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ABSTRACT. The state-of-the-art in intensity forecasting is provided using the Hurricane Weather Research and
Forecasting (HWRF) modeling system as the basis. A brief review of existing axisymmetric theory for the intensification
of tropical cyclones (TCs) is also provided. Two cloud-resolving simulations from HWREF, one from an idealized case
and another from a retrospective forecast of Super Cyclone Phalin (2013), are used to understand the axisymmetric, rapid
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intensification (RI) process. However, TCs are rarely axisymmetric. The asymmetric structure in the inner core of a TC
may be generated by both internal dynamics and external forcing due to environmental factors such as shear and
moisture. We use a retrospective HWREF run from Atlantic Hurricane Earl (2010) to understand the role of shear-induced
asymmetries on the RI of TCs. We seek to address the following questions: How do TCs rapidly intensify in a sheared
environment? What is the role of eddy fluxes on TC intensification? Is the well-accepted theoretical framework of TC
intensification still valid for sheared storms undergoing RI?

Our findings show that eddy radial vorticity fluxes play a significant role in controlling TC intensity changes in
sheared storms. In the case of Earl, despite persistent environmental shear and a lack of symmetric convection, a positive
eddy vorticity flux in the middle to upper troposphere created by mesoscale convective complexes had a profound
influence in accelerating the TC spin-up process. RI does not occur until persistent convective bursts and the collocated
vertical vorticity are concentrated in the downshear-left quadrant about 50 km from the surface center, followed by the
propagation of these complexes in an upshear direction. When convective bursts reach the upshear-left quadrant, a nearly
symmetric pattern of eddy radial vorticity flux surrounds the center, indicating vorticity anomalies have merged to create
a stronger mean vortex wherein the upper and lower level circulations are better aligned. This process is different from
that of an idealized vortex. An idealized vortex intensifies in a shear-free environment where individual vortical hot
plumes converge and stretch ambient low-level vorticity into a small-scale anomaly and multiple mergers of these plumes
lead to a single stronger vortex in a vorticity rich environment. In the idealized case, the major spin-up of the vortex
occurs in the TC boundary layer and eyewall region, while spin-up in the case of Earl appears to be top-down during the
early stages of RI. Nevertheless, evidence of stronger spin-up is observed in the boundary layer after Earl’s initial RI
phase. Although a fully three-dimensional model is required to understand the real TC intensification problem, when
viewed from an axially-averaged framework, the basic axisymmetric theory of intensification is still valid for all cases.

Key words — Tropical cyclones, Vorticity.

1. Introduction

Predicting intensity changes, in general and rapid
intensity changes, in particular, in tropical cyclones (TCs) is
a complex and challenging multiscale problem. Apart from
the well-documented impacts of the upper ocean (e.g., Byers,
1944; Black, 1983; Shay et al., 2000; Halliwell et al., 2015),
environmental factors such as wind shear (e.g., Gray, 1968;
Merrill, 1988; DeMaria and Kaplan, 1994; Chen and
Gopalakrishnan, 2015; Leighton et al., 2018), moisture in
the low to middle troposphere (e.g., Gray 1968) and inner-
core processes ranging from convective to mesoscale
(e.g., Schubert and Hack, 1982; Hack and Schubert, 1982;
Willoughby et al., 1982; Kossin and Schubert, 2001;
Eastin et al., 2005a,b; Chen and Gopalakrishnan, 2015)
are all known to influence intensity changes. These factors
interact in a nonlinear fashion, making the TC
intensification problem a complex forecast issue.

Early guidance and warnings could save lives
and reduce property damages due to severe weather. In
2009 the National Oceanic and Atmospheric
Administration (NOAA) established the 10-year
Hurricane Forecast Improvement Program (HFIP) to
improve the accuracy and reliability of hurricane
forecasts; to extend lead time for hurricane forecasts with
increased certainty; and to increase confidence in
hurricane forecasts. The specific goals of HFIP included:
reducing intensity errors by 20% in 5 years and by 50%
in 10 years; increasing the probability of detection,
especially for Rapid Intensification (RI)' and rapid

' Rl is defined as an increase in 10-m maximum sustained winds of at

least 30 knots in a 24-hour period. This goal for HFIP also applies to
rapid weakening, i.e., a decrease of 25 knots in 24 hours.

weakening in TC events; and decreasing false alarms for
RI change. The high-resolution Hurricane Weather
Research and Forecasting (HWRF) model was jointly
developed by NOAA’s National Weather Service/
National Centers for Environmental Prediction
(NWS/NCEP) and the Hurricane Research Division
(HRD) of the Atlantic Oceanographic and Meteorological
Laboratory (AOML) in response to HFIP (Gopalakrishnan
et al., 2011, 2012, 2013; Bao et al., 2012; Tallapragada
et al., 2014; Atlas ef al., 2015). The modeling system is
now paving the way in removing the initial roadblocks
associated with predicting intensity changes, the
dynamical prediction of which was nearly non-existent
before 2009 (Gopalakrishnan et al., 2019). Since 2011,
HWREF intensity predictions for the Atlantic basin have
improved by about 40-60% (Gopalakrishnan et al., 2019).
HWRF has been run operationally in all global basins
since 2014 and used by forecasters for reliable (track and)
intensity guidance (Tallapragada et al., 2015a,b). For
instance, HWREF is the operational TC forecasting system
used by the India Meteorological Department (IMD) for
tracking TCs over the Indian Seas (Mohanty et al., 2015).
Figs. 1(a-d) shows an HWREF forecast from one cycle of a
forecast for rapidly intensifying TC Phailin (2013) and
rapidly weakening TC Lehar (2013).

Significant improvements to the HWRF system are
attributed to a number of major changes since 2012. These
improvements include a new, higher-resolution TC
following moving nest capable of better resolving eyewall
convection and scale interactions between the nest and
regional domain (Gopalakrishnan et al., 2011, 2012), an
inner core data assimilation technique, improved planetary
boundary layer (PBL) and turbulence physics
(Gopalakrishnan et al., 2013), an improved nest
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Figs. 1(a-d). An example of rapidly intensifying and weakening HWRF forecasts: (a) TC Phailin initialized at 1200 UTC, 9
October 2013 and (b) TC Lehar initialized at 0000 UTC, 26 November 2013. (¢ & d) are the same as (a & b)
but for intensity where the start of RI/RW and the landfall points are indicated with dashed lines. BOB: Bay

of Bengal

motion algorithm (Zhang et al., 2016) and, above
all, yearly upgrades, systematic testing and evaluation
based not only on single simulations and idealized case
studies but also on several seasons of testing (Tallapragada
et al.,2015a,b).

Yet, predicting RI events still poses major forecasting
challenges. Fig. 2 demonstrates the difficulties associated
with RI forecasts, for instance, the case of Hurricane
Harvey (2017) in the Atlantic basin. While some of the
later cycles from HWRF predicted RI in Harvey more
accurately, a few other cycles missed the event. Cycle-to-
cycle and TC-to-TC variability in RI predictions with
numerical models is, in general, not uncommon.

Much of the lack of improvement in RI forecast
skill is rooted in our lack of understanding of how and
when RI occurs in different environmental conditions. It
is also rooted in the historic inability of dynamical models
to accurately predict convection in the TC core, as well
as large scale environmental factors such as shear
(and moisture) that can influence RI events (Chen
and Gopalakrishnan, 2015; Leighton et al., 2018). A

number of mechanisms have been proposed to explain
the negative influence of shear on the evolution of
TCs. These mechanisms include tilting of the
vortex (e.g., DeMaria, 1996; Balachandran et al., 2019),
“ventilation” of the warm core in the upper levels
(Gray, 1968; Frank and Ritchie, 2001), mid-
level ventilation (Tang and Emanuel, 2010, 2012) and
the reduction of moist entropy by shear-induced
persistent downdrafts that flush relatively cool, dry air
into a TC’s inflow layer (Riemer et al, 2010). All of
these mechanisms have been shown to impede TCs
from reaching their potential intensity. At the same
time, recent findings have shown that tropical depressions
and weak storms can grow and rapidly intensify in a
sheared environment (Molinari et al., 2006; Reasor
et al., 2009; Molinari and Vollaro, 2010; Chen and
Gopalakrishnan, 2015; Fischer et al., 2017; Leighton
et al., 2018; Chen et al., 2018). For example, Atlantic
Hurricane Earl (2010) intensified in an environment of
nearly constant shear of about 5 ms ' and, more recently,
Atlantic Hurricane Michael (2018) intensified in an
environment where shear was stronger than 10-15 m s ™.
How do TCs rapidly intensify in a sheared environment?
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Fig. 2. Example of cycle-to-cycle variability in RI predictions. Six cycles of Atlantic Hurricane Harvey (2017) forecasts
using an experimental version of HWRF

Kaplan and DeMaria (2003) found that about 30% of 159
episodes of RI reported in Atlantic hurricanes between
1989-2000 experienced a deep layer of shear of about 4-6
ms . Consequently, shear-vortex interaction in TCs is
also an important forecasting problem.

Past studies, starting with the pioneering theoretical
work of Riehl (1954), Ooyama (1969, 1982) and
Emanuel (1986) supported with inner-core observations
(Willoughby, 1979, 1990a, 1990b), have all led to a well-
accepted understanding of the axisymmetric inner-core
structure and intensification of a TC> Idealized
simulations have shown that after an initial period of
gestation where the spin-up of a modeled TC vortex takes
place, a period of RI is observed that continues for up to
12-36 hours (e.g., Ooyama, 1969; Nguyen et al., 2011;
Gopalakrishnan et al, 2011, 2013; Montgomery and
Smith, 2014). During this time, the central pressure
drops and the maximum 10 m wind speed increases
rapidly until a quasi-steady state near a potential
intensity limit is reached. However, environmental shear,
which is not uncommon in a real environment, has a
significant effect on the inner-core structure and
intensification of a TC. Shear creates asymmetries in
convection. In this case, is the well-accepted theoretical
framework of TC intensification still valid for sheared
storms undergoing RI?

2 Readers are also referred to articles by Montgomery a Smith (2014)

and Smith and Montgomery (2015) for an excellent review on the
axisymmetric TC vortex spin-up problem.

We address this question by using output data from
three simulations generated from the triple-nested
(27:9:3 km), cloud-resolving version of the operational
HWREF system. HWRF can be run in both idealized and
operational modes® (Gopalakrishnan ez al., 2011, 2012,
2013; Bao et al., 2012; Tallapragada et al., 2014; Atlas
et al., 2015). The three simulations we used are from
(/) an idealized case reported in Gopalakrishnan
et al. (2013; GK2013, henceforth), (i7) the 1200 UTC
cycle of 9 October 2013 for Super Cyclone Phailin (Osuri
et al., 2017; 02017, henceforth) and (iif) the 1800 UTC
cycle of 26 August 2010 for the retrospective forecast of
Atlantic Hurricane Earl (Chen and Gopalakrishnan, 2015;
CG2015, henceforth). For analysis, the outputs from the
HWRF model were interpolated from the original rotated
latitude-longitude vertical hybrid coordinate system to the
cylindrical polar height coordinate system.

Details of the Idealized (GK2013) simulation: The
first simulation used in this work was an idealized HWRF
run described in GK2013 (for alpha = 0.25 case in that
work). For this experiment, the nonlinear balance equation
in the pressure-based sigma coordinate system described
in Wang (1995) was solved within the rotated latitude-
longitude E-grid of the HWRF framework, where the

*  After every yearly upgrade, the HWRF system is available in a

public repository maintained by the Developmental Testbed Center,
University Corporation for  Atmospheric  Research, Boulder,
Colorado, USA. Readers are kindly recommended to refer to the
HWRF User’s Guide for additional details about the system
(https://dtcenter.org/HurrWRF/users/docs/index.php).
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mass field was obtained from the wind field. The
calculations were performed on an f-plane centered at
15° N. In this idealized experiment, an axisymmetric
vortex was initialized with a wind maximum of 20 ms’
at a radius of ~90 km embedded in a uniform easterly
flow of 4 ms'. The far field temperature and
humidity were based on Jordan’s Caribbean sounding
(Gray et al., 1975). In this experiment, the sea surface
temperature was set to a constant 302 K and no land was
present anywhere in the domain. There was neither
significant environmental shear nor vertical tilt of the
vortex during the evolution of the system.

Details of the simulation characterizing near-
symmetric intensification (O2017): The second simulation
we used was obtained from an HWREF retrospective run by
Osuri et al. (2017). This case has also been well
documented by Mohanty et al. (2015) and Balachandran
et al. (2019). In summary, during the early hours of
10 October 2013, TC Phailin began rapidly intensifying in
the Bay of Bengal. Over the next 24 hours, Phailin’s
maximum surface wind speed increased from 45 knots to
115 knots (23.15 ms' to 59.1 ms') and the central
pressure dropped from 996 hPa to 940 hPa Phailin’s rapid
deepening presented a major challenge to response teams,
as a massive evacuation of approximately a million people
had to be coordinated (Mohanty et al, 2015).
Balachandran et al. (2019) presented a numerical
investigation of the processes that influenced the
contrasting rapid intensity changes in TCs Phailin and
Lehar (2013) over the Bay of Bengal [Figs. 1(a-d)]. Their
work emphasized the differences in the environmental
conditions experienced by these two TCs that occurred
within a few weeks of each other and the consequent
differences in the organization of vortex-scale convection
that resulted in completely different evolution of the two
cases. The emphasis here is on how the HWRF simulation
of Phailin reproduced the well-accepted theoretical
framework of TC intensification (Ooyama, 1969).

Details of the simulation characterizing asymmetric
intensification (CG2015): The analysis used in this work
to understand asymmetrical intensification in TCs was
adopted from the real case study of Atlantic Hurricane
Earl (2010) presented in CG2015. This run was obtained
from a retrospective HWRF forecast initialized at
1800 UTC 26™ August, 2010. Two phases of RI were
analyzed for this simulation. The first phase of RI was
centered at around 54 hours of the simulation when northerly
shear was about 5 ms™'. At this time, there was a significant
tilt of the vortex [upper-level center displaced by about 50
km from the surface center; refer to Figs. 5(a-d) in
CG2015] and the upper-level storm-relative flow* started

*  Mean storm motion was removed for analysis

advecting the warm air caused by subsidence warming in
the upshear-left region towards the low level storm center
[refer to Figs. 9(a&b) in CG2015]. The second phase of
RI was centered at around 82 hours of the simulation
when shear was about the same but when the vortex was
more vertically aligned® and a warm core structure was
better established.

We review the axisymmetric TC intensification
problem in the next section using an idealized HWRF
framework (GK2013). In section 3, we review the role of
the PBL in the TC intensification problem using GK2013
as the basis. In section 4, we demonstrate how these
idealized results are applicable to the forecast of TC
Phailin (02017). In section 5, we briefly review our recent
findings on the asymmetric intensification of TCs
(CG2015). In section 6, we use the tangential momentum
budget for the GK2013 and CG2015 simulations to
understand the role of asymmetries on the TC
intensification problem. Section 7 provides concluding
remarks.

2. Historical perspective of the axisymmetric TC
intensification problem

A comprehensive review of the paradigms for TC
intensification is provided in Montgomery and Smith

(2014) and Van Sang et al, (2008). We believe
repeating this kind of a review may not do justice to our
esteemed friends and colleagues. We therefore
recommend that readers, especially students interested in
pursuing research on the TC intensity problem, refer to
this material. In this section, we only discuss results that
form the basis for an analysis of the asymmetric TC
intensification problem discussed later. Over the years,
starting with the work of Charney and Eliassen (1964),
there have been several simple theoretical models
developed to understand the TC intensification process.
In what is called the “conditional instability of the
second kind” (CISK) paradigm, Charney and Eliassen
(1964), for the first time, explained how the PBL
“friction performs a dual role; it acts to dissipate kinetic
energy, but because of the frictional convergence in the
moist surface boundary layer, it acts also to supply latent
heat energy to the system”. In 1969, Ooyama carried
out the first successful simulation of the life history of
an idealized TC using three-layer, axisymmetric model
that included a bulk layer for parameterizing the PBL. As
articulated later, the development of the secondary
circulation was central to Ooyama’s (1982) “cooperative
interaction” paradigm  of TC intensification. In a
seminal work, Emanuel (1986) provided a seamless

*  Hurricane Earl never achieved absolute vertical alignment and the

circulation displacement between 2 km and 8 km was about 10 km, even
at the end of the 120-hour forecast.
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Figs. 3(a&b). Structure of an HWRF simulated idealized, symmetric, mature tropical cyclone. Radius height cross-section
of the (a) primary circulation showing the azimuthally-averaged tangential wind and warm core (shaded) as
measured by temperature anomaly (K) with respect to the far-field environmental temperature profile and
(b) the secondary circulation that includes azimuthally-averaged inflow (shaded blue), upward (and
downward) motion and the outflow (shaded red). Upward vertical velocity (ms™) is contoured in red and
weak subsidence is indicated by green contours. Arrows indicate the sloping angular momentum surface and

the “in-up-out” circulation

air-sea interactive framework for TC intensification. The
so-called “wind-induced surface heat exchange” (WISHE)
paradigm described a positive feedback between the near
surface wind speed and the rate of evaporation of water
from the underlying ocean (Emanuel et al, 1994,
section 5a; Emanuel, 2003). In addition to the assumptions
of hydrostatic and gradient wind balance above the bulk
PBL, where angular momentum is approximately
conserved (Ooyama, 1969), air parcels were assumed to
rise along the moist adiabats in Emanuel’s WISHE
framework [Figs. 1(a-d) in Emanuel, 1986]. Such an
assumption not only greatly reduced the complexities
related to parameterization of cumulus convection, but
also provided an elegant way of relating the radial
gradient of equivalent potential temperature above the
PBL to the evaporative fluxes at the air-sea interface and,
subsequently, to the maximum surface wind in the
boundary layer (Fig. 6 from Montgomery and Smith,
2014). However, these axisymmetric models all
assumed the middle troposphere was completely
saturated and convection is symmetric around a ring.
Recent three-dimensional model studies by CG2015,
Leighton et al. (2018) and Balachandran et al. (2019),
supported by some observational studies (e.g., Reasor,
2013 and Tao et al., 2017), have illustrated
the importance of asymmetries created by the
environmental shear. Nevertheless, axisymmetric TC

models can still be used as the basis for understanding the
intensification problem.

Ooyama (1969) described TC intensification as
follows: “If a weak cyclonic vortex is initially given, there
will be organized convective activity in the region where
the frictionally-induced inflow converges. The differential
heating due to the organized convection introduces
changes in the pressure field, which generate a slow
transverse circulation in the free atmosphere in order to
re-establish the balance between the pressure and motion
fields. If the equivalent potential temperature of the
boundary layer is sufficiently high for the moist
convection to be unstable, the transverse circulation in the
lower layer will bring in more absolute angular
momentum than is lost to the sea by surface friction. Then
the resulting increase of cyclonic circulation in the lower
layer and the corresponding reduction of the central
pressure will cause the boundary-layer inflow to increase;
thus, the more intense convective activity will follow”. It
should also be noted that a direct consequence of solving
gradient wind balance and hydrostatic balance equations
leads to the thermal gradient wind relationship. The
formation of a warm core is fundamental to TCs and is
well supported by observations and documented in several
works (e.g., Hawkins and Imbembo, 1976; Vigh and
Schubert, 2009).
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Figs. 3(a&b) show how the primary and secondary
circulations generated by HWRF can simulate an
idealized, symmetric, mature TC®. The azimuthally-
averaged tangential wind constitutes the primary
circulation [Fig. 3(a)]. The warm core shown in the figure,
especially for a mature TC, can be viewed as a response to
the structure of the tangential wind field. Several three-
dimensional models have tried to explain warm core
formation and the subsequent hydrostatic pressure drop
(Chen et al., 2011; Zhang and Chen, 2012; Chen and
Zhang, 2013; CG2015). In a mature symmetric TC vortex,
where convection is focused in the radius of the maximum
wind, mass is expected to respond to tangential wind (via
a thermal gradient wind relationship). Conversely, in the
early intensification stages of an asymmetric vortex and
the later stages of genesis where the Rossby radius of
deformation may be large (e.g., Fang and Zhang, 2012),
wind is expected to respond to mass. It is unclear how
these basic balance arguments switch from one end of the
spectra to the other in real TCs. Nevertheless, in this work
we focus on the dynamical spin-up of the tangential wind.

The secondary circulation [Fig. 3(b)] is characterized
by a deep layer of radial inflow about 500-m-deep from
the surface and a layer of intense outflow characterizing
the upper-level divergence at about 14 km height. The
rising branch of the secondary circulation, depicted by red
contours and located in the eyewall region, slopes radially
outward and is consistent with the expected tilt in the
angular momentum surfaces with height [Figs. 3(a&b) and
Emanuel, 1986]. A clearly defined subsidence region in
the eye of the idealized TC with more penetrative
downdrafts at the eye-eyewall interface and enhanced by
sublimation-evaporative cooling is also observed at about
14 km height [Fig. 3(b)], consistent with a feature noted
by Zhang et al. (2002). The model is able to reproduce
some of the observed axisymmetric features of the
secondary circulation that are well documented in Marks
and Houze (1987). Of specific significance to the
intensification problem is the weak inflow in the middle to
upper troposphere. Several axisymmetric model studies
have illustrated the importance of this inflow layer to
the steady evolution of a TC vortex (e.g., Yamasaki, 1977,
Willoughby, 1979; Ooyama, 1982; Qin et al., 2018).
The intensification of a TC occurs by means of
cooperative interaction between the primary and
secondary circulations (Ooyama, 1982). Ooyama (1982)
pointed out that the deep-layer inflow [shown by an arrow
in the middle troposphere in Fig. 3(b)] is, in essence, all
that is needed for intensification of cyclonic rotation
(primary circulation).

¢ To facilitate comparisons between axisymmetric model results with

a fully three-dimensional model, the outputs from HWRF were
transformed into a cylindrical polar coordinate system and averaged
along the azimuthal direction.

It is important to note that past research using
axisymmetric models focused on mature TCs rather than
the evolutionary process that occurs during RI.
Montgomery and Smith (2014) and Smith and
Montgomery (2015) reviewed the idealized TC vortex
spin-up problem in three dimensions. In contrast to a
purely axisymmetric paradigm for intensification, their
analysis, for the first time, recognized the presence of
localized, rotating, deep-convective plumes (or vortical
hot towers) that grow in both axial and radial directions in
an environment of strong cyclonic vorticity within the
incipient tropical storm (Hendricks et al., 2004). These
vortical hot towers/plumes converge and stretch ambient
low-level vorticity into a small-scale anomaly. The rapid
spin-up of the TC vortex occurs by means of multiple
mergers of the positive anomaly (Montgomery and
Enagonio, 1998; Hendricks ef al., 2004). This process not
only results in a vorticity-rich environment but also in
convergence near the boundary layer that increases,
producing stronger inflow.  While the fully three-
dimensional intensification paradigm described in Smith
and Montgomery (2015) highlights the individual
contributions of asymmetric, rotating, convective
structures, the axisymmetric view (in an azimuthally-
averaged sense) is also able to reproduce Ooyama’s
(1982) cooperative interaction paradigm for TC
intensification [Figs. 3(a&b)] with an important additional
spin-up mechanism within the PBL.

3. Role of the planetary boundary layer in tropical
cyclone intensification

An extensive review of the PBL is provided in
Gopalakrishnan et al. (2016). Starting with the study of
Ekman (2005), the development of cross-isobaric flow,
the secondary circulation, the subsequent PBL
convergence (Charney and Eliassen, 1964) and the
consequent convection in a low pressure area (Charney
and Eliassen, 1964; Ooyama, 1969, 1982) have all long
been recognized to play important roles in the TC
intensification problem. Hence, all axisymmetric models
(Ooyama, 1969; Sundqvist, 1970; Emanuel, 1986) have
accounted for exchanges at the air-sea interface in their
parameterization schemes. While Ooyama (1969)
demonstrated the importance of both a conditionally
unstable environment supporting cumulus heating and
moist enthalpy fluxes at the air-sea interface as essential
ingredients, Emanuel (1986) argued that “TCs are
developed and maintained against dissipation entirely by
self-induced anomalous fluxes of moist enthalpy from the
sea surface with virtually no contribution from preexisting
conditional instability”. In either model, the drag
coefficient (Cd) and enthalpy coefficient (Ch) were found
to influence intensity changes of the simulated TC. While
none of these early studies discounted the role of the PBL,
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they did not take into account agradient forcing.
Consequently, the inward advection of angular momentum
is largely offset by frictional dissipation. However, studies
by Zhang et al (2001); Smith et al. (2009) and
Gopalakrishnan et al. (2011, 2013) indicated that the
structure of the PBL has an additional control on intensity
changes in TCs. The bulk representation of the boundary
and air-sea surface layer are insufficient for accurate
predictions of these changes.

In Gopalakrishan et al. (2011), the idealized HWRF
system was used to understand the impacts of model
resolution on the intensification of a vertically-aligned,
TC-like vortex in a shear-free environment. The study
demonstrated how the model at about 3 km horizontal grid
resolution produced vortex intensification consistent with
the rotating convection paradigm explained in
Montgomery and Smith (2014). GK2013 demonstrated
that “the PBL and eyewall regions are characterized by
imbalances in the gradient wind”. Additionally, some
imbalance prevails in the region of the outflow. Within the
PBL, winds are subgradient in the outer radii but become
supergradient in the eyewall region where inflow
diminishes in magnitude and the convective updraft
erupts. Zhang et al. (2001); Smith et al. (2009) and a
series of works by Montgomery and Smith (2014)
attributed the inner-core spin-up to the existence of these
unbalanced flows. Specifically, the supergradient
tangential winds in the region of decelerating inflow are
carried upward and outward to feed into the eyewall
cloud.

In GK2013, the HWRF system was again used in an
idealized framework to gain a fundamental understanding
of the variability in TC structure and intensity prediction
that arises due to changes in vertical diffusion. Flight-level
data collected by the NOAA WP3D research aircraft
during eyewall penetrations of Atlantic Hurricanes Allen
(1980) and Hugo (1989) at an altitude of about 450-500 m
were used to improve the original medium range forecast
(MRF) boundary layer parameterization scheme in the
model. A reduction of the vertical eddy diffusivity to 25%
of its original value resulted in a significant decrease in
the height of the inflow layer. This, in turn, drastically
affected the size and intensity changes in the modeled TC,
making storm structure and intensity more consistent with
observations (Tallapragada et al., 2014). The near-surface
inflow was observed to be stronger with a decrease in
inflow depth. Stronger inflow not only increased the spin
of the storm by enhancing the generalized Coriolis term in
the equations of motion’ for tangential velocity, but also
resulted in an enhanced radial gradient of equivalent
potential temperature in the boundary layer, a stronger and

7 Refer to Gopalakrishnan er al., 2011 and 2013 for the governing

equations

warmer core and, subsequently, a stronger TC. More
importantly, this rapid acceleration of the inflow not only
produced a stronger outflow at the top of the inflow layer,
more consistent with observations, but also a smaller inner
core that was less than half the size of the original and
improved predictions of the radius of maximum wind
(RMW). This study demonstrated that frictional forces in
the PBL may have a dual role, one in dissipating the
angular momentum in the tangential direction and the
other in enhancing the strength of the radial inflow in the
eyewall region which can still lead to spin-up of the vortex
from within the PBL.

4. Symmetric intensification of tropical cyclone
Phailin

TC Phailin (2013) developed in a nearly idealized
environment (02017). Warm sea surface temperatures and
weak environmental shear resulted in the rapid spin-up
of the vortex, closely resembling the idealized case
[Figs. 3(a&b)]. Figs. 4(a-f) shows (i) azimuthally-
averaged tangential wind (contours) and pressure
perturbations as measured by anomaly (in hpa) with
respect to a far-field initial environmental pressure profile,
(if) the secondary circulation (radial and vertical
velocity; ms™) and (iii) azimuthally-averaged moisture
perturbations as measured by anomaly (in gm/kg) with
respect to a far-field environmental initial specific
humidity profile and equivalent potential temperature.
Figs. 4(a-c) are centered at 4 hours (prior to the initial RI
phase) and Figs. 4(d-f) are centered at 13 hours (during
the RI phase) of the Phailin simulation.

In an axially-averaged framework, the basic
theory of intensification, discussed in section 2, is
still valid during the early and later stages of RI. For a
given tangential wind structure with maximum within the
PBL and in approximate gradient wind balance above the
PBL to start with (i.e., at time = 0), heating due to
persistent convection around the eyewall causes pressure
changes in the column [Fig. 4(a)]. As part of the
adjustment process, a secondary circulation is produced
[Fig. 4(b)]. Since the radial gradient of equivalent
potential temperature is high for the moist convection to
be unstable [Fig. 4(c)], the transverse circulation in the
lower layer will bring in more absolute angular
momentum than is lost to the sea by surface friction,
resulting in a strengthening of the primary circulation
[Figs. 4(a&d)]. A comparison between Figs. 4(a&d)
indicates that the pressure anomaly in response to
persistent heating has nearly doubled by the later phase of
RI [Fig. 4(d)]. This results in a stronger inflow within the
boundary layer [Fig. 4(e)], accelerating radial vorticity
into the eyewall region that may not be offset by diffusion
or eddy fluxes. Strong moisture and equivalent potential
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Figs. 4(a-f). (a) Azimuthally-averaged tangential wind (contours) and pressure perturbations (shaded) as measured by
anomaly (in hpa) with respect to a far-field initial environmental pressure profile, (b) the secondary circulation
(radial and vertical velocity; m s™'), (c) azimuthally-averaged moisture perturbations as measured by anomaly
(in gm/kg) with respect to a far-field initial environmental specific humidity profile (shaded) and equivalent
potential temperature (contours). (a-c) are centered at 4 hours (prior to the initial RI phase) and (d-f) are
centered at 13 hours (during the RI phase) of the Phailin simulation

temperature gradients between the center and outer radius
are better established, indicating a mature TC circulation
[Fig. 4(f)], again consistent with the theoretical framework
discussed in section 2.

5. Asymmetric intensification of a tropical cyclone

Although TC Phailin (2013) rapidly intensified under
near-ideal conditions, TCs are rarely axisymmetric. The
asymmetric structure in the inner core of a TC may be
generated by both internal dynamics and external forcing
due to environmental factors such as shear and moisture.
Ranging from the structure of the boundary layer
(e.g., Yang et al., 2007; Persing et al., 2013), vortex
Rossby waves (e.g., Guinn and Schubert, 1993;
Montgomery and Kallenbach, 1997, Wang, 2002a, b), the
eyewall (e.g., Schubert et al., 1999) and mesovortices
embedded in the eyewall (e.g., Black and Marks, 1991) to
rainbands (e.g., Willoughby et al., 1984), real TCs are
characterized by a high degree of vortex-scale asymmetry.
However, external forcing such as environmental shear
and, consequently, the influence it has on asymmetry is
much larger in scale than that generated by internal

dynamics from within the vortex. Often environmental
shear creates a vortex tilt®. Intensification usually occurs
following the alignment of the vortex. Depending on the
magnitude of shear, a developing TC might recover or
dissipate.

In a recent study, CG2015 performed a simulation of
Atlantic Hurricane Earl (2010) using the operational
HWREF system. CG2015 verified the predictions of Earl
against available inner-core observations and used the
simulation to better understand the asymmetric RI of a TC
in a sheared environment. The forecast verification
illustrated that the HWRF model realistically simulated
Earl’s observed evolution of intensity, as well as several
aspects of its inner-core structure, including convective
and wind asymmetries and vortex tilt prior to and during
the RI of Earl. This HWRF simulation of Earl provided a
promising baseline for understanding the RI problem in
three dimensions during a time period when the temporal
resolution of the observations was insufficient to

¥ As measured by the circulation centers at 2 and 8 km altitude [see

Figs. 5(a-d) in CG2015].
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adequately study the evolution of vortex tilt and its role in
the onset of RI (Rogers et al., 2015). An examination of
the high-resolution forecast data revealed that the tilt was
large at RI onset and decreased quickly once RI
commenced. Furthermore, CG2015 found that RI onset
was associated with the development of upper-level
warming in the eye region. A thermodynamic budget
calculation showed that warming over the low-level center
resulted primarily from radially-inward, storm-relative
advection of subsidence-induced warm air in the upshear-
left region. This advection did not occur until persistent
convective bursts were concentrated in the downshear-left
quadrant. It was found that the collocation of convective-
scale subsidence and the broader-scale, shear-induced
subsidence favored RI of the storm. When convective
bursts were concentrated in the downshear-left and
upshear-left quadrants, the net subsidence warming was
maximized upshear and the resulting warm air advected
over the low-level storm center by the upper-level, storm-
relative flow. Subsequently, the surface pressure fell and
RI occurred. While CG2015, for the first time, provided a
thermodynamic pathway for the intensification of an
asymmetric vortex, there was no consideration of dynamical
processes in our earlier study (Smith and Montgomery,
2015). This raises the question: is the well-accepted
theoretical dynamical framework of TC intensification
still valid for sheared storms undergoing RI? We address
this question in the following section using the Earl
simulation (CG2015). The idealized simulation discussed
earlier (GK2013) is used as the basis for comparison.

6. A dynamical framework for asymmetric rapid
intensification

6.1. Methodology for analysis

To understand the influence of asymmetries on the
evolution of the mean TC vortex, it is convenient to
rewrite the tangential momentum equation in the
cylindrical polar coordinate system (e.g., GK2013) as the
sum of the mean, eddy and subgrid-scale diffusion terms
(e.g., Persing et al., 2013). Such a diagnostic equation is
useful in understanding the vortex spin-up process, not
only for an idealized and nearly upright vortex, but also
for a real case like Earl where there was a significant tilt
in the vortex (about 50 km) with height, at least during the
initial RI process. The equation for the azimuthally-
averaged wind tendency is given by:

ad<v> cuS<Cfil>—< >(')<v>
=—<u —-<w
dat o f+< 0z
—<u'('>—<w’£>+<Dv> +< Dy > )

Here, the azimuthal average is denoted by < > and
the departure from the azimuthal mean is denoted by the

prime. The radial, tangential and vertical components
of velocity in cylindrical coordinates are given by u, v
and w, respectively. The vertical component of
relative vorticity is given by { and f is the Coriolis
parameter. The terms on the right-hand side of Eq. 1
are, respectively, the mean radial influx of absolute
vertical vorticity, the mean vertical advection of mean
tangential momentum, the eddy radial vorticity flux,
the vertical eddy advection of eddy tangential momentum
and the mean tendency terms due to vertical and
horizontal diffusion. The residual term (not in Eq. 1),
which includes the pressure gradient and numerical
errors that might arise from interpolation between the
model coordinate system and the cylindrical polar
system used for diagnostics, was neglected. This is
especially valid for the current study because the
diffusion tendency terms were explicitly computed
within the model. We used the outputs from the
innermost (3 km) nest for our analysis and discuss the
vortex spin-up mechanism in terms of Eq. 1. In all cases,
the mean storm motion was removed.

6.2. Results and discussion

Figs. 5(a-d) shows the evolution of maximum 10-m
wind speeds and the corresponding asymmetries for the
idealized case and the case of Earl. Details on the
evolution of these cases have already been provided in
GK2013 and CG2015. Only new findings, mainly focused
on the key questions related to asymmetries, are discussed
here. The evolution of the maximum 10 m wind speed and
vorticity asymmetries, calculated as the ratio of the
summation of azimuthal wave numbers 1, 2, 3 and 4
magnitude over wave number 0 magnitude at 2 km(blue)
and 10 km (red) height for the idealized [Fig. 5(a)] and
Earl [Fig. 5(b)] cases, indicates that asymmetries are
more dominant in the upper levels. In the idealized case
[Fig. 5(a)], since the initial environment is cloud-free,
asymmetry is small at the time of initialization. After the
initial spin-up phase when the modeled microphysical
processes are active, the convective asymmetry induced
by the mean flow and vortex internal dynamics becomes
apparent [i.e., between about 6-30 hours of the simulation
in Fig. 5(a)]. At around 31 hours, as the vortex intensifies,
asymmetries in the upper level decrease. In the Earl case
[Fig. 5(b)], the asymmetry of the initial vortex is small
because of the procedure adopted in the real-time forecast
(except for moisture, other microphysical variables are
not cycled). However, asymmetries, especially driven
by tilt, dominate the fate of the storm before RI. At
54 hours, asymmetry decreases as the vortex becomes
more aligned. The RI onset is marked by a significant
reduction in tilt and a rapid increase in wind
speed at 57 hours [Figs. 5(b&d)], consistent with CG2015
[Figs. 5(a-d) in CG2015].
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Figs. 5(a-d). Time history of evolution of the maximum 10 m wind speeds (black) and vorticity asymmetries calculated as
the ratio of the summation of wave numbers 1, 2, 3 and 4 magnitude over wave number 0 magnitude at 2 km
(blue) and 10 km (red) height for (a) an idealized case and (b) the Earl case. A time history of the evolution for
two of the terms in the budget equation - A domain-averaged, 3-hourly time-averaged net budget (blue) and
eddy radial vorticity flux (red) at 10 km and a domain-averaged, 3-hourly time-averaged relative humidity in a
column between 1-10 km is provided for (c) the idealized case and (d) the Earl case. All averaging was
performed within a radius of 100 km from the center of the storm. The vertical lines indicate the various
periods wherein some detailed analysis was carried out

The role of the eddy radial vorticity flux in the RI
problem will be discussed in detail later. Here we only
show the evolution of the domain-averaged, 3-hourly
time-averaged net budget (blue) and eddy radial vorticity
flux (red) at 10 km, along with the domain-averaged,
3-hourly time-averaged relative humidity in a column
between 1-14 km for the idealized [Fig. 5(c)] and Earl
[Fig. 5(d)] cases. Montgomery and Enagonio (1998) and
Hendricks et al. (2004) illustrated that vortex mergers
may be tracked by the positive eddy radial vorticity flux.
These studies also noted that the compensating effects
from the mean and eddy vorticity fluxes (refer to Eq. 1) in
the middle troposphere might be an indication of
competing effects from hot towers (caused by upward and
downward motion and the subsequent moistening and
drying from individual vortical plumes). For the idealized
case, there were several periods of time when vortex
mergers occurred within the 100 km ring from the center

[Fig. 5(c)].

As demonstrated later, the growth of the parent
vortex in the case of Earl may not be attributed to
individual convective-scale mergers. Nevertheless, one

may notice that the total budget is dominated by a positive
eddy radial vorticity flux at 54 hours [Fig. 5(d)],
indicating that eddies have a positive influence on the net
spin-up. It should be emphasized, however, that positive
eddy radial vorticity flux alone cannot be treated as a
precursor for RI. As illustrated by CG2015, the initial
environment of Earl was dry; convective bursts resulted in
moistening the environment. RI did not occur until the
column integrated and domain-averaged relative humidity
exceeded a threshold of above 75% in this case
[Fig. 1(d)], thus emphasizing the importance of moisture
for vortex spin-up.

Figs. 6(a-c) provides an overview of the simulations
for an idealized case (GK2013), the real case of Earl
(CG2015) during early RI when the vortex was tilted and
at a later time when the lower and upper-level circulations
of Earl were better aligned. The instantaneous
structure of convection and associated asymmetries in
terms of wvertical velocity (shaded) and contours of
vorticity fields (scaled h™' for convenience) at the 10 km
height are presented here. Consistent with previous
studies (e.g., Hendricks et al., 2004; Yang et al., 2007,
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W (m/s) and Vorticity (/h) at 10 km height

Figs. 6(a-c). Azimuthal structure of vertical velocity (in m s™', shaded) and contours of vorticity (h™') at about 10-km height
during the RI of (a) an idealized vortex, (b) the Earl case when the vortex was tilted and (c) the Earl case after
the vortex alignment phase. In all figures, red contours/shades denote positive values; blue contours/shades
denote negative values. Contour interval is 1.0 h™. The black ring indicates the approximate radius of
maximum surface wind. Each box is about 200 x 200 square kilometers. Arrow indicates the approximate
direction of the shear vector (magnitude about 5.0 ms™')

Nguyen et al., 2008; Gopalakrishnan ez al., 2011; Smith
and Montgomery, 2015), Fig. 6(a) shows the presence of
localized, rotating, deep-convective plumes (red contours)
that grow in the cyclonic, vorticity-rich environment of
the incipient tropical storm in both axial and radial
directions during the RI period (centered around
31 hours). By this time, within the inner core (within a
50 km radius), the initially dipolar structure of vorticity
(red and blue contours) has given way to an increasingly
monopolar, positive vorticity structure due to the
segregation, merger and axisymmetrization process
described by Nguyen et al. (2008).

Shear-induced asymmetries in Atlantic Hurricane
Earl exhibit significant differences from that of the

idealized, vertically-stacked vortex in a shear-free
environment. In the early stages of RI, mesoscale
convective systems, rather than vortical plumes, are
organized into a highly-asymmetric pattern [Fig. 6(b)].
CG2015 demonstrated how the tilted configuration of the
upper-level vortex at about 8-10 km altitude provided a
more conducive environment for advection of warm air
over the low-level center. Complementing these
thermodynamic  arguments, Fig. 6(b) shows the
strengthening of vorticity with time within the radius of
maximum wind. By 57 hours, although still weak and
asymmetric, the inner-core region has grown richer in
vorticity when compared to 51 hours (red contours
within a 50 km radius). By the end of the intensification
period  (centered around 82  hours), despite
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Figs. 7(a-f). Various terms in the azimuthally-averaged tangential wind tendency equation for the idealized simulation in
GK2013 centered around 31 hours. In all figures, red contours/shades denote positive values; blue/green
contours and blue shades denote negative values of the azimuthally-averaged, 3-hourly time-averaged, radius-
height cross-section of (a) the secondary circulation (radial and vertical velocity; m s™), (b) tangential velocity
(ms™), (c) net tendency after including the individual contributions from mean vertical and horizontal diffusion
(ms™), (d) sum of the mean radial influx of absolute vertical vorticity and the mean vertical advection of mean
tangential momentum (m s h™), (e) sum of the eddy radial vorticity flux and the vertical eddy advection of
eddy tangential momentum (m s h™') and (f) sum of vertical and lateral diffusion terms (m s™ h™). The
orange contours in (a) show the maximum values of vertical velocity (m s™') around the azimuth

the shear, a well-defined eyewall and an increasingly
monopolar positive vorticity structure (red contours within
50-km-radius) are established [Fig. 6(c)]. While the above
section clearly illustrates the presence of asymmetries in
convection and vorticity structures in the upper levels
during RI [Figs. 6(a-c)], it is yet unclear how they
contribute to vortex spin-up. We discuss the spin-up issue
further in terms of the azimuthally-averaged wind tendency.

Figs. 7(a-f) depicts various terms in the azimuthally-
averaged tangential wind tendency equation for the
idealized simulation in GK2013 centered around 31 hours.
In all figures, red contours/shades denote positive values,
while blue/green contours and blue shades denote negative
values of the azimuthally-averaged, 3-hourly time-
averaged, radius - height cross section of (a) the secondary
circulation (radial and vertical velocity; ms'), (b) the
tangential velocity (ms'), (c) the net tendency after
including the individual contributions from mean vertical
and horizontal diffusion (i.e., the sum of all terms on the
right-hand side of Eq. 1; ms 'h™"), (d) the sum of the mean

radial influx of absolute vertical vorticity and the mean
vertical advection of mean tangential momentum (i.e., the
first two terms on the right-hand side of Eq. 1; ms 'h™"),
(e) the sum of the eddy radial vorticity flux and the
vertical eddy advection of eddy tangential momentum
(i.e., the third and fourth terms on the right-hand side of
Eq. 1; ms'h') and (f) the sum of the vertical and
lateral diffusion terms (i.e., last two terms on the
right-hand side of Eq. 1; ms 'h™"). The orange contours in
(a) show the contours of the maximum values of vertical
velocity (ms ™).

The mean structure of the HWRF modeled primary
and secondary circulations for a mature idealized TC is
discussed in section 2 [Figs. 3(a&b)]. During RI, radial
circulation is characterized by a shallow layer of inflow
about 1 km deep in the lower troposphere and a layer of
intense outflow with a maximum value at about 12 km
[Fig. 7(a)]. A careful analysis of Fig. 7(a) also shows
rapidly swirling super gradient wind within the PBL
exiting out above the layer. This outflow above the PBL
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Figs. 8(a-f). Various terms in the azimuthally-averaged tangential wind tendency equation for the Earl simulation in

CG2015 during RI but when there was significant vortex tilt with height. In all figures, red contours/shades
denote positive values; blue/green contours and blue shades denote negative values of the
azimuthally-averaged, 3-hourly time averaged, radius-height cross-section of (a) the secondary circulation
(radial and vertical velocity; m s™'), (b) tangential velocity (m s), (c) net tendency after including the
individual contributions from mean vertical and horizontal diffusion (m s™), (d) sum of the mean radial influx
of absolute vertical vorticity and the mean vertical advection of mean tangential momentum (m s h™),
(e) sum of the eddy radial vorticity flux and the vertical eddy advection of eddy tangential momentum
(m s h") and (f) sum of the vertical and lateral diffusion terms (m s h™"). The orange contours in (a) show

the contours of the maximum values of vertical velocity (m s™) around the azimuth

strengthens to about 3 ms ™' at 93 hours [note shown here;
Figs. 4(a-f) in GK2013]. Of significance to
the intensification problem is the weak inflow in
the middle to upper troposphere. The mean vertical
motions [Fig. 7(a)] are characterized by a strong
core updraft within the eyewall region and weak
downdrafts within the developing eye. Although the mean
vertical velocity is on the order of 1 ms™', extreme events
of vertical motion on the order of 4 ms' are not
uncommon in both the eyewall and rainband regions
(Gopalakrishnan et al., 2011). The mean tangential wind
[Fig. 7(b)] shows that the maximum value occurs within
the TC boundary layer.

The mean tangential velocity budget’ [Fig. 7(c)]
during intensification for the idealized case agrees well

°  For the purpose of clarity, we have organized the terms in Eq. 1 into

net, mean, eddy and diffusion terms. Conclusions discussed from
these terms were drawn on the basis of a careful examination of the
individual terms

with that presented in Persing et al. (2013). The budget is
dominated by the mean radial influx of absolute vorticity
in the hurricane boundary layer [Fig. 7(d)]. This is only
partially offset by the eddy terms [Fig. 7(e)] and vertical
and horizontal diffusion tendencies [Fig. 7(f)], leading to
the same conclusions drawn from prior studies that spin-
up of symmetric TCs occurs within the eyewall boundary
layer (e.g., Zhang et al, 2001; Persing et al., 2013;
Montgomery and Smith, 2014). There is noticeable
evidence of spin-up below the axis of the outflow
[Figs. 7(a&c)] and in the inner rainband region
[Figs. 7(a&c)], which was also documented in Zhang
et al. (2001) for the Atlantic Hurricane Andrew (1992)
case. Likely due to strong updrafts in the rainband region
[Fig. 7(a)] and the deep structure of the storm at this time
[Fig. 7(b)], the vertical advection of mean tangential
momentum in this region (positive contribution) is not
offset by the radial outward advection of vorticity
(negative contribution in the outflow region) or the eddy
terms [Figs. 3(d&e)], consequently leading to a net spin-
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Figs. 9(a-c). Azimuthal structure of the (a) eddy radial vorticity flux (m s h™) plotted at intervals of 3 m s h™", (b) inflow
perturbations and (c) vorticity perturbation contours superposed over vorticity (h™'; shaded) at 10 km height for
the Earl simulation in CG2015 during RI but when there was significant vortex tilt with height. Red contours
show positive values and blue contours show negative values. The black circle indicates the 50 km radius.
Arrow indicates the approximate direction of the shear vector (magnitude about 5.0 m s™)

up [Fig. 7(c)]. During an RI period in this simulation,
evidence of spin-down is also observed, especially on the
inner edge of the eyewall region in the middle to lower
troposphere [Fig. 7(c)]. As mentioned in Zhang et al.
(2001), this spin-down is likely due to weak subsiding
motion in the middle to lower troposphere [magnified in
Fig. 7(a)]. As emphasized in Persing et al. (2013), the
contributions from eddy flux terms [third and fourth terms
on the right-hand side of Eq. 1; Fig. 7(e)] may not be
neglected within the lower troposphere (specifically in the
inner eyewall region where the flow starts to decelerate)
because these terms tend to offset the spin-down by mean
transport [first two terms on the right-hand side of Eq. 1;
Fig. 7(d)]. Finally, it is interesting to note a small but

non-negligible spin-up in the upper levels (~14-15 km
height) of the eye region [Fig. 7(c)]. This positive
contribution to spin-up is associated with contributions
from the mean [Fig. 7(d)] and eddy [Fig. 7(e)] terms, as
well as from weak inflow above the outflow layer
[Fig. 7(a)]. This may be a case-dependent feature.

Figs. 8(a-f) depicts the same illustrations as in
Figs. 7(a-f), except for the real-case simulation of Earl
around the initial period of RI (centered around 54 hours),
when there was significant vortex tilt with height.
Although the mean circulation is weaker than that of the
idealized vortex, mainly due to persistent shear of around
5ms ' and the tilt, the secondary and primary circulations
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are well established [Figs. 8(a&b)]. However, a qualitative
comparison between Figs. 8(a&b) with Figs. 7(a&b)
illustrates that maximum outflow [Fig. 8(a)] is almost a
third weaker than the idealized vortex. The mean
tangential wind [Fig. 8(b)] is about 40% weaker than the
idealized vortex. In an average sense, updrafts are weak in
the eyewall region (note that the mean updraft contours
were magnified to indicate the eyewall region).
Nevertheless, although the azimuthal mean eyewall
updrafts are relatively weak (note that mean updraft
contours were magnified to indicate the eyewall region),
individual updrafts are often stronger [Fig. 8(a) and Black
et al., 1994], particularly in the downshear-left quadrant

[Fig. 6(b)].

The azimuthally-averaged tangential wind budget for
Earl during the early stage of RI [Fig. 8(c)] exhibits
significant differences from that of the idealized,
vertically-stacked vortex in a shear-free environment. It
appears that the entire environment exhibits a weak
background spin-up. More importantly, several idealized
studies have shown that acceleration of the inflow may
be an important boundary layer spin-up mechanism
(e.g., GK2013; Montgomery and Smith, 2014). However,
these studies [Fig. 7(a)] also reveal that strong inflow on
the order of 12-20 ms' may be necessary for an
accelerated spin-up of the vortex. During the early stages
of RI in Earl, weak inflow [Fig. 8(a)] and, subsequently,
the weak mean radial advection of vertical vorticity in the
TC boundary layer [Fig. 8(d)] are nearly offset by the
diffusion term'® [Fig. 8(f)], resulting in weak contributions
from the boundary layer towards the vortex spin-up
process [Fig. 8(c)]. Similarly, if the mean updrafts
[Fig. 8(a)] and vertical gradients in tangential winds are
weak, the mean tangential advection in the eyewall region
is also weak [Fig. 8(d)]. A qualitative comparison between
Fig. 8(d) and Fig. 7(d) indicates the mean transport in the
troposphere is much weaker in the Earl case during the
early RI stage, especially in the eyewall region.
Nevertheless, one of the outstanding features in this
simulation is the positive contribution of eddy terms in the
middle and upper troposphere to the spin-up process
[Fig. 8(c)]. Clearly, as indicated in Fig. 8(e), eddy
fluxes within the eyewall region and at ~8-10 km
may not be neglected in the intensification of Earl.
In fact, it was proved [Fig. 5(d)] that at 54 hours the
mean eddy radial vertical vorticity flux is positive
and the single dominant term in the mean budget
calculation.

To further understand how the radial eddy flux term
contributes to the growth of the parent vortex, a planar
cross-section of the term (refer to Eq. 1) at 10 km altitude

' An analysis of individual terms showed that vertical diffusion was

the dominant negative term
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Fig. 10. Domain-averaged vorticity change between 52-53 hours,

53-54 hours and 54-55 hours; averaging was performed

within a 50 km radius with respect to the lower-level center
of circulation

was analyzed, centered at 54 hours when eddy
contributions from the budget were positive and at a
maximum. Fig. 9(a) depicts the azimuthal structure of the
eddy radial vorticity flux (ms'h") at 10 km height during
this time. Consistent with Fig. 5(d), the positive
asymmetries at 54 hours dominate within the radius of
maximum winds with respect to the surface center
[Fig. 9(a)]. There are two regions of strong positive values
at 54 h [middle column of Fig. 9(a)], one in the
west/southwest quadrant (downshear right) and the other
in the eastern quadrant (downshear left). The individual
contributions to the radial eddy vorticity flux from the
radial wind [Fig. 9(b)] and vorticity anomaly [Fig. 9(c)]
are also shown. There is a noticeable vortex scale
asymmetry in the radial wind [Fig. 9(b)] due to
environmental flow and vortex tilt. However, when
compared to the overall change in patterns associated with
the radial wind anomaly [Fig. 9(b)], the vorticity anomaly
[Fig. 9(c)] appears to evolve more rapidly. Mesoscale
convection in the downshear left appears to be the single
largest factor that likely influences the RI of Earl.
Convection in the downshear-left quadrant generates
perturbation vorticity in the upper levels within a broader
region of mean positive vorticity. The positive vorticity
flux results from both the inward flux of positive vorticity
perturbation and the outward flux of negative vorticity
perturbation [Figs. 9(a-c) at 54 hours]. The net effect in
the azimuthal mean is a positive contribution to the spin-
up. At 55 hours, a nearly symmetric pattern of radial eddy
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Figs. 11(a-f). Various terms in the azimuthally-averaged tangential wind tendency equation for the Earl simulation during
RI but at 82 hours. In all figures, red contours/shades denote positive values; blue/green contours and blue
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section of (a) the secondary circulation (radial and vertical velocity; m s™), (b) tangential velocity (m s™),
(c) net tendency after including the individual contributions from mean vertical and horizontal diffusion
(m s7), (d) sum of the mean radial influx of absolute vertical vorticity and the mean vertical advection of
mean tangential momentum (m s ' h"), (e) sum of the eddy radial vorticity flux and the vertical eddy
advection of eddy tangential momentum (m s h™) and (f) sum of the vertical and lateral diffusion terms
(ms™ h™). The orange contours in (a) show the contours of the maximum values of vertical velocity (m s™)

around the azimuth

vorticity flux [Fig. 9(a)] surrounds the center,indicating
that vorticity anomalies have merged to create a stronger
mean vortex wherein the upper and lower level
circulations are better aligned. This process of vortex
alignment is also supported by the sudden decay of
asymmetries after this time [Fig. 5(c)].

In the case of Earl, the persistent shear and tilt phase
locks convection in the downshear-left quadrant. As seen
in Fig. 6(b), as these mesoscale convective complexes
move from the downshear-left quadrant to the upshear-left
quadrant and inward towards the lower level circulation
center, collocated positive vorticity and its perturbations
increase inward and within the 50 km ring until the mean
vorticity in the ring increases. A plot of changes in domain-
averaged (mean) vorticity within the 50 km ring (Fig. 10)
clearly shows that the middle to upper level vorticity
increases consistently from 53-55 hours. The mesoscale
convection in the downshear-left quadrant [Figs. 6(b) and

Fig. 5(c)], especially between 54-55 hours, sets up a
vorticity-rich environment that includes a larger part of the
middle to upper troposphere [Fig. 6(a-c)] for the subsequent
intensification process. In summary, despite shear and a
lack of symmetric convection, persistent convective bursts
in the downshear quadrant that propagate slowly to the
upshear direction and inward are sufficient to align the
vortex. The alignment results in faster spin-up of the
nearly vertically-stacked vortex [Fig. 8(c)].

Figs. 11(a-f) depicts various terms in the
azimuthally-averaged tangential wind tendency equation
for the real-case simulation of Earl at the end of the RI
period (centered around 82 hours). Environmental shear is
about 5 ms ', but the vortex is vertically better aligned
Consistent with the established and nearly symmetric
eyewall in Fig. 6(c), both the primary and secondary
circulations [Figs. 11(a&b)] are strong and well developed
at this time. As in the case of the idealized simulation, the
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Figs. 12(a-f). (a) Azimuthally-averaged tangential wind (contours) and pressure perturbations (shaded) as measured by
anomaly (in hpa) with respect to a far-field initial environmental pressure profile, (b) the secondary
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and (d-f) are centered at 82 hours (later RI phase) of the Earl simulation. The orange contours in (b) and (e)
show the maximum values of vertical velocity (ms™') around the azimuth

budget is dominated by a mean radial influx of absolute
vertical vorticity in the hurricane boundary layer
[Figs. 11(c&d)] that is only partially offset by the
eddy terms and diffusion tendencies within the PBL
[Figs. 11(e&f)]. As a consequence, spin-up within the
boundary layer and eyewall is observed [Fig. 11(c)].
Again, consistent with the idealized simulation, there is
significant spin-up in the eyewall and below the axis of
the outflow, as well as in the inner rainband region
[Fig. 11(c)]. Likely due to strong updrafts [Fig. 11(a)] and
the deep structure of the storm at this time [Fig. 11(b)], the
vertical advection of mean tangential momentum in this
region (positive contribution; Eq. 1) is not offset by the
radial outward advection of vorticity (negative
contribution in the outflow region; Eq. 1). However, due
to persistent shear, the eddy terms in the eyewall region
[Fig. 11(e)] appear to play a significant role in
counteracting, at least partially, the spin-up associated
with mean vertical advection in this region [Fig. 11(d)].
Evidence of spin down, especially along the inner edge of

the eyewall region in the middle to upper troposphere, is
also observed [Fig. 11(c)]. This is very likely associated
with the noticeable subsidence present during this time
[Fig. 11(a)].

Previous studies have suggested that flow
asymmetries generally play a negative role in storm
intensification (e.g., Yang et al., 2007; Bryan et al., 2010).
Leighton ef al. (2018) used an ensemble simulation from
Atlantic Hurricane Edouard (2014) and computed the
momentum budgets used here to isolate the effect of the
eddy vorticity flux in an intensifying and weakening
ensemble member. The study found that the positive radial
eddy vorticity flux for RI members contributed
significantly to spinning up the tangential wind in the
middle and upper levels and reduced vortex tilt. The
negative eddy vorticity flux for non-intensifying members
spun down the tangential wind in the middle and upper
levels and did not help the vortex become vertically
aligned.
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Finally, we address the question posed in the
introduction: Is the well-accepted theoretical framework
of TC intensification still valid for sheared storms
undergoing RI? Figs. 12(a-f) shows (a) the azimuthally-
averaged tangential wind (contours) and pressure anomaly
(in hPa) with respect to a far-field environmental
reference profile of pressure at an initial time, (b) the
secondary circulation (radial and vertical velocity; m s ')
and (c) the moisture anomaly (in gm/kg) with respect to a
far-field environmental reference profile of specific
humidity at an initial time. Figs. 12(a-c) are centered at 54
hours, while Figs. 12(d-f) are centered at 82 hours of the
Earl simulation. Although a fully three-dimensional model
is required to understand the real TC intensification
problem, when viewed from an axially-averaged
framework, the basic theory of intensification discussed in
section 2 is still valid during the early and later stages of
RI. During the early stages of intensification, a well-
defined eyewall is absent [Figs. 12(b)]. Nevertheless,
heating due to persistent convection in the downshear-left
quadrant [Figs. 6(b)] is sufficient to create mean pressure
perturbations [Figs. 12(a)] and sustain a well-defined
inflow channel within the PBL [Figs. 12(b)] for advecting
moisture to the eyewall region [Figs. 12(c)]. A weak
inflow above the PBL, consistent with Ooyama (1969), is
also observed [Figs. 12(b)] in response to heating due to
the mesoscale convection above the PBL. However, as
depicted by the mean equivalent temperature profiles
[Figs. 12(c)], asymmetric heating is not efficient enough
to produce a strong warm core structure. Nevertheless,
about a day later, despite persistent shear, convection is
better organized and more symmetrical around the eyewall
region [Figs. 6(c)]. Consistent with the more symmetric
structure, the eyewall convection [Figs. 12(e)] is stronger.
A comparison between Figs. 12(a&d) indicates that the
pressure anomaly nearly doubles in response to the more
symmetrical heating. This results in stronger inflow within
the boundary layer, accelerating radial vorticity into the
eyewall region that may not be offset by diffusion or eddy
fluxes [Figs. 11(c-f)]. The mean tangential wind also more
than doubles [Figs. 12(a&d)]. Strong moisture and
equivalent potential temperature gradients between the
center and outer radius are well established, indicating a
mature TC circulation, again consistent with the
theoretical framework discussed in section 2.

7. Summary and concluding remarks

Accurate TC intensity prediction is of importance to
forecasting because early guidance of the strength of a TC
and its rainfall distribution has the potential to save lives,
as well as reduce property damages. At the same time, the
topic is also of research interest. Supported with
observations and starting with the work of Reihl in the
1950s, some checkered advancements have been made in

understanding TCs wusing theoretical and simple
axisymmetric models. However, until recently, forecasting
intensity changes in TCs has been a challenge, partly
because this multiscale problem requires both high-
resolution, non-hydrostatic, three-dimensional models to
not only resolve the inner core structure of a TC but to
also accurately resolve the interactions between the TC
vortex and its environment. Initializing forecast models at
the highest resolution has also been a challenge. So
theoretical research has always led forecast research until
recently. To address the intensity forecast problem,
NOAA created HFIP in 2009. The high-resolution HWRF
system was created under this program. The HWRF
system is now paving the way in removing the initial
roadblocks associated with predicting intensity changes,
the dynamical prediction of which was nearly non-existent
before 2009 (Gopalakrishnan and coauthors, 2019). In an
effort to bridge this state-of-the-art forecasting system
with the existing theoretical framework, we used the
HWRF system to first verify whether the model could
reproduce the basic paradigm of intensification set forth
by those theoretical models. Since most of our
understanding until recently has been driven by
axisymmetric models, we used an idealized simulation in
a shear-free environment and a forecast of an ideally
behaved TC over the Bay of Bengal (i.e., TC Phailin,
2013) to illustrate how the axially-averaged results from
the HWRF forecast system might be able to explain the
basic intensification process.

TCs are rarely axisymmetric. Environmental shear
can create large asymmetries in the TC scale circulation.
We sought to address the following questions here: How
do TCs rapidly intensify in a sheared environment? What
is the role of asymmetries on TC intensification? Is the
well-accepted theoretical framework of TC intensification
still valid for sheared storms undergoing RI? We used a
high-resolution retrospective run from Atlantic Hurricane
Earl (2010) to better understand the role of shear-induced
asymmetries on the RI of TCs. Based on this work and
other parallel research, our findings show that eddy radial
vorticity fluxes play a significant role in controlling TC
intensity changes in sheared storms. In the case of Earl,
despite persistent environmental shear and a lack of
symmetric convection, a positive eddy vorticity flux in the
middle and upper troposphere created by mesoscale
convective systems had a profound influence on
accelerating the TC spin-up process.

RI does not occur until persistent convective bursts
and the collocated vertical vorticity are concentrated in the
downshear-left quadrant and at about 50 km from the
surface center, followed by propagation of these
convective complexes to the upshear direction. When
convective bursts reach the upshear-left quadrant, a nearly
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symmetric pattern of eddy radial vorticity flux surrounds
the center, indicating that vorticity anomalies have merged
to create a stronger mean vortex wherein the upper and
lower level circulations are better aligned. This process is
different from that of an idealized vortex. An idealized
vortex intensifies in a shear-free environment where
individual vortical hot plumes converge and stretch
ambient low-level vorticity into a small-scale anomaly and
multiple mergers of these plumes lead to a single stronger
vortex. More importantly, while for the idealized case the
major spin-up of the vortex occurs in the TC boundary
layer and eyewall region, the spin-up in the case of Earl
appears to be top-down'' during the early stages of
intensification. Nevertheless, evidence of stronger spin-
up is observed in the boundary layer after the initial RI
phase. Although a fully three-dimensional model is
required to understand the real TC intensification
problem, when viewed from an axially-averaged
framework, the Dbasic axisymmetric theory of
intensification is still valid in all cases.

The influence of eddies on intensity changes in TCs
is a topic of ongoing research and may be of relevance for
providing forecast guidance-on-guidance, especially when
using ensemble products. Recently, Leighton et al. (2018)
used experimental forecasts from the operational HWRF-
based ensemble prediction system for Atlantic Hurricane
Edouard (2014) and analyzed the differences in both the
RI inner-core structure and large-scale environment
between RI and non-intensifying (NI) ensemble members.
A budget analysis of tangential momentum revealed that
the radial eddy vorticity flux contributed positively to the
spin-up of tangential winds in the middle to upper levels
and reduced vortex tilt in the RI member. In contrast, the
negative eddy vorticity flux for the NI member spun down
the tangential winds in the middle to upper levels and did
not vertically align the vortex. According to Leighton
et al. (2018), “This difference suggests that positive radial
eddy vorticity flux is a key term that contributes to
intensity change in a sheared environment by spinning up
the tangential winds in the middle to upper levels and
reducing tilt. As the vortex becomes more symmetric and
vertically aligned, the radial advection of mean vorticity
becomes the dominant term that contributes to the
continuing intensification of the RI member”.

Another ensemble study (Hazelton, personal
communication) that used a high-resolution (3 km) nested
version of the Finite Volume Cube Sphere (FV3)-Global
Forecast System (Hazelton et al, 2018a,b), which is
part of the evolving Unified Forecast System being
developed by NOAA, was used to gain some fundamental

""" The word “top-down” is a misnomer because convergence has its

origin in the boundary layer. Nevertheless, it is used here in the context
of spin-up in the PBL versus the middle and upper troposphere.

understanding of RI in Atlantic Hurricane Michael (2018).
The hurricane is a classic example of a TC that intensified
into a strong Category-5 TC over the Gulf of Mexico
despite more than 20 knots of large-scale shear for much
of its lifetime. Again, while the RI members showed
positive eddy vorticity fluxes increasing with time,
perhaps a sign of vortex resilience to shear, the NI
members showed no such trend.

Although until recently the research community
mainly focused on the dynamics of a storm’s inner core
(i.e., within about 200 km of the storm center), much of
the real-time intensity change problem involves external
influences on the TC circulation. The current effort is
expected to bridge the gaps in our understanding of how
different the structure and, subsequently, the
intensification of a three-dimensional TC vortex can be
due to shear, yet be viewed from an axially-averaged
framework where the basic axisymmetric theory of
intensification is still valid. The current investigation did
not focus on the effect of dry air. Nevertheless, using the
idealized framework of HWRF (Gopalakrishnan et al.,
2011), our investigation showed that, in the absence of
shear, dry air causes a delay in RI. Further, Balachandran
et al. (2019) presented a numerical investigation of the
processes that influenced the contrasting RI changes in
TCs Phailin and Lehar (2013) over the Bay of Bengal
using the HWRF system. While both TCs initially
underwent RI, Lehar dissipated due to shear.
Balachandran er al. (2019) found the cause-and-effect
mechanism: middle level dry air intrusion and venting
were a follow-up of the spin-down of the upper-level TC
circulation due to shear. Nevertheless, a full investigation
of the effect of dry air on an evolving vortex such as Earl
(2010) or Edouard (2014) may be required. However, this
may not be easy to isolate because shear is usually
associated with dry air in the upshear quadrant and not the
other way around.

Beyond the environmental shear (and dry air)
discussed here, structure and intensity changes in TCs are
affected by a number of other asymmetries that can arise
from within the vortex. Vortex Rossby waves
(Montgomery and Kallenbach, 1997) formed in the
presence of large vorticity gradients are found to be
responsible for the formation of spiral rainbands (e.g.,
Willoughby).  Similarly, polygonal features and
mesovortices and the associated vorticity mixing may
have significant impact on the evolution of TC structure
(Schubert et al., 1999; Kossin et al., 2000; Kossin and
Schubert, 2001; Rozoff et al., 2006). While it is unclear at
this time if such asymmetries may be a cause or an effect
of intense convection and related intensity changes,
vortex-scale asymmetries associated with eyewall
replacement cycles in TCs are known to drive TC
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intensity changes (e.g., Zhu et al., 2015 and Tyner et al.,
2018 are two recent works using the HWRF system).
Although eyewall replacement cycles are known to impact
intensity forecasts, there is a general lack in both
understanding and predicting these cycles in TCs.

Air-sea interactions in TCs, which are no less
complex (Gopalakrishnan et al., 2016) involve a spectrum
of processes that could potentially control TC intensity
change. While it is well known that an increase in SSTs
should fuel a stronger hurricane because of the increase in
both latent and sensible heat fluxes and ocean coupled
models are essential to improve intensity predictions, it
appears that both waves, as well as sea spray, may have a
huge impact on the intensification process. Several
pioneering works using the GFDL model by Isaac Ginis
and his group members (Moon et al., 2007, 2008; Bender
et al., 2007, Fan et al., 2009a,b) are starting to
demonstrate the importance of ocean waves under
hurricane conditions. Air-sea (momentum, heat, moisture)
fluxes and turbulent mixing above/below the air-sea
interface in tropical cyclones are greatly modified by
surface waves. Size and asymmetries in the structure of
TCs might have a huge influence on ocean waves, which
in turn affect the roughness (i.e., Cd) and subsequently,
the momentum transfer between the atmosphere and the
ocean surface. While the rough, yet, non-breaking waves
may act as a sink of angular momentum in the PBL, the
breaking waves may counter those effects by the creation
of sea spray that may have some significant influence on
the enthalpy fluxes (both sensible as well as latent) and on
the TC intensification process. The life cycle of an
individual spray drop is complex (Andreas and Emanuel,
2001). In most of the cases, all the factors discussed above
interact non-linearly during the lifetime of a TC. No
wonder cycle to cycle variability and storm to storm
variability is not uncommon and makes the TC forecasting
problem a challenging one!
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