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ABSTRACT

The structure of vortex Rossby waves (VRWs) and their role in the development of a secondary eyewall in

Hurricane Matthew (2016) is examined from observations taken during the NOAA Sensing Hazards with

Operational Unmanned Technology (SHOUT) field experiment. Radar measurements from ground-based

and airborne systems, with a focus on the NASA High-Altitude Imaging Wind and Rain Airborne Profiler

(HIWRAP) instrument on the Global Hawk aircraft, revealed the presence of;12–15-km-wavelength spiral

bands breaking from the inner-core eyewall in the downshear-right quadrant. The vorticity characteristics and

calculations of the intrinsic phase speeds of the bands are shown to be consistent with sheared VRWs. A new

angular momentum budget methodology is presented that allows an understanding of the secondary eyewall

development process with narrow-swath radar measurements. Filtering of the governing equations enables

explicit insight into the nonlinear dynamics of scale interactions and the role of the VRWs in the storm

structure change. The results indicate that the large-scale (scales . 15 km) vertical flux convergence of

angular momentum associated with the VRWs dominates the time tendency with smaller effects from

the radial flux term. The small-scale (scales # 15 km) vertical term produces weak, but nonnegligible

nonlinear forcing of the large scales primarily through the Reynolds and cross-stress components. The

projection of the wave kinematics onto the low-wavenumber (0 and 1) fields appears to be the more

significant dynamic process. Flight-level observations show secondary peaks in tangential winds in the

radial region where the VRW forcing signatures are active, connecting them with the secondary eyewall

formation process.

1. Introduction

Spiral bands of various scales have been observed

in the low to middle levels (;5 km and below) of hur-

ricanes for some time, and theories for their origin,

characteristics, and impacts on storm intensity and

structure change have been examined in detail. The

oscillatory nature of the observed fields, such as radar

reflectivity (e.g., Gall et al. 1998), suggests that a wave

phenomenon may govern the structure and characteris-

tics of the banded features. Early studies postulated that

hurricane spiral bands were initiated by inertia–buoyancy

waves either forced by diabatic heating and propagat-

ing outward or originating in the environment and

propagating inward (Kurihara 1976; Willoughby 1978).

However, Guinn and Schubert (1993) used a shallow

water model to show that the vast majority of energy in

bands projects onto the rotational modes with little in-

fluence from gravitational modes associated with inertia–

buoyancy waves. The authors proposed that inner-core

bands are produced from the nonlinear breaking of po-

tential vorticity (PV) waves that propagate along the

basic-state radial PV gradient and are usually termed

vortex Rossby waves (VRWs; Macdonald 1968).

After periods of significant convective activity as-

sociated with the hurricane intensification process,Corresponding author: Stephen R. Guimond, sguimond@umbc.edu
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the storm enters a mature stage where the eyewall typ-

ically displays a ring of enhanced PV or vorticity with

oppositely signed radial gradients on the inner and outer

edge. Schubert et al. (1999) showed that such a vortex

structure supports counterpropagating VRWs that can

phase lock and grow to finite amplitude leading to

the breakdown of the eyewall into coherent turbulent

structures (mesovortices) and the outward propagation

of vorticity filaments. These outward-propagating vor-

ticity filaments may be similar to those discussed by

Guinn and Schubert (1993).

Strong, pulsing convective activity, such as convective

bursts, is typically sporadic and weaker during the ma-

ture stage (e.g., Guimond et al. 2010; Abarca et al. 2011)

and secondary eyewalls have been observed to form

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

1992; Willoughby and Black 1996; Bell et al. 2012;

Didlake et al. 2017). The current study focuses on the

mature and weakening stage of the hurricane life cycle,

but this does not mean that the system is devoid of

pulsing convection. In addition to the vortex instabil-

ity mechanisms for VRW generation described above,

convectively forced VRWs are also possible (e.g.,

Montgomery and Enagonio 1998).

Montgomery and Kallenbach (1997, hereafter MK97)

studied the dynamics of spiral bands in hurricane-like

vortices and developed a linear, barotropic theory for

VRWs, which describes their propagation characteris-

tics and interaction with the azimuthal-mean vortex.

Trailing spiral VRWs were shown to propagate radially

outward and increase their radial wavenumber due to

sustained radial shearing associated with the differential

rotation of the vortex. MK97 suggested that inner-core

convective bands often seen in satellite and radar im-

agery could be initiated through the vertical motions

associated with VRWs. As the VRWs shear to finer ra-

dial scales and slow their outward propagation, they

stagnate and interact with the mean flow through eddy

momentum flux convergence or, equivalently, eddy

vorticity fluxes, leading to spin up (spin down) approx-

imately radially inward (outward) of the stagnation

radius. Möller and Montgomery (2000) subsequently

demonstrated that if the VRWs can sustain this forcing

over an extended period of time, significant modifica-

tions of the mean vortex structure can occur.

One such structural impact of VRWs proposed by

MK97, relevant to the present study, is the development

of secondary eyewalls. The role of VRWs in secondary

eyewall formation has been studied primarily through

idealized and ‘‘full-physics’’ numerical models (e.g.,

Kuo et al. 2008; Terwey and Montgomery 2008; Qiu

et al. 2010; Abarca andCorbosiero 2011). Simplemodels

show that the axisymmetrization of small-scale vorticity

anomalies in the outer regions of the vortex core can

produce a secondary peak in tangential wind (Kuo et al.

2008). Idealized, full-physics modeling studies illustrate

that convectively generated vorticity anomalies in the

outer-core region, where a broad envelope of back-

ground vorticity is found, can axisymmetrize and form a

secondary eyewall (Terwey and Montgomery 2008; Qiu

et al. 2010). However, it is not clear from these studies

what role the VRWs are playing in the secondary eye-

wall evolution process. Are they only acting to expand

the outer envelope of vorticity, which facilitates the

axisymmetrization of convective-scale vorticity anoma-

lies, or do they play a direct role in the outer-core

spinup? Qiu et al. (2010) examined some of these issues

in a modeling study and concluded that most of the

secondary eyewall formation can be explained by the

axisymmetrization of vorticity perturbations in an outer

rainband. The VRWs were viewed as indirectly im-

pacting the secondary eyewall formation, by radially

expanding the region of large-scale vorticity that enables

the axisymmetrization of small-scale anomalies.

Observational investigations into hurricane inner-

core spiral bands and VRW dynamics are much more

limited relative to modeling based papers, but they are a

key component in developing comprehensive knowl-

edge of hurricane physics. Reasor et al. (2000) used wind

fields derived from airborne radar data to characterize

the asymmetric dynamics of a weakening storm. The

authors found evidence for low-wavenumber (domi-

nated by azimuthal wavenumber two) vorticity asym-

metries within the eyewall that resembled discrete

VRWs and spiral bands of vorticity outside the eyewall

with radial wavelengths of 5–10km. The authors did not

compute the propagation of the observed bands to verify

the existence of VRWs. Instead, using the VRW theory

of MK97, the authors determined that a secondary

maximum in mean vorticity radially outside the eyewall

was consistent with the outward propagation, stagna-

tion, and mean-flow interaction of spiral bands having

the observed structure.

Corbosiero et al. (2006) analyzed ground-based radar

reflectivity measurements in an intensifying storm and

determined that the azimuthal phase speeds of banded

features were consistent with the VRW theory; an ad-

ditional piece of evidence identifying VRWs that is not

easily assessed using airborne data. Didlake and Houze

(2011) examined one snapshot of airborne radar data in

Hurricane Rita (2005) and showed oscillations in the

perturbation vorticity field in the primary and secondary

eyewall during a concentric eyewall cycle of the storm.

The banded vorticity features had wavelengths of 6–

10km and were coupled to the convective field. The

authors suggested the perturbations were consistent
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with VRWs active in the storm, but no calculations were

performed to examine this idea more closely.

Recently, Guimond et al. (2018) presented new radar

measurements of finescale bands in the boundary layer

of Hurricane Rita (2005) with radial wavelengths of

;2 km, depths from the ocean surface up to flight level

(;1.5-km height) and horizontal wind speed perturba-

tions of 10–20ms21. Many of the turbulent eddies had

circulation signatures with positive radial and vertical

momentum fluxes, which is different than the prevailing

view of boundary layer rolls (e.g., Morrison et al. 2005).

Given this information, the authors suggested that the

bands may be connected to VRWs. In a new study of

secondary eyewall formation in Hurricane Irma (2017),

Fischer et al. (2020) showed overlapping spiral bands of

reflectivity and vorticity derived from airborne radar

measurements. In addition to retrogression of the bands

in a manner consistent with VRWs, theoretical esti-

mates of VRW stagnation radii coincided with the re-

gions of secondary eyewall formation. The authors did

not quantify the role of the bands in the observed sec-

ondary eyewall development.

It is clear that more detailed measurements of banded

features, such as VRWs, in hurricanes are needed to

characterize their structure and, more importantly, es-

timate their effects on the storm intensity and structure

change. The purpose of this paper is to analyze a set of

new, high-resolution measurements of spiral bands in

hurricanes from a unique platform, understand their

structure and estimate their impacts in the secondary

eyewall formation process. In this paper, we define a

secondary eyewall as a clear secondary tangential wind

maximum located radially outward from the main

eyewall.

2. Data and processing

a. HIWRAP

The High-Altitude Imaging Wind and Rain Airborne

Profiler (HIWRAP) is a dual-frequency (Ku and Ka

band), downward-pointing, and conically scanning (16

revolutions per minute; rpm) airborne Doppler radar.

The HIWRAP has two beams (;308 and 408 tilt angles),
75-m range resolution, and operates on the NASA

Global Hawk (GH) unmanned aircraft at ;18–19-km

(60–62 kft) altitude. The GH aircraft has an airspeed of

;160m s21, which provides ;600-m along-track sam-

pling for HIWRAP.Additional details on theHIWRAP

instrument specifications can be found in Li et al. (2016).

The GH aircraft has long endurance capability with

flights up to ;24 h, which is of significant value for

hurricane research where data sources are often very

limited. Satellite measurements can provide valuable

large-scale overviews of storms, but the observational

capabilities, including spatial and temporal sampling, is

not optimal for detailed dynamic studies.

Three-dimensional wind vector retrievals covering

the HIWRAP sampling volume are performed with the

three-dimensional variational (3DVAR) algorithm de-

scribed in Guimond et al. (2014, 2018). In this study, the

winds are computed on a track-relative retrieval grid

with 1-km horizontal and 0.25-km vertical spacing. No

Laplacian filtering was used in the minimization of the

cost function, but a two-point running-mean filter was

applied to the retrievals in postprocessing to remove

gridscale noise. The HIWRAP antenna main- and side-

lobes interact strongly with the ocean surface and ob-

scure the precipitation signal below ;1-km altitude for

both the inner and outer beams. Therefore, the wind

retrievals start at 1-km height for the present study.

More details on the wind vector retrieval process can

be found in Guimond et al. (2014, 2016, 2018), includ-

ing detailed error characterization. Validation of the

HIWRAP wind retrievals with dropsonde data was

performed for this study, but they are not shown for

brevity. The HIWRAP retrievals validated well within

the scope of the point measurements made by the

dropsondes (the radar winds represent a larger, filtered

scale) and they provide confidence moving forward with

the science. Also note that storm center estimates are

provided by the Air Force and NOAA aircraft center

fixes interpolated to the HIWRAP overpass times. The

storm motion vector, calculated from aircraft center

fixes, averaged over the aircraft-sampling period was

removed from the HIWRAP derived horizontal winds

for analysis. The magnitude of the storm motion vector

was 4.61m s21 and pointed toward the north-northwest.

b. WSR-88Ds

TheWSR-88D ground-based network is a well-known

S-band radar system with a 0.968 one-way, 3-dB beam-

width and a range resolution of 250m. In this work,

standard level 2 data products (e.g., gridded reflectivity)

are used from the Melbourne and Jacksonville, Florida,

radars to characterize both the larger-scale storm

structure and smaller-scale details in both space and

time. The grid spacing of the data is 1 km for reflectivity

with 18 azimuthal sampling.

3. Overview of Hurricane Matthew

During the summer of 2016, NOAA conducted the

SensingHazardswithOperationalUnmannedTechnology

(SHOUT) field experiment to study the impact of the

GH aircraft and a suite of in situ and remote sensing
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instruments on the forecasting of hurricane track,

intensity, and structure. In early October of 2016,

Hurricane Matthew presented a quality target for GH

flights to study the SHOUT goals for a storm that

posed a potentially significant operational challenge.

Matthew became a named system on 28 September in

the Caribbean Sea and shortly after attained hurricane

status including a period of extremely rapid intensifica-

tion [75-kt (1 kt ’ 0.51ms21) increase in maximum

sustained winds in 24 h; Stewart 2017].

The focus of this paper is on the later portion of

Matthew’s life cycle, from ;6 to 8 October when the

majority of the SHOUT flights occurred. Figure 1 shows

the best track of Matthew along with labeling that in-

dicates the time period of the GH sampling ;1000–

2000 UTC 7 October and an inset that shows the flight

track. Figure 2 shows the intensity time series of the

storm. After grazing Haiti and Cuba on 4–5 October,

Matthew reintensified on 6 October and then began a

gradual weakening trend due to an eyewall replace-

ment cycle and a hostile environment with increas-

ing vertical wind shear from an approaching trough

(Stewart 2017). The operational Statistical Hurricane

Intensity Prediction Scheme (SHIPS) indicated that

the 850–200-hPa, large-scale vertical shear surrounding

Matthew during the GH sampling period was ;9ms21

toward ;458 (southwesterly). The SHOUT observa-

tions on 7 October occurred during this slow, but steady

weakening period (Fig. 2). During this observation

period, a new secondary eyewall (defined by secondary

tangential wind maxima) was observed in both flight

level and HIWRAP data.

4. Vortex Rossby wave remote sensing
observations

a. Ground-based radar evolution

Animations of base scan (0.508) WSR-88D data from

Melbourne indicate that spiral bands of reflectivity in

the inner core of Matthew were apparent on 7 October

2016 during a concentric eyewall stage of the storm. The

system was moving past the radar on this day and the

storm center was located ;100km from the Melbourne

WSR-88D during the time period of focus for the bulk of

the analysis in this section (e.g., 1200–1500 UTC).

During this time period, the height of the radar beam

in the northern/northeastern sections of the storm at

FIG. 1. Best track of Hurricane Matthew (2016) and identification of the SHOUT flight on 7

Oct. The main figure is courtesy of the National Hurricane Center (NHC). The inset shows the

track of the Global Hawk (GH) aircraft during ;1000–2000 UTC 7 Oct.
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;50km radius is ;1.50 km with a footprint diameter

(aligned roughly in the vertical direction) of ;2.5 km

based on the 0.968 beamwidth. As will be shown below,

these measurements resolve the spiral bands in the

storm quite well. Observations from the Jacksonville

WSR-88D were also analyzed and they showed similar

results to the Melbourne data.

Figure 3 shows four snapshots of the reflectivity field

from the Melbourne WSR-88D animation that depict

the typical evolution of the banded features. In Fig. 3a

(1047 UTC), thin bands of enhanced reflectivity are

breaking off the main eyewall (see black arrows) in the

downshear-right quadrant of the storm. These bands

have a radial wavelength of ;12km based on close vi-

sual inspection. The main eyewall feature in Fig. 3a is

really the outer eyewall (;50-km radius) in an eyewall

replacement cycle that has intensified and contracted,

leading to the dissipation of the inner eyewall (;25-km

radius). The inner eyewall can be seen in Fig. 3a as a

wavenumber one reflectivity feature inside the main

eyewall. About one hour later at 1155UTC (Fig. 3b), the

thin bands of reflectivity have separated andmoved both

radially and azimuthally, which continues at 1240 UTC

(Fig. 3c) and 1348 UTC (Fig. 3d). At the outer radii, the

bands have a radial wavelength of ;15km. Figures 3c

and 3d indicate that the spiral bands should project

strongly onto azimuthal wavenumbers zero and one

given the large azimuthal distances they cover (see

dotted black lines for examples). The band reflectivity

signature is more difficult to observe on the southern

side of the storm due to the upshear suppression of

convection.

The spiral reflectivity bands identified in Fig. 3 are

connected with vorticity bands, which assists in classi-

fying the bands as VRWs given the intrinsic vortical

nature of these features (Guinn and Schubert 1993;

MK97). This connection is illustrated with a composite

of two HIWRAP swaths (storm center crossings at

1811 and 1900 UTC) averaged between 1- and 1.5-km

height shown in Fig. 4. Note that there are multiple,

similar instances of the band evolution described in

Fig. 3 and the HIWRAP observations characterize the

structure of a representative occurrence of this evolu-

tion. The reflectivity field in Fig. 4a shows spiral bands

breaking from the main eyewall in the downshear-right

quadrant of the storm and wrapping around to the north

of the center (see dotted gray curves), which is charac-

teristic of the evolution shown in Fig. 3. Perturbation

wind vectors, defined by removing the HIWRAP-

computed azimuthal mean wind from the total wind,

are also shown in Fig. 4a and reveal strong outflow of

;20m s21 where the bands are breaking from the main

eyewall. These same spiral bands identified with dotted

gray curves are collocated with positive vorticity bands

in Fig. 4b. While the vorticity bands have several small-

scale perturbations that arise with high-resolution ra-

dar measurements in a complicated flow field, they are

largely horizontally coherent features.

Hovmöller diagrams were created to track the bands

and calculate their propagation characteristics and they

FIG. 2. Intensity time series of Hurricane Matthew (2016). The main figure is courtesy of the

NHC. The beginning of an eyewall replacement cycle and theGHflight on 7Oct (yellow line) is

marked. A new secondary eyewall observed during the GH flight time period is also marked.
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are shown in Fig. 5. Note that the specific bands labeled

in Fig. 5 are representative of the broader time period

under investigation. Figure 5a shows an azimuth versus

time plot of the radar reflectivity at 50-km radius

on 7 October 2016 from the Melbourne WSR-88D.

Between 0600 and 2000 UTC, bands (see dashed ar-

rows for examples) of reflectivity (40–45 dBZ) can be

seen extending from ;1208 (southeast) to 08 (north),

wrapping around to the northwest and dissipating on the

southern side of the storm. The radius versus time plot

looking northwest in Fig. 5b shows bands propagating

from the main, outer eyewall (;50-km radius) out to

;100-km radius at early times (0600–0900 UTC). At

later times (1200–1500 UTC) bands (see dashed arrows

for examples) move out to ;125-km radius where they

show some signs of stagnation. Both attenuation and the

coarse resolution of the radar beam at 125-km radius

from the storm center during the 1200–1500 UTC time

period, however, make definitive statements regarding

propagation characteristics a challenge. The inner eye-

wall is discernable in Fig. 5b as elevated reflectivity at

the ;25-km radius. Over time, the outer/main eyewall

contracts from a radius of;50 to;35km, while the inner

eyewall dissipates and/or merges with the outer/main

eyewall at ;1500 UTC.

The azimuthal phase speeds Cpl of the bands identi-

fied in Fig. 5a were calculated by estimating the slope of

the lines of constant phase over an azimuthal sector (see

black arrows in Fig. 5a). Using data at the 50-km radius,

the average azimuthal phase speed of the bands was

24.5m s21. This value reflects azimuthal advection by

the Earth-relative flow (largely a superposition of the

symmetric vortex and environmental flow) and potential

intrinsic propagation of the bands. Quantification of

intrinsic propagation is of interest here and HIWRAP

data collocated with some of the WSR-88D scans in the

azimuthal sectors shown by the black arrows in Fig. 5a

allows an estimate of the intrinsic phase speeds.

The azimuthal flow advecting the bands is approxi-

mated by the local azimuthal-mean tangential wind, as

done in previous observational studies (e.g., Reasor

et al. 2000; Corbosiero et al. 2006). The azimuthal-mean

FIG. 3. A sequence of base-scan (0.508) WSR-88D (Melbourne) reflectivity images of HurricaneMatthew (2016)

that cover portions of aGlobalHawk research flight into the storm. The times shown are (a) 1047, (b) 1155, (c) 1240,

and (d) 1348 UTC 7 Oct 2016. The white arrow in (a) denotes the environmental vertical wind shear vector valid

over the time interval. The3 symbol represents the location of the radar. The black arrows in each panel highlight

banded reflectivity structures as they propagate around the storm. The dotted black curves in (c) and (d) highlight

the azimuthal extent of representative bands.
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tangential wind speed Vt is estimated from a composite

of HIWRAP data at 1–1.5-km height (see Fig. 4a).

Oscillations associated with the bands are present in

the HIWRAP-defined azimuthal mean tangential wind

profile so a radial filter with a window of 12 km (radial

wavelength of bands at 50-km radius) is applied to the

profile. The azimuthal-mean tangential wind speed is

approximately 39ms21 at the location of the bands

near 50-km radius. The intrinsic azimuthal phase speed

(Cpl 2 Vt) at 50-km radius is then ;214.5m s21.

The theoretically derived azimuthal phase speed at

50-km radius was also estimated using the barotropic

dispersion relation in MK97 with inputs for the various

parameters provided by a combination ofWSR-88D and

HIWRAPdata. Using a reference radius of 50 km, radial

wavelength of 12km and estimated radial vorticity gra-

dient (21.05 3 1027m21 s21), the theoretical intrinsic

azimuthal phase speed for the wavenumber-1 component

relative to the symmetric tangential flow is;214.3ms21.

This value is close to the measured intrinsic azimuthal

phase speed of ;214.5m s21. It should be acknowl-

edged that there are inherent uncertainties associated

with estimating the radial scale of the VRWs and the

azimuthal-mean vortex parameters. Additionally, ap-

proximating the actual advecting flow of the bands by

FIG. 5. Hovmöller diagrams of the reflectivity field from the

WSR-88D in Melbourne on 7 Oct 2016: (a) azimuth vs time at a

radius of 50 km, (b) radius vs time averaged over a 108 azimuthal

sector (looking northwest), and (c) the complex magnitude of the

wavenumber-2 field. The dashed arrows highlight representative

bands being tracked in the storm.

FIG. 4. Composite of HIWRAP data for two overpasses (center

crossings at 1811 and 1900 UTC 7 Oct) averaged between 1- and

1.5-km height: (a) radar reflectivity (dBZ) and perturbation wind

vectors (m s21) and (b) vertical vorticity (s21). The large gray arrow

in (a) represents the vertical wind shear vector. The dotted gray

curves in (a) and (b) denote VRW spiral bands.
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the azimuthal-mean tangential wind (especially in

highly asymmetric tropical cyclone flows) introduces

some error into the estimate of the measured intrinsic

propagation speed. Despite these uncertainties, the

comparison described above indicates quite reasonable

agreement between the measured intrinsic azimuthal

phase speeds and those predicted by VRW theory.

The radial speeds of the bands were estimated fol-

lowing Moon and Nolan (2015) by tracking features in a

plot of the complex magnitude of the low-wavenumber

(n . 1) radar reflectivity. To illustrate the actual radial

propagation of features the magnitude is used to re-

move the apparent radial propagation, or ‘‘pinwheel’’

effect, due to the tangential advection of spiral band

features.

Animation of the wavenumber-2 component of reflec-

tivity (not shown) indicated outward propagation of spiral

band features related to those shown in the full field

(Fig. 3). Figure 5c shows the complex magnitude of the

wavenumber-2 component of radar reflectivity as a

function of radius and time. A series of the reflectivity

bands evident in the animation can also be tracked in

Fig. 5c, starting at ;50-km radius and moving out to

;75–100-km radius. Two of these bands are highlighted

with dashed arrows (consistent with those shown in

Fig. 5b) and their slopes provide an estimate of the radial

speeds yielding a mean outward value of ;8.50ms21.

For context, the azimuthal-mean radial flow at ;3-km

height was estimated using Air Force flight-level data

distributed over time (1209–1542 UTC) and azimuth

revealing average values of ;23.5m s21 in the radial

zone where the spiral bands are active.

The azimuthal and radial speed calculations above

indicate that the observed spiral bands in Hurricane

Matthew during this time period propagate against the

mean tangential flow of the vortex and move radially

outward against the mean radial inflow. In addition, the

azimuthal phase speeds are in good agreement with

barotropic VRW theory. Last, as described above in

HIWRAP data (Fig. 4), the spiral bands observed here

in the ground-based measurements are largely corre-

lated with positive vorticity bands identified in the air-

borne data. Further evidence of correlated bands of

reflectivity and vorticity are shown later in Figs. 14a

and 14b.

Taken together, the characteristics described above

are consistent with trailing spiral VRWs described in

the introduction (MK97) and prior estimates from ob-

servations (Corbosiero et al. 2006). The HIWRAP

observations presented in this paper allow a more

comprehensive and higher resolution characterization

of VRWs and their interaction with the mean vortex

than prior observational and most modeling studies.

The details of these new findings are found in the fol-

lowing sections.

b. Airborne radar measurements

The GH aircraft sampledMatthew for a;10-h period

between ;1000 and 2000 UTC 7 October with several

overpasses of the storm center and the banded features

identified as VRWs. Figure 6 highlights an overpass of

the VRWs (shown in the WSR-88D reflectivity scan)

and storm center from HIWRAP measurements col-

lected from 1306 to 1345 UTC. The wind vectors at

2-km height are shown to define the swath and the

features sampled by HIWRAP. The VRWs are prop-

agating radially and azimuthally (see Fig. 5) through

the HIWRAP swath and their reflectivity signature

can be seen clearly in the HIWRAP Ku-band data at

2-km height in Fig. 7a. The corresponding storm-

relative radial winds (Fig. 7b), vertical winds (Fig. 7c)

and vertical vorticity (Fig. 7d) show several perturba-

tions that are collocated or nearly collocated with

each other and the reflectivity field (see black arrows

in Fig. 7).

The vorticity field (Fig. 7d) shows alternating signed,

small-scale vorticity anomalies beyond 100-km radius,

which is similar to the outer rainband structure in prior

measurements (Didlake and Houze 2011) and simula-

tions (Qiu et al. 2010). Radially inward of the ;100-km

radius, the vorticity field is dominated by positive values

with banding observed at the ;65- and 100-km radii.

These vorticity perturbations are not exactly collocated

with the reflectivity bands, which were identified with

VRWs in section 4a. The small swath width and high

resolution of HIWRAP data can be challenging for

interpreting smooth, coherent, vorticity bands and not

every reflectivity band can be identified with a vor-

ticity band. It is also possible that not every single

band is a VRW or that small sections of the larger-

scale band depart from VRW structure. Nevertheless,

the analysis presented in section 4a clearly iden-

tifies the majority of the observed bands as VRWs.

(A closer look at the correlation between reflectivity

and vorticity bands for this overpass are shown in

Figs. 14a and 14b.)

Figure 8 shows Ku-band nadir vertical cross sections of

several variables for theHIWRAPoverpass in Fig. 7. The

reflectivity (Fig. 8a) shows the remnants of the inner

eyewall at 20-km radius and the active, main eyewall

highlighted by deep convection at;45-km radius. These

features can also be seen clearly in the WSR-88D time

series shown in Fig. 5b. For all practical purposes, the

current eyewall cycle (labeled in Fig. 2) is complete at

this point in time and the focus of this paper is under-

standing the formation of a new secondary eyewall
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(also labeled in Fig. 2) located radially outward from the

main eyewall.

Radially outside the main eyewall, thick bands of

reflectivity that define the VRWs are discernable (cen-

tered at ;80, 105, and 120 km), albeit not as clearly as

those shown in Fig. 7. The velocity fields were used to

calculate the horizontal kinetic energy spectrum in the

band region (not shown) revealing peaks in energy from

;12- to 15-km wavelength, which represents the radial

scales of the VRWs.

The corresponding storm-relative radial winds and

vertical winds in Figs. 8b and 8c, respectively, show

positive perturbations to the background flow at 60-, 80-,

105-, and 120-km radii (see dashed ovals) that are largely

in-phase with each other and tilted radially outward with

height. The collocated perturbations in radial and ver-

tical winds extend from the lowest level of HIWRAP

data (1-km height) up to midlevels (;5-km height). In

addition, the radial outflow associated with the VRWs

leads to local reductions in the large-scale radial inflow

that can be seen most clearly at ;105- and ;125-km

radii. As mentioned previously, the azimuthal mean

radial flow at;3-km height in the radial band where the

VRWs are active was found to be ;23.5m s21.

The storm-relative tangential winds in Fig. 8d show a

broad region of 45–50ms21 winds centered in the main

eyewall at;50-km radius from;1- to 5-km height and a

secondary peak at ;75-km radius over the same layer.

Perturbations in tangential winds inside the VRWs are

not as obvious as those in the radial and vertical wind

speed plots. However, perturbations in tangential winds

are apparent at high altitudes (;7–12 km) inside the

deep convection at ;55-km radius.

Finally, the vertical cross section of vorticity in

Fig. 8e shows large values in the main eyewall, especially

at upper levels in the deep convection where peaks

FIG. 7. HIWRAP observations of Hurricane Matthew (2016) between 1306 and 1345 UTC 7 Oct at 2-km height: (a) Ku-band reflectivity

(dBZ), (b) storm-relative radial winds (m s21), (c) vertical winds (m s21), and (d) relative vertical vorticity (s21).

FIG. 6. HIWRAP sampling of Hurricane Matthew (2016) be-

tween 1306 and 1345 UTC 7 Oct at 2-km height showing wind

vectors overlaid on the closestWSR-88D reflectivity (dBZ) scan to

the GH storm-center crossing time (1326 UTC).
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FIG. 8. HIWRAPKu-band nadir vertical cross sections for the overpass shown in Fig. 7: (a) reflectivity (dBZ), (b) storm-relative radial

winds (m s21), (c) vertical winds (m s21), (d) storm-relative tangential winds (m s21), and (e) vertical vorticity (s21). The white curves in

(b) and (c) show the zero contour. The dashed black ovals highlight features discussed in the text.
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of ;67 3 1023 s21 are found. The perturbations

identified in the previous fields are not obviously collo-

cated with vertically coherent vorticity features, although

some positive vorticity signatures are found within the

dashed ovals in Fig. 8e. Vertically coherent vorticity

features are found just outside the dashed ovals in Fig. 8e,

most notably at ;65- and ;90-km radii.

Approximately 20min later, the GH crossed over the

VRWs again in a very similar section of the storm be-

tween 1345 and 1424 UTC. Figure 9 shows the WSR-

88D reflectivity scan closest to the HIWRAP overpass

of the storm center at ;1400 UTC along with the

HIWRAP derived wind vectors at 2-km height. Many

individual VRW bands can be identified in the WSR-

88D data, but in the region of the HIWRAP swath these

bands are merging together into a larger reflectivity

signature at this time (most notably in the 75–100-km

radial range).

Figure 10a shows the storm-relative radial winds in

the HIWRAP swath at 2-km height, which reveals a

broad region of outflow with largest values of 5–10ms21

in the 75–100-km radial range (see arrows in Fig. 10a).

This broad region of outflow is likely the result of

merging VRWs, with each band carrying an individual

outflow signature (see Figs. 7b and 8b from the previous

overpass) as they propagate outward against the mean

inflow of the vortex. The individual VRW bands are

often coupled to the vertical velocity field as shown in

Fig. 10b with generally positive covariances (radial

outflow coupled to upward vertical motion; see Figs. 14c

and 14d for an example). Figure 10c also shows regions

of elevated storm-relative tangential winds around the

75-km-radius region (see arrow), which may be due to

the net VRW activity. Calculations of the angular

momentum changes in these regions are analyzed in

section 5 to examine this ideamore closely. The vorticity

field in Fig. 10d shows some positive perturbations in the

vicinity of the VRW features at ;75-km radius, but

overall is not very informative for this overpass. Again,

it is possible that small sections of the larger-scale band

depart from VRW structure or that small-scale pertur-

bations in the HIWRAP data are obscuring the larger

VRW signal.

Vertical cross sections at nadir for this pass (Fig. 11)

show that deep convection in the main eyewall at ;45-

km radius (Fig. 11a) has decayed relative to the previous

overpass and the inner eyewall has almost completely

merged with the main eyewall. The broad region of

outflow observed in Fig. 10a is evident in Fig. 11b most

notably between ;75- and 100-km radius extending

through a deep layer (;2–7km), but with the greatest

values in the ;2–5-km layer. Below ;2km, inflow is

present, which extends to higher altitudes at larger radii

(;125–150km). Two regions of radial outflow pertur-

bations associated with the VRWs are identified in

Fig. 11b and they are collocated with positive vertical

velocity perturbations in the ;2–5-km layer (Fig. 11c).

The positive covariances in radial and vertical winds are

also connected to elevated tangential winds in the 75–

100-km radial band identified in Fig. 11d and shown in

Fig. 10c. The secondary peak in tangential winds is fo-

cused at 75–80-km radius in the ;1–3-km layer, which

was also found in the previous overpass (Fig. 8d), albeit

in a deeper layer.

The merging of the VRW bands and connection to

changes in the tangential winds in the ;75–100-km ra-

dial zone (focused on 75–80-km region) described above

suggests the VRWs may play an important role in the

intensity and structure change of this region. Angular

momentum budget calculations are performed in the

next section that will explore ideas related to the

outward-propagating VRWs (observed scales ;12–

15 km) and their impacts on the larger, vortex scales

(;15–75 km) flow evolution in these regions.

5. Angular momentum and scale interaction
calculations

a. Methodology

Dynamic budget calculations with measurements are

challenging due partly to the limited information pro-

vided in space and time for only a few select geophysical

FIG. 9. HIWRAP sampling of Hurricane Matthew (2016) be-

tween 1345 and 1424 UTC 7 Oct at 2-km height showing wind

vectors overlaid on the closestWSR-88D reflectivity (dBZ) scan to

the GH storm-center crossing time (1407 UTC). The dashed black

box highlights the 75–100-km radial band where VRWs are active.
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variables. For HIWRAP, the swath width at the ocean

surface from the GH altitude is;20 and;30 km for the

inner (308) and outer (408) beams, respectively. While

this coverage allows the mapping of localized features

and an estimation of the azimuthal mean structure

(provided the flight tracks and precipitation are distrib-

uted roughly evenly in azimuth), the quantification of

azimuthal eddy processes around the vortex is difficult.

To circumvent the azimuthal coverage issue and still

provide quantification on the role of the VRWs in the

intensity/structure change of the storm, a unique angu-

lar momentum budget methodology utilizing azimuthal

sectors is employed. Figure 12 shows a typical HIWRAP

swath for a northerly flight track through the storm

center. An azimuthal sector of the full hurricane can be

constructed within the HIWRAP swath with an arc

length that matches the swath width at a particular focal

radius. The HIWRAP swath data are first interpolated

to a storm-centered polar grid (r, u, z). Then, an azi-

muthal sector with a typical focal radius of ;130 km,

which is just beyond where the VRWs appear to stag-

nate, is cut out of the swath. The sector arc lengths are

limited to the swath width at 4–5-km height (;16 km for

the inner beam) due to the HIWRAP geometry and the

focus on the low to middle levels of the storm where

the VRWs are most prominent. These sectors provide

adequate coverage of the VRW dynamics within the

HIWRAP swath and sensitivity tests with the inner and

outer beams produced similar results.

The flight tracks and HIWRAP geometry provide

the most information in the radial dimension, which

measures the significant cross-band variability in

the VRWs. To understand the roles of different

spatial scales in the VRW dynamics occurring in

the HIWRAP swath, a scale separation methodol-

ogy is employed. The three-dimensional flow ve-

locities in the HIWRAP sectors are separated into

large-scale and small-scale components by the fil-

tering operation

~f(r, u, z)5

ð
f(r*, u, z)G(r2 r*) dr*, (1)

and

f0(r, u, z)5f(r, u, z)2 ~f(r, u, z), (2)

where the filter function G and integral operate on

the radial dimension and the tilde and prime in (1)

and (2) denote the large-scale and small-scale fields,

respectively. In this work, a simple top-hat filter is

employed (e.g., Leonard 1975) with a window of

15 km, which represents the upper bound for the

VRW radial wavelengths detected in the WSR-88D

and HIWRAP data (;12–15 km). The filter was ap-

plied in the forward and backward directions to en-

able zero phase shift. Note that a Fourier cutoff filter

was also tried and similar results to the top-hat filter

were obtained.

FIG. 10. HIWRAP observations of HurricaneMatthew (2016) between 1345 and 1424UTC 7Oct at 2-km height: (a) storm-relative radial

winds (m s21), (b) vertical winds (m s21), (c) storm-relative tangential winds (m s21), and (d) relative vertical vorticity (s21).
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Making the anelastic and f-plane approximations and

applying (1) to the absolute angular momentum (AAM)

equation yields

›gM
a

›t
1

1

r

›r~ugM
a

›r
1

1

r

›~ygM
a

›u
1

1

r
o

›r
o
~wgM

a

›z
52f

o
rfu

e

2
1

r
o

›~p

›u
2 rSFS1 rSGS, (3)

where u, y, and w are the radial, tangential and vertical

velocities, respectively, fo is the Coriolis parameter at

the storm center (308N; 7.292 3 1025 s21), p is the

pressure, ro 5 ro(z) is a background density profile, andgMa 5 r~y1 fo(r
2/2), is the large-scale AAM. Note that all

velocities, except for ue (Earth-relative radial wind) are

defined as storm relative by subtracting out the mean

stormmotion vector from the HIWRAP velocities using

reconnaissance aircraft center fixes. The symbols SFS

and SGS denote the subfilter-scale and subgrid-scale

terms, respectively, which will be described below.

The sector azimuthal mean (refer to Fig. 12 for the

geometry) defined as

FIG. 11. HIWRAPKu-band nadir vertical cross sections for the overpass shown in Fig. 10: (a) reflectivity (dBZ), (b) storm-relative radial winds

(m s21), (c) vertical winds (m s21), and (d) storm-relative tangential winds (m s21). The white curves in (b) and (c) show the zero contour.
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f(r, z)5
1

ru

ðru
0

f(r, u, z)r du* (4)

is applied to (3) resulting in the sector azimuthal mean,

large-scale AAM tendency equation

›gM
a

›t
ffi 2

1

r

›r~ugM
a

›r
2

1

r
o

›r
o
~wgM

a

›z
2 rSFS1 rSGS. (5)

Note that (5) is written with an approximate equal sign

because the sector azimuthal eddy termswere found to be

small and they can be neglected for this analysis. In ad-

dition, the radial advection of Earth angular momentum

was also determined to be small compared to other terms,

even at outer radii (;100km). The sector azimuthal

mean subfilter-scale term (SFS) in (5) can be expressed as

SFS5
1

r2
›r2t

ru

›r
1

1

r
o

›r
o
t
zu

›z
, (6)

where

t
ru
5 (f~u~y2 e~ue~y)1 (f~uy0 1 fu0~y2 e~u~y0 2e~y ~u0)1 (gu0y0 2 ~u0 ~y0)

(7)

and

t
zu
5(f~w~y2 e~we~y)1(f~wy01 fw0~y2 e~w~y 02e~y ~w0)1(gw0y0 2 ~w0 ~y0) .

(8)

Using a first-order closure scheme (e.g., Stull 1988) ex-

pressed in polar coordinates for the AAM (azimuthal

unit vector), the sector azimuthal mean subgrid-scale

term (SGS) in (5) is

SGS5
1

r2
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, (9)

where the eddy viscosities are parameterized following

Smagorinsky (1963) taking into account the coordinate

system and notations described above,

K
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with Cs set to 0.20 and D is 1000 and 250m in the radial

and vertical dimensions, respectively.

The AAM budget equation [(5)] will be used in the

remainder of the paper to interpret the storm dynamics.

The term on the lhs is the time tendency of the large-

scale (.15 km), sector azimuthal mean AAM. The first

and second terms on the rhs of (5) are the large-scale,

sector azimuthal mean radial and vertical flux conver-

gence of AAM, respectively. The third term represents

the radial and vertical flux convergence of sector mean

AAM from small scales, defined as scales between 2 and

15km. The lower end of this range is the minimum re-

solvable wavelength on the HIWRAP grid. The inher-

ent energy associated with the VRWs are located within

the upper range of these scales, given their wavelength

of ;12–15km. More discussion on this topic will be

provided later in the paper.

The sensitivity of the AAM budget results to the

chosen scale separation (15 km) was examined by con-

sidering filter windows of 30 and 5km. These tests re-

vealed that the large-scale contribution, especially the

vertical term, is robust while the small-scale terms can

change some due to the incorporation of more and less

energy for the 30- and 5-km scales, respectively. The 15-

km scale is used in the remainder of the paper because of

the connection to theVRWs and does not affect the core

results and conclusions.

FIG. 12. Schematic that demonstrates the azimuthal sector con-

structed within the HIWRAP swath used for the angular momen-

tum budget calculations. Note the HIWRAP swath width is

;20–30 km wide at 1-km height.
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The SFS components involve the divergence of

stress tensors defined in (7) and (8), where the terms

on the rhs are the Leonard, cross, and Reynolds

stresses or fluxes. These fluxes are defined as in

Germano (1986), which also appear in large eddy

simulation and measurement studies (e.g., Lilly 1967;

Leonard 1975; Sullivan et al. 2003). Each flux term

represents a specific nonlinear interaction among

scales with terms subtracted off to account for vari-

ability in the filtering operations across general grids.

The Germano (1986) definition allows for each flux

term to be uniquely interpreted, regardless of the fil-

ter function employed.

The Leonard flux represents nonlinear interactions

between the large-scale components of the flow. The

cross flux represents the nonlinear interaction of

large-scale and small-scale components of the flow

such as the impacts of VRWs on the vortex scales.

The Reynolds flux represents nonlinear interactions

between small-scale components of the flow and

their projection onto the large scales. Finally, the

fourth term on the rhs in (5) is an estimate of the

impact of dynamics not resolved on the HIWRAP

grid (scales, 2 km) on the large-scale flow. This term

was found to be quite small in the weakly turbulent

outer regions of the storm examined here and is not

discussed in detail.

b. Budget analysis for the 1306–1345 UTC period

Figure 13 illustrates the large-scale, sector azimuthal

mean AAM, tangential, radial, and vertical winds for

the 1306–1345 UTC overpass focusing on the outer-

core region below the melting level. The AAM field

(Fig. 13a) shows increasing values with radius and gen-

erally decreasing values with height, which is common in

hurricanes. The AAM field increases with height be-

tween 1 and 1.5 km at most radii with larger increases up

to ;3.0-km height in the ;100–115-km radial band.

These increases in AAM with height are due to strong

tangential winds protruding out to large radii from;1.5-

to 3.0-km height (Fig. 13b). The tangential wind pro-

trusions are located in significant radial outflow (peak of

;6ms21; Fig. 13c) with inflow, likely from the mean

vortex, below 1.5-km height. The inflow gets stronger

and deeper with radius (peak values of ;28ms21 at

125-km radius) especially in the 100–115-km radial

band. At the leading edge of this radial band (;100km),

the outflow and inflow collide producing upward motion

(Fig. 13d) that extends from the lowest levels up to 4-km

height where the largest values of 3m s21 are found.

Note that downward motion is not found in Fig. 13d

because the total values are weak and these fields have

been filtered and averaged over the sector.

Figure 14 shows the small-scale (scales # 15km),

sector azimuthal mean fields for the same overpass.

The vorticity field (Fig. 14a) reveals vertically coherent,

upright anomalies with radial wavelengths of ;12–

15 km and generally larger amplitudes at farther radii.

The phase lines of the positive vorticity anomalies are

drawn in Fig. 14a and they are copied onto the re-

flectivity field in Fig. 14b. These phase lines show strong

correlations between small-scale, positive vorticity and

reflectivity bands at ;85-, ;95-, ;107-, and ;118-km

radii. The positive vorticity band at ;68-km radius

(Fig. 14a) is not correlated with a positive reflectivity

band and may locally depart from VRW structure.

Overall, the correlations described above provide

clearer evidence that the majority of reflectivity bands

tracked in the WSR-88D and HIWRAP observations

are VRWs.

The phase lines of the radial wind perturbations

(Fig. 14c) are sloping radially outward with height and

show peak values of 2–3m s21. The phase lines drawn

for the radial wind perturbations are copied onto the

vertical wind perturbations (peak values of 1–2ms21;

Fig. 14d), which reveals positive momentum fluxes (i.e.,

u0w0 . 0) in the VRWs over most of the domain, espe-

cially in the ;90–125-km radial band. Positive cor-

relations in the vorticity field with the radial and ver

tical winds can also be found in the ;90–125-km

radial band.

In summary, the large-scale, sector mean fields in

Fig. 13 reveal that strong tangential winds are located at

large radii above the low-level inflow. At outer radii

(;100-km radius), a secondary circulation has devel-

oped and together these characteristics suggest the

building process of a secondary eyewall, at least within

the HIWRAP swath. Considering that the convectively

coupled VRWs are the dominant physical features

found within the HIWRAP swath and they are associ-

ated with positive vertical fluxes of radial momentum,

and to some extent vorticity (Fig. 14), it is reasonable to

propose that they are playing a meaningful role in the

secondary eyewall formation process. Budgets of AAM

are presented next to examine this ideamore closely and

identify the radial locations where the secondary eye-

wall development is most prominent.

Figure 15 shows the terms that compose the AAM

budget equation in (5) for the 1306–1345 UTC over-

pass. Figure 15a is the time tendency term, computed

as a summation of all terms on the rhs of (5), revealing

significant increases in large-scale AAM from;1.5-km

height and above centered at 70–75- and ;100-km

radii. At low levels (below 1.5–2-km height) there

are decreases in AAM, especially between 110- and

120-km radii. The time tendency of AAM is governed
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principally by the large-scale vertical flux conver-

gence term (Fig. 15b) and radial flux convergence

term (Fig. 15c).

The vertical term (Fig. 15b) dominates the time

tendency with centers of spinup located at 70–75-,

100-, and 120-km radii extending from;1.5-km height

and above. At the lower levels there is spindown, es-

pecially at outer radii, which may reflect the overall

storm weakening trend discussed in section 3. The

radial term (Fig. 15c) shows an acceleration dipole

with spinup centered at 100-km radius and spindown

at 120-km radius confined to the 1.5–3.5-km layer.

The domain averaged vertical gradients in AAM

are approximately 8–10 times larger than the radial

gradients, which is why the large-scale vertical term

dominates the budget. The dominance of the vertical

term indicates that baroclinic dynamics are playing a

central role in the system evolution as Matthew enters

the midlatitude flow with significant environmental

vertical wind shear.

The only other terms in (5) that make a significant

contribution to the AAM time tendency are the small-

scale (SFS) vertical and radial terms, even though they

are much smaller than their corresponding large-scale

FIG. 13. Large-scale, sector azimuthal mean fields for the 1306–1345 UTC HIWRAP overpass: (a) AAM (m2 s21), (b) tangential wind

(m s21), (c) radial wind (m s21), and (d) vertical wind (m s21).
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terms. The SFS vertical term (Fig. 15d) has the largest

impact due to the larger AAM gradients as discussed

above. There are two main radial regions where ac-

celeration is noted above 1.5-km height, the 70–80-km

band and the 100-km region (denoted by dashed cir-

cles in Fig. 15d). Deceleration is noted radially outside

the 110-km radius at 1- and 3.5-km heights. These

positive/negative acceleration regions are similar to

those observed in the large-scale vertical and radial

terms (Figs. 15b,c), which is consistent with the notion

of the small scales impacting the large-scale dynamics

through nonlinear interactions. The SFS radial term

(Fig. 15e) has a very weak contribution to the over-

all budget and is only shown for completeness, but

the largest values are located at the 110-km radius

where the small-scale radial and tangential winds

are strong.

Figure 16 shows the decomposition of the net SFS

vertical term into the three flux components to gain

more insight into the nonlinear dynamics. Focusing

FIG. 14. Small-scale, sector azimuthal mean fields for the 1306–1345 UTCHIWRAP overpass: (a) vorticity (s21), (b) reflectivity (dBZ),

(c) radial wind (m s21), and (d) vertical wind (m s21). Thewhite curves show the zero contour and the dashed lines highlight the phase lines

of the perturbations discussed in the text.
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FIG. 15. Terms from the large-scale, sector azimuthal mean AAM budget equation [(5)] for the 1306–1345 UTC HIWRAP overpass:

(a) AAM time tendency, (b) large-scale vertical flux convergence of AAM, (c) large-scale radial flux convergence of AAM, (d) net SFS

(small scale) vertical flux convergence of AAM, and (e) net SFS (small scale) radial flux convergence of AAM. The units in all panels are

m2 s21 h21. Note the smaller color bar range in (d) and (e). The dashed black circles in (d) highlight regions discussed in the text.
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on the regions highlighted in the net SFS vertical term

(dashed circles), the Reynolds flux (Fig. 16a) plays

the largest role followed by the cross flux (Fig. 16b)

and Leonard flux (Fig. 16c). The Reynolds and cross

fluxes are reinforcing each other especially in the

;100-km radius region from 2- to 3-km height and in

the 70–80-km radial band. Physical interpretation of

these terms and the full AAM budget equation [(5)]

are provided next.

c. Physical interpretation

The HIWRAP observations are sampling the VRWs

and their transport of AAM nearly instantaneously as the

aircraft makes a radial transect above the storm. In reality,

however, the waves have been evolving and interacting

with the flow for a period of time prior to the measure-

ments and their integrated effects are embedded in the

data. There are two primary ways that the VRWs will

impact the large-scale hurricane vortex: projection onto

the low-wavenumber (0 and 1) dynamics and nonlinear

interactions, which can also include feedback processes.

As the VRWs break from the main eyewall, their

cyclonic rotation enables projection onto both the

wavenumber-1 and wavenumber-0 fields (e.g., see

Fig. 3) with the most significant activity in the;75–125-

km radial band. Consequently, the VRW kinematics

(radial and vertical fluxes of AAM) will be embedded in

the wavenumber-1 and wavenumber-0 fields, which en-

ables significant contribution to the large-scale AAM

budget terms. The HIWRAP observations and budget

analyses portray a representative azimuthal section of

the VRWs in this radial region and the bands project

very strongly onto the large-scale, sector azimuthal

mean fields. The HIWRAP analyses show that the

VRWs are convectively coupled in a baroclinic envi-

ronment and they act to lift and converge larger AAM

found at low levels (,2 km) up to higher levels. This

vertical convergence of AAM accelerates the tangen-

tial winds and produces a secondary wind maximum in

the swath. The VRWs are also transporting higher

AAM from the inner core to the outer core where

they meet the inflow from the vortex-scale secondary

FIG. 16. Terms that compose the net SFS (small scale) vertical component from theAAMbudget equation [(5)] for the 1306–1345 UTC

HIWRAP overpass: (a) Reynolds stress, (b) cross stress, and (c) Leonard stress. The units in all panels are m2 s21 h21. The dashed black

circles highlight regions discussed in the text.
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circulation, resulting in a spinup signature at ;100-

km radius.

Advective nonlinearities allow interactions between

scales to occur (including wave–wave and wave–mean

flow), which can leave an imprint on the flow at scales

larger than the primary forcing. This means that

the VRWs, which were estimated to have radial

wavelengths of ;12–15 km, can conceivably produce

changes in the flow at larger scales through scale

interactions. Feedback processes, such as VRWs in-

teracting with other small-scale features to excite

convection is also occurring in the storm, but is not

discussed in this paper.

While the large-scale dynamics are playing the dom-

inant role in the AAM evolution, they are connected to

the small scales through the nonlinear interactions out-

lined above. The small scales are where the intrinsic

nature of the VRWs are found. The small-scale vertical

fluxes of AAM associated with the VRWs are most

prominent in similar regions as the large-scale terms,

which indicates they are forcing the outer-core spinup

through the interaction of individual waves projected

onto the large scales (Reynolds flux contribution). The

direct interaction of the small scales with the large

scales is represented through the cross flux contribu-

tion, which is reinforcing the same regions that are

accelerating the large-scale AAM. Although the net

effect of these nonlinear interactions at any one in-

stant are small, they can build up more significant

large-scale effects when integrated over the VRW

forcing time period. The total VRW forcing time pe-

riod may be on the order of ;12 h based on the WSR-

88D data shown in Fig. 5. Larger nonlinear effects are

anticipated inside the boundary layer and in the inner-

core region.

Additional VRW observations and budget analyses

for the 1345–1424 UTC time period (section 5d) show

very similar results and physical interpretation to those

discussed here for the 1306–1345 UTC period. Given

the robust results and the discussion outlined in this

section, we assess that the VRWs are playing an im-

portant role in the secondary eyewall formation pro-

cess primarily through their large-scale vertical and

radial effects.

Figures 17a and 17b show the change in large-scale,

sector azimuthal mean AAM and tangential wind, re-

spectively, between the 1306–1345 and 1345–1424 UTC

overpasses. These two overpasses covered similar re-

gions (cf. Figs. 6 and 9) with an azimuthal distance and

time offset of ;10–15 km and ;20min, respectively.

Perfect correlations between the AAM budget predic-

tions and the observed change in AAM/tangential wind

with these space and time differentials are not expected,

especially for quantitative comparisons. As a result, the

focus is more on qualitative comparisons. The time offset

is the more important factor due to the fast dynamic time

scale of the sector azimuthal mean fields when compared

to the full azimuthal mean fields.

Despite these time/space offsets, the general struc-

ture is revealing. A substantial increase in AAM

FIG. 17. Change in large-scale, sector azimuthalmean (a)AAM(m2 s21) and (b) tangential wind (m s21) between the 1306–1345 and 1345–

1424 UTC HIWRAP overpasses.
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(;1–2 3 105m2 s21) and tangential winds (;1.5–

2.5m s21) in the ;75–90-km radial band centered at

;2-km height is evident in Figs. 17a and 17b, respec-

tively. As described previously, this radial band and

height location contains significant increases in AAM

from the time tendency term (Fig. 15a), which is

driven by the large-scale (Fig. 15b) and small-scale

(Fig. 15d) vertical fluxes provided by the VRWs. The

general structure of the VRWs in this radial band and

height location are shown in Figs. 7 and 8. Increases of

AAM/tangential wind in other regions of Fig. 17 do

not match up as well with the AAM budget calcula-

tions probably due to space/time offsets.

The physical interpretation of the AAM budget re-

sults discussed above is supported by the traditional,

vortex azimuthal mean and eddy partitioning budgets

of Qiu et al. (2010). In their idealized simulation, they

showed evidence for outward-propagating VRWs and

an AAM acceleration signature at outer radii and ;1–

2-km height due to azimuthal mean and eddy pro-

cesses. The authors suggested that the contribution of

the VRWs to the azimuthal mean secondary circula-

tion played the larger role in the outer-core spinup and

observed increases in mean tangential wind. However,

Qiu et al. (2010) ultimately determined that the VRWs

are playing an indirect role in the secondary eyewall

formation by facilitating the axisymmetrization of

convective-scale vorticity anomalies. This is in con-

trast to the present study, where the VRWs are ob-

served to play a more direct role in the secondary

eyewall formation.

d. Budget analysis for the 1345–1424 UTC period

Figure 18 shows the terms from the AAM budget

equation for the 1345–1424 UTC overpass, which oc-

curred in a similar location to the 1306–1345 UTC

overpass, but with a time offset of ;20min. The large-

scale and small-scale, sector azimuthal mean velocity

fields are not shown for this overpass to make the dis-

cussion concise, but they can be roughly inferred from

the total fields shown in Fig. 11.

The time tendency term (Fig. 18a) has some similar

qualitative structure to the prior overpass with two ac-

celeration dipoles centered at ;80- and ;100-km radii.

These acceleration dipoles are associated with the VRWs

(see Fig. 11). The inner acceleration dipole has moved

;10km radially outward, but spinup of the large-scale,

sector azimuthal mean tangential winds centered

at ;2-km height is still predicted in this overpass.

Consistent with the prior overpass, the vertical flux

convergence term (Fig. 18b) dominates the AAM time

tendency with the same acceleration dipoles visible. The

radial flux convergence term (Fig. 18c) shows a wide

spindown region inside of the;85-km radius and largely

spinup outside. This structure is due to a significant re-

gion of large-scale outflow centered at 80–85-km radius

(Fig. 11b), which is the result of merging VRWs identi-

fied in the ground-based (Fig. 9) and airborne radar data

(Figs. 10 and 11).

The small-scale (SFS) vertical term (Fig. 18d) shows

deceleration of the large-scale flow at low-levels (;1–2-

km height) with larger values and a deeper spindown

signature as the radius increases. Acceleration is noted

above these levels with peak spinup signatures at

;90- and ;105-km radii in the 2–4-km layer. This

structure is similar to the large-scale vertical term

(Fig. 18b), which indicates that the native scales of the

VRWs are weakly forcing the large-scale dynam-

ics through nonlinear interactions associated with

vertical fluxes of AAM. The small-scale radial term

(Fig. 18e) has a minor contribution to the large-scale

AAM budget. Figure 19 shows the breakdown of the

SFS vertical term into the specific nonlinear interac-

tion components.

The Reynolds flux (Fig. 19a) is the largest contrib-

utor to the net SFS vertical term with a broad region

of deceleration radially outside the 90-km radius from

;2 km and below and acceleration above these levels

with peak values at ;90- and ;105-km radii. The

cross flux (Fig. 19b) and Leonard flux (Fig. 19c)

are also contributing to the acceleration of these re-

gions, but with progressively smaller values except at

far radii.

While some of the AAM budget terms described

here have different structure compared to the previous

overpass (due to space/time offsets), the physical in-

terpretation and implications for the dynamics of the

storm are basically the same. The budget time ten-

dencies in the 1306–1345 and 1345–1424 UTC time

periods show significant increases in angular momen-

tum and tangential winds in the ;70–100-km radial

band associated with the VRW activity. Does a sec-

ondary peak in tangential winds in this region exist

from data other than HIWRAP?

Figure 20a shows the flight tracks of three Air Force

radial legs through Matthew at ;3-km height between

1209 and 1542 UTC 7 October overlaid on the WSR-

88D reflectivity scan at 1325 UTC. The flight tracks

cover a wide range of azimuths on the northern side of

the storm and sample the VRWs and outer-core region

studied here. Figure 20b shows the radial profiles of

tangential winds for these three flight legs revealing

clear secondary peaks in tangential winds clustered in

the 75–80-km radial band, which further indicates the

development of a wavenumber-one secondary eyewall.

Note that the large peak at ;85-km radius is near an
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aircraft turn and might be due to the departure from a

radial leg.

There are limitations to the HIWRAP observations.

While the HIWRAP analyses cannot characterize the

exact radial location of this secondary eyewall, they

do show substantial increases in large-scale, sector

mean AAM and tangential wind in close proximity.

Furthermore, although the HIWRAP swaths are only

FIG. 18. As in Fig. 15, but for the 1345–1424 UTC HIWRAP overpass only.
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characterizing a portion of the VRW bands that are

linked to the observed spinup signatures, we expect

similar dynamical mechanisms are operating across

the full azimuthal extent of the bands on the northern

side of the storm. This assumption is consistent with

the flight-level data in Fig. 20, which shows secondary

tangential wind maxima at very similar radial loca-

tions distributed in azimuth.

FIG. 19. As in Fig. 16, but for the 1345–1424 UTC HIWRAP overpass only.

FIG. 20. Air Force flight-level data at ;3-km height on 7 Oct 2016 showing (a) the location of three radial legs

overlaid on the 1325UTCWSR-88D reflectivity (dBZ) scan and (b) radial profiles of tangential winds for the tracks

shown in (a). The line colors for the time ranges in (a) and (b) are the same. Secondary peaks in tangential winds are

highlighted by the dotted red circle.
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6. Summary and conclusions

In this paper, the structure and evolution of Hurricane

Matthew (2016) during a slow weakening trend and

eyewall replacement cycle is examined from a suite

of observations taken during the NOAA Sensing

Hazards with Operational Unmanned Technology

(SHOUT) field experiment. Ground-based radar data

from a NOAA WSR-88D in conjunction with air-

borne radar measurements from the NASAHIWRAP

instrument on the Global Hawk aircraft provided a

relatively high-spatial-resolution (;1 km) and high-

temporal-resolution (;5min) dataset for studying the

details of the system evolution.

Ground-based radar measurements between ;1000

and 2000 UTC 7 October 2016 revealed small-scale

(;12-km radial wavelength) reflectivity bands breaking

off the main eyewall in the downshear-right quadrant of

the storm and spreading in radius and azimuth where

their wavelength increased to ;15km. The ground-

based data were used to estimate the propagation

characteristics of the bands to identify their intrinsic

nature. The intrinsic, measured azimuthal phase speeds

of the bands were;214.5m s21 at 50-km radius and the

outward radial speeds (for the wavenumber-2 compo-

nent) were ;8.50ms21.

The speed calculations indicate that the spiral bands

propagated against the cyclonic tangential flow and ra-

dial inflow of the azimuthal mean vortex. The intrinsic

azimuthal phase speeds of the bands are consistent with

calculations based on barotropic vortex Rossby wave

(VRW) theory (MK97). These results, together with the

detected collocation or near-collocation of reflectivity

and vorticity bands indicates that the features analyzed

in this paper are trailing spiral, sheared VRWs.

The HIWRAP observations revealed the detailed

structure of the convectively coupled VRWs, which

were most active in the ;75–125-km radial band. The

individual spiral bands had correlations with positive

perturbation vorticity and carried positive covariances

in radial and vertical velocity and often tangential winds.

In one overpass, the VRWbands were merging together

to create a strong, wide swath of outflow from ;2- to 5-

km height or higher with peak total values .10ms21.

The peak perturbation radial, vertical and tangential

winds in the HIWRAP data associated with the VRWs

were ;63, 62, and 64m s21, respectively. At levels

below 2-km height, inflow associated with the azimuthal

mean vortex was found with total values of ;25ms21.

Flight-level and HIWRAP winds showed the devel-

opment of tangential wind maxima in the outer core of

the storm and the HIWRAP data were used to under-

stand the dynamics of this secondary eyewall formation

process. A new angular momentum budget methodol-

ogy utilizing azimuthal sectors was presented that allows

an understanding of the storm physics with narrow-

swath radar measurements. Filtering of the governing

equations into large-scale (.15-km radial wavelength)

and small-scale (#15km) components enables explicit

insight into the nonlinear dynamics of scale interactions

and the role of the VRWs in the storm structure change.

The results showed that the large-scale vertical flux

convergence of angular momentum played the largest

role in the time tendency term with centers of acceler-

ation in the ;70–80- and ;100-km radial regions from

;2- to 4-km height. The secondary tangential wind

maxima were observed in the 75–80-km radial region in

flight-level data at ;3-km height. These regions are

connected with the convectively coupled VRWs and

they act to lift and converge higher angular momentum

found at low-levels (below;2-km height). Deceleration

of the low-level angular momentum was observed, which

appears consistent with the overall stormweakening trend.

The VRWs were also transporting high angular mo-

mentum from the inner-core region to the outer-core

region where they meet the vortex-scale inflow. This

leads to an acceleration dipole at outer radii in the large-

scale radial flux convergence term. In one overpass, a

secondary circulation was apparent at ;100-km radius,

but this feature did not seem robust in subsequent

sampling. The VRW effects are found in the large-scale,

sector azimuthal mean terms because of the strong

projection of the bands onto the low-wavenumber (0

and 1) vortex kinematic fields as well as from the inte-

grated effects of prior dynamic interactions.

Changes in the large-scale angular momentum from

nonlinear interactions with the smaller scales contrib-

uted to a weak, but nonnegligible forcing from the net

vertical flux component. This forcing is primarily driven

by theReynolds stress, which represents the interactions

between individual VRWs and their projection onto the

large-scale, sector mean fields. The cross flux, which

quantifies the direct forcing of the large scales from the

small scales, also contributes to the net forcing. The

action of the net, small-scale vertical flux term is to re-

inforce the forcing from the large-scale vertical flux and

when integrated over a time window where the VRWs

are active (;12 h based on WSR-88D data), they can

build up more significant effects. The angular mo-

mentum budget results described above are gener-

ally supported by the idealized modeling study of

Qiu et al. (2010). They utilized standard vortex azi-

muthal mean/eddy decomposition budgets and showed

spinup signatures and the development of a second-

ary eyewall at outer radii from VRWs. The authors

suggested that the contribution of the VRWs to the
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azimuthal mean secondary circulation played the larger

role in the outer-core spinup.

Overall, the results of the present study indicate that the

convectively coupled VRWs are leading to a direct spinup

of the outer-core tangential wind field and are associated

with the development of a wavenumber-one secondary

eyewall. This is in contrast to studies that have described

VRWs as playing an indirect role in the secondary eyewall

formation by expanding the outer envelope of vorticity,

which assists in the axisymmetrization of convective-scale

vorticity anomalies. Observations from the HIWRAP

and WSR-88D measurements do not show the ax-

isymmetrization of convective-scale vorticity anomalies

in the radial region where the secondary eyewall is

forming (;75–80km). Instead, we have identified co-

herent VRW bands that are propagating into this radial

region, merging with other bands and projecting energy

into the larger-scale flow. Future research should

analyze the coupling of the boundary layer (not

measured by HIWRAP), including symmetric and

asymmetric physics, to the VRW mechanism identi-

fied in this paper to develop a more comprehensive

understanding of the secondary eyewall formation

and evolution process.
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