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ABSTRACT

Two eyewall replacement cycles were observed in Hurricane Gonzalo by the NOAA P3 Tail (TA) radar
and the recently developed NASA High-Altitude Imaging Wind and Rain Airborne Profiler (HIWRAP)
radar. These observations captured detailed precipitation and kinematic features of Gonzalo’s concentric
eyewalls both before and after the outer eyewall’s winds became the vortex maximum winds. The data were
analyzed relative to the deep-layer environmental wind shear vector. During the beginning eyewall re-
placement cycle stages, the inner and outer eyewalls exhibited different asymmetries. The inner eyewall
asymmetry exhibited significant low-level inflow, updrafts, and positive tangential acceleration in the
downshear quadrants, consistent with observational and theoretical studies. The outer eyewall asymmetry
exhibited these features in the left-of-shear quadrants, further downwind from those of the inner eyewall. It is
suggested that the low-level inflow occurring at the outer but not at the inner eyewall in the downwind regions
signals a barrier effect that contributes to the eventual decay of the inner eyewall. Toward the later eyewall
replacement stages, the outer eyewall asymmetry shifts upwind, becoming more aligned with the asymmetry
of the earlier inner eyewall. This upwind shift is consistent with the structural evolution of eyewall re-

placement as the outer eyewall transitions into the primary eyewall of the storm.

1. Introduction

Eyewall replacement cycles in hurricanes are notable
events in which the storm’s inner core undergoes major
structural changes. In an eyewall replacement cycle, a
newer, contracting outer eyewall replaces an older, de-
caying inner eyewall. Accompanying these structural
changes are characteristic changes in the storm’s maxi-
mum intensity, which have been well studied in previous
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work (e.g., Willoughby et al. 1982; Black and Willoughby
1992; Houze et al. 2006, 2007; Sitkowski et al. 2011; Yang
et al. 2013). Given the elaborate processes of eyewall
replacement, many studies focus on individual stages of
the cycle—from formation of the outer, or secondary,
eyewall (e.g., Qiu and Tan 2013; Sun et al. 2013) to decay
of the inner eyewall (Sitkowski et al. 2012). Dynamical
analyses of each stage are often conducted in an axisym-
metric framework, as this framework captures important
governing processes. Still, past studies suggest that
throughout eyewall replacement, asymmetries also play a
significant role that needs to be fully examined.
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Secondary eyewall formation begins an eyewall re-
placement cycle when inward-spiraling rainbands co-
alesce outside of the preexisting primary eyewall,
forming a ring of convection that also contains an axi-
symmetric maximum in tangential wind (Dodge et al.
1999; Didlake and Houze 2011; Bell et al. 2012). Sev-
eral hypotheses have been proposed for explaining the
dynamics of this process, yet no consolidated theory cur-
rently exists. Examples involve vortex Rossby wave-mean
flow interaction (Montgomery and Kallenbach 1997),
boundary layer spinup due to unbalanced dynamics
(Huang et al. 2012; Abarca and Montgomery 2013, 2014;
Qiu and Tan 2013; Sun et al. 2013), and boundary layer
spinup due to a feedback between linearized frictional
convergence, convection, and radial vorticity (Kepert
2013). Many hypotheses invoke axisymmetric processes
that occur outside of the primary eyewall when enough
convective-scale and mesoscale rainbands and their asso-
ciated dynamics project strongly onto the azimuthal mean
(Judt and Chen 2010; Rozoff et al. 2012; Zhu and Zhu
2014). Didlake and Houze (2013a) and Qiu and Tan
(2013) directly connect the dynamics of rainband asym-
metries to important axisymmetric processes. To fully
grasp the critical dynamics, a deeper understanding of
asymmetries is needed during these early stages of an
eyewall replacement cycle.

Once a secondary eyewall clearly manifests itself, its
further strengthening and contraction can be explained
by axisymmetric dynamics through both unbalanced
boundary layer dynamics and balanced response argu-
ments. Shapiro and Willoughby (1982) showed that an
axisymmetric heat source representative of eyewall
convection induces a balanced response that leads to
contraction of the radius of maximum wind. While this
result models the contraction of a single eyewall, the
contraction and strengthening of a secondary eyewall
would be governed by the same dynamics. Still, un-
balanced dynamics in the boundary layer may play a
crucial role; Abarca and Montgomery (2015) argued
that boundary layer supergradient flow in a mature
secondary eyewall plays a larger role than the balanced
response in the contraction of the secondary eyewall.
While these studies examined the evolution of an eye-
wall due to axisymmetric dynamics, it is well known that
the eyewall typically has an asymmetric distribution of
convection. Modeling, observational, and theoretical
studies all indicate that the primary cause of eyewall
asymmetries is a response to the environmental wind
shear and resulting vertical tilt of the vortex (e.g., Jones
1995; Frank and Ritchie 1999; Reasor and Eastin 2012).
When concentric eyewalls occur in a storm, observations
also indicate an asymmetric distribution of convection
within the secondary eyewall (Hence and Houze 2011).
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However, the contribution of these asymmetries in the
secondary eyewall evolution has yet to be thoroughly
examined.

Previous studies have shown that the contracting,
strengthening secondary eyewall supplants the older,
primary eyewall. The exact processes responsible for the
decay of the inner eyewall have been attributed to sev-
eral mechanisms. Based on the balanced response ar-
guments of Shapiro and Willoughby (1982), Willoughby
et al. (1982) and Willoughby (1988) suggested that
forced upper-level inflow and descent emanating from
secondary eyewall convection occurs radially inward
and counteracts the outflow of the inner eyewall. Rozoff
et al. (2008) hypothesized that the increasing inertial
stability of the secondary eyewall impinges upon upper-
level outflow of the inner eyewall. Other studies hy-
pothesize that forced convergence in the boundary layer
gradually prevents the inflow from advancing inward
past the secondary eyewall, thereby cutting off the high-
6. air from the inner eyewall (Samsury and Zipser 1995;
Zhu et al. 2004; Bell et al. 2012; Zhu and Zhu 2014).
Each of these processes can disrupt the inner eyewall’s
overturning circulation, and thus lead to its collapse. Yet
the relative role of each process remains unclear.

Detailed observations of an eyewall replacement cy-
cle at all stages are crucial for advancing knowledge of
their underlying dynamics. Yet, such observations are
limited by the planning and resources needed to deploy
instruments and platforms capable of useful data col-
lection. In October 2014, observations were collected of
Hurricane Gonzalo in a joint effort from three federal
laboratories: NOAA'’s Hurricane Research Division,
NASA’s Goddard Space Flight Center, and the Naval
Research Laboratory. On two consecutive days, air-
borne radars observed two eyewall replacement cycles,
detailing the inner-core reflectivity and kinematic
structures at different stages of eyewall replacement.
This study will examine these observations to analyze
the dynamics and evolution of the asymmetric features
in concentric eyewalls. The data were collected by
NOAA'’s P3 Tail (TA) radar and by NASA’s High-
Altitude Imaging Wind and Rain Airborne Profiler
(HIWRAP) radar. The P3 TA radar has collected data
for over three decades, proving instrumental to advancing
tropical cyclone science (Aberson et al. 2006). HIWRAP
is a recently developed Doppler radar system designed to
obtain three-dimensional wind and precipitation fields
from high-altitude aircraft (Li et al. 2016). Collected by
aircraft that flew missions staggered in time, these obser-
vations will shed light on the concentric eyewall dynamics
at different stages of the replacement cycle. In the fol-
lowing sections, we will consistently refer to the developed
secondary eyewall as the outer eyewall even toward the
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later stages of an eyewall replacement cycle when this
eyewall becomes the primary eyewall of the storm.
Also, the older, original eyewall will be called the inner
eyewall throughout. Sections 2 and 3 describe the radar
observations and analysis methods in the context of
Hurricane Gonzalo’s life cycle. Sections 4 through 7
examine the data from the four aircraft missions over
two days. Section 8 discusses the results in the context
of previous studies and section 9 presents the conclu-
sions from the current study.

2. Data and methodology

The airborne radar data analyzed in this study were ob-
tained during three different field campaigns in 2014. As
part of NOAA’s Intensity Forecasting Experiment (IFEX),
the NOAA P3N43 aircraft was deployed into Gonzalo
each day on 15-17 October. This plane was equipped
with the X-band TA Doppler radar. The TA radar scans
around a horizontal axis and utilizes the fore/aft scanning
technique (FAST; Jorgensen and DuGranrut 1991), col-
lecting two independent looks at the three-dimensional
wind vector as the plane flies along its track.

The P3 TA radar data were processed using an auto-
mated algorithm (Gamache 1997) that produces three-
dimensional reflectivity and wind fields. The data first
undergo an automated quality control and de-aliasing
processes that produce errors comparable with those
from manual quality control and de-aliasing (Rogers
et al. 2012). Next, the wind fields are obtained using a
variational technique (Gao et al. 1999; Reasor et al.
2009) that optimizes the radar projection equation while
constrained by mass continuity and boundary condi-
tions. These fields were solved onto a Cartesian grid with
grid spacing of 2km in the horizontal and 0.5 km in the
vertical. Several past studies have utilized this auto-
mated algorithm for P3 TA radar analyses (e.g., Stern
and Nolan 2009; Rogers et al. 2012, 2015; Reasor
et al. 2013).

The HIWRAP radar was deployed as part of NASA’s
multiyear Hurricane and Severe Storm Sentinel (HS3)
field campaign (Braun et al. 2016). In 2014, HS3 teamed
with the Office of Naval Research’s Tropical Cyclone
Intensity (TCI) experiment to install HIWRAP onto
NASA’s WB-57 aircraft. The WB-57 flew into Hurri-
cane Gonzalo daily during 15-17 October with an av-
erage altitude over the storm of 18.5km. HIWRAP is a
dual-beam, Ka- and Ku-band Doppler radar. Unlike the
TA radar, HIWRAP’s beams point downward at two
different tilt angles and scan conically around a vertical
axis. During the conical scan, the beams obtain multiple
looks at the wind field, allowing for retrieval of the full
three-dimensional winds. More HIWRAP details can be
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found in Li et al. (2016). HIWRAP was designed to fly
on board the Global Hawk unmanned aerial vehicle,
which is a high-endurance, high-altitude aircraft capable
of flight times greater than 24 h. HIWRAP flew for the
first time in 2010 on the Global Hawk during the Genesis
and Rapid Intensification Processes (GRIP) field ex-
periment (Braun et al. 2013; Guimond et al. 2016).
While the endurance of the WB-57 is lower, it is a ca-
pable high-altitude platform for HIWRAP to collect
valuable kinematic information of tropical cyclones
throughout the depth of the troposphere.

Since its first deployment in 2010, the HIWRAP ra-
dar has undergone significant advances that included
improved signal processing and reduced side-lobe in-
terference. The processing of HIWRAP data begins
with calibration, de-aliasing, and quality control edit-
ing. The three-dimensional wind fields are retrieved
using the technique developed by Guimond et al.
(2014). This technique is a variational scheme similar to
that used for the TA radar except that it is modified to
fit the HIWRAP scanning geometry. Results from this
retrieval were compared with other recently developed
wind retrieval algorithms for HIWRAP (Didlake et al.
2015; Tian et al. 2015), which all yielded similar qualita-
tive results. The wind fields were solved onto a Cartesian
grid with horizontal grid spacing of 2km and vertical
spacing of 0.5km.

After the winds were retrieved on a Cartesian grid,
they were interpolated to storm-centered cylindrical
coordinates with a radial, vertical, and azimuthal reso-
lution of 2km, 1km, and 0.5°, respectively. The storm
motion was then removed from the winds. For the P3
data, storm centers were objectively determined using a
real-time analysis of flight level data (Willoughby and
Chelmow 1982). For the HIWRAP data, storm centers
were subjectively determined using a combination of
GOES satellite data and the HIWRAP reflectivity and
wind data. These subjectively determined centers were
much better than the standard storm center databases,
and the qualitative results from this study were not sen-
sitive to small deviations in the determined centers.

Additional data used in this analysis come from flight
level observations collected by U.S. Air Force (USAF)
C-130 reconnaissance aircraft, which flew in between the
flight times of the WB-57 and P3. Vigh et al. (2016) re-
cently developed the FLIGHT + dataset, which gathers
all NOAA and USAF flight-level data dating back to
1997. In this dataset, flight tracks are segmented into
radial legs relative to the storm center determined by
the method of Willoughby and Chelmow (1982). The
flight-level data examined in this study were collected
at the 700-hPa level, which ranges between 2.5- and
3-km altitude. We analyze all data with respect to the
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FIG. 1. (a) Best track of Hurricane Gonzalo from the National Hurricane Center with dates (UTC) in October 2014
marked. The Saffir-Simpson hurricane wind scale category is also indicated in color. (b) Central pressure and maximum
wind speed throughout the lifetime of Gonzalo. Vertical lines mark the investigation times for the various aircraft. Red is
for the NOAA P3 (TA radar), blue is for the NASA WB-57 (HIWRAP radar), and green is for the USAF C-130.

850-200-hPa deep-layer environmental vertical wind
shear, which is taken from the Statistical Hurricane In-
tensity Prediction Scheme (SHIPS) database (DeMaria
et al. 2005).

3. Storm and aircraft mission overview

Figure 1 shows the storm track, maximum wind
speed, and central pressure for the life span of Hurri-
cane Gonzalo. Gonzalo began as a typical Cape Verde
tropical wave. As it approached the Lesser Antilles on
12 October, it strengthened from a tropical depression
to a hurricane in 36 h and caused serious damage in the
northeastern Lesser Antilles. Gonzalo continued to
strengthen through 15 October when it reached 115-kt
(59.2ms ') winds and subsequently weakened slightly.
During this time, Gonzalo began to interact with an
approaching trough that turned the storm motion from
northwest to north-northeast. Subsequently, Gonzalo
restrengthened to reach its maximum intensity, 125kt
(64.3ms ') with a central pressure of 940 hPa (category 4).
Increasing shear caused Gonzalo to weaken steadily, but
not before it crossed directly over Bermuda as a category 2
hurricane.

The oscillations in intensity occurring on 15 October
and 16 October were associated with two distinct eyewall
replacement cycles. Figure 2 displays microwave satellite
images at select times on these two days, showing the
distribution of heavy precipitation beneath the cirrus
canopy. The NOAA P3, NASA WB-57, and USAF C-130
flew missions into Gonzalo on both 15 October and
16 October at the times listed in Table 1 and indicated
in Fig. 1. Figure 3 displays the axisymmetric tangential
winds from both the radar and flight-level datasets. At

0926 UTC 15 October, Gonzalo had a small, intense
eyewall surrounding a 10-km-diameter eye. Outside the
eyewall, a large rainband extended from the southeast
and spiraled inward into a nearly circular band, indicat-
ing the development of a secondary, outer eyewall. At
1235 UTC, the inner eyewall remained at a small radius
and the outer eyewall exhibited heavier precipitation
mixed with the inner eyewall precipitation (Fig. 2). A
local minimum of central pressure occurred at 1200 UTC
(Fig. 1). At 1445 UTC, a secondary maximum in tan-
gential winds appears near 45-km radius. By 1805 UTC,
this secondary tangential wind maximum is now the only
wind maximum and has contracted to a smaller radius,
indicating the completion of an eyewall replacement
cycle.

The eyewall replacement cycle on the next day had a
more evident signal in the satellite imagery (Fig. 2). At
1129 UTC, a nearly circular band of precipitation clearly
indicated the development of an outer eyewall. Flight-
level data indicated that this developing outer eyewall
did not yet exhibit a secondary tangential wind maxi-
mum. At 1200 UTC, Gonzalo reached its lifetime max-
imum intensity and lowest central pressure (Fig. 1). The
outer eyewall strengthened by 1617 UTC and the older,
inner eyewall became open to the southwest indicating
its ongoing decline. By 2037 UTC, the outer eyewall
tangential wind maximum had become the overall wind
maximum, and by 2334 UTC, the inner eyewall had
completely decayed and the eyewall replacement cycle
was complete. The first replacement cycle occurred prior
to Gonzalo’s change in track to the northeast, and the
second replacement cycle occurred as the storm was re-
curving. This timing suggests that the track recurvature
did not influence either replacement cycle.
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FIG. 2. Microwave imagery of brightness temperatures of Hurricane Gonzalo taken at (a) 0926 UTC 15 Oct, (b) 1235 UTC 15 Oct,
(¢)2043 UTC 15 Oct, (d) 1129 UTC 16 Oct, (¢) 1617 UTC 16 Oct, and (f) 2341 UTC 16 Oct. All panels except (e) are 91-GHz imagery from the
Special Sensor Microwave Imager/Sounder (SSMIS). Panel (e) is 89-GHz imagery from the Advanced Microwave Scanning Radiometer 2
(AMSR?2). Images are from the Naval Research Laboratory Monterey Tropical Cyclones webpage (http://www.nrlmry.navy.mil/TC.html).

The analysis of Gonzalo will not be presented in
chronological order. Rather, the analysis will be pre-
sented in the time relative to the eyewall replacement
cycles (ERC relative time). In this approach, we hope to
gain a greater understanding of the chronology of the
asymmetric structures and processes that are involved. It
is apparent that both eyewall replacement cycles had
different structures and occurred at different storm in-
tensities. Despite their dissimilarity, we hope to identify
common processes that seem fundamental to asym-
metric concentric eyewall evolution. In a changing
tropical cyclone and particularly during a replacement

cycle, the wind—pressure relationship at each eyewall is a
source of uncertainty and an active area of research.
But a fundamental, ubiquitous point in time during an
eyewall replacement cycle is when the maximum winds
of the storm shift from the inner to outer eyewall. Given
Gonzalo’s evolution, the ERC-relative time will be
specified relative to the minimum central pressure for
each eyewall replacement cycle. We found that in this
pressure-relative time frame, the relative wind speeds at
each eyewall progress in the expected fashion. The first
two times are named “‘inner primary 1” and ‘‘inner
primary 2.” These times occur when the maximum

TABLE 1. Details of each aircraft mission selected for the study.

Time name Date Eye-crossing time(s) ERC-relative time(s) Aircraft Radar
Inner primary 1 16 Oct 2014 1117 and 1225 UTC —0.7 and +0.4h N43 TA
Inner primary 2 15 Oct 2014 1445 UTC +2.8h N43 TA
Outer primary 1 16 Oct 2014 1805 and 1827 UTC +6.1 and +6.5h WB-57 HIWRAP
Outer primary 2 15 Oct 2014 2037 and 2116 UTC +8.6 and +9.3h WB-57 HIWRAP
Outer primary 1 16-17 Oct 2014 2251 and 0035 UTC +10.5 and +12.6h C-130 —
Outer primary 2 16 Oct 2014 0042 and 0233 UTC +12.7 and +14.6h C-130 —
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FIG. 3. Azimuthally averaged tangential winds for each aircraft mission. P3 (black) and HIWRAP (blue) winds
are averaged over the 2.5-3-km altitudes. USAF (red) flight level winds are at the 700-hPa level. Dotted lines
represent locations of large uncertainty in the wind analysis.

winds of the storm are associated with the inner eyewall,
making this the primary eyewall of the storm. The sec-
ond two times are named ‘‘outer primary 1”” and “‘outer
primary 2,” as these occur after the maximum winds
shift to the outer eyewall. Table 1 lists these ERC-
relative times for each mission.

4. Analysis of inner primary 1

The inner primary 1 time of the ERC-relative frame-
work spans from —0.7- to 0.4-h relative to the minimum
central pressure of the second eyewall replacement cycle.
This event was also Gonzalo’s minimum pressure and
maximum intensity. Figure 4 shows the 2-km TA radar
reflectivity and the lower fuselage (LF) radar reflectivity
from the two NOAA P3 passes. The TA radar reflectivity
overviews the data coverage used for the kinematic
analysis, and the LF radar reflectivity shows the inner-
core precipitation features at higher resolution.

The eyewall has an asymmetric structure with dis-
continuous stretches of reflectivity that make up the
convective ring. The heaviest precipitation falls in the
northern half of the eyewall, which, relative to the wind
shear vector, is mostly the left-of-shear half. The
weakest precipitation occurs in the right-of-shear half,
which is open to the southeast. This asymmetry is con-
sistent with the composite studies done by Chen et al.
(2006) and Hence and Houze (2011), where the highest
eyewall reflectivity regularly occurred in the left-of-
shear half of the storm. Other modeling and observa-
tional studies found this same reflectivity asymmetry
(e.g., Black et al. 2002; Rogers et al. 2003; Reasor et al.
2013). The fragmentation of the eyewall is reminiscent
of observed polygonal eyewalls (Kossin and Schubert

2001). Braun et al. (2006) and Reasor et al. (2009) at-
tributed the distorted polygonal reflectivity structure to
mesovortices embedded within the eyewall.

Outside of the eyewall, the developing outer eyewall
consists of disconnected and loosely organized rain-
bands. There was a precipitation-free moat region oc-
curring in the southeast at 1117 UTC and in the
southwest at 1225 UTC. An azimuthal average (not
shown) shows that the rainbands consolidate into a
broad secondary reflectivity maximum, indicating a de-
veloping outer eyewall. This region encompasses a weak
in—up—out overturning circulation, but there is no sec-
ondary tangential wind maximum (Fig. 3).

Figure 5 presents the TA radar average cross sections
of the four quadrants relative to the wind shear vector,
which had a magnitude of 6.6ms™! at this time. Data
from 1117 and 1225 UTC were merged to calculate the
quadrant averages. The downshear-right (DR) quadrant
shows a distorted, relatively weak inner eyewall re-
flectivity tower. A layer of radial inflow extends into the
inner eyewall. It then turns upward and outward, com-
pleting an in—up—out overturning circulation. Traveling
downwind to the downshear-left (DL) quadrant, radial
inflow is at its deepest and strongest. This inflow begins a
pronounced in-up—out overturning circulation that
feeds a well-defined reflectivity tower of the inner eye-
wall. The updraft here reaches over 8ms ! at 8-km al-
titude. Below 2-km altitude, radial convergence is
apparent at 60-70-km radius, which likely indicates the
dynamical organization of the developing outer eyewall.

In the upshear-left (UL) quadrant, the inner eyewall
continues to exhibit a prominent reflectivity tower.
However, this tower is surrounded by radial inflow and
descent, opposite to the flow pattern of that seen in the DR



MARCH 2017 DIDLAKE ET AL. 735
dBz
150 . ‘ ‘ S : , _
a) 1117z Inner Primary 1 || b) 12252 ; ,J 40
100 ! UL /DL 3 el R
. L ': - ‘
, Y L 30
50 - 8 , ! B —UR
i 25
i\ = m
ol ) : . ) b DL | 15
-100 ¢ - = T
S
-100 -50 0 50 100 150

FIG. 4. TA radar 2-km reflectivity for the inner primary 1 analysis time, which is at (a) 1117 and (b) 1225 UTC 16
Oct. Both axes display distance (km) from the storm center. Vectors for the storm track (7") and environmental
wind shear (S) are shown. The storm track and shear magnitudes are 4 and 6.6ms ™!, respectively. LF radar

reflectivity is also shown at (c) 1114 and (d) 1218 UTC 16 Oct.

quadrant. At the outer eyewall, radial inflow below 1-km
altitude appears to overturn into radial outflow just above
the 1-km level. This sharp overturning is similar to that
seen in the mature outer eyewall of Hurricane Rita from
Didlake and Houze (2011). They found that the outer
eyewall overturning signature was indicative of enhanced
supergradient boundary layer flow. In the upshear-right
(UR) quadrant, neither eyewall radius contains any clear
overturning flow to feed convection.

The eyewall wavenumber-1 asymmetry alignment with
the wind shear is well studied. It is generally attributed to
two dynamical processes that may not be mutually exclu-
sive: 1) a thermal balance response to the shear-induced
vortex tilt (Jones 1995; Frank and Ritchie 1999; Reasor
and Eastin 2012), and 2) a dynamic balanced response of
vertical motion from differential vorticity advection
(Bender 1997; Frank and Ritchie 1999, 2001; Wu et al.

2006). Additionally, mesovortices that interact with the
low-level flow also contribute to the asymmetry (Braun
etal. 2006). The overall quadrant asymmetry pattern of the
primary eyewall has some consistencies with the compos-
ite analyses of DeHart et al. (2014) and Zhang et al. (2013).
Using P3 TA radar and dropsonde observations, these
studies found that the strongest low-level inflow and eye-
wall updrafts occurred in the downshear quadrants.

The wavenumber-1 structure of developing outer eye-
walls has not been studied as much as that of inner eye-
walls. At the inner primary 1 time, the outer eyewall does
have distinct variations around the storm and appears
similar to the inner eyewall. Both DR and DL quadrants
have an in—up-out overturning circulation at both eye-
walls. But in the UL quadrant, the two eyewalls have dif-
ferent transverse circulation patterns. With slight upward
motion still occurring at the outer eyewall in the UL
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FIG. 5. Averaged vertical cross sections of winds and reflectivity for the wind shear-relative quadrants [downshear-
left (DL), downshear-right (DR), upshear-left (UL), and upshear-right (UR)] at the inner primary 1 analysis time.
Radial velocity is shown in the filled contours, where negative values indicate flow toward the storm center. Re-
flectivity contours (dBZ) are in black. Vertical velocity is shown in pink and gray contours. Upward motion (pink) is
contoured at +1 and +3ms !, and downward motion (gray) is contoured at —1 and —3 ms™ . Approximate radial
ranges of the inner eyewall (IE) and outer eyewall (OE) are marked.

quadrant, the in—up—out circulation here extends farther
downwind of that in the inner eyewall. The reflectivity
pattern in Fig. 4d supports the observed kinematics. A
broad region of reflectivities >30dBZ in the developing
outer eyewall occurs slightly more downwind than the high
reflectivities of the inner eyewall. This finding is consistent
with TRMM Precipitation Radar observations of storms
with concentric eyewalls (Hence and Houze 2012a).

The evolution of the transverse circulation is inti-
mately tied to the evolution of the tangential wind cir-
culation. Understanding this interaction is essential for
explaining ERC evolution. To investigate these dy-
namics, we calculate certain terms from the tangential
momentum equation in cylindrical coordinates (r, 6, z),
which is given by

v v v v loap
e R 8 1
ot M0 Waz pee T )
where
v v
=—+-+f. 2
ar r ! @

In these equations, u, v, and w are the radial, tangential,
and vertical velocities, respectively; p is pressure; p is
density; and fis the Coriolis parameter. We call the —un
term the generalized Coriolis force (Smith et al. 2009; Gu
et al. 2016). The other right-hand-side terms are azimuthal
advection, vertical advection, pressure gradient accelera-
tion, and dissipation. We recognize that the dissipation
term cannot be neglected within the boundary layer, but
we cannot estimate it with the given data, nor can we es-
timate the pressure gradient term. Thus, we focus on the
first three terms in the current analysis, and we refer to
these as the advective tendency terms.

Figure 6 shows the sum of the advective tendency
terms between 0- and 2-km altitude across all azimuths
from the TA radar. Just as in the transverse circulation
from Fig. 5, the advective tendency terms have an
apparent wavenumber-1 asymmetry. Negative advec-
tive tendency is most prominent in the right-of-shear
quadrants, while positive advective tendency is most
prominent in the left-of-shear quadrants. The largest
positive magnitudes occur slightly inward of the radius
of maximum wind in the inner eyewall. This inward
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FIG. 6. Sum of tangential momentum advective tendency terms
over selected radii and all azimuths at the inner primary 1 analysis
time. Values are averaged terms between 0- and 2-km altitude. The
red vertical line marks the radius of maximum axisymmetric tan-
gential wind in the same altitudinal average. The plot is divided
into the shear-relative quadrants.

displacement of positive advective tendency is appar-
ent in the axisymmetric analysis (not shown) and is
consistent with a contracting eyewall (Shapiro and
Willoughby 1982). The generalized Coriolis term
dominates the positive advective tendency signal in the
DL and UL quadrants due to the strong radial inflow
(Fig.5). A closer look at Fig. 5 (DL and UL) shows that
the radial inflow below 2km and at the inner eyewall
radius comes from the two distinct flow patterns. The
boundary layer inflow forces the positive advective
tendency in the DL quadrant. In the UL quadrant,
midlevel inflow from outside the eyewall descends and
joins the low-level inflow to contribute to the corre-
sponding positive advective tendency. This modifica-
tion of the low-level inflow is also marked by a shift in
the radius of maximum advective tendency from ~18-km
radius in the DL to 8-12-km radius in the UL. As shown
in Fig. 5, low-level radial inflow still contributes to the
UL positive advective tendency, but not as a connected
inflow layer. The developing outer eyewall marks the
break in radial inflow, suggesting that this flow pattern
actively inhibits some low-level inflow from reaching the
inner eyewall. Outside of the inner eyewall, advective
tendency is weaker but prominently positive within the
DL quadrant.

5. Analysis of inner primary 2

The inner primary 2 time of the ERC-relative timeline
occurs approximately 2.8 h after Gonzalo reached its min-
imum central pressure during the first eyewall replacement
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FIG. 7. As in Fig. 4, but with TA radar data for inner primary 2. The
storm track and shear magnitudes are 5 and 4.4 ms ™", respectively.

cycle on 15 October. Compared to inner primary 1, these
observations show Gonzalo when it was weaker. Yet, for
inner primary 2, the observed structures indicate changes
that may be representative of eyewall replacement cycle
evolution. In Fig. 7a, the 2-km reflectivity shows asym-
metric inner and outer eyewalls, and the moat between.
The heaviest precipitation of the inner eyewall is located in
the DL quadrant of the storm, exhibiting a similar distri-
bution to the precipitation asymmetries observed in past
studies (Black et al. 2002; Hence and Houze 2011; Reasor
et al. 2013). The developing outer eyewall is disconnected
and loosely organized, but it appears as a reflectivity
maximum in an axisymmetric average (not shown). Both
eyewalls contain axisymmetric tangential wind maxima,
but the inner eyewall winds remain the strongest.

The quadrant analysis presented in Fig. 8 has patterns
similar to inner primary 1 but with a notable upwind
shift. The DR quadrant has deep radial inflow that ex-
tends to the primary eyewall. This flow turns upward
into the strongest updraft in the storm, consistent with
past studies (DeHart et al. 2014; Braun et al. 2006;
Corbosiero and Molinari 2002, 2003). An in-up-out
overturning circulation also occurs at the outer eyewall.

Downwind in the DL quadrant, the low-level inflow is
shallower. At the inner eyewall, low-level inflow is
weaker than in the DR quadrant, and even turns into
weak outflow. The inner eyewall is dominated by sinking
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inflow throughout most of the troposphere, opposite to
the flow in the DR quadrant. The outer eyewall still
exhibits an in—up-out circulation. As in inner primary 1,
the outer eyewall overturning circulation remains vig-
orous farther downwind than the inner eyewall over-
turning circulation. Figure 7b supports the observed
kinematics as an outer eyewall band has intense con-
vection farther downwind than that of the inner eyewall.
Neither of the upshear quadrants exhibits an in—up—out
circulation at either eyewall.

The advective tendency terms from Eq. (1) explain
the asymmetric evolution of the v field (Fig. 9). As in
inner primary 1 (Fig. 6), a maximum of advective ten-
dency occurs radially inside the radius of maximum wind
at the inner eyewall. Here, the maximum occurs at the
boundary between the UR and DR quadrants. It in-
dicates an upwind shift of the circulation asymmetry in
Fig. 8. The inner eyewall again has two distinct regions
of positive advective tendency. One such region from
210° to 100° is a result of the boundary layer inflow, which
is associated with inner eyewall contraction. Outside of
the inner eyewall, positive advective tendency extends
farther from the center where the tangential winds of the
outer eyewall are being strengthened largely in the DR
quadrant where data are available. Between 130° and 70°,
the inner extent of positive advective tendency produced

1

by low-level inflow moves away from the center. Farther
downwind, remnants of slightly positive advective ten-
dency exist between 70° and 40° outside of the radius of
maximum wind, which is consistent with the remaining
low-level inflow. This pattern of positive advective ten-
dency and the pattern of low-level radial inflow in Fig. 8
(DL quadrant) again suggest that the outer eyewall
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FIG. 9. As in Fig. 6, but with TA radar data for inner primary 2.

The second red vertical line is the radius of secondary maximum
axisymmetric tangential wind associated with the outer eyewall.
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FIG. 10. HIWRAP radar 2-km reflectivity at the outer primary 1
analysis time (see Table 1). Vectors for the storm track (7") and
environmental wind shear (S) are shown. The storm track and
shear magnitudes are 3 and 5.2ms ", respectively. Both axes dis-
play distance (km) from the storm center.

prevents some radial inflow from reaching the inner
eyewall at these downwind azimuths, limiting its con-
vection and low-level tangential wind acceleration.

6. Analysis of outer primary 1

The observations for outer primary 1 and 2 times are
from the HIWRAP radar. Figure 10 shows the 2-km-level
HIWRAP reflectivity for outer primary 1, which oc-
curs at +6.1 h (northeast-southwest pass) and +6.7h
(southeast-northwest pass) in the ERC-relative time
frame. Compared to the P3 TA radar, the HIWRAP
radar covers a narrower region, reaching 30 km in width
at the surface. Although the southeast-northwest pass
did not pass directly over the storm center, the concen-
tric eyewall pattern is still evident in the observations.
The outer eyewall appears very broad in the northeast,
as it extends into the moat region and possibly connects
with the inner eyewall. Simultaneously in this region, the
inner eyewall has noticeable breaks in its ring pattern.
At this time, the maximum winds in the storm have
switched from the inner to the outer eyewall (Fig. 3). As
also suggested by the reflectivity structure, this switch
means that the inner eyewall has begun to decay.

Figure 11 presents reflectivity and retrieved winds
along each flight pass from outer primary 1. Guimond
et al. (2016) demonstrated the wind retrieval accuracy
from HIWRAP observations by comparing to TA radar
data in the inner core of Hurricane Karl (2010). Based
on the error analyses from Guimond et al. (2014), the
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errors for the retrieved winds were 0.2, 2.5, and
0.25ms " ! for the radial, tangential, and vertical winds,
respectively, on most overpasses. The low radial and
vertical velocity errors relative to the retrieved velocity
magnitudes indicate good accuracy of the retrieved
HIWRAP wind fields. The off-centered overpass in
outer primary 1 resulted in slightly larger errors in the
retrieved horizontal winds: 2.5ms ™" for both radial and
tangential winds. These errors did not impact the overall
conclusions of this study.

The shear vector was pointed eastward (94°) at the
outer primary 1 time. With the narrowness of the
HIWRAP swath, the data coverage in each shear quad-
rant is much smaller than the TA radar observations. The
azimuthal coverage of the HIWRAP swath at 2-km al-
titude is 44° at 20-km radius and 8° at 100-km radius,
which are both much less than a 90° quadrant. We
therefore present the HIWRAP observations not as
quadrant composites, but rather as cross sections of the
wind and reflectivity fields at specific azimuths within
each quadrant. For passes that are misaligned with the
storm center, the specified azimuth is calculated by av-
eraging all azimuths covered by the cross section within
100-km radius.

Despite the limited coverage of each quadrant, the
analyses of outer primary 1 in Fig. 11 present notable
differences among the cross sections, consistent with the
TA radar data of earlier times. The DR cross section
shows distinct reflectivity towers in the inner and outer
eyewalls. Both eyewalls are dominated by radial inflow
that extends upward to the midtroposphere, with out-
flow dominant just above. For the inner eyewall, the
radial inflow coincides with sinking motion. In the pre-
vious times, this quadrant exhibited a well-defined in—
up—out circulation pattern. Here, this expected pattern
is absent, possibly because of the decay of the inner
eyewall. In the outer eyewall, there is slight ascent
throughout the reflectivity tower, providing a more de-
fined in—up-out circulation pattern.

In the DL cross section, the outer eyewall overturning
circulation is also apparent, but it is much shallower.
Between 30- and 50-km radius, radial inflow occurs only
below 1-km altitude, while the maximum outflow from
the outer eyewall begins around 2-km altitude. The
shallower outer eyewall inflow and outflow layers be-
tween the DR and DL quadrants are consistent with the
earlier times. On the other hand, the inner eyewall radii
(5-20-km radius as seen in the DR and UR cross sec-
tions) have a clear in~down-out circulation, which again
is not conducive for convection. Downwind, the UL
cross section only has data from the outer eyewall due to
the off-centered overpass. In the outer eyewall, there is
shallow radial inflow that turns into upward motion
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FIG. 11. Vertical cross sections of winds and reflectivity in the wind shear-relative quadrants at the outer primary
1 analysis time. Cross sections are along selected azimuths 20° (DL), 151° (DR), 292° (UL), and 194° (UR). Radial
velocity where negative values indicate flow toward the storm center. Reflectivity contours are in black. Vertical
velocity is shown in pink and gray contours. Upward motion (pink) is contoured at +3 and +6 ms ™!, and downward

motion (gray) is contoured at —3 and —6ms .

within a narrow channel along the inner edge of the
reflectivity tower. The UR pattern is very similar to the
DR since the cross-section azimuths are separated by
only 43°. These cross sections are from the southern
segments of the two overpasses in Fig. 10.

Given the limited coverage of HIWRAP’s narrow
swath, there still remains uncertainty about Gonzalo’s
asymmetry. To further verify this asymmetric kinematic
structure, we compare the radar observations to flight-
level observations. Although the C-130 flights examined
herein were not coincident with the WB-57 flights, we
expect that the wavenumber-1 structural changes would
occur more slowly than the flight mission frequency,
which would result in some consistency seen in the
observations.

Figures 12a and 12c show flight-level radial and tan-
gential winds collected 5-7h after the outer primary
1 time. Each leg exhibits a single tangential wind maxi-
mum between 35- and 45-km radius along with a nearby
maximum in radial outflow, which is part of the eyewall
overturning circulation. Radially outside of this maxi-
mum in the UR leg, radial flow alternates between in-
flow and outflow, which is unlike the steady, strong

inflow seen at the 3-km level in the UR HIWRAP cross
section (Fig. 11). The flight-level DR leg is more like
that of the HIWRAP data, as it predominantly exhibits
radial inflow outside of 50-km radius. The DL leg has
both the strongest radial outflow and inflow. The outflow
peak near 45-km radius is consistent with the HIWRAP
data at this altitude, while the inflow peak near 70-km
radius is not consistent. Last, the UL leg outside of
45-km radius is consistent with the HIWRAP data,
showing predominant radial outflow not seen in the other
quadrants.

The discrepancies between the flight-level and
HIWRAP data possibly occur because of the different
azimuths of the flight legs, or because of small-scale ki-
nematic fluctuations occurring within the hours sepa-
rating the two flights. But several similarities, including
strongest outflow in the DL, predominant outflow in the
UL, and predominant inflow in the DR, strongly support
the existence of the wavenumber-1 asymmetry gleaned
from the HIWRAP data.

The HIWRAP observations detail vertical wind, ra-
dial wind, and reflectivity structures consistent with ex-
pectations. Still, there were some limitations that do not
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F1G. 12. USAF 700-hPa winds for the outer primary times. Tangential winds within each shear-relative quadrant
are shown for (a) outer primary 1 and (b) outer primary 2. Radial winds are also shown for (c) outer primary 1 and

(d) outer primary 2.

allow for a calculation of tangential momentum budget.
Didlake et al. (2015) demonstrated that with the
HIWRAP scanning geometry, the cross-track component
of the wind is the least accurately retrieved. Here, the
cross-track component is largely the tangential wind.
Thus, the derivative terms necessary for calculating the
tangential momentum budget were especially difficult to
produce. Gonzalo’s moat on 16 October had so few
scatterers that the HIWRAP Doppler velocity obser-
vations were particularly noisy. This noise degraded the
wind retrieval along the outer eyewall inner edge, par-
ticularly for the tangential wind. The second issue is that
the Ku- and Ka-band beams were attenuated in the
heavy eyewall precipitation on 15 October. This atten-
uation negatively impacts the raw Doppler signal, par-
ticularly in the low levels where the winds are strongest.
As a result, the retrieved tangential winds were again
most degraded.

Despite these negative impacts, we assume that the
pattern of advective tendency follows that of the radial
and vertical wind components below 2-km altitude. In

the TA radar data, there was an apparent correlation
between the u, w terms and the generalized Coriolis
force, vertical advection terms at altitudes below 2 km.
Radial inflow and upward motion mostly corresponded
with positive advective tendency, and the magnitude of
the generalized Coriolis term was much greater than
that of the vertical advection term. Gu et al. (2016)
demonstrated this relationship between the low-level
generalized Coriolis force and low-level radial flow, yet
they found the opposite relationship with vertical mo-
tion and vertical advection. This opposite relationship is
likely due to the fact that they focused on a layer (1.6-km
altitude and below) where v is increasing with height.
Here we focus on a slightly higher layer (2km and be-
low), which includes decreases in v with height. Given
this reasoning, we speculate that the largest advective
tendency in the outer eyewall occurs in the DR and UR
cross sections where substantial radial inflow coincides
with persistent upward motion below 2km. The tan-
gential wind strengthening in the DR cross section is
consistent with the inner eyewall asymmetry from inner
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primary 2. This connection highlights how the outer
eyewall is developing features that are expected of the
primary eyewall in a storm.

7. Analysis of outer primary 2

The final time in this ERC-relative analysis occurs at
8.6h (southwest-northeast pass) and 9.3h (southeast—
northwest pass) past the minimum pressure of the re-
placement cycle. As seen in Fig. 13, outer primary 2
encompasses two nearly perpendicular passes over
Gonzalo’s inner core. The inner eyewall appears as a
broken ring of convection with substantial openings to
the northwest and southeast of the center. This re-
flectivity pattern depicts a decaying inner eyewall. Just
outside, the outer eyewall also does not appear as a
connected reflectivity ring, with an opening in the south-
southwest. This discontinuity differs from the outer
eyewall in outer primary 1, which may also just reflect
the fact that the storm is slightly less intense here in the
outer primary 2 time.

Figure 14 shows the HIWRAP cross sections in each
shear quadrant. In the DR cross section, the radial in-
flow layer has a depth of nearly 4km. Heavy pre-
cipitation is widespread throughout the cross section,
but at 10-35-km radius, the heaviest precipitation at-
tenuates both the Ku and Ka beams of HIWRAP. As a
result, accurate measurements of reflectivity and ve-
locity were not possible below ~3-km altitude in this
region. The outer eyewall occurs in this region between
25- and 30-km radius, as there is a channel of rising
outflow extending above 8-km altitude.

The DL cross section also has widespread heavy
precipitation, but the attenuated region (near 30-km
radius) is notably smaller than in the DR cross section.
The radial inflow layer is shallower, but the airflow still
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turns upward into a strong updraft between 25- and
35-km radius. With such prominent radial inflow and
upward motion, both DR and DL cross sections have wind
patterns consistent with positive advective tendency at
the outer eyewall radius, where the DR tangential wind
advection is likely the greater of the two. Both DR and
DL cross sections exhibit shallow updrafts at 5-10-km
radius, possibly associated with the decaying inner eye-
wall. The outer eyewall in the UL cross section largely
displays an in—-down—out pattern similar to that seen in
the upshear quadrants of the inner primary times.

The UR cross section shows two reflectivity towers
extending to 5-km altitude, which are the outer and in-
ner eyewalls. Although the inner eyewall overall is
decaying at this stage of the eyewall replacement cycle,
it retains a reflectivity tower in this quadrant. Outward-
sloping updrafts occur above both towers. They coincide
with a maximum in reflectivity between 6- and 11-km
altitude, which indicates a large amount of ice and its
convection appears separate from the shallow reflec-
tivity towers. The upper-level reflectivity and w maxima
are consistent with past studies that highlight enhanced
upward motion and ice at the upper levels of the eyewall
(Lord et al. 1984; Black et al. 1996; Braun 2002; Zipser
2003; Fierro et al. 2009). At this altitude, latent heat of
fusion and decreased amounts of heavy hydrometeors
increase the upper-level buoyancy. A 45ms~ ' tangen-
tial wind maximum also occurs here at 8-km altitude
(not shown).

Figures 12b and 12d present flight-level data collected
3-5h after the outer primary 2 time. The observed radial
velocities are largely consistent with the 3-km level
HIWRAP data (Fig. 14) and confirm the same
wavenumber-1 structure in outer primary 2. Radial in-
flow is predominant in the right-of-shear legs, while ra-
dial outflow is predominant in the left-of-shear legs.

Figure 15 shows radial profiles of the u, v, and w
HIWRAP winds averaged below 2 km for all ERC times
and shear quadrants. At outer primary 2, the inner
eyewall in the UR cross section has a reflectivity tower
(Fig. 14d) and a local tangential wind maximum (Fig. 15)
that are not found in the other quadrants at this time.
When compared to outer primary 1, two additional cross
sections (DL and DR) exhibited distinct inner eyewall
tangential wind and reflectivity features. But at this later
time in the ERC-relative framework, the inner eyewall
in all cross sections but the UR has weakened consid-
erably if not completely dissipated. The shallow updrafts
of the decaying inner eyewall in the DL and DR cross
sections of outer primary 2 are not associated with tan-
gential wind or reflectivity features. Such an asymmetric
dissipation would have ramifications on the overall in-
tensity, as the vortex adjusts to the mixing of the older
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FIG. 14. As in Fig. 11, but with HIWRAP data for outer primary 2. Cross sections are along selected azimuths 36°
(DL), 117° (DR), 307° (UL), and 206° (UR).

eye air mass with the newer eye air mass (Zhu et al. 2004;
Chen et al. 2011; Sitkowski et al. 2012).

8. Discussion
a. Azimuthal upwind shift

The maximum axisymmetric tangential winds in
Gonzalo switched locations from the inner eyewall at
the early times (inner primary 1, 2) to the outer eyewall
at the late times (outer primary 1, 2). Along with this
switch, the observations also hint at an azimuthal shift in
the kinematic structure of the concentric eyewalls be-
tween the inner and outer primary times. To highlight
this shift, we closely examine the radial profiles of
Fig. 15.

For each time, the two quadrants that have the largest
radial inflow at both eyewalls are marked with the letters
A (at the inner eyewall) and B (at the outer eyewall).
The two quadrants that have the largest updrafts at each
eyewall are also marked. Since the inner eyewall was
decaying in the outer primary times, we did not mark the
maximum inflow and updrafts for the inner eyewall
here. Because of low-level attenuation in outer primary
2, we used midlevel values seen in Fig. 14 to select the
maximum quadrants; moreover, both inflow and updraft

maxima were located in the DR and DL quadrants at
this time.

Next, we highlight in Fig. 15 the locations where
both a maximum in inflow and updraft are present at
each eyewall. These locations mark the quadrants where
an eyewall’s overturning circulation, and thus positive
tangential wind advection, is strongest. From Fig. 15, the
azimuthal upwind shift of maximum overturning circu-
lation, which was hinted in previous sections, is apparent
between eyewalls and over time. At the inner primary
times, maximum overturning circulation in the outer
eyewall spanned the UL and DL quadrants. Concur-
rently, maximum overturning circulation in the inner
eyewall spanned the DL and DR quadrants, indicating
an upwind shift from the outer to the inner eyewall. For
the outer primary times, maximum overturning in the
outer eyewall spanned the DL, DR, and UR quadrants,
indicating another upwind shift from the inner primary
times.

The azimuthal offset of maximum overturning circu-
lation between the two eyewalls is evident from these
observations and requires a dynamical explanation. The
inner eyewall has a maximum overturning circulation in
the DR and DL quadrants, which agrees with past
studies that point to an asymmetric dynamic and



Inner Primary 1

60

——rad
—tan

E—

DL

50
40
30
20
-10 10

-15

MONTHLY WEATHER REVIEW

VOLUME 145

Inner Primary 2

15 60
——rad|
—tan

—w

10 50
40

30

&

A
=)

®1

0

rad,w speed (ms™)

DR TTTTT]T
Uh ‘ v v v v v v | 50
"
30
20

10

(,-8 w) paads uey

-
o

S)

rad,w speed (m ")
G o w b
(,.s w) peads uey

-
5]

- 0
0 10 20 30 40 50 60 70 80 90 O 10 20 30 40 50 60 70 80 90 100
Radius (km)

Outer Primary 1

60

50

40

30

20

N
1)

10

-
o

-15

0
0 10 20 30 40 50 60 70 80 90 O 10 20 30 40 50 60 70 80 90 100

Radius (km)

Outer Primary 2

——rad|
—tan!

J—

N
o

=)

rad,w speed (ms™)

=
o

50

o

40

o

30

&

20

o
s

-1

(.5 w) paads ugy

rad,w speed (ms”)
(,.s w) peads uey

&

-10
A

5 0
0 10 20 30 40 50 60 70 80 90 O 10 20 30 40 50 60 70 80 90 100
Radius (km)

-15 0
0 10 20 30 40 50 60 70 80 90 O 10 20 30 40 50 60 70 80 90 100
Radius (km)

F1G. 15. Radial profiles of the radial, tangential, and vertical velocities for each shear quadrant at each analysis time. Values are
averaged over 0-2-km altitude. Inner primary times are TA radar quadrant averages and outer primary times are HIWRAP transects
within each quadrant. Dotted lines represent locations of large uncertainty in the wind analysis. The radial velocity profiles are marked
with a “B”” in the two quadrants where the outer eyewall has the two largest radial inflow speeds (negative radial velocities). The vertical
velocity profiles are marked with a ““B” in the two quadrants where the outer eyewall has the two largest positive vertical velocities. The
same is done for the inner eyewall (marked with an ““‘A”’) at inner primary times. Green letters mark the eyewall and quadrant where both

radial and vertical velocities are marked with “A” or “B.”

thermodynamic response to the tilting of the vortex
under environmental wind shear (Jones 1995; Bender
1997; Frank and Ritchie 1999, 2001). In a TRMM Pre-
cipitation Radar study of TC concentric eyewalls, Hence
and Houze (2012a) found that the maximum reflectivity
of the outer eyewall occurred downwind of the inner
eyewall. The current observations support these pre-
vious findings as they highlight the necessary kinematic
flow for the asymmetric precipitation pattern in the
outer eyewall. However, the dynamics underlying this
asymmetric alignment are not clear, particularly when
considering past studies.

The vortex tilt yields enhanced inner eyewall con-
vection primarily in the DR and DL quadrants (e.g.,
Reasor et al. 2013). Riemer et al. (2010) showed that the
vortex tilt also leads to convective rainband activity
preferentially occurring in the DR and UR quadrants,
which is consistent with other rainband studies (Hence
and Houze 2012b; Didlake and Houze 2013a,b). If the

pattern of the outer eyewall is consistent with the tilt-
induced convection asymmetry, we would expect the
preferred region of active convection to fall somewhere
between (i.e., upwind of the convective inner eyewall
and downwind of the convective rainbands). But this
shift is not what occurs in the current observations or
past studies, thus the same tilt dynamics may not be the
dominant cause for the outer eyewall asymmetry.

One possible explanation for the outer eyewall
asymmetry could involve interaction with the dynamics
of the rainband complex. During the formation of an
outer eyewall, extensive rainband activity is often or-
ganized into a near-stationary spiral complex, which
would be just radially outside or even merging with the
developing outer eyewall (Willoughby et al. 1984). It is
possible that the kinematics of the rainband complex as
it merges with the outer eyewall are connected to the
eyewall asymmetry; however, further study is needed
to confirm this connection. We speculate that the
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subsequent upwind shift of the outer eyewall asymmetry
occurs as it becomes the primary eyewall of the storm,
and thereby directly interacts with the environmental
wind shear in the expected manner like the earlier inner
eyewall.

b. Inner eyewall decay

We have postulated in the current study that at the
outer primary times, the inner eyewall decays in large
part due to the outer eyewall obstructing low-level moist
radial inflow from reaching the inner eyewall and thus
reducing its tangential wind acceleration and convec-
tion. This barrier effect argued by Samsury and Zipser
(1995) is in contrast to other weakening effects that
counteract the inner eyewall transverse circulation at
higher altitudes (Willoughby et al. 1982; Willoughby
1988; Rozoff et al. 2008). The asymmetric analyses in the
inner primary times show that low-level radial flow into
the outer eyewall occurs over a larger azimuthal span
than the inner eyewall. In the downwind end of this
azimuthal span, radial inflow is reduced or even turns
outward between the two eyewalls. In either case, the
observations suggest the outer eyewall reduces the flow
of inward-spiraling low-level air that reaches the inner
eyewall.

Several studies found that outer rainbands act as a
similar barrier to low-level inflow, where low-level high-
0. air turns upward at the rainband axis, and midlevel
inflow descends bringing low-6, air into the boundary
layer on the radially inward side (Barnes et al. 1983;
Powell 1990a,b; Hence and Houze 2008; Didlake and
Houze 2009). Powell (1990a,b) found that these rain-
bands could reduce 6, by as much as 20°C. Riemer et al.
(2010) and Riemer (2016) found that the boundary layer
air that reaches the eyewall does not fully recover from
this 6, reduction, which limits the intensification of the
eyewall. While these studies attribute intensity modifi-
cation to rainband downdrafts, the current observations
do not have similar downdraft circulations in the ma-
turing outer eyewall. Midlevel inflow that descends from
precipitation loading is not apparent in the outer eye-
wall convection. This difference suggests that the outer
rainband and developing outer eyewall convection have
different circulation regimes.

Barnes and Powell (1995) also noted this distinction in
circulations in their examination of a rainband in Hur-
ricane Gilbert, which was actually part of a developing
outer eyewall forming at an unusually large radius
(Dodge et al. 1999). Their rainband circulation re-
sembled that of the current outer eyewall observations
rather than the outer rainband circulations from past
studies. They also noted that their observed thermody-
namic structure was similar to that of an eyewall,
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having a vertically stratified contour pattern of 6,. Like
that seen in the current Gonzalo observations, the de-
veloping outer eyewall in Gilbert acts as a barrier to low-
level inflow. In addition to this barrier effect, Barnes and
Powell (1995) argued that the absence of downdrafts
originating from midlevel inflow in this circulation
pattern has a positive effect on the inner eyewall
intensity—the lack of boundary layer low-6, approaching
the eyewall allows for intensification. While this positive
impact may occur initially, the current study argues that
the barrier effect eventually has a more important con-
tribution to determining the inner eyewall intensity
evolution.

Zhou and Wang (2011) argued in favor of the outer
eyewall barrier effect by showing that large inward ra-
dial advection of 6, into the inner eyewall reduces the
inflow of moist, warm air necessary to feed its convec-
tion. They noted that the barrier effect is most notable
when the two eyewalls are close to each other. In outer
primary 2, the distance between the eyewalls is close to
30 km, which is about the same distance as in Zhou and
Wang (2011; cf. their Fig. 9). Although the full ther-
modynamic field was not available in Gonzalo, these
similar separation distances indicate that negative radial
advection of 6, plausibly contributed to the demise of
Gonzalo’s inner eyewall on 15 October.

Bell et al. (2012) found in their analysis of Hurricane
Rita that boundary layer inflow and low-level conver-
gence of the outer eyewall increased while that of the
inner eyewall decreased, which they argued supported
the barrier effect. They also found that an asymmetric
deep inner eyewall updraft remained robust and deeper
than that of the outer eyewall’s, such that the existing
forced descent from the outer eyewall was likely not
strong enough to counteract the inner eyewall updraft.
The current observations here do not indicate a deep
updraft in the inner eyewall at the outer primary times.
Moreover, the downshear quadrants in Fig. 14 do show
evidence of descent from the outer eyewall that is
overriding the updraft of a decaying inner eyewall. In
this study, we are not arguing against the suppression
mechanism, as it could very well be working together
with the barrier effect to suppress the inner eyewall to-
ward the end of an eyewall replacement cycle.

9. Conclusions

This study examined the kinematics of two eyewall
replacement cycles observed by airborne radar in Hur-
ricane Gonzalo. During two consecutive days, the
NOAA P3 TA radar and the NASA HIWRAP radar
captured Gonzalo’s concentric eyewalls at four stages of
the eyewall replacement cycle. These snapshots of data
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FIG. 16. (a),(b) Plan view schematic of eyewall structures during an eyewall replacement cycle. The concentric
eyewall pattern in (a) occurs when the storm’s maximum winds are located at the inner eyewall, and the eyewall
pattern in (b) occurs later when the storm’s maximum winds are located at the larger, outer eyewall. The envi-
ronmental wind shear vector, indicated by block arrows, points upward and divides the four quadrants of the storm
along the gray dashed lines. Shaded rings represent reflectivity pattern of closed eyewalls. Embedded within each
ring are convective cells of higher reflectivity asymmetrically distributed. Selected streamlines of boundary layer
winds show air spiraling inward toward the eyewalls. The maximum updraft region in each eyewall is shaded

dark gray.

were analyzed in relation to the environmental wind
shear and in a relative time framework centered upon
the time of minimum central pressure for each eyewall
replacement cycle.

Figure 16 presents a conceptual model that summarizes
the results of this study. At the inner primary times (when
the maximum winds were located at the inner eyewall;
Fig. 16a), low-level flow spiraled radially inward toward the
developing concentric eyewalls in an asymmetry that dif-
fered between the two eyewalls. The kinematic asymmetry
at the inner eyewall was consistent with the asymmetry
expected from vortex interaction with the environmental
wind shear (Braun et al. 2006; Reasor et al. 2013; Zhang
et al. 2013). The inflow layer was consistently strong and
deep (reaching ~4-km altitude) in the DR quadrant. Here,
inward-spiraling air reached the outer eyewall first and
passed through to the inner eyewall. This low-level flow
into the inner eyewall turned upward to produce the
strongest inner eyewall updrafts in the DR and DL quad-
rants. Traveling downwind, the inflow layer became shal-
lower and eventually subsided at the inner eyewall, but
continued at the outer eyewall in the left-of-shear quad-
rants. Here, the low-level inflow turned upward to produce
the strongest outer eyewall updrafts. The different radial

and vertical velocity asymmetries at each eyewall directly
impact the low-level tangential wind acceleration pattern
through contributions from the advective tendency terms
[Eq. (1)]. The downwind shift in maximum updrafts is
consistent with the downwind shift of outer eyewall con-
vective cells examined by Hence and Houze (2012a), which
is also depicted in the conceptual model.

We argue that the downwind extension of radial flow
into the outer eyewall signals a barrier effect that con-
tributes to the decay of the inner eyewall toward the end
of eyewall replacement. Some of the inward-spiraling
low-level air experiences convergence and turns upward
at the outer eyewall before reaching the inner eyewall. If
the outer eyewall were not extracting low-level inflow at
the expense of the inner eyewall, we would expect a
radial flow asymmetry where outer eyewall inflow
stopped upwind of the inner eyewall inflow, given the
spiral nature of the low-level flow. Instead, Gonzalo
exhibited the opposite pattern, which supports the outer
eyewall barrier and inner eyewall weakening argument
asserted by past studies (Samsury and Zipser 1995; Zhou
and Wang 2011; Bell et al. 2012).

In the outer primary times (when the maximum winds
were located at the outer eyewall; Fig. 16b), the outer
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eyewall contracts and becomes the primary eyewall of
the storm, as the older inner eyewall decays. Compared
to the outer eyewall from the inner primary times, strong
low-level inflow and maximum updrafts shift upwind,
and the outer eyewall exhibits a circulation pattern more
like the earlier inner eyewall. This asymmetry is now
consistent with that expected from vortex interaction
with the environmental wind shear.

The reason for the azimuthal shift of maximum low-
level inflow and updrafts does not come readily in con-
sideration of past studies. We speculate that the early
outer eyewall asymmetry results from interaction with a
spiral rainband complex that is merging with the de-
veloping outer eyewall. The same wind shear dynamics
involved in the inner eyewall asymmetry may not ini-
tially be influencing the outer eyewall asymmetry. But as
the outer eyewall becomes the primary eyewall over
time, these dynamics would become more influential,
leading to the upwind shift in the kinematic and con-
vection asymmetry.

This study is certainly limited as it involves only a
single storm under specific circumstances. As a result,
some of the current results may be specific to Hurricane
Gonzalo. Other storms may have variations in their
concentric eyewall evolution due to many different
factors, such as shear direction, shear magnitude,
storm intensity, storm track, and convective environ-
mental conditions. Future studies must assess the
representativeness of the current results by examining
more storms under varying circumstances. Modeling
studies are also needed to further examine the dy-
namical reasons for the observed asymmetries and
kinematic evolution during an eyewall replacement
cycle. This examination could include a wavenumber
analysis that determines how each wavenumber
asymmetry is evolving. Modeling studies will include
analyses of pressure and friction, which are neglected
in this study.
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