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ABSTRACT: In this first part of a two-part study, the three-dimensional structure of the inner-core boundary layer (BL) is

investigated in a full-physics simulation of Hurricane Irma (2017). The BL structure is highlighted during periods of in-

tensity change, with focus on features and mechanisms associated with storm decay. The azimuthal structure of the BL is

shown to be linked to the vertical wind shear and storm motion. The BL inflow becomes more asymmetric under increased

shear. As BL inflow asymmetry amplifies, asymmetries in the low-level primary circulation and thermodynamic structure

develop. A mechanism is identified to explain the onset of pronounced structural asymmetries in coincidence with external

forcing (e.g., through shear) that would amplify BL inflow along limited azimuth. The mechanism assumes enhanced ad-

vection of absolute angular momentum along the path of the amplified inflow (e.g., amplified downshear), which results in

local spinup of the vortex and development of strong supergradient flow downwind and along the BL top. The associated

agradient force results in the outward acceleration of air immediately above the BL inflow, affecting fields including di-

vergence, vertical motion, entropy advection, and inertial stability. In this simulation, descending inflow in coincidence with

amplified shear is identified as the conduit through which low-entropy air enters the inner-core BL, thereby hampering

convection downwind and resulting in storm decay.

SIGNIFICANCE STATEMENT: This is the first part of a two-part study that uses simulations to analyze the

cylindrical structure of the lowest 2.5 km of the atmosphere in two major hurricanes: Hurricane Irma in 2017 and

HurricaneEarl in 2010. The structure at times when these hurricanes were weakening is highlighted. During those times,

the wind and thermal fields hadmore-variable azimuthal structure, which was linked to the state of the environment that

contained the hurricane. The research finds that these azimuthal structures could be physically linked to how the studied

hurricanes weaken, and it provides motivation for considering the lower-atmospheric azimuthal structure of hurricanes

when analyzing their intensities and changes in their intensities.
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1. Introduction

As part of a continued venture to improve forecasts of

tropical cyclones (TCs), recent research has focused on com-

plex TC inner-core structure. Interior dynamics of TCs have

been highlighted in examinations of storm evolution, particu-

larly in relation to intensity and vortex structure. Convection

and boundary layer (BL) inflow, which may project onto the

system-scale secondary circulation, are frequent focal points of

TC intensity research. In a mature hurricane, the BL is typi-

cally associated with subgradient wind and radial inflow as a

result of frictional dissipation, except in the inner core where

supergradient winds may be present (Ooyama 1969; Smith

et al. 2009). The BL inflow, which picks up internal and latent

energy via surface turbulent fluxes along its path, converges

and ascends typically near the eyewall, possibly as the root of

deep convection. The properties of BL inflow and convergence

(e.g., location, magnitude, and spatial extent) evolve over time,

dependent on factors like primary vortex structure, environ-

mental shear, stormmotion, and proximity to land (Barnes and

Dolling 2013; Williams 2019). As changes in BL structure are

likely to affect inner-core convection to some degree, such

changes can also impact storm intensity. Owing to the TC BL’s

importance and dynamical complexity, endeavors to further

understand the BL’s role in TC intensity continue. How the TC

and its BL evolve over time in conjunction with changes in TC

structure and intensity are of particular interest.

Prior observational and modeling studies have shown that the

frictional inflow layer, which could be regarded as the kinematic

boundary layer, is insulated by dry and moist statically stable air

near its top (Barnes 2008; Zhang et al. 2011, 2013; Kepert et al.

2016; Ahern et al. 2019). Using global positioning system drop-

windsondes from three Atlantic Ocean hurricanes, Barnes

(2008) identified positive lapse rates of equivalent potential

temperature ue near the top of BL inflow, which the the author

indicates was the result of frictional inflow undercutting rota-

tional air that interacted with the high-ue core. Dropwindsonde

compositing studies by Zhang et al. (2011, 2013) and Ahern

et al. (2019) found dry statically stable air near the top of BL

inflow. Kepert et al. (2016) deduced in their modeling study

that the dry static stability is due to evaporative cooling near

Ahern’s current affiliations: NOAA/AOML/Hurricane Research

Division and Cooperative Institute for Marine and Atmospheric

Studies, University of Miami, Miami, Florida.

Corresponding author: Kyle Ahern, kyle.ahern@noaa.gov

NOVEMBER 2021 AHERN ET AL . 3851

DOI: 10.1175/MWR-D-21-0030.1

� 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/18/22 03:45 PM UTC

mailto:kyle.ahern@noaa.gov
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


the BL top from rainfall, as well as vertically differentiating

radial advection of potential temperature (weakening cold-

air advection with height near the BL top in tandem with

weakening inflow with height). Over warm waters, entropy

accumulates in an insulated BL via heat and moisture fluxes,

and the convergence and ascent of consequently high-entropy

air could lead to deep convection.

Via mass continuity, convergence through the BL is associ-

ated with ascent at the BL top (Kepert 2013). Given that inner-

core BL air is often entropy-rich when it converges and ascends

into the free atmosphere, recent research has concluded that

areas of BL convergence are favorable for developing deep

convection (Rogers et al. 2013, 2015, 2016; Hazelton et al.

2017a; Zhang et al. 2017). Various types of inner-core con-

vection, such as convective bursts, hot towers, and vortical hot

towers, have been tied to TC genesis and intensification

(Hendricks et al. 2004; Montgomery et al. 2006; Nolan et al.

2007; Fang and Zhang 2011; Nguyen and Molinari 2015;

Hazelton et al. 2017b; Chen et al. 2018a). Several studies (e.g.,

Shapiro and Willoughby 1982; Pendergrass and Willoughby

2009; Vigh and Schubert 2009; Rogers et al. 2013; Chen et al.

2018b) have examined links between the radial position of deep

convection and TC intensity, finding that convection—and the

diabatic heating therefrom—near or within the radius of maxi-

mum winds (RMW) is conducive for RMW contraction and

intensification. Convection inward of the RMWmight also lead

to TC intensification via a BL spinup mechanism (Smith and

Montgomery 2016): The inward advection of absolute angular

momentum M in the BL can cause the flow to become super-

gradient at sufficiently small radii, and vertical advection of this

momentum in the inner core (i.e., through BL convergence)

could spin up tangential winds in the free atmosphere where

winds are closer to gradient-wind balance. Regardless of the

mechanisms directly responsible, past work generally agrees that

deep convection concentrated close to the RMW is typically

associated with an intensifying TC, although other factors (e.g.,

oceanic heat content, maximum potential intensity, ventilation)

can also be just as critical to intensification (Emanuel 1986;

Zhang and Emanuel 2016; Chavas 2017). In simulations of the

TC BL, Kepert (2017) found that the distance of the eyewall’s

frictional updraft from theRMWscales with2u10/I, where u10 is

the 10-m inflow and I is the inertial stability. Because the inertial

stability is a function of the radial profile ofM and conceptually

represents a resistance to radial displacement, Kepert’s study

exemplifies how the primary and secondary circulations can

cooperatively establish the frictional updraft. Further, note that

frictional updrafts need not be confined to the vicinity of the

RMW, and they could potentially mark the formative region

for a secondary eyewall [this prospect is examined inAhern et al.

(2021, manuscript submitted to Mon. Wea. Rev.), hereinafter

Part II].

While the radial distribution of BL convergence and

convection are apparently consequential to TC intensity and

evolution, a TC’s azimuthal structure is also important to

consider. TC structure can be markedly asymmetric, compli-

cating the intensity problem and borne of factors like envi-

ronmental shear or vortex tilt (Black et al. 2002; Corbosiero

and Molinari 2002; Riemer et al. 2010; Reasor et al. 2013;

Rogers et al. 2013; DeHart et al. 2014; Gu et al. 2016; Hazelton

et al. 2017a; Nguyen et al. 2017; Rios-Berrios et al. 2018;

Ryglicki et al. 2018), translation of the TC (Shapiro 1983;

Kepert 2001; Kepert and Wang 2001), and proximity to land

(Kepert 2006; Williams 2019). Vertical shear is associated with

horizontal temperature gradients and tilting of the vortex that

may affect the horizontal distributions of convection, rainfall,

and downdrafts, which affect the structure of the secondary

circulation (Corbosiero and Molinari 2002; Rios-Berrios et al.

2018; Ryglicki et al. 2018). Riemer et al. (2010) examined

TC–shear interactions in a set of idealized experiments, finding

that shear can affect the TC energy cycle by flushing the BL

with low-entropy air via asymmetric downdrafts; low-entropy

BL air parcels can reach the eyewall without recovering their

entropy via air–sea fluxes, thereby impacting TC intensity.

Aside from the effects of shear, the superposition of a motion

vector onto a symmetric cyclone amplifies the Earth-relative

flow to the right of motion in the Northern Hemisphere (and

vice versa left of motion), and it is accompanied by asymmetry

in frictional forcing that is roughly proportional to the square

of the wind speed (Shapiro 1983). Similarly, the proximity of a

TC to land can induce asymmetry, as momentum would be

dissipated more effectively over the relatively rough land sur-

face, thereby affecting agradient forcing (Kepert 2006; Barnes

and Dolling 2013; Williams 2019).

It is likely thatmultiple factors act in concert tomodulate the

azimuthal structure of the TC, interfering with one another

constructively or destructively (Sitkowski and Barnes 2009;

Barnes and Dolling 2013). Corbosiero and Molinari (2003)

examined the azimuthal distribution of lightning in TCs with

relation to both environmental shear and TC motion, and

concluded that inner-core convection tended to concentrate

downshear and downshear-left, and also downstream of a

moving TC. However, Corbosiero and Molinari found that the

horizontal distribution of convection was dominated by shear,

as the effect of asymmetric friction associated with TC motion

(Shapiro 1983) did not emerge when both shear and motion

were considered. Shear was also found to be the dominant

factor over TC motion in distributions of rainfall (Chen et al.

2006), although these studies clarified that TC motion could be

an important factor for the distribution of convection and

rainfall under weak shear. Furthermore, while these studies

noted that TC motion is generally not the dominant factor in

distributions of convection, that does not necessarily indicate

that TC motion has no meaningful role in TC structure. For

instance, Rappin andNolan (2012) found in their examinations

of TC cyclogenesis that the orientation of the mean surface

wind in a vortex with relation to the shear affects the spatial

distribution of dry air as well as convection and the vortex tilt,

with antiparallel configurations resulting in weaker vortex tilt.

Asymmetric convection and rainfall are often related to

asymmetries in BL structure, especially asymmetries in radial

velocity and convergence. Inflow in the inner-core BL has been

found to be amplified downshear (Zhang et al. 2013) and

to the front or front-right of a translating TC (Shapiro 1983;

Kepert 2001; Barnes and Dolling 2013), with convergence shifted

cyclonically downwind. Alongside the effect on convergence,

asymmetric inflow would also affect advection, which is expected
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to be a critical avenue through which the azimuthal structure is

affected for other low-level fields (e.g., vertical and horizontal

momentum, entropy, agradient force). Essentially, the ampli-

fication of asymmetry in the low-level radial flow—for in-

stance, because of shear, motion, or tilt—can have a cascading

effect. Studies of the azimuthal distribution of convection and

rainfall about environmental shear (e.g., Rogers et al. 2013;

DeHart et al. 2014; Hazelton et al. 2017a; Zhang and Rogers

2019) depict examples of such asymmetry cascading: low-level

convergence is amplified downshear in tandem with enhanced

inflow, resulting in convective initiation there; rainfall and

convective downdrafts occur downwind, to the left of shear in

the Northern Hemisphere.

In this two-part study, full-physics simulations are used to

analyze 3D kinematic and thermodynamic BL structure, all in

relation to changes in intensity, shear, and TC motion. Results

are presented from simulations of Hurricanes Irma (2017) and

Earl (2010), with a focus on asymmetric BL structure coincident

with vortex decay.At the outset, these two cases were chosen for

their comparable maximum TC intensity and differing envi-

ronmental influences, namely, shear and storm motion (or, by

proxy, the steering flow). The objective of this work is to ex-

amine how deep-layer shear and TC motion relate to BL

structure and evolution inmature hurricanes, and how the BL as

modulated by shear and TC motion affects vortex intensity and

structure. Note that the layer of shear that most effectively im-

pacts TC structure is variable from case to case and could be

linked to motion (Zeng et al. 2010). Given that the cases to be

analyzed will be intense hurricanes, shear computed through a

deep tropospheric layer is generally used. The impacts of shear

and TCmotion on the BL’s azimuthal structure are suspected to

have played an important role in the weakening of both simu-

lated TCs. In these cases, it is found that asymmetrically am-

plified inflow and M advection associated with shear and TC

motion led to agradient forcing asymmetry, which in turn af-

fected the low-level primary and secondary circulations to the

detriment of TC intensity.

This first part will focus on a simulation of Hurricane Irma. The

modeling configuration used in both simulations is outlined in the

following section. In section 3, an analysis and interpretation of

Hurricane Irma’s simulated structure is presented, focusing on

azimuth-mean and shear-relative BL structure during periods

of intensification and weakening that followed one another.

Section 4 details the evolution of asymmetric inflow and de-

scent of low-entropy air into Irma’s BL, which is associated

with a TC weakening phase. In section 5, momentum budgets

are analyzed to discuss avenues through which asymmetries

associated with Irma’s weakening may have developed, which

will be revisited in a study of Hurricane Earl in Part II. A

concluding summary and discussion of Irma’s simulated evo-

lution are given in section 6.

2. Method

a. Model configuration

The vortex-following configuration of the advanced re-

search version of the Weather Research and Forecasting

Model (WRF-ARW, version 3.9; Skamarock et al. 2008) is

employed for the full-physics simulations. Four domains

are set, which telescope into one another with increasing

horizontal resolution: 36-km resolution in the parent (first)

domain, 12-km resolution in the second domain, 4-km resolution

in the third domain, and 1.333-km resolution in the innermost

(fourth) domain. Domain boundaries at initialization time for

Hurricane Irma are shown in Fig. 1. Domains use progressively

smaller time steps with increasing spatial resolution: 108 s in the

first domain, 36 s in the second, 12 s in the third, and 4 s in the

fourth. The domains are allowed to feed back onto each other

through two-way interaction. Unless otherwise stated, all plots

and analysis are based on results from the innermost domain,

which has a 15-min output frequency. For Hurricane Irma,

the period between 0000 UTC 3 September and 0000 UTC

11 September is simulated.

The model is provided initial and parent-domain boundary

conditions through 6-hourly National Centers for Environmental

Prediction (NCEP) Final (FNL) Operational Model Global

Tropospheric Analysis data. NCEP FNL data have a 18 spatial
resolution. The simulations use a model top of 20 hPa with 71

terrain-following vertical levels. Vertical levels are packed

most densely in the lower troposphere, with 13 below and in-

cluding the level at z 5 2.57 km, 9 levels below z 5 1.5 km,

and a minimum grid spacing of 50m for the lowest layer. The

grid spacing in these lower 13 layers varies from about 50m at

the lowest layer to 420m at the top. Elsewhere, vertical grid

spacing is about 425m, except near the tropopause at z ’
17 km where a relative minimum of 390m grid spacing is

reached. The innermost nest tracks the vortex using a geo-

potential minimum at the model level closest to 600 hPa,

which effectively follows the TC after model spinup. The

third domain moves with the fourth domain, and the second

domain moves if the third domain advances within 288 km of

the second domain’s boundary.

FIG. 1. Map of the four domains set at initialization time

(0000 UTC 3 Sep 2017) for the simulation of Hurricane Irma, with

each domain represented by a black-outlined box and labeled by

domain number. Red contours are mean sea level pressure (hPa,

with 4-hPa interval) fromNCEPFNLOperational GlobalAnalysis

data (NCEP 2000).
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The third and fourth domains are set to resolve convection

explicitly, using no cumulus parameterization scheme; the first

and second domains use the Kain–Fritsch (Kain 2004) scheme.

Morrison double-moment microphysics (Morrison et al. 2009)

is used. A recent study by Wu et al. (2021) showed that the

median of raindrop sizes produced by the Morrison scheme

was larger than was observed in outer rainbands of Typhoon

Nida (2016) while the area-averaged liquid water content as-

sociated with convective precipitation was less than observed.

These biases may influence the distribution and intensity of

convective updrafts and downdrafts; in particular, local BL

structure may be affected by strong downdrafts that extend

into the BL. The revised MM5 surface layer parameterization

(Jiménez et al. 2012) is used with modified surface exchange

coefficients for momentum and enthalpy for TC applications.

The planetary boundary layer is parameterized by the Yonsei

University (YSU) scheme (Noh et al. 2003; Hong et al. 2006),

which is the default option in theWRF 3.9 tropical physics suite

and has seen frequent use in TC experiments, including the

‘‘hurricane nature run’’ (Nolan et al. 2009a,b, 2013; Hazelton

et al. 2017a,b). The studies of Hurricane Isabel (2003) by Nolan

et al. (2009a,b) indicated that, although YSU produced BL

structures that were mostly consistent with observations, there

were differences to note, including anRMW that was 10–15 km

larger than the 25 km that was observed, stronger BL inflow

and overlying outflow, weaker near-surface winds, and weaker

radial gradients of moisture. Model physics options are sum-

marized in Table 1. All rawmodel output is run throughWRF-

ARW’s postprocessing program, ARWpost, to convert the

model’s terrain-following staggered grid to longitude–latitude–

height space, which is analyzed after regridding to TC-centered

cylindrical coordinates.

b. Analysis details

Most of the analysis utilizes storm-centered, shear-relative,

cylindrical coordinates. Closer to the center, tangential and

radial velocity fields become increasingly sensitive to the TC’s

central position. The TC’s center at a given time is defined with

an iterative method that uses a centroid of pressure (Nguyen

et al. 2014) at z ’ 1.84 km above ground level. The method

requires a first-guess center and environmental pressure p0.

For the first-guess center, the WRF-diagnosed vortex center

based on the geopotential minimum near 600 hPa is provided.

For p0, the third domain’s nearest-in-time (6-hourly output)

mean pressure p within a 10-km-wide annulus centered at r 5
500 km is used. Ryglicki and Hart (2015) found that using the

iterative p-centroid to define the TC’s center minimized ap-

parent vortex tilt in hurricanes; because the focus of this work

primarily concerns shear and TC motion as opposed to the

vortex tilt, the choice of a p-centroid for defining the TC center

is suitable. Because most of the kinematic fields examined

here are relative to the TC’s motion (e.g., storm-relative radial

wind), TC zonal and meridional motions are calculated using

6-h time-centered differences of central longitude and latitude,

respectively.

The cylindrical grid’s azimuthal coordinate is relative to

the environmental deep-layer shear, which is defined sim-

ilar to that in data from the Statistical Hurricane Intensity

Prediction Scheme (SHIPS; DeMaria et al. 2005). The

shear is calculated by first averaging the horizontal wind

over storm-centered, 200–800-km annuli on height surfaces

closest to 850 and 200 hPa and then subtracting the ;850-

hPa annulus-mean wind from that at ;200 hPa. Because

the size of the annulus is too large to calculate shear using

data from the innermost domain, winds from the third

domain with 6-hourly output are used. The deep-layer

shear is interpolated linearly every 15 min between each

output from the third domain. For specific parts of the

analysis, a local shear metric is also determined, which uses

the winds averaged within 200 km of the TC center at the

same levels.

Model output is regridded to a cylindrical grid with radius r,

shear-relative azimuth l, and height z following the method

outlined in Ahern and Cowan (2018), which minimizes error

when transposing geospatial data to a TC-centered grid. For

the purposes of calculating derivatives on the cylindrical grid

(e.g., for advection), the transposed data are sorted into spatial

bins with 2-km radial width and 308 azimuthal resolution. The

transposed and derived data are then binned to an analysis grid

with 2-km resolution in r and four shear-relative quadrants:

downshear-left (DSL), downshear-right (DSR), upshear-left

(USL), and upshear-right (USR). The analysis grid shares

vertical resolution with the postprocessed geospatial grid.

For this study, measures of TC intensity Vmax and intensity

tendency dVmax/dt are necessary. To reduce some of the

transience in the intensity metric and thereby reduce the

noise in the measure of intensity change, the intensity is de-

fined here as the maximum azimuth-mean, storm-relative

tangential wind speed at z’ 2.57 km. This height is chosen to

detect intensity because it is outside the highly transient

winds closer to the surface, within 1–2 km of the kinematic

boundary layer in the analysis, and close to flight level for TC

reconnaissance. The RMW is taken as the radius at which

Vmax is detected. The intensity tendency is determined by first

applying a time-centered, 3-h box smoother to the Vmax time

series. Next, for a given analysis time, the linear regression of

smoothed Vmax versus time is computed using data from the

prior 6 h, the following 6 h, and the analysis time itself (i.e., a

12-h, time-centered linear regression withN5 49). The slope

of the resulting best-fit line represents dVmax/dt. At a given time,

the TC is declared to be intensifying if dVmax/dt$ 20kt (24 h)21,

TABLE 1. SharedWRFModel physics specifications for simulations

of Hurricanes Irma and Earl.

PBL scheme Yonsei University (Noh et al. 2003; Hong

et al. 2006)

Surface layer Revised MM5 with TC-modified ex-

change coefficients (Jiménez et al. 2012)
Land surface Unified Noah (Tewari et al. 2004)

Cumulus physics Kain–Fritsch (Kain 2004) for domains 1

and 2; none for domains 3 and 4

Microphysics Morrison double-moment (Morrison

et al. 2009)

Radiation physics Rapid Radiative Transfer Model for

GCMs (RRTMG; Iacono et al. 2008)
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weakening if dVmax/dt , 210 kt (24 h)21, or steady-state other-

wise (1 kt’ 0.5m s21). These thresholds are identical in value to

those used in the observational study by Ahern et al. (2019) and

are similar to that of Rogers et al. (2013).

For the sake of clarity in describing azimuthal structure,

the following terminology is declared for TC-relative posi-

tions used in this study explicitly:

d ‘‘downshear’’ and ‘‘upshear’’ reference positions ahead

of and behind the heading of the deep-layer shear,

respectively;
d ‘‘downstream’’ and ‘‘upstream’’ refer to positions ahead of

and behind the heading of TC motion, respectively; and
d ‘‘downwind’’ and ‘‘upwind’’ reference positions ahead of and

behind the Earth-relative flow, respectively.

The simulations are allowed a day to evolve and develop

vortex structure at model resolution, ignoring the output

prior to this spinup time in the analysis. Output analysis is

avoided where the inner-core region is likely to be strongly

influenced by land, limiting the inclusion of simulation times

where a TC is within 160 km of a landmass.

3. Structural analysis of Hurricane Irma

a. General overview

Before the BL structure associated with Hurricane Irma’s

weakening is examined, a general overview of the simulation is

provided. Figure 2 showsHurricane Irma’s simulated track and

best track fromHURDAT2 (Landsea and Franklin 2013) over

four days following the first 24 h of simulation time (i.e., from 4

to 8 September), along with time series of intensityVmax, deep-

layer shear, intensity tendency dVmax/dt, RMW, and storm

motion. Irma moved west to west-northwest, tracking north of

FIG. 2. Hurricane Irma’s simulated track and best track (HURDAT2) between 4 and 8 Sep (simulation hours 24–120), with time

series of (top left) simulated intensity Vmax (solid) and best-track intensity (dashed), (middle left) simulated deep-layer shear (solid)

and SHIPS deep-layer shear (dashed), (bottom left) intensity tendency dVmax/dt, (bottom middle) radius of maximum winds (RMW),

and (bottom right) TC translational speed. (top right) Track plot, with the simulated path shaded on the basis of intensification rate as

indicated in the plot’s legend; the black path follows the best track. Shading in the intensity tendency time series delineates thresholds

for intensification (red) and weakening (blue), which is used in all other time series to indicate periods of intensification and weak-

ening. Black vertical lines in time series mark simulation hours 60 (T0), 69 (T19), and 78 (T118).
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the Antilles and following best track closely. The simulation

mostly intensified between 24 and 40 h, and then remained in a

steady-state period until ;57 h. For the analysis, three periods

are closely examined in the 24 h following the aforementioned

steady-state period, when the simulation intensified (60 h,

which is called T0), weakened (69 h, or T19), and then inten-

sified once again (78 h, or T118).1 From T0 to T118, the

simulated Irma maintained major-hurricane status on the

Saffir–Simpson scale, but was consistently weaker than Irma in

reality at the same time—best-track intensity was ;80m s21

for this period. The methods used here to calculate Vmax differ

from that of best track, and the use of azimuthal-mean tan-

gential wind as opposed to a point maximum of total wind

result in weaker intensities. Further, the changes in simulated

intensity between T0 and T118 are not present in real data.

Although some structural similarities are shown between ob-

servations and the simulation, model results here are best in-

terpreted as a realistic forecast of Irma, rather than as a precise

case study of Irma as observed.

As Irma intensified at T0, the simulated deep-layer shear

had increased to about 19 kt and then to 21 kt 6 h later, just

prior to weakening at T19. Then, 3 h after T19, the shear

weakened to 15 kt and persisted until T118 as Irma stopped

weakening and resumed intensifying. The simulated shear is

stronger than Irma’s observed shear as reflected by SHIPS

data; the SHIPS shear increased to about 9 kt at T0, decreased

to about 1 kt by T112, and increased to about 6 kt at T118.

The discrepancy suggests that the simulation may produce a

more asymmetric BL structure relative to reality. However, an

observational examination of Irma by Fischer et al. (2020)

noted that while SHIPS data indicated shear persistently

weaker than 10 kt that would likely preclude substantial con-

vective asymmetries in a mature hurricane, observations de-

picted such asymmetries with increased rainband activity

downshear. Using tail Doppler radar data, they calculated the

vertical shear relative to the mean wind at an altitude of 2 km,

within 80 km of Irma’s center, and between 2- and 9-km

heights. The local shear was stronger than the SHIPS shear

metrics, with local shear gradually decreasing from ;16 to

12 kt across NOAAWP-3Dmissions 20170904H2 (2009 UTC

4 September–0321 UTC 5 September), 20170905H1 (0754–

1354 UTC 5 September), and 20170905H2 (2015 UTC 5

September–0247 UTC 6 September)—these missions cover

the simulation from ;T216 to T115. Translational speed

followed a similar pattern to shear, being relatively strong

near T0 and relatively weak at T19, but the variations were of

lesser magnitude.

The vortex tilt, or the horizontal displacement in the vertical

of the vortex center from a reference point, is a metric de-

pendent on the vertical profile of environmental flow acting

upon the vortex. The tilt of the vortex has been linked to

asymmetries in convection and precipitation, and the timing of

changes to intensity has been tied to adjustments or vertical

alignments of tilt, particularly in examinations of TCs under

moderate vertical shear (e.g., Rios-Berrios et al. 2018; Ryglicki

et al. 2018). Vortex tilt is shown in Fig. 3 at T0, T19, and T118;

the tilt is calculated using the iterative pressure centroid

method of Nguyen et al. (2014) to find the TC center at all

model levels below z 5 13 km, which is compared with the

center used for tracking defined in section 2. The vertical

profile of horizontal flow acting on a TC also affects measures

of shear, as well as TC motion through steering. Hodographs

associated with the tilt are also provided in Fig. 3; each hodo-

graph uses winds averaged within 200 km of the TC’s tracking

center, which is used to establish the local shear every 15min in

section 4. At T0 and T19, the simulated local background wind

below z 5 8 km was directed mostly northwestward of Irma,

while higher-level winds were directed relatively southward,

indicating southward deep-layer shear. From T0 to T19,

FIG. 3. (left) Hodographs of winds averaged within 200-km ra-

dius at (top) T0, (middle) T19, and (bottom) T118. (right) The

vortex tilt, shown using the pressure centroid position relative to

the center taken at z ’ 1.84 km, using the iterative method from

Nguyen et al. (2014). Profiles are shaded by elevation. The black

dot in each hodograph represents the TC motion at the time.

Intervals of wind speed or distance are marked at the top-right

corner of each concentric circle. The top of the page repre-

sents north.

1 Henceforth, T1X is used to refer to simulation times after T0

(T2X for times before T0), where X is the number of hours sep-

arated from T0.
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Irma’s tilt below z5 8 km increased from about 2.5 km toward

the east to about 5 km toward the southeast. Over the same

time, Irma’s center above z 5 8 km advanced anticyclonically

outward toward the southwest, with the position at z 5 12 km

shifted about 7 km away from the central axis at T0 to about

11 km away at T19. By T118, the hodograph became tighter

around the west-northwestward storm motion and indicated a

more westerly turn of the deep-layer shear from T19. The tilt

at T118 was also minimized relative to earlier analysis times,

with the tilt up to z 5 13 km reaching 5-km displacement. The

shift of the low- to midlevel tilt from T19 to T118 is cyclonic

and inward fromDSL to USL, which Rios-Berrios et al. (2018)

noted in their study of moderately sheared, idealized TCs is

indicative of humidification of the upshear sector, symmetri-

zation of precipitation, and intensification.

Although the tilt shown in Fig. 3 is referenced later, this

work will focus on asymmetries and evolutions as they relate to

the motion and shear, so to address how BL structure is

modulated by the combination of frictional effects pertaining

principally to motion, and large-scale effects pertaining to

shear as outlined in the introduction. It will be shown that the

amplification of the deep-layer shear during intensification at

T0 was associated with asymmetric evolution in Irma’s sec-

ondary circulation, which set the stage for the weakening phase

at T19 when shear and vortex tilt were relatively large. It is

suspected that as shear fell to 15 kt after T19, asymmetric

forcing from the large-scale environment onto Irma’s second-

ary circulation was reduced as indicated by the reduced tilt in

Fig. 3, which allowed Irma to axisymmetrize asymmetric

features, such as those in precipitation, that developed hours

earlier.

To examine the evolution of simulated precipitation, Fig. 4

provides several snapshots of the total condensate path (TCP)

at times near the focus periods. Following the formulation for

total condensed water of the column used by Ryglicki et al.

(2018), TCP is defined as

TCP[

ðztrop
0

rr
total

dz , (1)

where ztrop is the tropopause at z’ 17 km, r is air density, and

rtotal is the sum of mixing ratios of cloud water, rainwater, ice,

snow, and graupel. Between T23 and T19, northerly deep-

layer shear persisted as Irma moved west-northwestward to-

ward the Lesser Antilles, with the storm motion vector nearly

orthogonal and to the right of the shear vector. Over the same

time span, relatively high TCP isolated left of shear, while TCP

to the right of shear became minimized by T19, in agreement

with precipitation asymmetries expected (Rios-Berrios et al.

2018) with the increased tilt seen at T19 in Fig. 3. Along with a

swath of minimized cloudtop temperatures to the left of shear

in simulated infrared imagery (not shown), the TCP evolution

from T23 to T19 implies that convective activity became

more concentrated DSL, with hydrometeors falling out of

convection and into the left-of-shear semicircle. As shear

weakened and Irma veered slightly northward after T19, the

asymmetry appeared to wrap around the upshear side of Irma

as the vortex center aloft shifted cyclonically toward the USL

FIG. 4. Snapshots of Hurricane Irma’s simulated total condensate path in the troposphere (kgm22) every 3 h from T23 to T118.

Vectors indicate Irma’s motion, which are colored by magnitude. Wind barbs represent the environmental deep-layer shear direction and

magnitude. Cross-hatched areas represent land in the model.

NOVEMBER 2021 AHERN ET AL . 3857

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/18/22 03:45 PM UTC



quadrant. By T118, precipitation about Irma’s center had a

mostly symmetric horizontal distribution, which persisted until

moving into proximity to Puerto Rico (not shown). This ap-

parent axisymmetrization occurred as the TC motion became

more counteraligned with the shear while the tilt became

minimized, as similarly seen in Rappin and Nolan (2012). The

convective asymmetry implied in Fig. 4 will be examined after

an assessment of the simulation’s azimuth-mean BL structure.

b. Axisymmetric evolution

For the three focus periods, Fig. 5 shows low-level, radius–

height cross sections of azimuth-mean fields of storm-relative

tangential velocity y, storm-relative radial velocity u, vertical

velocityw, and equivalent potential temperature ue. Fields that

are ‘‘storm relative’’ are those in which the TC’s motion as

outlined in section 2 has been subtracted from the horizontal

wind field. The formulation in Bolton (1980) is used to deter-

mine ue, which requires saturation vapor pressure and was

calculated following Alduchov and Eskridge (1996). All fields

are averaged over a 2-h window centered at the noted time.

Azimuth-mean fields are expressed with the variable enclosed

in angle brackets (e.g., hui for azimuth-mean u). In radius–

height cross sections, the kinematic boundary layer is defined

here as the region below z 5 1.5 km where the azimuth-mean

inflow is at least 10% of the peak azimuth-mean inflow, similar

to the definition used by Zhang et al. (2011, 2013). For this two-

part study, regions outside of the kinematic BL will be re-

garded as the free atmosphere.

From T0 to T118, Irma’s low-level primary circulation

featured a powerful jet region near r5 40 km, with the RMW

also positioned near r 5 40 km. The kinematic BL was

roughly 1–1.2 km deep outside the RMW, and increasingly

shallow with decreasing radius inward of the RMW. In the

kinematic BL, tangential velocity had a positive vertical

gradient, which is an expected consequence of surface fric-

tion. Irma’s tangential wind jet deepened and intensified

between T0 and T19, and weakened somewhat between T19

and T118. Outside of the volatile winds in the interior, Irma’s

FIG. 5. Radius–height cross sections of azimuth-mean (top) tangential velocity y, (top middle) radial velocity u,

(bottom middle) vertical velocity w, and (bottom) equivalent potential temperature ue at (left) T0, (center) T19,

and (right) T118. The vertical dashed line marks the RMW. The thick, solid black line represents the boundary

between the kinematic boundary layer and the free atmosphere, which is defined as where hui is 10% of the peak

azimuth-mean inflow in the domain. In the huei plots, the 356-K contour is highlighted in thick white. All fields have

been smoothed over 2 h. The scale used for hwi is geometric.
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azimuthal-mean low-level primary circulation broadened

slightly from T0 to T118.

Irma’s low-level secondary circulation had a similarly

subtle azimuth-mean evolution between T0 and T118. Irma’s

inflow strengthened near the surface between T0 and T118;

peak azimuth-mean inflow near the RMW increased to over

26m s21 by T19, and the radial extent of inflow stronger than

14m s21 increased between T19 and T118. Radial outflow

persists above the kinematic BL near the RMW, which is

representative of inflowing air parcels converging and re-

coiling after entering the highly inertially stable interior of

the vortex. The outflow region broadens slightly from T19 to

T118 as Irma begins to reintensify. In the mean vertical ve-

locity field, an area of ascent with hwi . 1m s21 was consis-

tently along the inner periphery of the RMW, sloping

outward with height. The ascent amplified between T0 and

T19, and then weakened between T19 and T118. In other

words, the peak low-level azimuth-mean ascent in Irma’s

inner core may have been maximized as Irma weakened at

T19, which defies the conventional perspective that stronger

BL convergence and low-level ascent inward of the RMW is

generally conducive for hurricane intensification. By T118,

the area of ascent was less radially confined to the RMW, with

weak ascent also seen above the BL out to radii of ;70 km.

Azimuth-mean profiles of ue provide hints that dry air may

have entrained into Irma’s BL during vortex decay, providing a

possible explanation for Irma’s weakening despite an increase

in hwi between T0 and T19. At T0 and T118, surfaces of

constant huei in the kinematic BL were nearly horizontal at

outer radii, turning upward and becoming more vertically

aligned near the RMW. The high ue close to the TC center

typifies the warm hurricane eye. Between T0 and T19, huei at
Irma’s center increased in tandem with the increased storm

intensity, and BL ue-surfaces developed a downward dip be-

tween the RMW and a radius of ;120 km. Lower-ue air also

extended farther inward in the BL at T19 relative to T0 and

T118. For instance, the 356-K huei contour began to curve

upward just inward of r 5 80 km at T0, becoming nearly ver-

tical at about r 5 50 km. At T19, the same contour curved

downward near r 5 120 km and sharply turned upward at r ’
50 km, becoming nearly vertical at r ’ 40 km, indicating that

lower-ue air had been drawn into the low-level interior.

The differences between azimuth-mean ue among T0, T19,

and T118 suggest an event between T0 and T19 that led to a

local reduction of BL ue between the RMW and r 5 120 km.

Note that the sea surface temperature averaged within 160 km

of the WRF storm center varied slightly across these times,

with high correlation to the TC motion. The sea surface tem-

perature fluctuated from 29.28C at T0, to 29.18C at T19, and

back to 29.28C at T118 (not shown)—this indicates that

changes to the sea surface temperature are likely not the cause

of the local reduction of ue. The most-straightforward expla-

nation for the local decrease in huei is that low-entropy air from
the free atmosphere descended via convective downdrafts or

mixed downward into the BL in the vicinity of reduced BL huei,
similar to findings by Riemer et al. (2010) and Smith et al.

(2017). However, the azimuth-mean kinematic fields do not

provide clear evidence that air descended or mixed down into

the kinematic BL. The likely avenue by which BL huei was

reduced in this case is more effectively illustrated from the

asymmetric perspective, which is examined next.

c. Asymmetric evolution

Figure 6 shows low-level fields of storm-relative radial ve-

locity u, vertical velocity w, and equivalent potential temper-

ature ue at T0, which are averaged azimuthally within four

environmental shear-relative quadrants. In the left column of

Fig. 6, low-level inflow exhibited some asymmetry at T0, with

deeper inflow in the DSR and DSL quadrants. Near-surface

inflow in excess of 14m s21 wasmore radially broad in theUSR

and DSR quadrants, downstream of the storm motion and in

agreement with prior studies (Shapiro 1983; Kepert 2001;

Kepert and Wang 2001; Barnes and Dolling 2013), pointing to

asymmetric frictional forcing associated with the superposition

of the TC motion vector on the vortex wind field. Given that

Irma’s motion heading was nearly orthogonal and to the right

of the shear vector, these asymmetries corroborate prior

observational evidence suggesting that low-level inflow is

asymmetrically amplified downshear and downstream of a

translating TC (e.g., Barnes and Dolling 2013; Zhang et al.

2013). The low-levelw-field showed slight asymmetries at T0 in

the simulation, with broader ascent above the kinematic BL

downshear, and a stronger core of inner-eyewall ascent DSL.

Respectively, these asymmetries were likely driven by the

deeper inflow downshear and stronger interior BL inflowDSR,

as air from the DSR quadrant rotated into the DSL quadrant,

converged, and ascended therefrom. The right column of Fig. 6

depicts Irma’s ue structure at T0, with all quadrants having a

high-ue core inward of the RMW and horizontal ue surfaces at

outer radii that flare upward in the interior. There was some

asymmetry present in ue outside the RMW, with generally

higher ue to the right of shear.

By T0, the simulation’s deep-layer shear had increased to

about 19 kt from 15 kt 6 h prior, which continued until some-

time between T16 and T112 as the vortex tilt increased at

T19. Figure 7 presents the same fields as Fig. 6, but for T19.

Downshear inflow became stronger through depth, in coinci-

dence with the enhanced deep-layer shear in the preceding

hours. The USL quadrant had a more complicated transverse

circulation at T19, including a radially confined near-surface

inflow maximum at the RMW, outflow along the BL top at r.
70 km, and a region of weak near-surface inflow between radii

of 80 and 120 km. Along with the outer region of outflow near

and above the BL top, the strong radial gradient of BL inflow

between the RMW and r 5 100 km in the USL quadrant sug-

gests local divergence, and thus descent of air into the BL.

Vertical velocity in the USL quadrant shown in Fig. 7 confirms

that descent across the BL top was occurring in the radial band

between 40 and 80 km. This feature is similar to the subsidence

that typifies a TCmoat region, but only appeared to occur USL

near T19. Instead, this may be more representative of a de-

scending inflow jet, which was identified as a component of

secondary eyewall formation and an eyewall replacement cycle

in the observational study of Fischer et al. (2020). However,

this simulation did not exhibit any evident secondary eyewall

or eyewall replacement as observed. Plots of ue show that the
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area of descent was also associated with a local minimum of BL

ue, as low-entropy free atmospheric air was advected there

from upwind of the descending inflow. The USL descent ex-

tends upward into the midtroposphere at T19 (not shown),

indicating that the terminus of strong inner-core inflow USL

was collocated with deeper descent likely associated with

shear-related convective asymmetry (DeHart et al. 2014).

In the USR quadrant at T19, inflow was more radially ho-

mogeneous in the kinematic BL outside the RMW; this

quadrant also contained the weakest peak inflow and a strong

local maximum of outflow near the BL top at r 5 70 km. The

outflow overlying the USR kinematic BL was cyclonically

shifted from asymmetrically strong tangential wind, shown at

z5 1.2 km in the top row of Fig. 8. The azimuthal shift between

radial and tangential wind dipoles seen in Fig. 8 could be ex-

plained by the advection of absolute angular momentum: BL

inflow and convergence results in acceleration of y, culminating

in supergradient winds and outward agradient forcing cyclon-

ically downwind, and vice versa in regions of low-level outflow.

This prospect is discussed further in section 5. Inward of r 5
120 km, BL ue was greater USR than in the USL quadrant, in

line with prior studies (e.g., Zhang et al. 2013) designatingUSR

as a region for BL entropy recovery.

The lower levels of blended tail Doppler radar data available

near T0 and T19 can be examined to determine if the shear-

relative inflow asymmetries are consistent between observa-

tions and the simulation; these data2 are depicted in Fig. 9. The

TC centers used for Fig. 9 is based loosely on the method used

by Reasor and Eastin (2012): A subjective guess is made at the

FIG. 6. Array of r–z cross sections depicting quadrant-mean (left) radial velocity u, (center) vertical velocity w,

and (right) equivalent potential temperature ue during intensification at T0. Quadrants are determined using the

environmental deep-layer shear and organized into rows (labels on the right margin). The dashed and thick, black

lines in each plot are identical in definition to those in Fig. 5. All fields have been smoothed over 2 h. The scale used

for w is geometric.

2 Blended radar data are from the NOAA/Hurricane Research

Division’s storm data archives (https://www.aoml.noaa.gov/hrd/

Storm_pages).
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TC center and the central radius of a 10-km radial band with

complete azimuthal coverage that roughly captures the region

where maximum azimuth-mean tangential winds are located.

Then, the average of azimuth-mean tangential winds is calcu-

lated in the radial band based on TC centers every 0.018
within a 0.18 3 0.18 box centered on the first-guess TC center,

and the center at which the maximum averaged azimuth-mean

tangential wind is found is the next guess at the TC center. This

process was repeated 2–3 times, after which the TC center

converged to a point. In the top-left panel of Fig. 9, radial in-

flow at z5 1.5 km from;T22 to T11 was oriented downshear

and left of shear using the SHIPS deep-layer shear parameter,

and generally in the entire downshear sector when using the

local 2–9-km shear calculated by Fischer et al. (2020). Outflow

and weak inflow were observed downstream of Irma’s motion

at z 5 1.5 km, which may be too elevated for the frictional

inflow asymmetries associated with storm motion to manifest

(Shapiro 1983).

In both the simulation and observations, deeper low-level

inflow was largely found downshear and on the south side of

Irma near T0. Note that the observed shearmetrics both had an

eastward component, while the simulation’s deep-layer shear

metric had almost no zonal component at T0 (Fig. 4). In the

bottom-left panel of Fig. 9 showing observed u from;T110 to

T113, the inflow depth asymmetry observed is similar when

considering asymmetry relative to the local shear of ;11.8 kt,

but not the SHIPS deep-layer shear, which was 1.5 kt at T112.

It is cautioned that the observed shear directions for this

period are also quite different from the northerly shear in the

simulation at T19, so asymmetries associated with the shear

in the simulation—at least from an Earth-relative perspecti-

ve—may be inconsistent with Irma in reality. In the tangential

wind fields, relatively strong y can be found on the north side

of Irma, cyclonically shifted from the inflow to the east and

southeast of Irma. This reflects a similar shift between u and

y fields along azimuth to what was seen in the simulation

(Fig. 8), as does the observed outflow located west to

northwest of Irma (upshear or USL of the local shear),

downwind of the stronger inner-core tangential winds on

Irma’s north side.

After T19 and into T118, deep-layer shear slackened to

15 kt and became more northwesterly, while Irma’s motion

FIG. 7. As in Fig. 6, but during storm weakening at T19.
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became more counteraligned to the shear, oriented firmly

within the USR quadrant. Figure 10 breaks down low-level

u, w, and ue at T118, as Irma resumed intensification. Near-

surface inflow was asymmetrically strong upshear near the

RMW, possibly associated with storm motion and shear

turning, such that motion was directed more upshear.

Above the kinematic BL, u showed less asymmetry than at

T19, with weak low-level inflow at most radii outside the

RMW in the DSL quadrant, and strong inner-core outflow

in the USR and DSR quadrants. Radial and vertical ve-

locities upshear at T118 suggested a secondary region of

BL convergence and low-level ascent in the radial band be-

tween 80 and 120 km, which was also reflected in an upward

bend of ue contours USL at ;120-km radius, and also USR at

;90-km radius. The secondary region of convergence and as-

cent appeared transiently for a few hours after T118. Figure 10

shows that no substantial descent of low-ue air into the BL

occurred in the radial band between 40 and 80 km at T118,

suggesting that the descent seen in the USL quadrant at T19

may have been isolated to Irma’s weakening phase. Next, the

potential development of Irma’s descending inflow is exam-

ined near T19, including explanations for the descent that

appeared in the USL quadrant.

4. Hurricane Irma’s descending inflow

To understand further the thermal structure of Irma near

T19, Fig. 11 shows planview snapshots of ue at z ’ 1.2 km and

z ’ 210m. Outside the RMW, the u-field had a prominent

dipole near the BL top from T13 to T19 (Fig. 8), with inflow

downshear and outflow upshear. Low-ue air was located to the

left of shear at the same height, wrapping cyclonically inward

toward the RMW along the leading edge of inflow. A similar

pattern appears within the inner-core at z ’ 210m, with low-ue
air spiraling inward from DSL at r ’ 80km toward the RMW

upshear (mainlyUSL) at T19. Provided that descent was clearly

occurring USL across the BL top near T19 as shown in Fig. 7,

the presence of low-ue inner-core air in that quadrant within the

BL is reasonable. At least from these snapshots of u and ue, it

appears that the low-ue air swirled inward along the amplified

inflow DSL near the BL top, which then descended well into

the BL in the USL quadrant. After T19 when deep-layer

shear drops to ;15 kt and vortex tilt is reduced, the dipole of

u near the BL top becomes less pronounced as downshear

inflow and upshear outflow weaken. To the left of shear,

inner-core ue at the top and within the BL appears to recover

after T19.

The development of low-entropy air in the USL near-

surface inflow near T19 would presumably be ingested by

eyewall convection downwind, affecting low-level buoyancy

and thus the vertical acceleration of air parcels, provided that

entropy is not completely recovered along the way by surface

turbulent fluxes. The downshear tilt may also affect vertical

ascent, should these low-entropy BL parcels from USL trans-

late cyclonically into the downshear sector (Rios-Berrios et al.

2018; Ryglicki et al. 2018). The low-level thermal buoyancy bT
(Eastin et al. 2005; Rios-Berrios et al. 2018; Ryglicki et al. 2018)

is defined as

b
T
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FIG. 8. Array of plan-view plots of (top) u and (bottom) azimuthal anomaly of tangential wind y2 hyi at z’ 1.2 km every 3 h from

T13 to T115 (arranged in columns). Radius is plotted every 40 km using black concentric circle contours out to 160 km. The RMW

is indicated in each plot with a thick white circle contour. Colored vectors and wind barbs represent storm motion and shear, as

in Fig. 4.
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where g 5 9.81 m s22 is the gravitational acceleration, ur is

the density potential temperature, ur is the base state of ur,

u0r is the perturbation from the base-state density potential

temperature, ry is the mixing ratio of water vapor, «5 0.622

is the ratio of gas constants for dry air and water vapor, and

u is the potential temperature. At each 2 km in radius at r 5
11 km and outward, the base-state density potential tem-

perature is computed as the azimuth-mean ur averaged

over a 20-km radial band and smoothed using a 2-h moving

average in time. The resulting bT at T0, T19, and T118 at

z 5 720m is shown in Fig. 12. At T19, low bT values

between 27 and 23 cm s22 are seen between 30- and 80-km

radii in the USL quadrant, which extend cyclonically along

and inward of the RMW in the USR quadrant. Note that

these bT values at T19 in the upshear inner core are lower

than those seen at T0 and T118, supporting the suggestion

that low-entropy air descending into the BL in the USL

quadrant affected local low-level buoyancy. Findings were

similar in calculations of bT at z ’ 210 m and z ’ 1.2 km

(not shown).

Given the link between inner-core convection and intensity

(e.g., Hendricks et al. 2004; Montgomery et al. 2006; Nolan

et al. 2007; Riemer et al. 2010; Hazelton et al. 2017a), it is

suspected that the potential import of low-entropy air into

eyewall convection upshear could contribute, at least in part, to

Irma’s intensity decline near T19. This prospect is investigated

qualitatively in Fig. 13, which shows cross sections of w at

multiple times through most of the troposphere in the USR

quadrant. Between T23 and T13, ascent in the midtropo-

sphere appears to amplify in radial width and strength,

although a neighboring cell of descent persisted along the

inner edge of ascent, as well. By T16, when environmental

FIG. 9. Storm-relative (left) radial and (right) tangential velocities at z5 1.5 km as observed

from tail Doppler radar on board NOAA WP-3D missions (top) 20170905H1 and (bottom)

20170905H2. The time period covering when swath data were collected is listed along the

right side of each row, with times greater than 2400 signifying that the observations continued

into the next day. The white line with square points represents the best-track path, with the

squares denoting 6-hourly data. White wind barbs represent the 6-hourly SHIPS deep-layer

shear data recorded during the observational periods. Orange wind barbs are the 2–9-km

local shear determined for themission by Fischer et al. (2020). Storm centers used to calculate

thewinds are indicatedwith green diamonds. Solid gray areas represent land, and dashed gray

areas represent regions without data.
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shear reached its maximum magnitude, midtropospheric as-

cent became more narrow. This narrow midtropospheric as-

cent continued into T19 (during weakening) and T112 (less

than an hour after weakening), while weak and shallow ascent

formed in the low- to midtroposphere at multiple radii outside

the eyewall. By T115 and T118, USR eyewall ascent had

amplified throughout most of the troposphere. Figure 14,

which shows the time evolution of w averaged between 4 and

12 km height in the USR quadrant, also suggests that mid- to

upper-level vertical motion was affected as shear increased

prior to T19. As Irma transitioned from an intensification

period into the weakening period at T19, the inner edge of

mid and upper-level ascent migrated radially outward as the

width of ascent decreased, indicating an increase in the slope

of USR eyewall convection. The ascent in Fig. 14 shifted in-

ward around T110 near the end of the weakening period, and

the width and amplitude of ascent increased after Irma re-

sumed intensification near T115.

Note that even if the formation of low-ue air in the USL BL

managed to weaken mid- to upper-tropospheric ascent in the

eyewall downwind, it does not necessarily mean that the low-ue

air caused Irma’s weakening near T19. It is possible that

the formation of low-ue air was a consequence of dynamical

changes related to increased shear (Jones 1995), such as

increased vortex tilting at T19 shown earlier in Fig. 3, that

are actually responsible for Irma’s weakening. However,

the consequential low-ue air in that case could contribute to

intensity tendency negatively until the tilt adjusts such that

the midlevel vortex is moved cyclonically into USL (Rios-

Berrios et al. 2018). To get a better sense of the timing of the

changes in shear relative to changes in the BL and intensity,

and thus perhaps an idea of causality, Fig. 15 shows time

series of deep-layer shear, radial velocity asymmetry at z ’
1.2 km between r 5 40 km and r 5 80 km (represented by a

kinetic energy term KEua), USL vertical mass flux at the

same height and radial band Fw, and intensification rate.

Here, KEua is defined as the kinetic energy associated with

the departure of u from its azimuthal mean, averaged over

the area of concern:

KE
ua
5

1

A

ðð
R

(u2 hui)2
2

dA , (4)

FIG. 10. As in Figs. 6 and 7, but during intensification at T118.
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where R in this case is the ring between r5 40km and r5 80km

and A is its area. The USL vertical mass flux is calculated as

F
w
5

4

A

ðð
S

rwdA , (5)

where S is the sector of the ringR in the USL quadrant,w is the

vertical motion, and r is the air density. For this analysis of

KEua and Fw, all fields are at z ’ 1.2 km.

The local deep-layer shear in Fig. 15 is similarly defined to

the environmental deep-layer shear, except winds at 850 and

200 hPa are averaged within a 200-km radius (as opposed to a

200–800-km ring). A key advantage of using the local shear in

this case is that it can be computed on the high-frequency

(15min) output of the innermost domain, providing much

greater temporal resolution. Both the environmental and local

shear increased starting at T26, both becoming ;19 kt by T0.

The local shear increased from ;20 kt to 24 kt leading up to

T13, while the environmental shear increased slightly between

T0 and T16 to about 21 kt. Prior to the maximization of local

shear near T13, KEua fluctuated between ;5 and 10m2 s22

with a period of about 4 h. Between T13 and T18, KEua in-

creased toward a maximum of 25m2 s22, at which point u was

most asymmetric near the BL top. Between T14 and T18

(nearly the same time as the increase of KEua), Fw became

negative as Irma stopped intensifying and began to weaken,

with Fw ’ 230 3 1022 kgm22 s21 by T18. As local and envi-

ronmental shear decreased after T18, KEua also decreased

while Fw increased and became positive once again. These

FIG. 12. As in Fig. 8, but showing the thermal buoyancy bT at z 5 720m, every 9 h from T0 to T118.

FIG. 11. As in Fig. 8, but showing ue at (top) z ’ 1.2 km and (bottom) z ’ 210m.
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trends continued into Irma’s next intensification period that

began near T115.

Between T0 and T118, it is evident and shown explicitly in

Fig. 16 that the intensification rate was negatively correlated

with the radial velocity asymmetry, and also positively corre-

lated with the USL vertical mass flux just outside the RMW.

The Pearson correlation coefficients were x 5 20.885 for in-

tensity tendency versus KEua and x 5 0.916 for intensity ten-

dency versus Fw in the USL quadrant. Pearson correlations

between intensity tendency and Fw calculated in other quad-

rants were weaker, with x 5 0.517 using DSL, x 5 0.032 using

DSR, and x 5 0.834 using USR. The time-average of Fw across

Irma’s weakening period differed from those across Irma’s

intensifying periods encapsulating T0 and T118 to a statisti-

cally significant degree (to 99.9% confidence using an unequal-

size, two-sample t test). This result suggests that the downward

flux of air in the USL quadrant as previously described is

unique to the highlighted weakening phase about T19, which

supports the suspicion as to the reason for Irma’s weakening.

With regard to causality (e.g., what caused low-ue air to

descend into the USL inner-core BL, or what caused Irma’s

weakening), the local shear increased rapidly starting at T12,

about 1 h before a sharp increase in KEua and a decrease in Fw.

The intensification rate also began to increase just after T19,

about an hour after the local shear and KEua began to rapidly

decrease and Fw began to increase. However, it is difficult to

discern whether an hour of separation between these events is

sufficient to indicate causality, as these fields are subject to a

degree of randomness. Note that an assessment of vertical

motion aloft revealed that downdrafts originating in the mid-

to upper troposphere occurred intermittently in the inner-core

of the USL quadrant between T0 and T19 (not shown), al-

though these downdrafts tended to terminate above z 5 2 km

and did not appear in an areal average of w between r5 40 km

and r 5 80 km. Also note that the time series of vertical mass

flux and u asymmetry indicated no obvious trends prior to T13,

despite a substantial increase in deep-layer shear. Restraint to

discern causality from these data vis-à-vis deep-layer shear, BL

asymmetry, and intensification rate is taken here, but it is clear

that they are correlated—at least in this case between T0

and T118.

5. Formation of upshear-left outflow and descent
near the BL top

If one assumes that the deep-layer shear and/or vortex tilt

is physically linked to and perhaps responsible for the BL’s

FIG. 13. Radius–height cross sections of vertical motion w in the lowest ;14 km of the USR quadrant, every 3 h

between T23 and T118. The RMW is marked in each plot with a dashed line. Fields have been smoothed over 2 h.

FIG. 14. Radius–timeHovmöllers ofw, averaged between z5 4 km

and z5 12 km in theUSRquadrant. Red and blue bars along the time

axis indicate periods of intensification and weakening, respectively.

The thick, solid black line represents the RMW, and dotted horizontal

lines mark T0, T19, and T118. Fields have been smoothed over 2 h.
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azimuthal structure in this case, how could it drive changes in

the azimuthal structure of the BL? More specifically, how

could the shear be linked to the appearance of descent across

the BL top in the USL quadrant? If the shear effectively acts

to increase both the depth and strength of low-level inflow

downshear, then momentum and entropy tendencies from

radial advection would likely be affected downshear. For

example, changes in upper tropospheric outflow associated

with shear could impart a change in upper-level divergence,

thereby affecting the secondary circulation and advection

along its circuit. (An exception to the presumed effects on

radial advection would be if the radial gradients of advected

properties weakened to offset the effect of increased inflow).

Via this logic, M advection along the inflow down the pres-

sure gradient would be amplified downshear, leading to an

increased local spinup tendency. That spinup tendency would

factor into Coriolis and centrifugal forces associated with

gradient-wind balance, leading y to become more locally su-

pergradient or less subgradient. Spinup tendency from M

advection is offset in the BL by friction, but note again that

the downshear sector’s inflow is also deeper. The effect of

friction is reduced with increasing altitude, so frictional spin-

down may not entirely counter the spinup from M advection

through the depth of a deep low-level inflow layer. One may

then expect y along the leading edge of enhanced inflow to

become anomalously strong in the azimuthal sense and more

supergradient, especially near and above the kinematic BL

top—to clarify, the kinematic BL is defined in this work using

the azimuth-mean inflow. Figure 8 reveals these features in this

simulation of Irma most evidently at T19.

The horizontal momentum equations can be used to inves-

tigate how tangential and radial flows evolve in more detail:

›y

›t
5GCF2

y

r

›y

›l
2w

›y

›z
2

1

rr

›p

›l
1D

y
and (6)

›u

›t
5AGF2u

›u

›r
2

y

r

›u

›l
2w

›u

›z
1D

u
, (7)

where GCF represents the generalized Coriolis force (Smith

et al. 2009)—the sum of the azimuthal Coriolis force, the radial

flux of angular velocity, and also the radial advection of tan-

gential momentum (included in Gu et al. 2016):

GCF[2fu2
uy

r
2 u

›y

›r
, (8)

andAGF represents the agradient force—the sum of the radial

Coriolis, centrifugal, and radial pressure gradient forces:

AGF[ f y1
y2

r
2

1

r

›p

›r
. (9)

Also, 2(rr)21›p/›l, which represents the azimuthal pressure

gradient force, is negligible for this analysis. TheDu andDy are

residual terms.

Radius–time Hovmöllers of various terms composing the

horizontal momentum budget in the DSL quadrant at z ’
1.2 km are shown in Fig. 17. As shear and vortex tilt increased

between T0 and T19, inflow generally strengthened outside

the RMW in the DSL quadrant (i.e., ›u/›t, 0). Over the same

period, ›y/›t was often nonnegative near and outside the

RMW, indicating local spinup. Agradient forcing increased

FIG. 16. Scatterplots of intensity tendency as a function of (left)

radial velocity asymmetry at z ’ 1.2 km and (right) vertical mass

flux at z’ 1.2 km in the USL quadrant. Data points are taken from

T0 to T118 and are shaded by time. Each scatterplot contains its

Pearson correlation coefficient x.

FIG. 15. Time series of (top) deep-layer shear, (middle) radial

velocity asymmetry at z’ 1.2 km (KEua), and (bottom) vertical mass

flux at z’ 1.2 km in theUSL quadrant (Fw; thin black line). Intensity

tendency is also plotted in gray in the bottom panel. Red and blue

shading are used to delineate periods of intensification and weak-

ening, respectively. In the top panel, the environmental shear is

plotted (solid line) along with local shear (dotted line), which is

calculated over the same depth using winds within 200 km of Irma’s

center on the innermost domain. In each intensification and weak-

ening period in the bottom panel, a thick vertical line denotes the

99.9% confidence interval for the mean Fw across the period.
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between the RMW and r5 100 km as y increased leading up to

T19. The positive ›y/›t is largely attributable to the GCF

term—more specificially, the radial flux of angular velocity

term 2uy/r included in the GCF. As local inflow and tan-

gential wind increased between T0 and T19,2uy/r increased

in kind, which accounts for most of the increase in GCF be-

tween the RMW and r 5 80 km over that period. After T19

and leading up to T118, ›u/›t was often positive, indicating

weakening inflow as the shear decreased. The change in u

came with a decrease in AGF, as local y became less super-

gradient presumably due to a reduced radial influx of M. The

radial advection of M is

2u
›M

›r
5 r

�
2 fu2

uy

r
2 u

›y

›r

�
5 r3GCF, (10)

which is shown in a Hovmöller for the DSL quadrant at z ’
1.2 km in the left panel of Fig. 18. The radial influx of M be-

tween the RMW and r 5 100 km reached its peak near T19,

after which it began to decrease alongside a decrease in AGF.

As the flow evolved over time in the DSL quadrant, so

too did the flow evolve downwind as air rotated cyclonically

about the TC center into the USL quadrant. Similar to

Fig. 17, Fig. 19 shows radius–time Hovmöllers of momen-

tum budget terms in the USL quadrant near the BL top. A

couple of hours prior to T0, u increased and became nearly

zero outside of the RMW (not shown). Radial velocity

continued to increase intermittently between T0 and T19,

with distinct periods of outward acceleration between the

RMW and r5 160 km. A region of outflow developed at r.
60 km just after T13 (seen in Fig. 11 at T16 and T19), after

FIG. 17. Radius–time Hovmöllers of tendency terms (m s21 h21) in (top) the radial momentum budget and (bottom) tangential

momentum budget from Eqs. (6) and (7), taken at z ’ 1.2 km in the DSL quadrant. Red and blue bars along the time axis indicate

periods of intensification and weakening, respectively. The thick, solid black line represents the RMW, and dotted horizontal lines

mark T0, T19, and T118. All shown fields have been smoothed over 2 h. Tendency fields share the appropriately labeled color scale,

which is geometric.
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which Irma ceased intensification. Tangential momentum

increased outside the RMW prior to the weakening phase,

with a similar imprint of ›y/›t . 0 between T0 and T17 as

that in the DSL quadrant. However, the time at which the

aforementioned imprint appears in the USL quadrant is

about an hour after its appearance in the DSL quadrant,

suggesting that this positive tendency in y propagated from

the DSL quadrant into the USL quadrant. In coincidence

with these developments, AGF in the USL quadrant in-

creased leading up to T19 and was often stronger than the

AGF in all other quadrants between the RMW and r ’
100 km. In the examinations of the residual terms Du and

Dy, the terms are often negative and tend to oppose sums

of the nonresidual terms in the momentum budgets. In

other words, the effects of turbulent eddies and mixing are

nonnegligible as evidenced by their similar magnitudes in

the budget equation, and largely offset the nonresidual

terms. Outside the RMW, the vertical mixing and diffusion,

which are included in these terms, should distribute rela-

tively low momentum (i.e., weaker y and more negative u)

from the kinematic BL below z 5 1.2 km into the plane of

analysis. There are some exceptions, such as just inward of

the RMW in Dy, which is likely due to vertical diffusive and

flux terms associated with the presence and maintenance

of the BL tangential wind jet (Kepert and Wang 2001;

Williams 2015).

The increase of AGF in the USL quadrant occurred

despite a nonnegative u-field at r . 60 km, which suggests

nonpositive radial advection of M and implies local spindown.

Indeed, the USL Hovmöller of 2u›M/›r in Fig. 18 illustrates

that radial advection of M was often nearly zero or negative

prior to T115. This is noteworthy because positive radial ad-

vection ofM is often referenced alongside vertical advection to

explain the spinup of y and the presence of supergradient flow

near the BL top, as in the axisymmetric framework posed by

Smith et al. (2009).

How did y and the AGF increase in the USL quadrant

leading up to T19 if there was no substantial inward transport

of high-M air? Fig. 19 indicates that increases in y and AGF

leading up to T19 in the USL quadrant were due to the azi-

muthal advection of tangential momentum, 2(y/r)›y/›l. (It is

noted that the mass field did not substantially adjust to weaken

the inward-directed radial pressure gradient force, which could

otherwise possibly explain an increase in AGF.) The positive

azimuthal advection of y implies that y became maximized and

most supergradient to the left of shear leading up to T19,

which was advected into the USL quadrant by the cyclonic

flow. Similarly, Gu et al. (2016) found that a weakening, mature

TC under shear developed anomalously strong y left of shear,

due to inward advection of M downshear and subsequent

transport of enhanced tangential momentum downwind into

the left-of-shear semicircle. In Irma’s case, a response to alle-

viate the dynamical imbalance associated with supergradient y

presumably emerged in the USL quadrant, wherein outflow at

radii outside the RMW developed as the AGF increased and

›u/›t became positive. The development of outflow and radial

divergence between the RMW and r 5 100 km should be co-

incident with descent by mass continuity, which was shown in

Fig. 15 and associated with Irma’s weakening phase in section 4.

This would be the case unless there was ample azimuthal

convergence to offset the radial divergence, but between the

RMW and about r5 60 km the azimuthal divergence field was

about an order of magnitude weaker than the radial diver-

gence, and the total horizontal divergence field was positive

and dominated by radial divergence (not shown).

6. Summary and discussion

In this first part of a two-part analysis on asymmetric BL

structure associatedwithTC intensity decline, results froma full-

physics simulation of Hurricane Irma in 2017 are examined.

Three periods in the simulation were in focus for this investi-

gation, when Irma—a major hurricane throughout the time of

analysis—underwent intensification, followed by a weakening

phase, and then reintensification thereafter. Differences were

noted between the simulation and observations in environ-

mental shear and intensity change, indicating that structural

features of the simulated storm should be viewed as a realistic

forecast of Irma, rather than as a close representation of

Hurricane Irma as observed.

Deep-layer shear and associated vortex tilt fluctuated

across the analysis period, with strong shear developing

during the first highlighted intensification period, and then

more-moderate shear developing in the middle of the weakening

FIG. 18. Radius–time Hovmöllers of radial advection of absolute

angular momentum2u›M/›r (102 3m2 s22) in the (left) DSL and

(right) USL quadrants at z ’ 1.2 km. Red and blue bars along the

time axis indicate periods of intensification and weakening, re-

spectively. The thick, solid black line represents the RMW, and

dotted horizontal lines mark T0, T19, and T118. The fields have

been smoothed over 2 h.
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phase that followed. Prior to the increase in deep shear,Hurricane

Irma’s inner-core exhibited a nearly axisymmetric low-level

primary circulation, as well as a minimally asymmetric low-

level secondary circulation and thermodynamic structure.

Leading up to Irma’s weakening phase, the low-level second-

ary circulation became more asymmetric in coincidence with

increased shear and tilt. Specifically, stronger inflow developed

downshear, which wrapped cyclonically inward from the DSR

quadrant into the USL quadrant, while low-entropy air from

the free atmosphere descended into the BL mainly in the USL

inner-core (illustrated conceptually in Fig. 20). Note that re-

cent findings byWu et al. (2021) revealed a negative convective

precipitation bias in the Morrison microphysics scheme em-

ployed here, implying that asymmetries associated with con-

vective downdrafts, rainfall evaporation, and thus BL static

stability (Kepert et al. 2016)—as seen in relation to the descent

of low-entropy air USL—may be underrepresented. The low-

entropyBL air in theUSL quadrant was drawn into the eyewall

region, which affected local buoyancy (Fig. 12) and likely the

vertical acceleration of air in the eyewall, provided that surface

turbulent fluxes of latent and sensible heat did not replenish

such air parcels’ entropy prior to arrival at the root of con-

vection. In the sense that this would weaken deep convection

in the eyewall, it is concluded that the import of low-entropy

air into the inner-core BL that occurred in association with

increased deep shear and vortex tilt is responsible, at least in

part, for Irma’s weakening near the end of 5 September in this

simulation.

The vertical flux of air into the USL inner-core BL during

Irma’s weakening was persistently negative and significantly

different from those calculated over Irma’s intensification

periods to 99.9% confidence. Along the inner-core BL top,

the vertical flux of air in the USL quadrant was negatively

correlated with the degree of asymmetry in radial velocity.

Prior to Irma’s weakening, the local shear was shown to in-

crease rapidly about an hour before radial flow asymmetry

increased and USL vertical mass flux decreased. During the

weakening phase, Irma’s intensity tendency began to increase

FIG. 19. As in Fig. 17, but showing tendency fields at z ’ 1.2 km in the USL quadrant.
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about an hour after a decrease in local shear, a decrease in

radial flow asymmetry, and an increase in USL vertical mass

flux. While caution must be taken to draw conclusions as to

what caused the BL asymmetries to develop, including those

in the secondary circulation and ue that are potentially behind

Irma’s weakening, there is an evident link in this case be-

tween the deep-layer shear, BL asymmetry, and intensity

tendency.

The localized descent in the USL BL during weakening

was associated with an outward acceleration of u, which

itself became positive (outflow) and was linked to an in-

crease in BL divergence. The outward tendency in USL

radial flow was associated with increased agradient forcing

(i.e., y becoming more supergradient), as y became anom-

alously strong USL. The spinup of inner-core y in the USL

quadrant, however, was not due to local radial advection of

M, while the azimuthal advection of y was a primary con-

tributor to the quadrant’s positive y tendency. This is be-

cause y was maximized upwind of the USL quadrant in the

azimuthal sense, which would be expected given the amplified

radial inflow and consequent spinup from radial advection of

M in the downshear sector. To wit, the shear (as well as the

increased tilt) was associated with amplified inflow, positive

radial advection of M, and subsequent spinup downshear; the

resulting supergradient y was advected cyclonically into the

USL quadrant, where strongly positive AGF led to a positive

tendency in u, the development of outflow outside the RMW,

and thus BL divergence and descent. By contrast, the upshear

sector was associated with weaker low-level inflow and the

presence of outflow above the BL; and y in the right-of-shear

semicircle was weaker than left of shear, allowing Irma’s

intensity—a measure of azimuth-mean y in this study—to de-

crease despite an amplification of y in theUSL quadrant. Similar

patterns and associated changes in azimuth-mean y (i.e., inten-

sity as defined here) were found in an analysis byGu et al. (2016)

of the evolution of an idealized TC’s low-level tangential wind

jet under shear.

In Part II to follow, the simulated BL structure of

Hurricane Earl (2010) will be examined, which exhibited

relatively pronounced asymmetries in comparison with

Irma, formed a secondary eyewall, and underwent eyewall

replacement. Therein, a discussion of how differences in

shear and storm motion might account for the different

structural evolutions of these two cases is provided. Among

these differences between the two cases is the orientation of

the shear relative to the TC motion, which will be high-

lighted as a possible explanation, at least in part, for the

differences in simulated BL structures. Notably, Part II

will outline how asymmetric low-level outflow in response

to azimuthally local dynamical imbalances associated with

FIG. 20. Volumetric conceptual schematic of Hurricane Irma’s simulated low-level, inner-

core structure during weakening near T19. Axes on the left side indicate vertical, TCmotion,

and deep-layer shear directions. Each horizontal plane is labeled by height on the right. Black

circles at the center of each plane mark the RMW. White arrows represent quadrant-

averaged BL radial flow, with thicker arrows for stronger flow. Red and blue arrows mark

areas of quadrant-averaged ascent and descent, respectively. At z 5 200m, yellow shading

resembles low-entropy air. At z5 1.2 km, areas of spinup (inflow) and spindown (outflow) are

marked with pluses and minuses, respectively. Asymmetrically strong y is indicated in red

shading, and asymmetrically weak y is indicated in blue shading.
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shear and TC motion could contribute to the radial expan-

sion of the primary circulation, and to that end, provide an

impetus for secondary eyewall formation.
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