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ABSTRACT

Airborne Doppler radar captured the inner core of Hurricane Earl during the early stages of secondary

eyewall formation (SEF), providing needed insight into the SEF dynamics. An organized rainband complex

outside of the primary eyewall transitioned into an axisymmetric secondary eyewall containing a low-level

tangential wind maximum. During this transition, the downshear-left quadrant of the storm exhibited several

notable features. A mesoscale descending inflow (MDI) jet persistently occurred across broad stretches of

stratiform precipitation in a pattern similar to previous studies. This negatively buoyant jet traveled radially

inward and descended into the boundary layer. Farther inward, enhanced low-level inflow and intense up-

drafts appeared. The updraft adjacent to theMDIwas likely triggered by a region of convergence and upward

acceleration (induced by the negatively buoyant MDI) entering the high-ue boundary layer. This updraft and

the MDI in the downshear-left quadrant accelerated the tangential winds in a radial range where the axi-

symmetric windmaximumof the secondary eyewall soon developed. This same quadrant eventually exhibited

the strongest overturning circulation and wind maximum of the forming secondary eyewall. Given these

features occurring in succession in the downshear-left quadrant, we hypothesize that the MDI plays a sig-

nificant dynamical role in SEF. The MDI within a mature rainband complex persistently perturbs the

boundary layer, which locally forces enhanced convection and tangential winds. These perturbations provide

steady low-level forcing that projects strongly onto the axisymmetric field, and forges the way for secondary

eyewall development via one of several SEF theories that invoke axisymmetric dynamical processes.

1. Introduction

Secondary eyewalls are frequently observed phe-

nomena in intense tropical cyclones (TCs).Many studies

show that these features form when convection outside

of a preexisting primary eyewall coalesces into a con-

nected ring with a collocated axisymmetric tangential

wind maximum (e.g., Willoughby et al. 1982; Black and

Willoughby 1992; Dodge et al. 1999; Houze et al. 2007;

Didlake and Houze 2011; Bell et al. 2012). Once a sec-

ondary eyewall forms, characteristic changes in size and

intensity usually occur, which makes predicting these

inner-core features a high priority for forecasters

(Sitkowski et al. 2011, 2012; Kossin and Sitkowski 2012;

Yang et al. 2013; Kossin and DeMaria 2016; Zhang et al.

2017). Despite their frequent occurrence, secondary

eyewalls remain a forecasting challenge in part because

the underlying mechanisms for secondary eyewall for-

mation are not completely understood.

There has been a variety of physical processes pro-

posed to explain secondary eyewall formation (SEF).

One process involves vortex Rossby waves propagating

within a storm’s inner core away from the primary eye-

wall, which then stagnate and build an axisymmetric

secondary windmaximum (Montgomery and Kallenbach

1997). Many studies have found evidence of these

propagating waves in both models and observations
Corresponding author: Anthony C. Didlake Jr., didlake@

psu.edu

SEPTEMBER 2018 D IDLAKE ET AL . 2909

DOI: 10.1175/JAS-D-17-0348.1

� 2018 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

mailto:didlake@psu.edu
mailto:didlake@psu.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


(e.g., Corbosiero et al. 2006; Hogsett and Zhang 2009;

Martinez et al. 2011; Abarca and Corbosiero 2011).

However, current understanding points to vortex Rossby

waves as having a more supportive role in SEF (Qiu et al.

2010) or no role at all (Judt and Chen 2010), while the

primary contributing process entails the axisymmetrization

of rainband convection originating from outer regions.

Judt andChen (2010) argued that rainband convection acts

as local sources of diabatic heating, which, when suffi-

ciently projected onto the axisymmetric mean, produces a

local potential vorticity maximum that leads to secondary

eyewall development. Terwey and Montgomery (2008)

proposed that secondary eyewalls form when sporadic

rainband convection occurs along a negative radial gradi-

ent of axisymmetric vorticity, where the resulting potential

vorticity anomalies then cascade upscale to form a sec-

ondary potential vorticity maximum. Other studies have

focused on boundary layer mechanisms for spinning up an

axisymmetric secondary wind maximum.Wu et al. (2012),

Huang et al. (2012), and Abarca and Montgomery (2013,

2014) found that unbalanced dynamics, appearing as su-

pergradient boundary layer flow, largely governs the axi-

symmetric development of a secondary eyewall following a

broadening of the vortex wind field. Alternatively, Kepert

(2013) concluded that axisymmetric balanced dynamics

can spin up a secondary wind maximum through a feed-

back between frictional convergence, convection, and ra-

dial vorticity. Therein, the boundary layer evolution and its

unbalanced flow only occur as a response to the wind and

pressure field at the top of the boundary layer. Sun et al.

(2013) found that both unbalanced and balanced dynamics

contribute significantly to developing a secondary eyewall.

Given that a sufficient amount of rainband convection

is necessary for each proposed SEF mechanism, it is

important to understand the controls on rainband ac-

tivity. Environmental moisture has commonly been

claimed as a key factor (e.g., Kimball 2006). Hill and

Lackmann (2009) showed that simulated TCs initialized

in moisture environments at all altitudes produced more

widespread and persistent rainband convection. Alter-

natively, Xu and Wang (2010) found that surface en-

tropy fluxes in the outer regions were the critical factor

for rainband production, where larger fluxes produced

greater CAPE and more convection.

Substantial latent heating from increased rainband

activity acts to spin up the tangential winds of the outer

core, thereby radially expanding the wind field of the

storm (Maclay et al. 2008; Smith et al. 2009). This storm

expansion is a process that commonly precedes SEF

in both observations andmodels (Bell et al. 2012; Huang

et al. 2012). Rozoff et al. (2012) examined the roles of

outer-core latent heating and storm expansion in

SEF. They determined that increasing outer-core winds

improves the axisymmetric efficiency of converting heat

energy released by rainband convection into increased

kinetic energy, which can be exhibited locally as a de-

veloping secondary wind maximum. It remains unclear

whether the expanding wind field is a causal process for

SEF or a consequence of SEF mechanisms already ini-

tiated by increased rainband convection.

In the context of explaining SEF, most previous

studies approach rainband convection as sporadic fea-

tures that assert their influence on the evolving vortex

structure only through their vortex-scale axisymmetric

projection. But TC rainbands are asymmetric structures

that have their own intricate organization on the con-

vective scale and the mesoscale. The organization oc-

curring on these smaller scales may exhibit certain

characteristics that initiate the upscale development of a

secondary eyewall. Therefore, in order to fully un-

derstand the earliest mechanisms that trigger SEF, we

need to better understand the asymmetric rainband

patterns that lead to a prominent axisymmetric pro-

jection and wind field expansion, both of which mark the

pathway for most hypothesized SEF mechanisms.

TC rainbands tend to form an asymmetric complex

when the storm experiences environmental vertical

wind shear (Willoughby et al. 1984; Hence and Houze

2012b). In this complex, convective precipitation con-

centrates in the right-of-shear half, where enhanced low-

level vorticity and moisture tend to coincide (Riemer

2016). Here, isolated or connected convective cells

are initiated and form the upwind end of the larger

spiral rainband complex (Didlake and Houze 2013a). In

the left-of-shear half, stratiform precipitation is pre-

dominant in the downwind end of the complex (May and

Holland 1999; Didlake andHouze 2013b). The rainband

features associated with this downwind region project

more strongly onto the axisymmetric structure given

both the mesoscale, homogeneous nature of stratiform

precipitation and the fact that these features occur at a

smaller radius. Thus, it seems that the downwind end of

the rainband complex may play an important role in the

early stages of SEF.

Recent modeling studies have pointed to stratiform

processes occurring in the axisymmetric average as the

catalyst for both the expansion of the wind field and the

development of a low-level tangential wind maximum.

This approach is a ‘‘top-down’’ pathway to SEF. Robust

latent heating starts in the middle levels, associated with

vorticity and updraft anomalies. These features then

descend (presumably by downward advection) into the

low levels where a deep overturning circulation sub-

sequently develops and leads to the secondary eyewall

(Fang and Zhang 2012; Zhang et al. 2017). These studies

show that stratiform processes within TC rainbands are
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projecting strongly enough onto the axisymmetric

average to form a secondary eyewall; however, the

smaller-scale, asymmetric details of the responsi-

ble rainband features still needed to be thoroughly

examined.

In an observational study of Hurricane Rita, Didlake

and Houze (2013b) found that the downwind stratiform

region of the rainband complex exhibited a mesoscale

descending inflow jet similar to the rear-to-front jet of

leading-linemesoscale convective systems (MCSs;Houze

2004). At the innermost point of the inflow jet, air sud-

denly plummets from themiddle levels into the boundary

layer, which then connects to a local enhancement of the

boundary layer radial inflow. Considering that this inflow

surge and related vorticity enhancement occurred over a

significant portion of the storm, it likely had an impact on

the larger vortex circulation. Rita developed a secondary

eyewall hours later (Didlake and Houze 2011; Bell et al.

2012), but no direct connection between the two features

was established. In their modeling study, Qiu and Tan

(2013) found that a similar descending inflow in the

stratiform rainband region reached the boundary layer

and locally enhanced the low-level inflow, albeit not in

the sudden fashion as observed in Rita. They connected

the asymmetric enhanced boundary layer flow to un-

balanced axisymmetric dynamics that led to SEF in the

processes described by Huang et al. (2012) and Abarca

and Montgomery (2013).

In this study, we further explore the possible connection

between stratiform rainband processes and SEF by ex-

amining observations of Hurricane Earl (2010). Earl was

intensely sampled by multiple aircraft in conjunction with

three field campaigns and U.S. Air Force reconnaissance.

Previous studies have explored several aspects of Earl’s

evolution with these observations, including focus on

rapid intensification processes, eyewall asymmetries, en-

vironmental interaction, low-level structure, and warm

core structure (Montgomery et al. 2014; Stevenson et al.

2014; Rogers et al. 2015; Susca-Lopata et al. 2015; Stern

and Zhang 2016). We will examine a combination of air-

borne radar, land-based radar, and flight-level observa-

tions to analyze the structural and dynamical evolution of

Earl’s rainbands into the secondary eyewall that formed

after its rapid intensification stage.

2. Data and methodology

The airborne radar data utilized in this study were

collected by theNOAAWP-3D (P3) Tail Doppler radar

(TDR), which is an X-band Doppler radar that scans

around a horizontal axis in cones pointing ;208 fore

and aft (Jorgensen and DuGranrut 1991). With this

scanning technique, two independent looks of the

three-dimensional wind vector are collected as the plane

flies along its track. The data used in this study come

from four P3 missions on 29 August 2010 and 30 August

2010: 20100829H1, 20100829I1, 20100830H1, and

20100830I1.

The P3 TDR data first undergo an automated quality

control and dealiasing procedure that produces errors

comparable to those from manual processing (Rogers

et al. 2012). Next, the three-dimensional wind fields are

retrieved using a variational technique (Gamache 1997;

Gao et al. 1999; Reasor et al. 2009) that optimizes the

radar projection equation constrained by mass continuity

and boundary conditions. These wind fields along with

the three-dimensional reflectivity field were solved onto a

Cartesian grid with horizontal and vertical resolution of

2 and 0.5km, respectively. The storm motion averaged

over each mission was removed from the winds. Storm

centers were objectively determined using a real-time

analysis of flight level data (Willoughby and Chelmow

1982). The data were then interpolated to storm-centered

cylindrical coordinates with a radial, vertical, and azi-

muthal resolution of 2km, 0.5km, and 0.58, respectively.
Also on board theNOAAP3was aC-band lower-fuselage

(LF) radar that scans around a vertical axis, continually

observing storm reflectivity over a larger scale. We an-

alyze these data with respect to the 200–850-hPa deep-

layer environmental vertical wind shear, which is taken

from the StatisticalHurricane Intensity Prediction Scheme

(SHIPS) database (DeMaria et al. 2005).

Additional airborne data come from flight-level ob-

servations. The FLIGHT1 dataset (Vigh et al. 2016) is a

collection of flight-level data from NOAA P3 and U.S.

Air Force (USAF) C-130 reconnaissance aircraft that

are segmented into radial legs relative to the storm

center. The current study utilizes this dataset, with focus

on the 700 hPa-level observations.

Land-based radar observations were collected by the

U.S. National Weather Service WSR-88D at San Juan,

Puerto Rico (TJUA). This S-band radar operates with a

scanning volume at fixed elevation angles (0.58–19.58)
that lasts 5–12min. The current study uses observations

of Hurricane Earl collected during the time span of

1700 UTC 30 August 2010–0600 UTC 31 August 2010.

Axisymmetric tangential winds of Earl were retrieved

by applying the ground-based velocity track display

(GBVTD; Lee et al. 1999) technique, providing aver-

aged velocities at each radius over time.

3. Overview of Earl’s secondary eyewall formation
in an axisymmetric framework

Hurricane Earl began as a westward-tracking Cape

Verde tropical wave that became a tropical storm on
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26 August 2010. As Earl approached the Lesser Antilles

on 29 August, it rapidly intensified from a 28m s21

tropical storm to a 59m s21 category-3 hurricane over

the next 36 h. More details on Earl’s life cycle can be

found in Cangialosi (2010). The data analyzed in the

current study focus on rainband convection that occurs

after the onset of rapid intensification.

Figure 1 presents satellite microwave (85–91GHz)

imagery of Earl after the onset of rapid intensification

and leading up to SEF. In Figs. 1a–c, rainband con-

vection is organized into a typical stationary band

complex (SBC; Willoughby et al. 1984), where the

spiral complex remains relatively steady in relation to

the deep-layer environmental wind shear vector. Also

in Fig. 1, an estimated connecting point between the

SBC and inner-core convection, which marks the

downwind end of the SBC, is shown by the pink dot.

This location is determined first by identifying the ra-

dius of a local maximum in the azimuthally averaged

brightness temperatures, then by locating the azimuth

of a local brightness temperature minimum. As the

shear vector shifts counterclockwise over time, this

connecting point also shifts azimuthally in a similar

FIG. 1. The 85–91-GHz brightness temperatures of Hurricane Earl from (a)–(c) the Special Sensor Microwave

Imager/Sounder and (d) the TRMMMicrowave Imager at the four noted times. For each image, the gray arrow is

the 200–850-hPa environmental wind shear vector pointing from the storm center located at the blue square. The

black ring and the pink circle mark the radius and azimuth where outer rainband convection connects to inner-core

convection. See text for details.

FIG. 2. Flight tracks of four NOAA P3 missions into Hurricane

Earl. Hour markers (UTC) are shown on each flight track.
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fashion, and thus remains left of the shear vector. This

shear-relative orientation of the SBC is consistent with

several other observational and modeling studies (e.g.,

Hence and Houze 2012b; Didlake and Houze 2013a,b;

Riemer 2016). The rainband convection also appears to

increase over time. By 31 August (Fig. 1d), the same

spiral rainband complex is less prominent, but rather there

is a clear circular ring of convection around the eyewall,

suggesting the development of a secondary eyewall.

Figure 2 shows the flight tracks for the four NOAA P3

missions used in this study. Figure 3 shows the TDR axi-

symmetric tangential winds from these flights, which

cover a similar time span as in Fig. 1. Local maxima in

tangential winds were determined using an algorithm that

considers the width and separation distances of the peaks.1

These maxima are marked as dots at each altitude.

The wind field began in Fig. 3a with two tangential

wind maxima in the low levels. During this phase

as a tropical storm, the strongest winds were found

in the outer maximum associated with an outer rain-

band. In Fig. 3b, the eyewall appeared and contained

the overall wind maximum. Over time, this wind

maximum strengthened rapidly and decreased in

radius. Simultaneously outside of the eyewall, the

tangential winds increased at every radius through-

out all altitudes, indicating the expansion of the

wind field. This wind field expansion coincided with

the observed increase in rainband convection, as

rainband heating is expected to spin up the storm’s

outer circulation (Smith et al. 2009; Moon and

Nolan 2010).

In flight 2, two local maxima occurred near 125-

and 155-km radius in the low to midlevels, both radi-

ally outside the primary eyewall. In flight 3, two local

maxima now occur near 80–90 and 125–135 km. The

inner maximum here mostly remained below 4 km,

FIG. 3. Azimuthal average of tangential velocity (color shading) and reflectivity (black contours) from the TDR

observations at flights 1–4 during the times indicated. The pink line outlines locations with .50% azimuthal

coverage of available data. Local maxima of tangential wind are marked as gray dots. Reflectivity contours are at

5-dBZ intervals, with the gray contour being the 25-dBZ contour for flights 1 and 3 and the 30-dBZ contour for

flights 2 and 4.

1 The specific algorithm used was ‘‘findpeaks’’ in MATLAB

using a minimum peak width of 8 km and peak separation

distance of 24 km (http://www.mathworks.com/help/signal/ref/

findpeaks.html).
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while the outer maximum stretched from 4-km altitude

and upward. By flight 4, two clearmaxima again occurred

with pronounced outward slopes. The inner maximum

near 60km ismost prominent above 4km, while the outer

maximum between 80 and 120 km again appeared be-

tween 1- and ;6-km altitude.

Figure 4 shows the azimuthally averaged radial and

vertical velocities corresponding to Fig. 3. In flights 1–3, the

FIG. 4. Azimuthal averageof radial velocity (color shading) andvertical velocity (blackandgraycontours)

from the TDRobservations for flights 1–4.Updrafts (black) are contoured at 0.4, 0.8, 1.2, and 1.6ms21, and

downdrafts (gray) are contoured at 20.2 and 20.4ms21. The pink line outlines locations with .50%

azimuthal coverage of available data. Local maxima of tangential wind are marked as gray dots.

FIG. 5. Flight-level tangential velocity for the radial legs (gray lines) and the azimuthal average (black line) from the

USAF flight missions indicated. Flight levels are at (a) 850 hPa and (b)–(f) 700 hPa.
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dominant radial circulation is deep inflow extending from

the lowest level to 6km and outflow above. The updraft

and outflow of the primary eyewall strengthens over this

time of rapid intensification. Outside of the primary eye-

wall at flight 3, a clear region of radial outflow begins near

2-km altitude and 60-km radius and extends to higher al-

titudes. Further inspection of this feature indicates an

axisymmetric updraft of 0.25ms21. This channel of air is

associated with the outer tangential maximum near 85-km

radius (cf. Fig. 3c).Risingmotion is also collocatedwith the

outer wind maximum near 125km. During flight 4, there

are two rising outflow channels (50–60 and 80–100km) that

are each associated with the two local tangential wind

maxima shown in Fig. 3d, matching in both radii and

altitudes.

The NOAA P3s did not fly on the next day (31

August), which was also when satellite observations

displayed an outer ring of convection (Fig. 1d). But the

USAF C-130 fleet continued their twice-daily surveil-

lance missions, capturing the tangential wind evolution

during secondary eyewall development. Figure 5 pres-

ents radial profiles of the flight-level tangential wind

during this time. These data confirmEarl’s initial double

wind maximum, tangential wind intensification, and the

contraction of the radius of maximum wind (Figs. 5a–d).

A bulge in the outer wind field (~60–100km) is present

in Fig. 5d, which matches the time of the observed ring

of convection (cf. Fig. 1d). The secondary eyewall

was clearly forming in this region. At 13h later in Fig. 5e,

the outer wind maximum between 60- and 75-km

radius had matured and surpassed the inner eyewall

wind maximum. In Fig. 5f, the eyewall replacement cy-

cle was complete, as the inner eyewall had dissi-

pated. The evolution of the flight level tangential winds

FIG. 6. The LF radar reflectivity at specified times. For each time, the 200–850-hPa environmental wind shear

vector (gray) points from the storm center. Black lines are cross sections (slices 1–3) shown in Figs. 7, 8, and 10,

respectively. The labels A and B mark the updraft features in the same cross-section figures.
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is consistent with the eyewall replacement study of

Sitkowski et al. (2011).

The outer radii in Figs. 3 and 4 show signs of a de-

veloping secondary eyewall, having local tangential

wind maxima coinciding with deep overturning circula-

tions. However, by the time of the last P3 flight exam-

ined here (flight 4; cf. Figs. 3d and 4d), there were

two radial locations at which this combination was

coherently occurring: 50–70 and 80–100km. Shapiro and

Willoughby (1982) demonstrated that an eyewall-like

heat source in an axisymmetric vortex yields amaximum

in low-level tangential wind tendency radially inward of

the heat source, which implies that the wind maximum

contracts over time. These same dynamics help explain

the contraction of a developing secondary eyewall;

specifically, such contraction of either tangential wind

maximum (Fig. 3d) likely occurred in Earl, which would

suggest that the outermost local maximum led to the

secondary wind maximum between 60- and 75-km ra-

dius in Fig. 5e.

In the next section, we examine Earl’s asymmetric

rainband features to determine which structures are

most responsible for the axisymmetric tangential wind

local maxima in flights 2–4. We analyze these features

chronologically in an effort to identify the earliest signs

of a developing secondary eyewall circulation.

4. Asymmetric structure and dynamics leading up
to SEF

Characterizing the asymmetric structure of rainband

precipitation leading up to SEF is an important step to

understanding how the precipitation features axisymme-

trize into a concentric ring with an associated secondary

low-level tangential wind maximum. In Figs. 4b and 4c,

the azimuthal average of radial flow showed an inflow

peak in the middle levels of the rainband region between

3- and 6-km altitude. The subsequent analysis of the

asymmetric structure will show that this feature arose

mostly from wind patterns in the downshear-left (DL)

quadrant. This is the same quadrant as the downwind end

of the strengthening rainband complex (Fig. 1), which is

where stratiform precipitation tends to be predominant

(Hence and Houze 2012b; Didlake and Houze 2013b).

FIG. 7. (a) Cross section of radial (color shading) and vertical velocity (contours) at slice 1 of flight 2 at 2038 UTC as shown in Fig. 6a.

Updrafts (black) are contoured at 0.5, 1, and 1.5m s21, and downdrafts (gray) are contoured at20.1,20.5, and21m s21. The lettersA and

B mark updraft features as in Fig. 6a and discussed in the text. (b) Divergence (color shading) with vertical velocity contours.

(c) Tangential velocity (color shading) with local tangential velocity maxima marked as gray dots; reflectivity contours are overlaid at

5-dBZ intervals, with the 25-dBZ contour in gray. The lowest level of burgundy and orange shows locations of convective and stratiform

precipitation, respectively. (d)–(f) As in (a)–(c), but for averaged cross-section fields of the downshear-left (DL) quadrant in Fig. 6a.
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We now present a close examination of the DL quadrant

observed by the P3 TDR.

a. Flights 2 and 3

Figure 6 shows single sweeps of LF radar data from

each of the flights during flights 2–4. These images were

taken at times when the radar signal best captured the

DL quadrant precipitation without attenuation from

the eyewall. At flights 2 and 3, the DL quadrant appears

to have broad patches of moderate reflectivity and

discrete or connected bands of more intense reflectivity

in the rainband region. This signal suggests mixed

stratiform and convective precipitation with no clear

dominance of either precipitation regime. The appar-

ent stratiform patches occur radially outward of the

convective cells.

Figure 7 presents TDR data through a DL cross

section (slice 1) shown in Fig. 6a, as well as the azi-

muthally averaged cross section of all available data in

the DL quadrant at this time. The convective–strati-

form separation technique used in Didlake and Houze

(2009) is applied to the reflectivity field to determine

the precipitation regime that is dominant at each radial

location. In slice 1, stratiform precipitation is present

outside of 130-km radius (Fig. 7c). Within this strati-

form precipitation, radial inflow is organized into a

midlevel tongue that is collocated with downdrafts.

The maximum inflow occurs at 4-km altitude, which is

just below the reflectivity brightband at 4.5-km alti-

tude. The inflow then descends and reaches the

boundary layer around 130-km radius. The tangential

winds here (Fig. 7c) are locally enhanced beneath the

inflow jet in the lower levels around 160 km. Figure 7b

shows a continuous region of convergence along the

inner and upper sides of the inflow jet. Updrafts sprout

from local maxima of midlevel convergence near 135-

and 155-km radius. But the strongest and deepest up-

draft, marked B, originates in the boundary layer and

occurs at the point where the inflow jet (and associated

convergence) reaches the boundary layer. This collo-

cation suggests that updraft B is dynamically connected

to the descending inflow jet. Updraft B is also associ-

ated with a tangential wind maximum at 3–5-km alti-

tude. Radially inward, boundary layer inflow continues

until reaching another strong updraft near 70-km

radius, marked A. Updrafts A and B correspond to

the two convective lines labeled in Fig. 6a (note that the

eyewall located at 40-km radius has a weaker updraft in

these cross sections). All of these features are persistent

throughout the DL quadrant and thus are present in the

quadrant average (Figs. 7d–f). In particular, the de-

scending inflow is amesoscale feature that contributes to

FIG. 8. As in Fig. 7, but for slice 2 and the DL average of flight 2 at 2347 UTC as shown in Fig. 6b.
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the axisymmetric midlevel inflow in Fig. 3b. Also, the

tangential wind maximum at updraft B corresponds to

the axisymmetric wind maximum at 125-km radius in

Fig. 3b.

Figure 8 shows a cross section (slice 2) 2 h later and

slightly upwind of Fig. 7. Here, stratiform precipitation

is prominent outside of 110-km radius. Collocated

strong midlevel inflow appears in the outer radii, and

then abruptly stops between 140- and 160-km radius.

This inflow jet occurs between 2- and 4-km altitude,

which is just below the bright band as in Fig. 7. At this

radius, the inflow jet is collocated with a midlevel tan-

gential windmaximum and convergencemaximum. This

airflow then descends into the boundary layer, much

more abruptly than in slice 1. But similar to slice 1, the

midlevel convergence also stretches into the boundary

layer and connects to an updraft (B) that rises from the

boundary layer. Based on this close proximity, it is pos-

sible that the descending inflow plays a role in forcing

this updraft, as in slice 1. The updraft is not apparent in

the DL average, but the mesoscale descending inflow

and associated convergence pattern are clearly seen in

Figs. 8d,e.

Traveling inward, radial inflow continues in the lowest

layers, which is much stronger low-level inflow than that

seen in Fig. 7. At 80–100km, this enhanced radial inflow

slows down and connects to another intense updraft (A).

This feature, upon closer inspection, is associated with

the same updraft at 60-km radius in Fig. 7, also marked

updraft A. Both updrafts A in Figs. 7 and 8 are associ-

ated with the same convective line also marked A in

Fig. 6b. This convective line has intensified, grown up-

wind, and propagated radially outward in the 2-h gap

between cross sections. The continuous LF radar data

indicate that the entire structure (descending inflow,

continuing boundary layer inflow, double updrafts,

and associated tangential wind maxima) in Fig. 7 is a

downwind continuation of Fig. 8.

The features in Figs. 7 and 8 share many similarities

with the mesoscale descending inflow found in Didlake

and Houze (2013b). These similarities include being

located in the stratiform-dominant DL quadrant, strong

midlevel inflow beneath the bright band, descent of the

inflow into the boundary layer, and enhanced low-level

inflow radially inward. It is likely that a radial buoyancy

gradient set up by differential latent heating forces the

mesoscale descending inflow here in Earl as it did in

Hurricane Rita (Didlake and Houze 2013b).

One notable departure from Didlake and Houze

(2013b) is the presence of two updrafts stemming from

the boundary layer. We hypothesize that updraft B is

directly connected to the stratiform rainband dynamics.

The mesoscale inflow is negatively buoyant because

of diabatic cooling, and as a result descends into the

boundary layer. This negatively buoyant descent may

also be locally enhanced by precipitation drag as de-

scribed in Didlake and Houze (2013b).

A negatively buoyant air parcel creates a buoyancy

pressure gradient acceleration (BPGA) field as shown in

Fig. 9. As the air parcel sinks, the surrounding air di-

verges at the bottom of the parcel, accelerates upward

on the sides of the parcel, and converges at the top of the

parcel. Supposing that this air parcel is part of the con-

tinuous mesoscale descending inflow, then a continuous

region of upward acceleration and convergence should

occur above and radially inward of the descending in-

flow. Such convergence fields are seen in Figs. 7b,e and

8b,e. As the air parcel enters the boundary layer, the

equivalent potential temperature (ue) of its surround-

ings rapidly increases such that the upward acceleration

of high-ue air along the sides of the parcel can more

readily become positively buoyant and erupt upward.

Also, the horizontal accelerations above the air parcel

can produce a nonlinear response where convergence of

high-ue boundary layer air could also yield a positively

buoyant updraft. For either mechanism, the updraft lies

along the inner side of the mesoscale descending inflow

like that seen in updraft B.

Beneath the air parcel in the descending inflow, the

BPGA field induces a negative radial pressure gradient

just radially inward of the downdraft, which would lo-

cally accelerate the low-level inflow. This is a possible

explanation for the enhanced boundary layer inflow in

Fig. 8. In idealized simulations, Moon and Nolan (2010)

show such an inflow perturbation as a balanced vor-

tex response to low-level cooling (see their Fig. 14b).

In a full-physics simulation, Qiu and Tan (2013) also

FIG. 9. Schematic illustrating the BPGA field that a negatively

buoyant air parcel exerts on its environment as it sinks. Force field

lines induce divergence, upward acceleration (›w/›t . 0), and

convergence in the indicated areas. Adapted from Didlake and

Houze (2009).

2918 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 75



highlight this enhanced boundary layer inflow resulting

from pressure perturbations created by a mesoscale

descending inflow. In observations, Didlake and Houze

(2013b) also show that this boundary layer inflow per-

turbation occurs radially inward of the mesoscale

descending inflow.

The connection between updraft A and the mesoscale

descending inflow is not as readily apparent. Updraft A is

certainly a heat source that locally accelerates low-level

inflow radially outside of it, as described by Shapiro and

Willoughby (1982). Based on the current observations, it

is not clear how much of this enhanced inflow is due to

updraft A or the negatively buoyant downdraft from the

stratiform dynamics. Qiu and Tan (2013) argued that the

enhanced boundary layer inflow was originally driven by

the stratiform dynamics. They also posited that this local

acceleration caused the gradient of radial velocity to be-

come sharpened and resulted in a narrow zone of

boundary layer convergence and persistent updraft. In

our case, this could explain updraft A. We do see in the

observations that updraft A persistently occurs in the DL

quadrant and grows upwind over time from this quadrant.

This upwind growth would result from induced conver-

gence upwind in response to downdrafts reaching the

boundary layer, in the manner described by Didlake and

Houze (2009) and Sawada and Iwasaki (2010). Based on

its association with the DL stratiform precipitation, we

hypothesize that updraft A and themesoscale descending

inflow are connected, but such speculation needs to be

further examined in future studies.

Figure 10 shows a DL cross section (slice 3) and the

DL average on the next day from flight 3 indicated in

Fig. 6c. In slice 3, stratiform precipitation (Fig. 10c) is

collocated with a descending inflow jet that extends

from .200-km radius at 6-km altitude to 125-km radius

at 4 km (Fig. 10a). There are two distinct branches of this

descending inflow at different altitudes, where the upper

and lower branches likely correspond to different re-

gions of cooling from sublimation and melting, re-

spectively. The jet then descends into the boundary

layer near 130-km radius, where just radially inward the

boundary layer inflow is locally enhanced. Nearby a lo-

cal tangential wind maximum exists (Fig. 10c) and its

associated enhanced tangential winds extend radially

outward. On the radially inward side are regions of

convergence that also extend into the boundary layer,

and an updraft (B) originates from this point of con-

vergence (Fig. 10b), just as in the previous slices. These

similarities suggest that the same mechanisms from

flight 2 are operating here. The DL average also exhibits

FIG. 10. As in Fig. 7, but for slice 3 and theDL average of flight 3 at 1053UTC as shown in Fig. 6c. The 30-dBZ reflectivity contour is shown

in gray in (c) and (f).
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most of these same structures, as this overall flow pat-

tern is indeed a mesoscale feature. Updraft B is present

in the average and extends to the boundary layer with a

magnitude (0.1m s21) smaller than the contour shown.

A second updraft (A) appears near 70-km radius and

is associated with a low-level tangential wind maximum

near 80-km radius, which is distinct from the maximum

near 125-km radius. These two maxima correspond to

the axisymmetric tangential wind maxima at the same

radii (Fig. 3c). The two updrafts correspond to the

convective lines marked in Fig. 6c.

The mesoscale descending inflow is clearly a per-

sistent feature in the DL quadrant. We now search for

signs of this pattern in other quadrants. Figure 11

presents the vertical profile of radial wind averaged

over specific radial ranges from each quadrant. In

flight 2, the DL quadrant shows an inflow peak de-

scending with decreasing radius, corresponding to the

mesoscale descending inflow in Figs. 7 and 8. Looking

at the DR quadrant, there is a slight peak in weaker

midlevel inflow as well which descends about 0.5 km.

The UL quadrant also has a local inflow peak near

5 km, which descends about 2 km. Individual cross

sections confirm that both UL and DR quadrants ex-

hibit similarities to the descending inflow jet as in the

DL quadrant here (albeit its descent is not as deep).

This jet stretches across these three adjacent quad-

rants, but the DL quadrant is where it is strongest.

In flight 3, the DL quadrant again exhibits a prom-

inent but weaker descending inflow, consistent with

Fig. 10. At this point, no other quadrant shows signs of

this feature.

b. Tangential wind tendency

The local tangential wind maxima in all of the DL

slices appear dynamically related to the mesoscale

descending inflow jet, and most of these local maxima

occur at radii of axisymmetric maxima. We now want to

learn how important these DL features are relative to

other quadrants in shaping the axisymmetric wind field.

In particular, by examining the dynamics of these fea-

tures, we can assess their potential role in building

the secondary eyewall that eventually forms in Earl.

To perform this analysis, we calculate terms from the

tangential momentum equation in cylindrical coordi-

nates (r, u, z), which is given by
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In these equations, u, y, and w are the radial, tangential,

and vertical velocities, respectively; p is pressure; r is

density; and f is the Coriolis parameter. The variable

h is the combined vertical vorticity resulting from radial

shear of the tangential wind, curvature of the tangential

wind, and the Coriolis effect. The right-hand-side terms

of Eq. (1) represent radial flux of vertical vorticity, azi-

muthal advection, vertical advection, pressure gradient

acceleration, and dissipation. The dissipation and pres-

sure gradient acceleration terms are certainly important

to the momentum budget; however, these terms cannot

FIG. 11. Vertical profile of radial velocity averaged over selected radial ranges of 100–120 (dotted), 130–150 (dashed), and

160–180 (solid) km in each shear-relative quadrant for (a) flight 2 and (b) flight 3.
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be calculated with the current dataset. We refer to the

remaining terms as the advective tendency terms. Cal-

culations of the azimuthal advection term should theo-

retically yield a sum over all quadrants equal to zero. In

this dataset, the azimuthal advection term yielded sig-

nificant variability in profiles for each quadrant and a

nonzero sum of all quadrants (not shown). Given the

flight pattern of each mission, large gaps can exist be-

tween the center-crossing flight legs, particularly at

larger radii. These gaps likely caused the erroneous

nonzero total sum and created residuals that were large

relative to the other terms. To avoid making in-

terpretations based on known sources of error, we ig-

nore azimuthal advection and focus on the radial flux

and vertical advection terms in the current analysis.

Figure 12 shows the advective tendency terms and

their sum2 averaged for all quadrants and totaled over

the entire storm for flights 2 and 3. To account for the

data coverage issue, data where azimuthal gaps are

less than 458 in each quadrant are shown as a solid line,

while locations with larger gaps are shown as a dashed

line. In the low levels (0.5–2-km altitude) for flight 2,

the total azimuthally averaged advective tendency is

positive throughout most radii in the rainband region

(.60-km radius) at both low levels (0.5–2-km altitude;

see Fig. 12i) and middle levels (2–4-km altitude; see

Fig. 12j). This signal is consistent with a broadening

storm (Fig. 3). Several peaks occur, including at 75-, 120-,

and 150-km radius. The peak near 75 km is primarily due

to vertical advection (Figs. 12e,f) and corresponds to

updraft A in Figs. 7 and 8. For the other two peaks, the

DL and DR have greater advective tendencies than the

other quadrants in the low levels (Fig. 12i), and the DL

and UL generally have the largest tendencies in the

middle levels (Fig. 12j). Radial vorticity flux is the pri-

mary contributor to the DL tendency patterns outside

of 125 km (Figs. 12a,b). In particular, these tendencies

correspond to the low-level and midlevel impacts of the

mesoscale descending inflow seen in Figs. 7, 8, and 11.At

the 120-km peak, vertical advection (Figs. 12e,f) does

contribute to the total tendency. For theDL, this feature

likely corresponds to updraft B.

In flight 3, much like in flight 2, the total advective

tendency is positive throughout most of the rainband

region in the low andmiddle levels (Figs. 12k,l). The DL

FIG. 12. Radial profiles of terms from the tangential momentum tendency equation averaged over (columns 1 and 3) 0.5–2-km and

(columns 2 and 4) 2–4-km altitudes for flight 2 and flight 3. (top to bottom) The radial vorticity flux term, the vertical advection term,

and their sum are shown for each shear-relative quadrant and the total of all quadrants: DR (blue), UR (red), UL (yellow), DL (purple),

and Total (black). Dashed portions of each line mark locations with a $458 gap in the azimuthal data coverage.

2 The vertical advection term may be subject to error in the

present analysis because of a heavy weighting of the mass conti-

nuity equation in the variational wind retrieval technique (Reasor

et al. 2009). Since the retrieved vertical wind is effectively an in-

tegrated quantity over several surrounding grid points, it will tend

to be a smoothed representation of the actual vertical wind field.

This suggests general caution in interpreting the sum of budget

terms involving vertical wind. Interpretations of the current anal-

ysis are carefully made to account for moderate underestimations

in the nonzero vertical advection magnitudes.

SEPTEMBER 2018 D IDLAKE ET AL . 2921



and DR quadrants have the larger advective tendencies

throughout, and radial vorticity flux is the primary

contributor to the total. The DR increase in radial vor-

ticity flux from flight 2 to flight 3 is consistent with the

clear increase in low-level inflow seen in Fig. 11. This

change is likely related to the increased rainband con-

vection in Fig. 1c that lies to the right of the shear vector.

A local maximum occurs in the DL at 120-km radius for

both low and middle levels (Figs. 12c,d). These features

of enhanced radial vorticity flux correspond to the inner

edge of the mesoscale descending inflow in Fig. 10d.

We now compare the instantaneous tendency calcu-

lations in Fig. 12 to the actual evolution of the tangential

wind field in between aircraft missions. Figure 13 pres-

ents the change in low-level tangential winds between

flights 2 and 3 and in between flights 3 and 4 for each

quadrant and the total storm. The peaks in the azi-

muthally averaged advective tendency in Figs. 12i–l do

not match the peaks of the tangential wind evolution in

Fig. 13, which indicates that the rainband dynamics did

not remain constant during the ;12h between flights.

Still, there was some consistency with the quadrant-

relative impact on thewind evolution. In Figs. 13a,b (flight

3 minus flight 2), the largest change for both the low and

middle levels occurred in the DL quadrant throughout

all of the available rainband regions. This large increase

compared to other quadrants is consistent with the

larger tendency calculated for the DL quadrant at

the beginning of this time span (Figs. 12i,j). The peak in

the DL change occurs at 130-km radius, which is radially

inward of the outermost (;150-km radius) peak in the

DL tendency. In Figs. 13c,d (flight 4 minus flight 3), the

DR quadrant has the largest tangential wind increases

throughout the rainband region, while the next largest

increase occurs in either the DL or UR, depending on

the radius. These changes do not match the tendencies

shown Figs. 12k and 12l, where the DL and DR are

consistently higher. This discrepancy suggests that tan-

gential wind tendencies are changing between flights 3

and 4, most noticeably in theUR quadrant. Returning to

the DL quadrant, its peak in tangential wind change

occurs near 105-km radius, which is again radially

FIG. 13. Difference in the average radial profile of tangential velocity between (a),(b) flights 3 and 2 and

(c),(d) between flights 4 and 3 for (a),(c) 0.5–2 km and (b),(d) 2–4 km altitude. Differences are taken of averaged

shear-relative quadrants and of the total azimuthal average within the indicated altitudinal layers.
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inward of the outermost (;120-km radius) peak in the

DL tendency.

Despite the offset of time spans and differences in

indicators of tangential wind acceleration, this joint

analysis produces a consistent story for the DL quad-

rant. The tangential wind tendencies in the DL quad-

rant, which are largely shaped by the radial vorticity flux

term, are shown to be significant to the overall total and

have peaks that correspond to the dynamics of the me-

soscale descending inflow. Radially inward (15–20 km)

of these peaks, the DL tangential winds substantially

increased afterward. If a tendency maximum contracted

inward over time, then subsequent wind increases

would occur radially inward of the initial tendency

maximum. Based on these results, we hypothesize that

the DL peaks in tangential wind change (Fig. 13) are

directly resulting from a contracting stratiform rainband

with mesoscale descending inflow (and its associated

updraft B) that accelerates the tangential winds at its

innermost extent.

c. Flight 4

Leading into flight 4, the axisymmetric tangential winds

in the rainband region had its largest increase at 110-km

radius (Figs. 13c,d). This maximum increase was a result

of contributions from the DR, DL, and UR quadrants.

We now examine the asymmetric wind structures that

resulted from these quadrant changes. Figure 14 displays

quadrant averages of the wind field during flight 4.

In the DL quadrant, a clear tangential wind maximum

of 48ms21 occurs at 100-km radius and 1.5-km altitude.

This location aligns with the outer wind maximum in

Fig. 3d, showing that this DL maximum projects strongly

onto the axisymmetric average. Associated with this wind

maximum is a prominent channel of rising outflow, with

radial velocities greater than 10ms21 and updrafts

greater than 4m s21. This airflow channel appears

similar to the secondary eyewall overturning circula-

tion seen in Hurricane Rita (Houze et al. 2007; Didlake

and Houze 2011). As in Rita, the outflow channel here

in Earl begins with a near-horizontal layer of radial

outflow in the lower levels (2–3.5 km). This channel

then makes an upward turn that continues into the

upper levels. The tangential wind and secondary

circulation structure here appear to be that of the

developing secondary eyewall of Earl.

The location of theDLwindmaximum closelymatches

the DL peak in tangential wind increase (Fig. 13b), which

was hypothesized to be a direct result of the mesoscale

descending inflow. This suggests that the DL wind max-

imum leading to a secondary eyewall was created by the

DL mesoscale descending inflow in the previous ;24h.

Compared to previous flights, the mesoscale descending

inflow is noticeably missing in Fig. 14a. Some inflow and

weakened outflow exist between 4 and 6km outside of

the developing secondary eyewall. This pattern appears

to slant downward with decreasing radius, and could be

remnants of the mesoscale descending inflow. In the

processes described here, the mesoscale descending in-

flow would have to develop the DL wind maximum and

induce a sustained updraft (via interaction of the nega-

tively buoyant air and the boundary layer) prior to its

dissipation shown by Fig. 14a.

Downwind in the UL quadrant, the secondary wind

maximum is slightly weaker at 44m s21 and radially in-

ward (;90-km radius). Portions of the DL secondary

FIG. 14. As in Fig. 7, but for averaged cross sections in each shear-relative quadrant of flight 4. The 30-dBZ reflectivity contour is shown in

gray in (e)–(h).
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eyewall channel extend into this quadrant. Enhanced

radial outflow between 80 and 100 km is connected to an

updraft that reaches the upper levels. In the rainband

region of the UR quadrant, enhanced tangential winds

occur in the middle levels (4–8 km) and below 1km. The

low-level winds are weaker than in the left-of-shear

quadrants, and there is no clear secondary wind maxi-

mum between 80- and 90-km radius.

The DR quadrant has stronger tangential winds

throughout the rainband region than in the UR quad-

rant, which is consistent with the tangential wind ten-

dencies in Fig. 12. Yet, the low-level windmagnitudes do

not match those of the UL and DL quadrants, and there

is no apparent wind maximum between 80- and 100-km

radius. The secondary circulation does indicate strong

low-level radial convergence leading into two updrafts

at 80- and 100-km radius, which extend into the upper

levels and continues outward as strong radial outflow.

This overturning circulation pattern occurs at the radius

expected of the developing secondary eyewall. How-

ever, this circulation pattern is not outwardly slanted

and is not associated with a low-level tangential wind

maximum that is observed in an axisymmetric secondary

eyewall. The DL quadrant has all of the expected sec-

ondary eyewall features, which suggests that this quad-

rant plays some initiating role in the secondary eyewall

developing in Earl. The dynamical consequence of the

mesoscale descending inflow in DL stratiform rainband

precipitation is a plausible mechanism for initiating the

secondary eyewall.

The reflectivity pattern seen in Fig. 6d shows that

the strongest reflectivity in the developing secondary

eyewall region occurs in the DL quadrant, being associ-

ated with the robust overturning circulation here. The

maximum reflectivity of the inner eyewall occurs in the

DR quadrant, consistent with the strongest inner eyewall

updraft (Fig. 14d). This azimuthal offset of maximum

updrafts and reflectivity quadrants between concentric

eyewalls is a pattern consistent with previous studies

(Hence and Houze 2012a; Didlake et al. 2017).

5. WSR-88D observations of Earl

The axisymmetric average of flight 4 (Figs. 3d and 4d)

revealed two tangential wind maxima and associated

overturning circulations between 60–80 and 80–100km.

Wehave shown that the outermost featurewas potentially

formed by dynamics of the mesoscale descending inflow

(and the associated updraft B in Figs. 7, 8, and 10) oc-

curring in the DL stratiform rainband. We have also

highlighted this outermost feature as the initial signature

of a developing secondary eyewall, thereby connecting

updraft B directly to the secondary eyewall. On the other

hand, the second, innermost updraft in flights 2–3 (updraft

A)was not clearly associatedwith the dynamics that led to

secondary eyewall development. For flight 4, it is not yet

apparent if the observed innermost feature (60–80km)

here is associated with the developing secondary eyewall.

To further examine the source features for the eventual

secondary eyewall, we explore WSR-88D observations

that provide time continuous data during these crucial

stages of secondary eyewall formation.

The center of Hurricane Earl tracked in range of the

San Juan radar at 1700 UTC 30 August. Figure 15 shows

the low-level reflectivity at 2226UTC 30August. A clear

secondary eyewall can be seen in the reflectivity pattern.

We applied the GBVTD (Lee et al. 1999) analysis to the

WSR-88D data to retrieve the axisymmetric tangential

winds and track the development of Earl’s secondary

eyewall. Unfortunately, the storm center remained a

significant distance from the radar (;100km on aver-

age) during its time in range.With Earth’s curvature and

the lowest radar elevation angle of 0.48, the lowest level

of analyzed winds is 4-km altitude. At this level, though,

both outer tangential maxima (Fig. 3d) should still be

captured by the analysis.

Figure 16 shows a Hovmöller diagram of the 4-km

axisymmetric tangential winds in Earl. Wind data are

only available where precipitation echoes sufficiently

fill the analyzed radial ring. The inner eyewall can be

seen clearly and consistently between 15- and 35-km

radius. Its tangential winds strengthen over time,

reaching 55m s21. Compared to the P3 TDR analysis

and C-130 flight level observations, the GBVTD-

derived wind maximum were ;5m s21 higher. This

FIG. 15. Reflectivity (dBZ) from the lowest elevation scan of the

TJUA WSR-88D taken at 0437 UTC 31 Aug 2010. The environ-

mental wind shear vector is shown in red. Image comes from the

NOAA Weather and Climate Toolkit.
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overestimation is often seen in GBVTD analyses and

is likely due to errors in the initial assumptions. Still,

this 10% error falls within the acceptable theoretical

range (Lee et al. 1999).

Outside of the inner eyewall, the rainband signal is

more variable prior to 2100 UTC 30 August. This is a

result of rainbands being more asymmetric and also less

likely to adequately fall within range of the radar.

By 2100 UTC, the rainband signal extends beyond

80-km radius. At 2200 UTC, a secondary wind maxi-

mum (marked by an 3) reaching 44ms21 develops be-

tween 50- and 65-km radius. The timing and location of

this maximum is consistent with the 60–80-kmmaximum

and corresponding overturning circulation in flight 4

(Figs. 3d and 4d).

By 0000 UTC 31 August, the winds at this radius have

decreased sharply and the axisymmetric signal of pre-

cipitation declines. A moat region characteristic of

concentric eyewalls becomes apparent between 35- and

60-km radius indicating a lack of scatterers, while at

larger radii, a secondary ring of precipitation forms.

The wind magnitudes between 80- and 100-km radius

steadily increase in the next 4 h, often appearing slightly

greater than the winds just radially inward. The dotted

line in Fig. 16 follows the approximate locations of this

local tangential wind maximum, beginning at 0100 UTC

near 90-km radius. This wind maximum is about 10 km

radially inward and 1.5 h after the outer wind maximum

in Fig. 3d.With such close proximity in time and space, it

is likely that these two signals are from the same feature,

where discrepancies could result from the different

observational and analysis methods. Between 0100 and

0300 UTC, this wind maximum strengthens slightly but

does not steadily contract over time as predicted by

theoretical models. Fluctuations in the radius of sec-

ondary wind maximum are not uncommon (Sun et al.

2013). By 0500 UTC, the secondary wind maximum

is located at 78-km radius and is positioned to be-

come the outer wind maximum in Fig. 5e approxi-

mately 11 h later.

The GBVTD analysis shows that the axisymmet-

ric tangential wind maximum at 90-km radius on

0100 UTC contracts over time and becomes the wind

maximum of Earl’s secondary eyewall. This feature is

not linked to the midlevel wind maximum near 60-km

radius. The 90-km radius wind maximum appears to be

the same wind maximum near 80–100 km seen in flight

4, which is associated with an overturning circulation

expected of a secondary eyewall. This feature is most

robust in the DL quadrant, which suggests that the

dynamics of the mesoscale descending inflow and up-

draft B in the DL are critical for its development in

earlier stages.

6. Conclusions

The NOAA P3 Tail Doppler radar documented the

inner core of Hurricane Earl during the early stages of

secondary eyewall formation. We analyzed the kine-

matic and precipitation structures of inner-core asym-

metric rainbands to understand their dynamical role in

creating the axisymmetric secondary eyewall. During

the rapid intensification phase of Earl’s maximum eye-

wall winds, rainband activity continually increased and

organized into a broad stationary band complex typical

of a sheared TC. Concurrently, the tangential winds

in the rainband region intensified, expanding the wind

field of the storm. An axisymmetric secondary wind

maximum and overturning circulation developed near

90-km radius, which soon after led to a distinct second-

ary eyewall.

Our analysis of the storm relative to the environ-

mental wind shear shows that the downshear-left

(DL) quadrant exhibited notable features during the

transition from inner-core rainbands to a secondary

eyewall. These features are shown in the conceptual

models in Figs. 17 and 18. Figure 17a shows a plan

view of inner-core TC features during an early stage of

secondary eyewall formation (SEF). Figure 17b il-

lustrates the change of these inner-core features hours

later when a developing secondary eyewall can be

seen. Figure 18 displays a cross section through the

rainband complex in the DL quadrant. The primary

findings are as follows:

FIG. 16. Azimuthal average of the 4-km-level tangential velocity

radial profile over time derived from the GBVTD algorithm. The

dotted line marks the approximate location of a local tangential

wind maximum associated with Earl’s developing secondary eye-

wall. The 3 marks another local maximum associated with inner-

core rainbands. The time span of flight 4 is marked by the two thin

gray lines.
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d A stream of mesoscale descending inflow (MDI)

persistently occurred in stratiform rainband precipi-

tation in the DL quadrant, as seen in Fig. 17a. The

MDI originated at larger radii (.150-km radius),

flowed inward for more than 50km, and then de-

scended into the boundary layer. The MDI was

likely a response to radial buoyancy gradients, con-

sistent with that observed in Hurricane Rita (Didlake

and Houze 2013b). The cross section in Fig. 18 illus-

trates the MDI flow pattern.
d Latent cooling from melting and evaporation caused

the MDI air to become negatively buoyant (B , 0)

and descend. The buoyancy pressure gradient accel-

eration (BPGA) field generated by this negatively

buoyant air produced a region of convergence and

upward acceleration (›w/›t . 0) that stretched along

the inner side of theMDI and into the boundary layer.
d A recurring updraft (updraft B from section 4) oc-

curred at the terminus of the MDI. This updraft was

likely triggered by the region of convergence and

upward acceleration entering the boundary layer in-

flow of high-ue air.
d The MDI and adjacent updraft produced tangential

wind acceleration (indicated by plus signs in Fig. 18) in

the radial range where a secondary wind maximum

(indicated by developing VT in Fig. 18) and secondary

eyewall soon developed.
d Radially inward of the MDI and adjacent updraft lied

enhanced boundary layer inflow and a persistent

second updraft (updraft A from section 4). These

features also accelerated the tangential wind field but

they were not evidently connected to the developing

secondary eyewall.
d During early signs of the axisymmetric secondary eye-

wall, the DL quadrant exhibited the strongest overturn-

ing circulation and low-level tangential wind maximum.

These same features of the primary eyewall occurred

upwind (DR quadrant), having an azimuthal offset

consistent with that observed in Hurricane Gonzalo

(Didlake et al. 2017). Figure 17b illustrates this offset of

updrafts and reflectivity between the two eyewalls. The

MDI had notably subsided at this point.

The results of this paper confirm the repeatable oc-

currence of two prominent inner-core features: theMDI

in a mature spiral rainband complex and the enhanced

DL circulation in a developing secondary eyewall. These

results also suggest a plausible dynamical pathway

connecting the two features. The MDI, located in

the DL quadrant due to the interaction of the spiral

band complex with the environmental shear, persis-

tently perturbs the boundary layer flow, which locally

forces enhanced convection and tangential winds.

FIG. 17. Plan view schematic of rainband and eyewall structures

at two stages of secondary eyewall development: (a) the early stage

with a singular eyewall and a spiral rainband complex present, and

(b) the later stage with a developing circular ring of secondary

eyewall convection. The environmental wind shear vector points

upward and defines the four storm quadrants. Reflectivity contours

(20 and 35 dBZ) show embedded convective cells in the rainband

complex that collapse (gray dashes) and form stratiform pre-

cipitation traveling around the storm. MDI and an enhanced up-

draft (white dashes) both occur in the DL stratiform rainband, and

the collocated gray line marks the cross section in Fig. 18. Adapted

from Didlake and Houze (2013b).
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Such enhancement in the DL quadrant forges the way

for secondary eyewall formation through interaction with

the axisymmetric dynamics.

More work is certainly needed to examine the hy-

pothesized relationship among TC inner-core features in

the DL quadrant. Such work would be an examination of

additional observations of TC inner cores at both high

spatial and temporal resolution. The relationship between

the MDI and enhanced secondary eyewall convection

needs to be further validated. Other rainband processes

may also contribute to SEF dynamics. The relative im-

portance of the MDI and processes not discussed in this

study needs to be investigated. High-resolution model

simulations are critical for examining the dynamics gov-

erning the evolution of these observed features.
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