TCs are character-611

ized by a stronger outer-core tangential circulation compared to the small TCs, and there-612

fore possess a slightly greater (negative) contribution from the friction term in the bound-613

ary layer.
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Figure 12. Individual contributions to the area-averaged vorticity change [right hand side of

Eq. (10)] are shown as a function of altitude for each TC, distinguished by incipient vortex circu-

lation (color) and mid-level environmental humidity (line style). See text for additional details on

the analysis method.

614
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4 Discussion and Conclusions615

We have investigated the contributions of incipient vortex circulation and environ-616

mental moisture to tropical cyclone (TC) expansion with a set of idealized numerical sim-617

ulations. The incipient vortex circulation strength is varied by fixing the radius of max-618

imum tangential winds (RMW) and modifying the decay of tangential velocity radially619

outward of the RMW in accordance with observations of North Atlantic basin TCs (Mallen620

et al., 2005). The environmental moisture is varied by imposing a vertical decay func-621

tion that largely preserves moisture content within the boundary layer (below ∼850 hPa)622

and maximizes the mid-level moisture variance, in accordance with climatological ob-623

servations of tropical environments (Holloway & Neelin, 2009; Dunion, 2011) and obser-624

vations of tropical wave disturbances preceding cyclogenesis (Komaromi, 2013; Davis &625

Ahijevych, 2013).626

As discussed in section 1, several past studies have employed similar idealized nu-627

merical simulation frameworks to investigate the processes contributing to TC expan-628

sion. Hill and Lackmann (2009) posited two potential feedback mechanisms associated629

with increasing the environmental moisture and producing larger TC expansion rates.630

Their second feedback mechanism is pertinent to the discussion of results presented herein631

and we recapitulate the mechanism below. Increasing the environmental moisture of TCs632

promotes a greater amount of PV generated by radially outward propagating spiral rain-633

bands. PV generated by the spiral rainbands is subsumed by the inner-core PV tower,634

resulting in a broader PV distribution, and the cyclonic wind field expands in balance635

with the broader inner-core PV tower. As the cyclonic wind field expands, subsequent636

heating in spiral rainbands will generate a larger amount of PV given that the diabatic637

PV tendency is proportional to the magnitude of the absolute vorticity vector. There-638

fore, an expanding cyclonic wind field promotes a larger amount of PV generation via639

outward propagating spiral rainbands, which in turn promote an expanding cyclonic wind640

field; hence, a positive feedback emerges. Although Hill and Lackmann posited this feed-641

back mechanism in association with increasing the environmental moisture, the funda-642

mental processes underlying its premise appear in previous studies that vary the incip-643

ient vortex circulation while fixing the environmental moisture (Xu & Wang, 2010; Chan644

& Chan, 2015; Kilroy & Smith, 2017). Each of these studies emphasize to a varying de-645

gree the relationship between the areal distribution of diabatic heating and the magni-646

tude of the absolute vorticity vector and hence their combined influence on TC expan-647
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sion rates. The findings reported herein are predicated on the same fundamental pro-648

cesses, and thus to a large extent are congruous with the aforementioned studies.649

In addition to reproducing findings reported in the aforementioned studies with an650

independent modeling framework, we further demonstrate that varying the incipient vor-651

tex circulation is associated with a scale-dependent response of outer-core convection.652

Specifically, as the incipient vortex circulation increases, the scale of outer-core convec-653

tion increases. Increasing the environmental moisture produces a greater amount of outer-654

core convection, but appears to have a relatively minor influence on its scale in our ide-655

alized modeling setup. Therefore, the principal findings reported in this study are pri-656

marily attributed to the scale-dependent response of outer-core convection to varying657

the incipient vortex circulation. Large TCs are distinguished from their relatively smaller658

counterparts by a relative abundance of outer-core convection occurring at a larger scale659

that cumulatively spins up the outer-core TC circulation at a quicker rate via combined660

stretching and tilting; therefore, with all other factors contributing to expansion held con-661

stant, the contrast in size between the two TCs will increase with time.662

Increasing the environmental moisture further promotes convection, thereby mod-663

ulating the expansion rate; however, in the absence of additional factors contributing to664

expansion other than incipient vortex circulation, varying the environmental moisture665

mostly acts to delay or expedite the intensification process. Increasing the environmen-666

tal moisture for small TCs produces more outer-core convection that occurs at a slightly667

larger scale, but the overall nature of outer-core convection remains best characterized668

by isolated convective elements. Therefore, increasing the environmental moisture for669

small TCs produces a negligible contribution to their expansion rates. On the contrary,670

increasing the environmental moisture for large TCs produces more outer-core convec-671

tion at a slightly larger scale. In both moist and dry environments, the nature of outer-672

core convection for the large TCs is best characterized by spiral rainbands and mesoscale673

convective systems; however, the large TC in the moist environment benefits from a greater674

amount of large-scale outer-core convection. Therefore, increasing the environmental mois-675

ture for large TCs produces a relatively larger contribution to their expansion rates com-676

pared to the small TCs. Together, increasing both the incipient vortex circulation and677

environmental moisture produces a nonlinear increase in TC expansion rates.678
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(Schenkel, Lin, Chavas, Vecchi, Oppenheimer, & Brammer, 2018) demonstrated that679

TCs in the western North Pacific basin experience larger expansion rates compared to680

TCs in the North Atlantic basin (their Fig. 6). Given that TCs developing in the west-681

ern North Pacific are on average larger than their North Atlantic counterparts, we hy-682

pothesize that the results presented by Schenkel, Lin, Chavas, Vecchi, Oppenheimer, and683

Brammer (2018) provide evidence to support the principal finding that an initially larger684

vortex can expand more quickly than its relatively smaller counterpart; however, west-685

ern North Pacific TCs also develop in environments characterized by larger moisture con-686

tent and higher sea-surface temperatures compared to North Atlantic hurricanes (e.g.,687

Gray, 1968; Dai, 2006), obscuring statements regarding a direct connection or attribu-688

tion of either variable in isolation. Additionally, the incipient vortex circulation and en-689

vironmental moisture are interdependent in nature, further obscuring statements regard-690

ing the contributions of either variable in isolation. Therefore, the extent to which the691

principal finding is manifested within the results presented by Schenkel, Lin, Chavas, Vec-692

chi, Oppenheimer, and Brammer (2018) cannot be estimated, but the parallel between693

our two studies warrants further investigation.694

Previous studies have demonstrated that TCs possess a sort of “memory” with re-695

spect to their incipient circulation (Rotunno & Emanuel, 1987; Knaff et al., 2014), which696

underlies the statement that large TCs stay large and small TCs stay small. Synthesiz-697

ing the results presented herein, we further demonstrated that a cumulatively larger con-698

vergence of angular momentum over time permits an initially large vortex to expand more699

quickly than its relatively smaller counterpart. Therefore, memory of the incipient vor-700

tex circulation is imparted upon TC size through variable expansion rates. Schenkel, Lin,701

Chavas, Vecchi, Oppenheimer, and Brammer (2018) demonstrate that this memory is702

largely preserved prior to TCs attaining their lifetime maximum size, but it is attenu-703

ated afterwards as TCs begin contracting. Therefore, the principal findings reported herein704

may only be valid prior to TCs attaining their lifetime maximum size.705

There may be several processes contributing to noted differences in the scale of outer-706

core convection that warrant further investigation. For example, how do variations to707

the incipient vortex circulation and environmental moisture have an influence on the up-708

scale growth of outer-core convection? Furthermore, we have not examined the duration709

of outer-core convection given difficulties arising from tracking individual convective el-710

ements with hourly model output. We surmise that the scale and duration of outer-core711
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convection are interdependent; thus, their combined influence may in part account for712

the variable expansion rates noted herein. That is, we expect relatively large-scale con-713

vection with a long duration to have a stronger influence on the net area-averaged vor-714

ticity change, and hence expansion rate, compared to relatively small-scale convection715

with a short duration. Additional work is required to elucidate potential relationships716

between the duration of convection and TC expansion.717

Our idealized numerical simulations contain simplifying assumptions that may limit718

the extent to which our results are found in nature. For example, we begin with an ax-719

isymmetric incipient vortex circulation and horizontally homogeneous environmental con-720

ditions, but precursor disturbances are intrinsically asymmetric and embedded within721

spatially inhomogeneous environments (e.g., McTaggart-Cowan et al., 2008, 2013; Chang722

et al., 2017). Our analysis is limited by excluding contributions from cloud-radiative forc-723

ing which have been shown to aid the expansion of TC wind fields by producing weak,724

sustained ascent in the outer-core region that promotes and enhances convective activ-725

ity (Bu et al., 2014; Fovell et al., 2016). Furthermore, our analysis is limited by impos-726

ing a uniform flow throughout the simulation domain instead of introducing vertical shear727

flow. Previous studies have demonstrated that a low-level flow vector oriented along the728

upshear-right quadrant of a TC embedded in vertical shear flow favors larger expansion729

rates (Chen et al., 2018, 2019). Future work will expand upon the results presented in730

our study by incorporating the aforementioned considerations into experiments with ad-731

ditional numerical simulations and by comparing the idealized numerical simulations to732

analyses that combine reanalysis products and satellite observations.733

Results gathered from our study can aid the development of statistical–dynamical734

wind radii forecasts (e.g., Knaff et al., 2017). Furthermore, our results may have impli-735

cations for understanding how the TC size distribution might shift amidst Earth’s warm-736

ing climate system. Dynamical downscaling projections of TC activity have demonstrated737

that TC size distributions will shift toward larger TCs in a future, warmer climate among738

all ocean basins except the western North Pacific (Knutson et al., 2015). Schenkel, Lin,739

Chavas, Vecchi, Knutson, and Oppenheimer (2018) found that the global TC size dis-740

tribution will shift toward larger TCs in a future, warmer climate, but that TC size at741

the time of genesis remains unchanged. Our study motivates additional investigations742

into how the wind structure of precursor disturbances might vary in a future, warmer743

climate and associated implications for TC expansion rates among individual ocean basins.744
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