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ABSTRACT: Hurricane Ophelia (2005) underwent an unconventional eyewall replacement cycle (ERC) as it was a
category-1 storm located over cold sea surface temperatures near 23°C. The ERC was analyzed using airborne radar, flight-
level, and dropsonde data collected during the Hurricane Rainband and Intensity Change Experiment (RAINEX) intensive
observation period on 11 September 2005. Results showed that the spinup of the secondary tangential wind maximum
during the ERC can be attributed to the efficient convergence of absolute angular momentum by the midlevel inflow of
Ophelia’s dominantly stratiform rainbands. This secondary tangential wind maximum strongly contributed to the azimuthal
mean tangential wind field, which is conducive for increased low-level supergradient winds and corresponding outflow. The
low-level supergradient forcing enhanced convergence to form a secondary eyewall. Ophelia provides a unique example of
an ERC occurring in a weaker storm with predominantly stratiform rainbands, suggesting an important role of stratiform
precipitation processes in the development of secondary eyewalls.
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1. Introduction

Tropical cyclones (TC) have the potential to cause massive
loss of life and inflict tremendous damage to infrastructure.
The ability to better forecast TCs will help reduce their impacts
by improving the lead time to take action prior to a TC landfall.
Over the past 20 years, significant improvements have been
made in TC forecasts, with notable strides made particularly in
TC track forecasts. While there have also been more modest
yet statistically significant improvements in TC intensity fore-
casts, improvements in the short-term (24-h forecast period)
TC intensity forecasts have been marginal (DeMaria et al.
2014). One of the reasons behind the difficulty in short-term
TC intensity forecasts can be attributed to the challenge in
predicting the onset of an eyewall replacement cycle (ERC),
which can result in large intensity changes.

Using individual radial passes of aircraft reconnaissance
flights into hurricanes that undergo ERCs, Sitkowski et al.
(2011) classified canonical ERC events into three phases: in-
tensification, weakening, and reintensification. During the in-
tensification phase, the TC inner core primary tangential wind
maximum intensifies while a secondary tangential wind maxi-
mum forms and intensifies in the TC outer core. The intensi-
fication phase continues as the radii of both wind maxima
contract. The weakening phase is marked by the weakening of
the primary wind maximum as the radius of the secondary wind
maximum continues to contract and ends when the secondary
wind maximum intensity surpasses the primary wind maximum
intensity. In the reintensification phase, the new primary wind
maximum associated with the outer eyewall continues to in-
tensify and determines the storm’s wind intensity. While these
stages represent the canonical ERC evolution, individual
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storms may not undergo each stage exactly, and some may fail
to reintensify. The tangential wind evolution of a canonical
ERC is often accompanied by (i) the formation and contrac-
tion of a secondary eyewall associated with the strengthening
and contraction of the secondary wind maximum and (ii) the
dissipation of the primary eyewall associated with the dissi-
pation of the primary wind maximum. As these two processes
overlap, they may form concentric eyewalls that can easily be
distinguished in satellite microwave imagery. Sitkowski et al.
(2011) noted that the presence of the secondary wind maxi-
mum at flight level always precedes the observation of con-
centric eyewalls in satellite microwave imagery, which suggests
that the formation of a secondary wind maximum is a precursor
to the formation of secondary eyewalls.

Smith et al. (2009) proposed that the broadening of a TC’s
tangential wind field through the spinup of the outer core
primary circulation can be achieved by the radial convergence
of absolute angular momentum M above the boundary layer,
where M is materially conserved in the absence of friction
(their first mechanism). This radial convergence of M is ac-
complished through radial inflow in the middle troposphere
in response to middle- to upper-tropospheric heating in the
inner core region, as proposed by Smith et al. (2009), or in the
region immediately outside the TC inner core as proposed by
Fudeyasu and Wang (2011). While Smith et al. (2009) did not
frame their results in the context of an ERC, the location
where the secondary tangential wind maximum occurs prior to
an ERC suggests that TC rainbands located outside the TC
inner core may facilitate the broadening of the TC wind field
and the formation of a secondary wind maximum prior to an
ERC. Therefore, understanding the dynamics of TC rainbands
may be crucial in understanding the processes behind ERCs.

TC rainbands are bands of precipitation that typically exist
in a spiral geometry radially outside the TC eyewall (Willoughby
et al. 1984; Houze 2010). The principal rainband is the most
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prominent TC rainband, and it typically remains quasi stationary
relative to the translating storm center. Precipitation in the up-
wind portion of TC rainbands is typically dominated by deep
convection, which transitions into predominantly stratiform pre-
cipitation in the downwind portion of the rainbands. The distri-
bution of precipitation in TC rainbands is also influenced by the
large-scale environment around the storm. In particular, the ver-
tical shear of the horizontal wind of the large-scale environment
strongly influences the azimuthal distribution of precipitation in
TC rainbands, with convective precipitation typically found in the
right-of-shear quadrants and stratiform precipitation typically
found in the left-of-shear quadrants (Hence and Houze 2012).

The upwind, convective portion of TC rainbands can be
characterized by three secondary circulation patterns that oc-
cur in three dimensions: (i) low-level inflow that turns upward
at the base and outward near the top of the convective cells, (ii)
low-level downdrafts that originate from radially outside the
convective cells, and (iii) downdrafts located on the inner edge
of the convective cells (Barnes et al. 1983; Hence and Houze
2008; Didlake and Houze 2009). In the azimuthal direction,
convective cells are often accompanied by a convective-scale
tangential wind maximum termed the secondary horizontal
wind maximum (SHWM) by Samsury and Zipser (1995). The
SHWM is often collocated with a convective core and can be
found anywhere in the low- to midlevels. Hence and Houze
(2008) hypothesized that the strengthening of the SHWM may
make the rainband more robust and, through vortex Rossby
wave dynamics discussed by Montgomery and Kallenbach
(1997), may help to form a secondary eyewall.

Kinematics of downwind stratiform rainbands can generally
be characterized by descending midlevel inflow produced by
the generation of horizontal vorticity that arises from the radial
gradient of buoyancy (Didlake and Houze 2013b). Rising
outflow can be found above and beneath this midlevel inflow.
Through the advection of angular momentum, this midlevel
inflow produces a persistent midlevel tangential jet that is of a
different origin than that of the SWHM found in the upwind
convective portion of TC rainbands. The SHWM is induced by
convective-scale motions and can occur anywhere in the low-
to midlevels, whereas the tangential jets that occur in strati-
form rainbands are a part of the larger mesoscale motion and
occur consistently in the midlevels due to ice microphysical
processes. This stratiform midlevel tangential jet could po-
tentially lead to the expansion of the TC tangential wind field
and serve as a precursor to an ERC.

More recent studies have linked dominantly stratiform
rainbands to the formation of secondary eyewalls in ERCs.
Wunsch and Didlake (2018) built on the work of Sitkowski
et al. (2011) and showed that the expansion of the wind field
prior to the formation of the secondary eyewall was initiated in
the downshear quadrants, with an enhancement of angular
momentum in the downshear left quadrant. A similar expan-
sion of the wind field in the downshear quadrants was found in
the ERC of Hurricane Bonnie (1998) (Dougherty et al. 2018).
Wunsch and Didlake (2018) attributed this enhancement of
angular momentum to the convergence of high angular mo-
mentum air by the midlevel inflow of the dominantly stratiform
rainbands typically found in that quadrant. Their results are
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consistent with the findings of Didlake et al. (2018), who also
showed that this midlevel inflow, which they termed the me-
soscale descending inflow, converged in the boundary layer
and created persistent updrafts on its inner edge, which later
formed the secondary eyewall in the ERC of Hurricane Earl
(2010). The secondary eyewall formation mechanism proposed
by Didlake et al. (2018) is corroborated by Fischer et al. (2020),
who showed the same process occurring in the first of the two
consecutive ERCs of Hurricane Irma (2017). Fischer et al.
(2020) attributed the second ERC of Hurricane Irma to lower-
tropospheric convergence between the low-level inflow and a
presumed supergradient outflow. The convergence of a su-
pergradient outflow and the low-level inflow have also been
attributed to the formation of secondary eyewalls in other
storms, such as Typhoon Sinlaku (Huang et al. 2012).

ERCs are relatively common in strong TCs (Kossin and
Sitkowski 2009), but in this study we analyze Hurricane
Ophelia (2005) as it underwent an “unconventional” ERC. We
characterize Ophelia’s ERC as unconventional because it oc-
curred despite the lack of concentric eyewalls made up of deep
convection, while the storm was at category-1 intensity, and
over cold sea surface temperatures (SSTs). At nearly 23°C, the
SSTs were approximately 3°C lower than the conventional
threshold of 26.5°C that is necessary for TC genesis and suste-
nance (Dare and McBride 2011). Airborne radar observations of
Hurricane Ophelia from the Hurricane Rainband and Intensity
Change Experiment (RAINEX) field campaign will be presented
herein to demonstrate that the ERC was linked to the predomi-
nantly stratiform portion of its rainbands. Observations of the
more canonical ERC of Hurricane Rita (2005) from RAINEX
have been analyzed previously (Houze et al. 2007; Bell et al. 2012b;
Guimond et al. 2018), but the observations of Ophelia’s ERC have
received less attention. The observations suggest that midlevel
inflow associated with the dominantly stratiform rainbands
broadened the TC tangential wind field through strong conver-
gence of absolute angular momentum above the boundary layer.
Flight-level and dropsonde analysis will show that the local max-
imum within the broadened tangential wind field produced su-
pergradient winds, which resulted in the formation of a secondary
eyewall through enhanced convergence with the storm inflow.

Guided by the findings of the aforementioned studies on TC
rainbands and their potential influence on the formation of a
secondary wind maximum prior to an ERC, the role of rainband
precipitation in the ERC of Hurricane Ophelia (2005) was in-
vestigated using the RAINEX airborne radar, flight-level and
dropsonde datasets, and a spline-based variational wind synthesis
tool. The different datasets and the analysis technique employed
will be discussed in section 2. The evolution of Hurricane Ophelia
throughout its lifetime and the results from the rainband analyses
are discussed in section 3, and a momentum budget analysis is
discussed in section 4. An axisymmetric view of the rainband
dynamics and a hypothesized ERC mechanism are provided in
section 5, with concluding remarks in section 6.

2. Data and methods

The airborne radar dataset used in this study is from
the Hurricane Rainband and Intensity Change Experiment
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FIG. 1. (a) Radar reflectivity at 2-km altitude of the four rainband sectors where quad-Doppler observations are
available (rainband-C, rainband-S1, rainband-S2, and DSE) from the RAINEX observation period on 11 Sep 2005,
overlaid on a gridded satellite visible image of Ophelia at 2100 UTC, with longitude and latitude on the respective x
and y axis. The NRL and N43 flight tracks are indicated by the solid and dotted lines, respectively. A large portion of
rainband-S2 is rainband-S1 sampled at a later period and overlaid accordingly. Detailed observation times for both
aircraft can be found in Table 1. Locations of individual cross sections (CS-C-CS-DSE) are indicated with dashed
turquoise lines. (b) The result of the convective-stratiform partitioning (Didlake and Houze 2009) on the radar
reflectivity field for each of the rainband sectors, plotted with the x and y distances relative to the analysis center on
the respective x and y axis. The black lines serve to orient the reader on the geometry and extent of the sector
averaging for rainband-C (solid), rainband-S2 (dashed), and DSE (dotted). The shear direction and magnitude
close to the observation time are represented by the arrow in the top-right corner of each figure.

(RAINEX) in 2005 (Houze et al. 2006). The goal of RAINEX
was to utilize a high-resolution numerical weather model
alongside aircraft observations to investigate the roles of eye-
walls and rainbands in influencing TC intensity change. The
study herein utilizes radar observations made in Hurricane
Ophelia on 11 September 2005 by the Naval Research Laboratory
(NRL) and one (hereinafter N43) of the two National Oceanic
and Atmospheric Administration (NOAA) P-3 aircraft.

N43 was equipped with a single-parabolic antenna that al-
ternately scans fore and aft to achieve pseudo-dual-Doppler
measurements (Jorgensen et al. 1996). The scanning results in
an along-track sampling resolution of approximately 1.5km.
The NRL P-3 was equipped with the National Center for
Atmospheric Research (NCAR) dual-beam Electra Doppler
Radar (ELDORA,; Hildebrand et al. 1996), which has an
along-track sampling resolution of about 0.4 km. One of the
sampling strategies employed by RAINEX was to make
“quad-Doppler”” measurements of the rainbands. The strategy
involved two aircraft flying on either side of the rainband and
simultaneously sampling the wind components inside the
rainband, thus producing the most reliable wind estimates
(Jorgensen et al. 1996).

On 11 September 2005, there were four periods during
which N43 and NRL were simultaneously sampling Ophelia’s
rainbands-allowing for quad-Doppler wind retrievals. These
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four periods were then categorized into four rainband “‘sectors.”
The locations of these rainband sectors relative to the storm
center are shown in Fig. 1, while the observation periods for all
four rainband sectors are listed in Table 1. We denote the
dominantly convective sector of Ophelia’s rainbands as
“rainband-C,” the dominantly stratiform sectors as ‘‘rainband-
S1” and “‘rainband-S2,” and the sector that we hypothesize to
be the developing secondary eyewall as “DSE.” Rainband-S1
and rainband-S2 are two consecutive observation periods of
Ophelia’s dominantly stratiform rainband and largely overlap
in space. Our analyses showed that they have the same char-
acteristics and therefore support the same scientific conclu-
sions, such that only the results from rainband-S2 will be
discussed in detail. A cross section from each of the four
rainband sectors will be shown for completeness.

The airborne radar data were first corrected for navigational
errors (Testud et al. 1995) and initially quality controlled (QC)
to remove nonmeteorological echoes and instrument noise
using the “medium” QC algorithm from Bell et al. (2013). Any
remaining nonmeteorological echoes and noise were then
manually removed using NCAR’s Solo II software (Bell et al.
2013). To correctly apply a convective-stratiform partitioning
algorithm (Didlake and Houze 2009), a low bias in the N43
reflectivity field needed to be corrected. Using the ELDORA
reflectivity field as reference, a constant bias correction of
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TABLE 1. The start and end of observation periods for the NRL and N43 aircraft on 11 Sep 2005, and their corresponding label and
rainband type for discussion purposes.

Aircraft Start time (UTC) End time (UTC) Label Rainband type

NRL 1853:01 1908:58 Rainband-C Dominantly convective

N43 1854:00 1910:37

NRL 2018:01 2105:58 Rainband-S1 Dominantly stratiform

N43 2030:02 2105:57

NRL 2133:41 2151:58 Rainband-S2 Dominantly stratiform

N43 2120:03 2142:57

NRL 2154:01 2210:59 DSE Developing secondary eyewall
N43 2154:03 2203:15

7.87 dBZ was added to the N43 reflectivity field. Details of the
correction method can be found in Razin (2018).

Hurricane Ophelia’s track and intensity are obtained from
the best-track dataset (Jarvinen et al. 1984; McAdie et al. 2009;
Landsea and Franklin 2013), while information on the envi-
ronmental shear around Ophelia throughout its lifetime are
obtained from the Statistical Hurricane Intensity Prediction
Scheme dataset (SHIPS; DeMaria et al. 2005). The environ-
mental shear variables used for this study are the direction
(degree heading) and magnitude (m s™') of the 850-200-hPa
shear over an annulus of 0-500 km from the 850-hPa vortex
center (“SDDC” and “SHDC” fields). The SDDC and SHDC
were calculated from the Global Forecast System winds with
the vortex removed. Both the best-track dataset and the SHIPS
dataset were obtained from The Enhanced Vortex Data
Message Dataset (VDM +) compiled by Vigh (2015).

To show the evolution of the daily SST around Hurricane
Ophelia from 9 to 14 September, the daily optimum interpo-
lation sea surface temperature (OISST) dataset from the
NOAA National Centers for Environmental Information
(NCEI) was used. The OISST blends observations from sat-
ellites, ships, and buoys to provide a spatially complete SST
map at 0.25° spatial resolution (Banzon et al. 2016).

The evolution of Ophelia’s tangential wind field was ana-
lyzed using flight-level data from the U.S. Air Force (USAF)
aircraft reconnaissance missions. The flight-level data were
obtained from FLIGHT +: The Extended Flight Level Dataset
for Tropical Cyclones (version 1.1; Vigh et al. 2016). In a typ-
ical hurricane aircraft reconnaissance mission, the aircraft
would fly multiple radial paths that transect the center of the
TC, providing radial profiles of flight-level dynamic and ther-
modynamic variables in different quadrants of the storm. Each
flight track toward or away from the center of the TC is con-
sidered as one radial leg. The USAF C-130 aircraft flew at the
700-hPa level in nine reconnaissance flights into Hurricane
Ophelia, with a minimum number of six radial legs in each
mission. For each mission, the radial profile of the tangential
wind was azimuthally averaged and then smoothed using a
10-km low-pass Lanczos filter.

To complement the flight-level dataset, microwave imagery
of Hurricane Ophelia was obtained from the NRL Tropical
Cyclones website (NRL 2005). The microwave sensors from
which these images are retrieved are aboard polar-orbiting
satellites that provide only a snapshot of the storm at a par-
ticular time. When available, the image closest to the time of
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each aircraft reconnaissance mission was selected, providing a
corresponding satellite image for six of the nine aircraft recon-
naissance missions. Satellite microwave imagery around the
time the research flights were conducted were also retrieved,
providing one image around the start of the research flight and
two images after the conclusion of the research flights.

The images obtained are the horizontally polarized 85-, 89-,
91-, and 37-GHz channels from Defense Meteorological
Satellite Program’s F-12, F-13, F-14, and F-16 satellites, the
Tropical Rainfall Measuring Mission satellite, and NASA’s
Aqua-1 satellite. Low/cold brightness temperatures in the 85—
91-GHz channels associated with scattering of terrestrial ra-
diation by precipitation-sized ice particles serve as a proxy for
the location of deep convection, providing an estimate of the
distribution of convection in the storm associated with the
corresponding observed flight-level tangential wind profile. In
the 37-GHz channel, low-level ““warm clouds” and rain appear
as warm brightness temperatures relative to the ocean surface.
The radiation detected in this channel is insensitive to scattering
by small ice particles above them. Thus, an image of the low-level
cloud and precipitation fields associated with shallow convection
can be retrieved, even if they occurred underneath the TC cirrus
shield. A gridded satellite visible image of Hurricane Ophelia at
2100 UTC is shown in Fig. 1a (GRIDSAT; Knapp and Wilkins
2018) to provide a reference image of the storm-relative flight
track for the observation period that began at 1853 UTC and
ended at 2210 UTC 11 September 2005.

Three-dimensional quad-Doppler analysis of each leg was
done using a spline-based variational wind synthesis tool
known as Spline Analysis at Mesoscale Utilizing Radar and
Aircraft Instrumentation (SAMURAI) (Bell et al. 2012a;
Foerster et al. 2014). The analysis domain was centered at the
center of the storm. Ophelia moved very little on the day the
observations were made. Therefore, the storm motion was
assumed to be stationary, with the storm centered at 31.39°N,
75.94°W. The storm center used for the analysis is based on a
combination of best track, aircraft center fixes, and the radar
reflectivity field. The analysis was conducted on a Cartesian f
plane with a horizontal resolution of 1km and a vertical resolu-
tion of 0.5 km. Although much of the analysis domain has quad-
Doppler coverage, the curved nature of the aircraft flight tracks
can still result in some regions where the radar beam geometry
is suboptimal. The quality of the wind solution throughout
the domain was assessed by the condition number of a multi-
Doppler geometry matrix inversion using the Fast Reorder and
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FIG. 2. Ophelia’s track and intensity from the National
Hurricane Center’s best-track dataset. The intensity classifications
are tropical depression (TD; turquoise), tropical storm (TS; green),
and category-1 hurricane (Cat 1; yellow). A select few best-track
center locations and the corresponding dates and times in UTC are
labeled along the storm track.

Custom Editing and Display of Reduced Information in
Cartesian Space (CEDRIC) Technique in the Lidar Radar
Open Software Environment (LROSE) (FRACTL; Bell
et al. 2020). Regions with high condition numbers and poor
wind quality were removed from the analysis. The analysis
fields were then interpolated onto cylindrical coordinates
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with 1° azimuthal resolution and 1-km radial resolution.
Sector averages were subsequently calculated, with a mini-
mum azimuthal fraction of data above 20% along each radius
required for analysis.

3. Results
a. Hurricane Ophelia (2005)

The track and intensity evolution of Hurricane Ophelia are
briefly summarized here from a more detailed discussion by
Beven and Cobb (2006). The best-track center position and
intensity of the TC are shown in Figs. 2 and 3, respectively.
Ophelia was classified as a tropical depression around 0600 UTC
6 September and proceeded on a northward track before
becoming a tropical storm around 0600 UTC 7 September.
Tropical Storm Ophelia intensified steadily as it made a coun-
terclockwise loop off the Florida east coast between 1800 UTC
7 September and 0000 UTC 9 September, where it briefly
became a category-1 hurricane. It was downgraded back to a
tropical storm by 0600 UTC 9 September. By 1800 UTC
9 September, Ophelia became a category-1 hurricane again as it
moved out into the open ocean and away from land, only to be
downgraded to a tropical storm again 6 h later.

As Ophelia became a category-1 hurricane for the third
time in its lifetime at 1200 UTC 10 September, it was making
a slow clockwise loop. Between 1800 UTC 10 September and
1800 UTC 11 September, the storm was relatively stationary.
At this point, Hurricane Ophelia was located over cold ocean
water that was upwelled as a result of its own wind field. The
daily average SST over which Ophelia was located was as cold
as 23.5°C (Fig. 4c), significantly below the theoretical threshold
of approximately 26.5°C needed for TC genesis and sustenance
(Dare and McBride 2011). By 0000 UTC 12 September,
Ophelia was a tropical storm again. It remained at that inten-
sity as it continued moving up along the East Coast of the
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FIG. 3. The evolution of Ophelia’s intensity, defined by the maximum 1-min sustained wind
at 10m (solid line; kt: 1kt ~ 0.5ms™") and minimum sea level pressure (dotted line; hPa)
from the National Hurricane Center’s best-track dataset. The hatched line indicates the
approximate time when quad-Doppler observations were made on 11 Sep. The colored lines
mark the approximate times of the USAF hurricane reconnaissance missions for the corre-
sponding observed tangential wind profile shown later in Fig. 5.
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United States, becoming a category-1 hurricane for a fourth
time at 0000 UTC 14 September. Ophelia reached its peak
intensity of 75kt (39 ms~") for the second time at 1200 UTC
14 September, not long before it made its closest approach to
land. However, hurricane-force winds remained offshore. By
0000 UTC 16 September, Ophelia weakened into a tropical
storm for the last time as it accelerated northeastward, un-
derwent extratropical transition at 0000 UTC 18 September,
and dissipated by 0600 UTC 23 September.

b. Flight-level tangential wind evolution

The evolution of Ophelia’s azimuthal mean tangential wind
field as observed by nine aircraft reconnaissance missions is
shown in Fig. 5 and the corresponding satellite microwave
imagery for six of these missions are shown in Fig. 6. During the
first mission at 1130 UTC 10 September, the flight-level tan-
gential winds were characterized by a single peak of about
34ms~! (primary wind maximum), with a radius of maximum
wind (RMW) at about 50 km. The radial profile and best-track
data indicate that Ophelia was a category-1 hurricane that was
slowly intensifying at this time (Fig. 3). Satellite microwave
imagery at around the same time shows that Ophelia’s eyewall
had strong convection located on the northern periphery of
the eye at about the same distance as the RMW (Fig. 6a).
Convection associated with an inner rainband was evident just
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outside the eyewall and spiraling outward from the northeast
to the southwest. This rainband was twice sampled by the
aircraft. Examination of the individual passes indicate that a
secondary wind maximum was not present at flight level (not
shown), but the existence of a secondary wind maximum at
other vertical levels cannot be ruled out.

By 2245 UTC 10 September, Ophelia’s tangential wind had
strengthened slightly while its RMW had contracted slightly
(Fig. 5). The northern portion of Ophelia’s eyewall remained
convectively active around the RMW, while the southern
portion of the eyewall appeared ‘“‘broken” with no apparent
deep convection (Fig. 6b). In addition, the convection in the
inner rainband had weakened significantly. Shortly after this
flight, the center was nearly stationary and became located
over the colder SSTs due to upwelling. We hypothesize that the
inner eyewall dissipated during this period due to the lack of
sufficient surface enthalpy fluxes near the center, but that
slightly warmer SSTs radially outward were still able to support
relatively weak convection (cf. Fig. 4c). Although detailed
observations are not available until the end of this period, the
hypothesis is consistent with results from coupled simulations
of the storm evolution that show reduced air-sea fluxes due to
the upwelling (Smith 2016).

At 0030 UTC 12 September, Ophelia’s primary wind maxi-
mum had weakened, and there was a secondary wind maximum
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FIG. 5. The evolution of Ophelia’s azimuthal-mean flight-level
(700 hPa) tangential wind profile as observed from nine U.S. Air
Force aircraft reconnaissance missions. The start time of the first
radial pass during each reconnaissance mission is labeled and is
also indicated in the same color on Ophelia’s intensity plot (Fig. 3).

of about 31ms™! at a radius of 95km from the center of the
storm. Consistent with the flight-level tangential wind profile,
satellite microwave imagery showed convection in Ophelia’s
eyewall had dissipated (Fig. 6¢). Instead, there were two bands
of convection associated with one or possibly more rainbands.
The inner band of convection spiraled outward from the north to
the east, while the outer band of convection spiraled outward
from the northeast to the south. At this time, Ophelia had just
weakened back to a tropical storm (Fig. 3).

At 2300 UTC 12 September, the primary wind maximum
had completely dissipated and the secondary wind maxi-
mum at a radius of 102km had become the new wind maxi-
mum. Concurrently, Ophelia’s eye had expanded as it was
surrounded by a near-circular band of convection, with stron-
ger convection to the south and weaker convection to the north
(Fig. 6d). At this time, Ophelia’s intensity was at a relative
minimum (Fig. 3). At 2030 UTC 13 September, Ophelia was
reintensifying and moving away from colder SSTs into warmer
SSTs (Figs. 4c,d) while its RMW had contracted to a radius of
89 km. Associated with the warmer SSTs, a region of convec-
tion can be seen on the northern periphery of the eye around
33°N, 78°W (Fig. 6e). However, this eyewall convection was
relatively small and was located too close to the center of the
storm to be associated with the corresponding flight-level tan-
gential wind maximum farther out, indicating that inner core
convection was just beginning to be reinvigorated. Ophelia’s
rainbands also appeared to have assumed their original spiral
structure. By 2315 UTC 14 September, Ophelia’s RMW had
contracted to a radius of 63 km, with eyewall convection sur-
rounding the eye at approximately the same radius (Fig. 6f).

The foregoing discussion on the evolution of Ophelia’s azi-
muthal mean tangential wind field and the eyewall and rainband
convection shows a typical progression of an ERC. However, the
satellite microwave imagery shows that Ophelia’s ERC did not
involve concentric rings of deep convection associated with
closed concentric eyewalls. In comparing the schematic of
ERC progression by Sitkowski et al. (2011, their Fig. 8) with
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the observed flight-level tangential wind evolution, we find that
Ophelia’s intensification and weakening phases occurred be-
tween 2245 UTC 10 September and 0030 UTC 12 September
and its reintensification phase occurred around 0030 UTC
12 September. We note, however, that our analysis is based on
the azimuthal mean tangential wind field, while the analysis done
by Sitkowski et al. (2011) is based on individual radial passes.
Although ERCs are fairly common in major TCs (category 3 or
stronger), ERCs in a category-1 TC such as Ophelia are rare. Only
5% of the 45 secondary eyewall formation events in the North
Atlantic Ocean between 1997 and 2006 occurred in category-1
storms (Kossin and Sitkowski 2009). However, these storms did
not necessarily undergo a complete ERC. Nevertheless, Ophelia
exhibited all of the common features that are typically associated
with canonical ERCs as discussed from the evolution of its in-
tensity and flight-level tangential wind profiles.

¢. Rainband analysis

Since ERC:s typically occur in major hurricanes and involve
concentric deep convective eyewalls, Ophelia’s ERC proved to
be unconventional as it occurred when the storm was at
category-1 intensity, located over cold SSTs, and lacked the
presence of closed concentric eyewalls made up of deep con-
vection. An analysis of RAINEX airborne radar observations
of the rainbands of Hurricane Ophelia was conducted to pro-
vide insight into the mechanisms that are responsible for this
unconventional ERC. Quad-Doppler analyses were conducted
for the different sectors of Ophelia’s rainbands as labeled in
Table 1, with the approximate observation period highlighted
by the hatched line in Fig. 3. For reference, the 0-500-km shear
at 1800 UTC 11 September had a heading of 79° (east-
northeast) and a magnitude of 6.2ms™! and is represented
by the arrow in Fig. 1.

1) DOMINANTLY CONVECTIVE RAINBANDS
(RAINBAND-C)

Rainband-C is located in the downshear quadrants of the
storm, with a slightly bigger portion being in the right-of-shear
quadrant (Fig. 1). This region is where the most vigorous
convection and heavier precipitation are expected (Hence and
Houze 2012). Convection in rainband-C is loosely organized
into two bands that spiral in along with the rainband (Fig. 1b).
Averages of the reflectivity field and radial, tangential, and
vertical velocities in rainband-C were calculated for the sector
shown in Fig. 1b and are shown in Fig. 7. Rainband-C is gen-
erally populated by shallow convection, with the 20-dBZ av-
erage reflectivity contour reaching up to an altitude of only
6 km (Fig. 7d). A closer inspection reveals two distinct regions
of convection: the “inner” region between 70- and 150-km
radius, and the “outer” region between 150- and 200-km ra-
dius. Each region is marked by two columns of local reflectivity
maximum that are denoted by the 30-dBZ reflectivity contour.
The collocation of a local low-level convergence maximum and
upper-level divergence maximum with these reflectivity col-
umns in individual cross sections indicate that they are asso-
ciated with convective updrafts (not shown).

The inner region is dominated by shallower reflectivity
columns that reach an average altitude of about 4 km, whereas
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FIG. 6. Satellite microwave brightness temperatures in the ice-scattering channels (horizontally polarized 85-91 GHz) of
Hurricane Ophelia as it underwent an eyewall replacement cycle; the figure is provided courtesy of the Naval Research

Laboratory.

the outer region is dominated by deeper reflectivity columns
that reach an average altitude of 5km. The enhancements in
the 20-dBZ contours in the outer region indicate the presence
of deeper convection within the rainband. The shallow rain-
band convection and decreasing convective heights with de-
creasing radius has been well documented (Hence and Houze
2012; Didlake and Houze 2013a). This configuration of rain-
band convection has been attributed to the vertical shear of the
horizontal winds produced by eyewall outflow that acts to limit
the vertical extent of convection. The deeper convection ob-
served in the outer region of rainband-C is associated with the
eyewall outflow’s weakening influence in limiting the vertical
extent of rainband convection. Radial variations in buoyancy
also play a role in determining the depth of the convection.
The secondary circulation was characterized by a low-level
inflow and an upper-level outflow, typical of that seen in
dominantly convective rainbands (Hence and Houze 2008).
Similar to the observations made by Didlake and Houze
(2013a), the depth of the radial inflow (denoted here simply by
regions of negative radial velocities) decreases at smaller radii,
with the inflow layer reaching up to an altitude of 4 km in the
outer region and 2 km in the inner region (Fig. 7b). An updraft
and an outflow maximum is seen above each convective col-
umn in the inner region, with the outflow layer decreasing in
height radially inside the inner region. The updraft and outflow
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in the outer region are less apparent in this sector-averaged
view (Figs. 7a,b). There is a tangential wind maximum in the
inner convective column of the inner region, just above the in-
flow layer at 1.5-km altitude (Fig. 7c). This tangential jet appears
disorganized, occupies only a small portion of the leg, and is
significantly weaker at 4-km altitude. There is also a local but
weak tangential wind maximum associated with the convective
columns in the outer region, located at around 3-km altitude.
Observations in rainband-C corroborate some of the ob-
servations made by Didlake and Houze (2013a) in a similar
dominantly convective rainband of Hurricane Rita (2005). The
height of convection and the depth of the inflow layer de-
creases at smaller radii. There is also a low-level tangential jet
associated with the convective column in the inner region. In
contrast to the findings of Didlake and Houze (2013a), there is
no distinguishable difference in the strength of the inflow be-
tween the inner region and the outer region. However, the
radar analysis cannot accurately resolve the winds below 500-m
altitude, where radial differences in inflow strength could exist.
The difference between the convective rainbands of Ophelia
and Rita may be indicative of structural differences between
storms of different intensities, given that Ophelia was a weak-
ening category-1 storm at the time of the observation whereas
Rita was an intensifying category-5 storm. Nonetheless, the
structure of the sector-averaged variables in rainband-C is
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generally consistent with the conceptual model of a dominantly
convective portion of a TC rainband.

2) DOMINANTLY STRATIFORM RAINBAND
(RAINBAND-S2)

Analysis of rainband-S2 (Fig. 1) indicates that double
band convection feature seen in rainband-C has continued,
but the convection is organized in quasi-linear configuration
with stratiform precipitation located in between the two
bands of convection (Fig. 1b). In the outer region of
rainband-S2, convective-classified echoes are dominant in
the upwind portion of the rainband and become diminished
toward the downwind end. In contrast, convective echoes in
the inner region are weaker in the upwind end and stronger
in the downwind end.

In a shear-relative framework, stratiform precipitation is
expected to be dominant in the left-of-shear and upshear
quadrants (Hence and Houze 2012). However, rainband-S2
can still be characterized by some convective-classified ech-
oes. The convective-classified echoes in the inner region may
be embedded convection or are just an artifact of the
convective-stratiform partitioning algorithm, which is based
on a combination of reflectivity thresholds as well as a cal-
culation of the horizontal gradient in reflectivity at 2-km al-
titude. In essence, a location may be classified as convective if
its reflectivity value is higher by a certain amount relative to
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its surrounding. The convective centers in the inner region, as
defined by the algorithm, may simply be locally enhanced
precipitation (and therefore locally enhanced reflectivity)
that arose from the larger stratiform circulation. Didlake and
Houze (2013b) associated this locally enhanced precipitation
with the rising outflow maximum of the stratiform precipi-
tation. This rising outflow maximum can be sufficiently strong
to keep precipitation particles aloft long enough for them to
grow large and produce locally enhanced reflectivity columns
that resemble the reflectivity columns produced from con-
vective updrafts.

Sector averages of the reflectivity field, radial, tangential
and vertical velocities in rainband-S2 were calculated for
the sector shown in Fig. 1b and are depicted in Fig. 8. This
leg is characterized by the presence of a descending mid-
level inflow (Fig. 8b). This inflow, which is much shallower
in depth than that observed in Hurricane Rita’s rainband
(Didlake and Houze 2013b), begins from radially outside
the rainband where the vertical velocities are weakly
positive and continues into the rainband. On the inner edge
of this midlevel inflow, a tangential wind maximum can be
found, centered at around 100-km radius and 2-km alti-
tude. Strong winds of similar strength to the tangential
wind maximum extend up to an altitude of 4 km (Fig. 8c).
However, the whole rainband is associated with a large
area of stronger tangential winds relative to rainband-C,



2160 MONTHLY WEATHER REVIEW VOLUME 149
121 (a) 9
1.2
08 7 6 ~
) 'n
0a & 3 E
2 z
00 8 08
= 2
047 -3%
: g
-08¢ 6%
1.2
_ -9
€
=
Bl
<
=
@ 45 54
40 48
35 42
E N
302,~ 365
258 30 >
Q >
> 5
203 4%
€ 18 @
15 dé -4
108 12
6
5
M - 0
0

90 100 110 120 130

Radius (km)

9

o

100 110 120 130

Radius (km)

FIG. 8. Sector average (a) vertical, (b) radial, and (c) tangential velocities (m s~ ') with overlaid contours of sector
average reflectivity (dBZ), and (d) sector average reflectivity (dBZ) with overlaid wind vectors in rainband-S2.

with winds over 30 ms~! present in a large portion of the
rainband.

Rising outflow is found above the inner edge of the
descending inflow at around 100-km radius (Figs. 8a,b), which
is collocated with the top of a local reflectivity maximum.
There is also another region of rising outflow beneath the de-
scending midlevel inflow. This structure is consistent across
individual cross sections (not shown) and is in agreement with
the observations made by Didlake and Houze (2013b) of the
dominantly stratiform rainband of Hurricane Rita and with the
idealized simulation of stratiform heating in the rainband by
Moon and Nolan (2010). Thus, the local reflectivity maximum
is most likely associated with the larger stratiform-scale cir-
culation and not by embedded convection. The rising outflow
beneath the midlevel inflow is the supergradient response to
the tangential wind maximum located on its inner edge
(Didlake and Houze 2013b), as will be further discussed in
section 5.

3) DEVELOPING SECONDARY EYEWALL (DSE)

The DSE is located in the right-of-shear quadrants of
Ophelia (Fig. 1). The double band convection feature seen in
the previous legs is absent in this leg (Fig. 1b). The inner region
consists of convective-classified echoes that continue from
rainband-S2. In the outer region, patches of convective echoes
located south of the eye between 125- and 150-km radius spiral
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inward and merge with the inner region at approximately
75-km radius to the southeast of the eye. There is little varia-
tion in the population of convective-classified echoes between
the upwind region and downwind region of DSE.

Sector averages of the reflectivity field and radial, tan-
gential, and vertical velocities of DSE are shown in Fig. 9. A
deep layer of low-level rising inflow is observed in DSE, with
the depth of the inflow layer extending up to 5-km altitude
(Fig. 9b). Above this deep inflow layer, there is (i) outflow
that extends up to 8-km altitude, (ii) weak inflow corre-
sponding to remnant stratiform midlevel inflow that extends
up to 10-km altitude, and (iii) strong outflow extending to the
top of the analysis domain.

The corresponding tangential winds in DSE are enhanced
throughout the whole rainband region, which extends up to
6-km altitude (Fig. 9c). There is a tilted region of stronger
tangential winds, stretching from 70-km radius at low levels to
100-km radius at around 5-km altitude. The radial and tan-
gential wind profiles of DSE seem to be a combination of
rainband-C and rainband-S2. However, the deep inflow layer
associated with the in—up-out secondary circulation and the
single convective tower located on the inner edge of the
rainband indicated that this portion of the rainband is dom-
inantly convective. Since this rainband was sampled later in
time, we hypothesize that stratiform kinematics here have
transitioned to a more convective kinematics that make up



JuLY 2021
121 (a) )
1.2
10 08
8 0.4
0.0
6
-0.4
4
-0.8
2 -1.2
Q
< %S0 60 70 80 90 100 110 120 130
b=
=)
[}
T 121 (c) 45
40
10 35
E
8 30§
1%
- 259
6 202
g s
-y 2
4 158
C
102
2 o
5
S
0
50 60 70 80 90 100 110 120 130
Radius (km)

Vertical Velocity (m s™1)

RAZIN AND BELL

2161

12 9
10 6 _
‘Ln
8 3 E
2
0 [}
6 s
>
¢ z
-6
2
-9
0
50 60 70 80 90 100 110 120 130
1214 (d) —, s 54
5ms’ — —_—
s 48
10 , a2
N
8 365
302
>
6 2473
2
@
. 183
12
2 6
0
50 60 70 80 90 100 110 120 130

Radius (km)

FIG. 9. Sector average (a) vertical, (b) radial, and (c) tangential velocities (m s ') with overlaid contours of sector
average reflectivity (dBZ), and (d) sector average reflectivity (dBZ) with overlaid wind vectors in the developing

secondary eyewall.

the developing secondary eyewall associated with Ophelia’s
ERC. Further discussions will be offered in later sections.

4) REPRESENTATIVE RAINBAND CROSS SECTIONS

To support and summarize the findings of the sector-averaged
analyses above, representative cross sections of the reflectivity field
and tangential and radial velocities were taken from rainband-C,
rainband-S1, rainband-S2, and DSE, which are labeled CS-C,
CS-S1, CS-S2, and CS-DSE, respectively. The locations of these
representative cross sections are shown in Fig. 1a, with their
respective tangential and radial velocity fields shown in Fig. 10.

CS-C is characterized by low-level inflow, upper-level out-
flow, and decreasing inflow depth with decreasing radius
(Fig. 10b). The largest decrease in inflow depth is collocated
with local reflectivity maxima at around 165- and 120-km ra-
dius. Where the inflow is strong, there is generally stronger
tangential winds, with a tangential jet located around 120-km
radius at 2-km altitude (Fig. 10a). Downwind of CS-C, CS-S1 is
associated with a deep layer of strong midlevel inflow and an
overall broader and stronger tangential wind field relative to
CS-C (Figs. 10c,d). Peak tangential winds can be found on the
inner edge of this midlevel inflow, at around 90-km radius and
below 3-km altitude.

The circulation in CS-S2 is similar to CS-S1, but with di-
minished magnitude of midlevel radial inflow (Figs. 10e.f).
However, an overall stronger wind field relative to CS-C is still
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apparent, with a tangential jet still located on the inner edge of
the midlevel inflow. There are hints of a shallow inflow layer
in the lower levels in both CS-S1 and CS-S2, beneath the
supergradient outflow. This inflow layer is likely associated
with the larger storm-scale secondary circulation. Since the
radar analysis cannot accurately resolve the winds below
500-m altitude, the exact nature of this inflow cannot be de-
duced. Farther downwind of CS-S2, the circulation in CS-DSE
is more similar to that in CS-C, except that the inflow seen is
CS-DSE is much deeper (Figs. 10g,h). A remnant midlevel
inflow can also be seen in CS-DSE, at around 130-km radius
and 8-km altitude. There is also a tilted tangential wind max-
imum located at around 80-km radius that extends up to 5-km
altitude at 100-km radius.

As shown above, the dominantly convective rainband-C and
its representative cross-section CS-C are associated with
localized low-level tangential wind maxima that are tied to
the convective-scale circulation. However, the dominantly
stratiform rainband-S1 and rainband-S2, and their respec-
tive representative cross-sections CS-S1 and CS-S2 are as-
sociated with a broader and stronger tangential wind field
and a strong low-level outflow consistent with supergradient
flow. Downwind of the dominantly stratiform rainband, in
DSE and its representative cross-section CS-DSE, the
stratiform rainband kinematics transition back into domi-
nantly convective kinematics. We hypothesize that DSE is
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the developing secondary eyewall in Ophelia’s ERC. Here,
we define the secondary eyewall as possessing a dominantly
convective secondary circulation. Moreover, the vertical
structure in the local tangential wind maximum is aligned
with the reflectivity maximum in CS-DSE (Fig. 10g) and
closely resembles that of a typical inner or primary eyewall
seen in previous studies.

However, if we were to define the secondary eyewall as
characterized by a strong tangential wind maximum, then an
argument can be made that the secondary eyewall formed in
the dominantly stratiform rainband-S1 and rainband-S2. The
local tangential wind maximum in rainband-S1 and rainband-
S2 are radially collocated with the secondary tangential wind
maximum in Ophelia’s ERC (Fig. 5). We chose not to define
the secondary eyewall based solely on the tangential wind field,
and instead also included the characteristic of a dominantly
convective secondary circulation, due to the convective nature
typically associated with a primary or secondary eyewall.
Given that the DSE is directly downwind of Ophelia’s domi-
nantly stratiform rainbands, the formation of the DSE must be
strongly tied to the stratiform rainband dynamics as compared
with that of the more distant dominantly convective rainbands.
We hypothesize that the kinematics of rainband-S1, rainband-
S2, and DSE are different spatial and temporal sections in the
ERC process, as will be further elaborated in section 5.

The 85-GHz satellite microwave imagery captured around
the time that the research flights were conducted provides
further evidence of the hurricane structure observed by the
airborne radars. Just before the research flights began, deep
convection was active in the outer rainbands of Hurricane
Ophelia (Fig. 11a). The location of this deep convection is
in the approximate location of rainband-C. Convection in
rainband-S1, rainband-S2, and DSE was weak. After the con-
clusion of the research flight, overall rainband convection had
diminished (Fig. 11c). However, shallow convection was still
present and was observed in the 37-GHz satellite microwave
imagery (Fig. 11b). In the 37-GHz image, shallow eyewall
convection was “opened” to the southwest of the TC center.
Outside the eyewall, a moat-a relatively precipitation-free
region-had formed in an arc that extended from the west to the
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south. Radially outside this moat are rainband-S2 and DSE.
The image resembles that of a secondary eyewall made up of
rainband-S2 and DSE and serves as additional evidence for
their respective roles in Ophelia’s ERC.

4. Absolute angular momentum budget

To understand how the secondary circulation of Ophelia’s
rainbands may contribute to the spinup of the storm’s tan-
gential winds, an absolute angular momentum (A AM) budget
for each rainband leg is calculated using the flux form of the
azimuthally averaged tangential momentum equation in cy-
lindrical coordinates. If we assume that the frictional torques
are negligible, which is a reasonable approximation for the free
troposphere above the TC boundary layer, the azimuthally
averaged AAM flux divergence equation can be written as

dpM) | dpruM)  pwM) _
Jt ror 9z

s

where

M=rv+%fr2

is the absolute angular momentum; r is the radius from the
center of the storm; v is the tangential wind; f is the Coriolis
parameter 2() sinf, where the reference latitude 6 = 31°N was
used; and p is the air density retrieved from SAMURAI’s
output, which used the Dunion moist tropical sounding
(Dunion 2011) as its reference state. The radial and vertical
winds are denoted by u and w, respectively. Positive values
indicate flux convergence of AAM.

A common practice in budget analyses is to further separate
each term into an azimuthal mean and perturbation quantity
such that x =X + x/, where x represents the p, u, v, w, and M
terms. However, the spatial and temporal resolution of the
airborne radar dataset is not sufficient to resolve the pertur-
bation terms. Therefore, the AAM budget analysis was done in
the context of the time-average azimuthal mean terms alone,
with a focus on fluxes above the boundary layer where friction
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is negligible. We note that although the sign and magnitude of
the eddy terms are unknown, they can have a nonnegligible
effect on the total tendency. The radial and vertical flux di-
vergence calculated in all of the legs occur in near-cancellation
such that the total tendency field is near-zero (Figs. 12¢,f,i).
Without a complete measurement of the eddy fluxes, the total
tendency field cannot be completely resolved.

Although the budget cannot be closed, we can gain insight
into the ERC process by examining the relative magnitude of
the azimuthally averaged advective terms in the different
rainband sectors. The vertical and radial flux divergence and
the time tendency of AAM for rainband-C, rainband-S2, and
DSE are shown in Fig. 12. In rainband-C, the radial flux con-
vergence of AAM is strongest in the lower levels, with a
maximum around 100-km radius and 1-km altitude and is
associated with the inward advection of higher AAM air from
the outer radii by the low-level inflow (Fig. 12b). Meanwhile,
the strongest vertical flux convergence of AAM is located at
100-km radius and above 4-km altitude and is associated with
the strongest upward vertical velocities observed in this leg
(Fig. 7a). Below 4-km altitude, vertical flux divergence of
AAM is produced by updrafts that advected lower AAM air
upward. The radial flux divergence field is almost completely
balanced by the vertical flux divergence field, resulting in
weakly positive AAM tendency in rainband-C (Fig. 12c).

Rainband-S2 is associated with a low-level radial flux di-
vergence of AAM by the supergradient outflow, at around
100-km radius and 2-km altitude (Fig. 12e). Above this area of
radial flux divergence, a prominent region of radial flux con-
vergence of AAM is seen and is associated with the inward
advection of higher AAM air by the stratiform midlevel inflow
(Fig. 8e). Radially inside of the stratiform midlevel inflow, the
rising stratiform midlevel outflow produces a flux divergence of
AAM at around 100-km radius and 4-km altitude (Fig. 12d).
Conversely, rising supergradient outflow beneath this area of
flux divergence is associated with a vertical flux convergence of
AAM. The radial and vertical flux divergence field combine to
produce a weakly negative AAM tendency in rainband-S2
(Fig. 12f)

The momentum budget analysis of DSE is similar in struc-
ture to rainband-C, but with generally weaker flux. The radial
flux of AAM is weakly convergent below 5-km altitude, with
near-zero fluxes above (Fig. 12h). Meanwhile, the vertical
flux of AAM is weakly divergent below 5-km altitude, with
similarly near-zero fluxes above (Fig. 12g). Even though
DSE is characterized by deeper and slightly stronger inflow
(Fig. 9b), the radial fluxes of AAM are weaker in DSE rel-
ative to rainband-C. The weaker radial flux of AAM in DSE
is because of the weaker radial gradient in AAM relative to
the rainband-C. The AAM tendency in DSE is weakly
positive (Fig. 12i).

The momentum budget analyses show that the strongest
AAM fluxes are associated with the dominantly stratiform
sector of Ophelia’s rainbands. However, the contribution of
either the radial or vertical momentum fluxes to the overall
momentum tendency cannot be directly quantified in our an-
alyses. Unresolved eddy fluxes could affect the sign of the
AAM tendency, since the AAM tendency is near-zero such
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that it is weakly positive in rainband-C and DSE (Figs. 12c.i)
and weakly negative in rainband-S2 (Fig. 12f). Despite the
uncertainties in the total tendency, the individual terms pro-
vide insight into the contributions to the tangential wind
maximum. While the tangential wind maximum is collocated
with the radial flux convergence of AAM in rainband-C
(around 100-km radius in Fig. 12b) and DSE (between 60-
and 90-km radius in Fig. 12e), the tangential wind maximum in
rainband-S2 is associated with the radial flux convergence
above 3 km and vertical flux convergence below 3 km (around
100-km radius in Fig. 12d).

We hypothesize that the elevated tangential wind maximum
associated with the radial convergence of AAM in the strati-
form midlevel inflow contributes to the peak tangential wind
below via the development of the supergradient forcing and
subsequent vertical flux convergence of AAM from the
boundary layer. In other words, some local maximum in the
tangential winds has to be present first for the supergradient
winds to occur. The supergradient outflow is in response to
the tangential wind maximum produced from enhanced
AAM convergence by the descending midlevel inflow in the
region. The positive vertical flux convergence of AAM in
rainband-S2 (Fig. 12d) associated with the supergradient
outflow then acts to sustain and lower the tangential wind
maximum. We discuss this mechanism in more detail in the
following section.

5. Axisymmetric view and secondary eyewall
formation mechanism

The discussions thus far have focused on the mean kine-
matics of the different rainband sectors. To determine their
relative impact on the overall storm structure, azimuthal av-
erages of vertical, radial, and tangential winds were plotted
alongside azimuthally averaged radar reflectivity (Fig. 13) to
provide an axisymmetric view of the rainband dynamics. A
portion of rainband-S1 was used to fill in the gap between
the downwind end of rainband-C and the upwind end of
rainband-S2. As shown in Fig. 13, the axisymmetric kine-
matics resemble a combination of both convective and
stratiform kinematics. A shallow inflow layer can be seen
below approximately 2-km altitude throughout the whole
radial region of Ophelia’s rainbands (Fig. 13b). Simultaneously, a
descending midlevel inflow can also be observed, originating from
7-km altitude at 160-km radius to 3-km altitude at 90-km radius,
with a tangential wind maximum observed at 2-km altitude
and 100-km radius (Fig. 13c). This axisymmetric tangential wind
maximum resembles that seen in rainband-S2, indicating that
dominantly stratiform kinematics strongly project onto the axi-
symmetric tangential winds. Last, a rising outflow is observed
beginning around 4-km altitude at 90-km radius (Figs. 13a,b).
Similarly, axisymmetric radial AAM flux convergence can be seen
in the lower levels, followed by a second region of radial flux
convergence in the midlevels (Fig. 14b). A similar but opposite sign
is observed in the axisymmetric vertical AAM flux divergence field
(Fig. 14a), producing a near-zero AAM tendency (Fig. 14c).

An additional analysis was done using observations from a
second NOAA P-3 aircraft (hereinafter N42). The N42 aircraft
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absolute angular momentum (X10°m?s™*; solid black) and contours of 30, 35, and 40ms ™! tangential winds (dashed magenta).

flew multiple radial passes at around the 850-880-hPa level surface. Horizontal winds can also be retrieved from the
from 1808 UTC 11 September to 0008 UTC 12 September, as  transmitted GPS information. Flight-level and dropsonde data
the NRL and N43 aircraft were sampling the rainbands. N42  from the N42 observation were analyzed using an axisym-
deployed 17 dropsondes within 150km of the storm center. metric version of SAMURAI with 1-km grid spacing. Because
Dropsondes transmit humidity, pressure, and temperature of uneven sampling and noise in the flight level and dropsonde
data while descending through the atmosphere, providing their ~ data, the data were smoothed in the radial direction with a low-
respective vertical profiles from the deployment altitude to the =~ pass Gaussian filter to remove spatial scales less than 20 km.
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The derived radial pressure gradient was then averaged in the 16p  V?

. - - . AF = ———+—+ fuv. @
vertical to produce a representative gradient for an approxi- podr r
mate slab boundary layer between the surface and 1.4 km.
However, the vertical averaging precludes a height-resolved The first term on the right-hand side of the equation is the
analysis. The analysis then provides the axisymmetric massand  radial pressure gradient force (PGF), the second term is the
wind fields that allow for the calculation of the low-level centrifugal force, and the third term is the Coriolis force.
agradient force, similar to calculations made in Bell and The individual forces, their sum, and the tangential velocity
Montgomery (2008) and Bell et al. (2012b) but with an im-  were calculated from the in situ analysis at 1.2-km altitude and
proved method. The agradient force per unit mass (AF) can shown in Fig. 15. For simplicity, the centrifugal and Coriolis

then be calculated as forces were added and plotted as a “gradient wind force,” with
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fields computed from the axisymmetric SAMURALI analysis using in
situ data and dotted lines denoting fields computed using the axi-
symmetric tangential winds from the SAMURALI radar analysis.

the PGF plotted separately. In addition, the axisymmetric
tangential velocity and corresponding gradient wind force
from the independently calculated radar analysis were also
calculated and interpolated to 1.2-km altitude for comparison
(dashed lines in Fig. 15).

The gradient wind force peaks at around 40-km radius and
gradually decreases at larger radii (blue line in Fig. 15).
Meanwhile, the PGF is characterized by two minima, one lo-
cated at 40-km radius and the other at 120 km, with a maximum
at 85-km radius (green line). The AF is largely determined by
the PGF, with positive AF values between 60- and 110-km
radius (yellow line). This positive AF region corresponds to the
occurrence of supergradient winds at 1.2 km, in response to the
axisymmetric tangential wind maximum located in its vicinity
around 100-km radius.

Synthesizing the results, we hypothesize Ophelia’s second-
ary eyewall formation occurred in the following manner.
Ophelia was located over cold SSTs for an extended period,
which resulted in a weakening primary wind maximum and
reduced convective vigor that allowed stratiform rainband ki-
nematics to dominate. The midlevel inflow of Ophelia’s dom-
inantly stratiform rainbands efficiently converged angular
momentum above the boundary layer, spinning up a secondary
tangential wind maximum in the mid- to low levels that
strongly contributed to the azimuthal mean tangential wind
field. The secondary tangential wind maximum contributed to
increased low-level supergradient winds and corresponding
outflow, which converged with the subgradient low-level inflow
to form a secondary eyewall. However, due to limitations in
the radar observations, we cannot exclude the existence of
boundary layer agradient forcing prior to the observation of
the supergradient winds observed here.

While the results presented above showed different rain-
band kinematics between rainband-C, rainband-S2, and DSE,

Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 09/26/21 09:52 PM UTC

RAZIN AND BELL

2167

we also note that the rainbands were sampled in succession such
that rainband-C was sampled first, followed by rainband-S2
and DSE. Therefore, we hypothesize that the convergence
between the low-level supergradient outflow and the storm-
scale low-level inflow had already occurred in the DSE in
Ophelia’s ERC, producing dominantly convective kinematics
associated with a secondary eyewall there. The stratiform-to-
convective transition downwind of a dominantly stratiform
rainband is consistent with analyses of Hurricane Earl (2010)
by Didlake et al. (2018) and Hurricane Irma (2017) by Fischer
et al. (2020), suggesting this transition may be common to
different ERC events despite the different environmental
conditions in Ophelia.

Ophelia’s ERC was therefore unconventional with respect
to its weaker intensity and cold SSTs, and it also differs
somewhat from a canonical ERC in that the primary eyewall
was already weakening before the secondary eyewall was
completely developed. However, the physical mechanisms by
which the ERC occurred appear to be similar in several ways to
those documented in other storms.

6. Conclusions

Hurricane Ophelia (2005) underwent an unconventional
eyewall replacement cycle that occurred while Ophelia was a
weak category-1 hurricane located over cold sea surface tem-
peratures (~23°C). Using the flight-level dataset from USAF
aircraft hurricane reconnaissance missions into Ophelia, the flight-
level tangential wind field was shown to evolve similarly to a storm
undergoing a conventional ERC, with the corresponding satellite
microwave imagery showing a similar evolution in convective
activity. However, concentric rings of deep convective eyewalls
typical of a canonical ERC were not observed. Instead, the sec-
ondary eyewall was only partially apparent in the 37-GHz imag-
ery, associated with mostly low-level warm rain.

The weakening phase of Ophelia’s ERC, during which a
secondary wind maximum typically intensifies, was observed
on 11 September 2005 as part of the Hurricane Rainband and
Intensity Change Experiment (RAINEX). Airborne radar
data were obtained from the Naval Research Laboratory and
the National Oceanic and Atmospheric Administration P-3
aircraft that flew simultaneously along a rainband, allowing for
quad-Doppler wind retrievals of rainband kinematics using a
variational wind synthesis technique.

The distant rainbands of Hurricane Ophelia were charac-
terized by dominantly convective precipitation, with low-level
inflow and upper-level outflow. A relatively weak and localized
tangential wind maximum was found in the lower levels of the
rainband inner region, likely associated with convective-scale
processes. Downwind and closer to the inner core, the domi-
nantly stratiform sector of Ophelia’s rainbands was charac-
terized by midlevel inflow, with outflow above and below. Of
all rainband sectors analyzed, the strongest tangential wind
maximum can be found radially inward of the midlevel inflow.
Observations of both convective and stratiform rainband ki-
nematics corroborated observations made in previous studies
(Hence and Houze 2008; Didlake and Houze 2009, 2013b).
Downwind of the dominantly stratiform rainbands, rainband
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kinematics gradually transitioned into being dominantly con-
vective, with a deep-layer low-level inflow and upper-level
outflow. We hypothesize that this dominantly convective por-
tion of the rainband was the developing secondary eyewall,
although enhanced tangential winds and reflectivity in the
stratiform portion of the rainbands also showed characteristics
of secondary eyewall development. Because of temporal and
spatial sampling limitations, we were unable to observe the
subsequent detailed evolution of the developing secondary
eyewall, but the results described herein suggest both the
stratiform and convective portions of the rainband played a
role in different stages of the ERC process.

Momentum budget analyses showed that the strongest
fluxes of absolute angular momentum were associated with
the dominantly stratiform rainband, where the strongest
tangential winds were also found. However, a direct rela-
tionship between either the radial or vertical fluxes of AAM
and the time tendency of the tangential winds cannot be de-
termined because of (i) the near cancellation of the radial flux
of AAM with the vertical flux of AAM and (ii) the unresolved
eddy fluxes in the momentum budget. Nonetheless, the
analysis suggests that the strong radial AAM flux associated
with the stratiform midlevel inflow was responsible for spin-
ning up the tangential wind maximum in the dominantly
stratiform rainbands. This midlevel tangential wind maxi-
mum projects strongly onto the axisymmetric tangential
winds, indicating that the stratiform midlevel inflow had a
substantial influence on the azimuthal mean structure. An
axisymmetric analysis of the flight-level and dropsonde data
deployed from a second NOAA P-3 aircraft during the same
intensive observing period indicate the presence of super-
gradient winds in the low-levels associated with this tangen-
tial wind maximum.

Therefore, we hypothesize that Ophelia’s ERC occurred as
follows:

1) Ophelia was located over colder sea surface temperatures
for an extended period, which is believed to have led to the
weakening of the inner eyewall. The contribution of the
colder sea surface temperatures to the fraction of observed
stratiform and deep convection in the rainbands is unclear,
but we would expect reduced convective vigor due to
reduced surface fluxes during this period.

2) The dominantly stratiform rainbands efficiently con-
verged AAM above the boundary layer and spun up a
midlevel tangential wind maximum. The tangential wind
maximum is the strongest of all the rainband sectors
analyzed and strongly projected onto the axisymmetric
tangential wind field.

3) The axisymmetric tangential wind maximum produced
supergradient forcing in the low levels, which enhanced
the convergence in and near the top of the boundary layer
that led to the development of the secondary eyewall.

We believe that the process summarized above had already
taken place in what we hypothesize to be the developing sec-
ondary eyewall sector of Ophelia’s rainbands but that it had yet
to take place in the dominantly convective and dominantly
stratiform rainbands at the time of the radar observations.
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Our analysis is consistent with the findings of previous
studies on the role of unbalanced boundary layer dynamics in
secondary eyewall formation (Huang et al. 2012; Fischer et al.
2020). Our hypothesis does not dismiss the role of deep con-
vection in Ophelia’s ERC, since convection was reinvigorated
as the storm moved over warmer SSTs in the storm’s re-
intensification phase. The observations suggest that domi-
nantly stratiform rainbands were not the sole mechanism
through which the broadening of the tangential wind field in a
conventional ERC could occur, but rather that they may have
played a more significant role in this particular scenario be-
cause of the weaker storm intensity and colder SSTs.

The exact sequence of events, including the typical location
at which secondary eyewall formation first occurs, warrants
further investigation. Additional observations of ERCs in a
variety of different environments and stages of the TC life
cycle are needed to better understand the processes involved.
Additional investigation is also required on how well these
observed rainband kinematics and their impacts on TC struc-
ture and intensity are represented in numerical weather pre-
diction models to improve intensity forecasts in the future.
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