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ABSTRACT
This study uses the WRF ARW to investigate how different atmospheric temperature environments impact
the size and structure development of a simulated tropical cyclone (TC). In each simulation, the entire vertical
virtual temperature profile is either warmed or cooled in 18C increments from an initial specified state while
the initial relative humidity profile and sea surface temperature are held constant. This alters the initial
amount of convective available potential energy (CAPE), specific humidity, and air–sea temperature difference such that, when the simulated atmosphere is cooled (warmed), the initial specific humidity and CAPE
decrease (increase), but the surface energy fluxes from the ocean increase (decrease).
It is found that the TCs that form in an initially cooler environment develop larger wind and precipitation
fields with more active outer-core rainband formation. Consistent with previous studies, outer-core rainband
formation is associated with high surface energy fluxes, which leads to increases in the outer-core wind field. A
larger convective field develops despite initializing in a low CAPE environment, and the dynamics are linked
to a wider field of surface radial inflow. As the TC matures and radial inflow expands, large imports of relative
angular momentum in the boundary layer continue to drive expansion of the TC’s overall size.

1. Introduction
During the period from August to October 2005, the
United States endured several of the most expensive
tropical cyclones (TCs) ever to occur in U.S. history.
Hurricane Katrina accrued $108 billion in damages and
caused an estimated 1200 fatalities in Louisiana and
Mississippi (Blake et al. 2011; http://www.nhc.noaa.gov/
dcmi.shtml). Hurricanes Wilma and Rita caused $21 and
$12 billion, respectively, in damages. The devastation
from these TCs was due to a combination of flooding,
storm surge, and high winds (Beven et al. 2008). Although all three TCs reached category 5 on the Saffir–
Simpson scale at some point in their lifetime (Saffir 1973;
a
Current affiliation: Cooperative Institute of Research for Environmental Sciences, University of Colorado Boulder, Boulder,
Colorado.
b
Current affiliation: School of Physical, Environmental, and
Mathematical Sciences, University of New South Wales, Canberra,
Australian Capital Territory, Australia.

Corresponding author address: Diana Stovern, Department of
Atmospheric Sciences, The University of Arizona, Rm. 542, 1118 E.
4th St., Tucson, AZ 85721-0081.
E-mail: dstovern@atmo.arizona.edu
DOI: 10.1175/JAS-D-15-0186.1
Ó 2016 American Meteorological Society

Simpson 1974), they were classified as considerably
weaker category-3 hurricanes at landfall by the National
Hurricane Center (Beven et al. 2008). However, all
three of these devastating TCs had undergone a dramatic expansion in the size of their wind field after
crossing the warm loop current west of 838W in the
warmer Gulf of Mexico (Fig. 1). While the maximum
winds near the eyewalls of these intense TCs can produce devastating impacts, the true overall damage potential of a TC is associated with the total extent of
damaging winds, which can also drive ocean waves and
storm surge (Irish et al. 2008).
Tropical cyclones are historically known to range in
size from a few tens of kilometers to up to 2000 kilometers in diameter (e.g., Holland and Merrill 1984;
Chavas and Emanuel 2010). The size and associated
wind field structure of a TC are important for predicting
severity and duration of the TC once it makes landfall.
Particularly for coastal communities, the size of the TC
wind field can be catastrophic depending on the radius of
hurricane-force winds and the duration of the event. In
addition, predicting the size of the TC wind field is important to determine the potential impact of storm
surge, the spatial scope of issued evacuation orders,
and potential extent of wind damage (Brand 1972;
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FIG. 1. The radius of maximum and 64-, 50-, and 34-kt winds for
Hurricanes Katrina, Rita, and Wilma (2005) calculated from the
Cooperative Institute for Research in the Atmosphere’s (CIRA)
best-track dataset (Demuth et al. 2006; http://rammb.cira.colostate.
edu/research/tropical_cyclones/).

Weatherford and Gray 1988a,b; Kimball and Mulekar
2004; Knaff et al. 2014). During and subsequent to TC
landfall, the structure of the precipitation field is important for predicting the severity of inland freshwater
flooding, potential mudslides in complex terrain, and
TC-spawned tornadoes from the highly convective outer
rainbands. Hill and Lackmann (2009, hereafter HL09)
suggest that these fields are, in part, dependent on the
size of the storm. Thus, it becomes increasingly important that we understand the mechanisms that cause
changes in the size and structure of a TC prior to landfall
in vulnerable coastal regions.
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There have been a number of studies investigating
intensification, and particularly rapid intensification of
TCs. In general, these have shown that intensity changes
are only weakly correlated with size changes, and the
dynamics controlling these parameters are fundamentally different (Weatherford and Gray 1988a; Merrill
1984; Maclay et al. 2008). While less research is available
on factors that affect TC size and structure, there are
several pertinent papers that explore how different environmental factors could cause size and structure
changes within a TC, including angular momentum effects (e.g., Black and Anthes 1971; Challa and Pfeffer
1980; Holland 1983; Holland and Merrill 1984); environmental moisture and potential vorticity (e.g., May
and Holland 1999; Wang 2009; HL09); moisture fluxes
from the ocean (e.g., Xu and Wang 2010a,b, hereafter
XW10a,b); environmental vertical wind shear (e.g.,
Frank and Ritchie 1999, 2001); and dry-air intrusion into
the TC circulation (e.g., Kimball 2006).
HL09 show that the amount of midlevel environmental humidity can have a substantial impact on the
intensity and spatial distribution of the outer-core precipitation field. HL09 hypothesized that more available
moisture outside the TC core led to more latent heat
release in the outer rainbands, resulting in higher production of diabatically generated potential vorticity.
They proposed that band structure and lateral extent of
precipitation are critical to the size of a TC wind field.
The amount of heat and moisture in the atmosphere
available to a TC is intricately tied to the amount of
surface energy fluxes from the ocean (Emanuel 1986). In
addition to being a factor in intensification, high surface
fluxes have also been found to be a factor in the size of
the inner core of a TC (XW10a,b). XW10a found that
removing the surface entropy fluxes outside the eyewall
reduced both the radius of maximum winds (RMW) and
radius of damaging winds (RDW) of the simulated TCs,
and the decrease was inversely proportional to the radius outside of where the surface fluxes were removed.
Removal of the surface entropy fluxes reduced the convective available potential energy (CAPE) outside the
eyewall and suppressed the activity of spiral rainbands,
which limited the size of the inner-core wind field in a
manner similar to a process proposed in Wang (2009).
These studies contain important results that contribute
to a small foundation of existing knowledge concerning
TC size and structure changes. Perhaps more importantly, they provide motivation for further exploration
into TC size changes. For example, most of these studies
focus on changes to the inner-core wind field (RMW) and
changes in core convection, but changes in the inner core
are generally more linked to intensity changes and can
often occur independently of outer-core and overall TC
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size changes (Holland and Merrill 1984). Yet the studies
specifically focused on structural changes associated with
changing various environmental parameters in the numerical models, including moisture conditions, momentum fluxes, surface energy fluxes, vertical wind shear, and
environmental flow. They demonstrated that TC size
changes are clearly linked to environmental forcing but
focused on how the environmental forcing affects innercore changes, leaving an important gap in our knowledge
concerning the physical processes behind TC size changes
with respect to the entire wind field and not just the
inner core.
This study addresses several gaps in the existing
knowledge base on TC size and structure changes by
examining how changes in the initial environmental
temperature and specific humidity affect the outer-core
wind structure and size of a TC. Particular focus is paid
to structural evolution of the TCs in the different environments relative to a control simulation and how they
are related to the changes in the surface energy fluxes,
CAPE, and specific humidity. The evolution of the relative angular momentum (RAM) budget and potential
vorticity (PV) field is also examined in order to identify
the dynamic mechanisms leading to size change. The
rest of this paper is structured in the following way: The
mesoscale model and the diagnostics and analysis techniques are described in section 2. Section 3 presents the
results of the structural differences between each simulation and explores the thermodynamic and dynamic
aspects that separate a large-forming from a smallforming TC. Finally, discussion of the results and conclusions are provided in sections 4 and 5, respectively.

2. Methodology
a. Model description
The simulations in this study are performed using
version 3.2 of the Advanced Research version of the
Weather Research and Forecast (WRF) Model (ARW)
developed at NCAR (Skamarock et al. 2005). The WRF
Model is an atmosphere-only model that incorporates
multiple nested grids and includes both explicit moist
physical processes and a variety of cumulus parameterization and boundary layer schemes. The model has
been adapted for use with idealized initial conditions to
permit careful control of the initial-value experiments
that enables us to examine the physical mechanisms
associated with TC structural changes. WRF has been
used by many previous sensitivity studies that explore
mechanisms concerning TC size and intensity changes
(e.g., Frank and Ritchie 2001; HL09; Fang and Zhang
2012; Mallard et al. 2013).
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The model is configured with 33 vertical levels, 8 of
which are located below 850 hPa, and the topmost level
is specified at 50 hPa. The parent domain (D1) is square,
with a size of 7506 km in each direction and a horizontal
grid spacing of 27 km, ensuring that large-scale circulation features are well specified and that the boundaries
are far from the region of interest in the interior of the
domain. There are also two two-way nested innersquare domains of spatial sizes 2052 km (D2) and
720 km (D3) with grid spacing of 9- and 3-km resolution,
respectively. D3 is capable of resolving moist processes
within the eye and eyewall region, while both inner and
outer rainbands are well resolved by D2 (e.g., Frank
and Ritchie 2001; Ritchie and Frank 2007; Ritchie and
Elsberry 2007; XW10a). D2 is initialized in the center of
D1, which is large enough to ensure that D2 can move
freely through the simulation without experiencing any
boundary interactions with D1. D3 is centered within D2
such that the TC vortex is approximately centered
within D3 at 158N, 1358W. Both D2 and D3 are vortexfollowing nests, which makes it convenient to study how
the surrounding environment affects the inner-core dynamics while automatically tracking the TC.
The boundary layer is parameterized using the
Mellor–Yamada–Janjic (MYJ) scheme (Janjic 1990,
2002). The MYJ works in conjunction with the Eta
similarity scheme, which is used to parameterize the
surface layer and calculate surface energy fluxes. The
lower boundary in our model is an ocean surface with a
specified SST that remains constant throughout the integration of each simulation. Holding the SST constant,
while artificial, enables us to more readily isolate individual environmental factors associated with TC size
and structure change.
The outer two domains employ the Kain–Fritsch cumulus parameterization scheme (Kain and Fritsch 1993)
to represent unresolved convection. Explicitly resolved
convection is applied on all domains using the WRF
single-moment 6-class scheme, which employs ice, snow,
and graupel processes (Hong and Lim 2006). The application of this parameterization on the innermost domain is important for resolving the finer features in the
core precipitation and rainbands of the TC; however, it
has little effect on the two outer domains. Radiation
processes are handled via a Rapid Radiative Transfer
Model for longwave radiation (Mlawer et al. 1997) and
the Dudhia scheme for shortwave radiation (Dudhia
1989). To simplify the interpretation of the results, land
effects are removed by employing a ‘‘water world.’’
Using the above configuration, a total of seven idealized
simulations are run and analyzed for this study. Each
simulation is integrated for 5 days, and the output is
saved every 3h. The control simulation is also run out
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for a further 120 h to ensure that steady-state conditions
have been reached. The analysis is performed by comparing the sensitivity simulations to the control simulation. This allows for a comparison of the impact of the
changes made to the control profile similar to an analysis
that examines the impact on a base forecast track by
changing factors in the forecast model.

b. Experimental design
The control environment is modeled after the experiments of Frank and Ritchie (1999) and is initialized with
no horizontal or vertical winds and with clear-sky conditions on an f plane (constant Coriolis at 158N). The
mass field and lateral boundary conditions are derived
by using the virtual temperature and humidity values
from the McBride and Zehr (1981) prestorm composite
data. The surface boundary condition is supplied by
specifying a constant SST of 302 K (28.848C) everywhere
in the domain.
The radial size and structure of the initial TC wind
field is specified by (Chan and Williams 1987):
( "
 b #)
r
1
r
12
,
y l 5 Vm exp
rm
b
rm

(1)

where y l is the tangential wind, Vm is the maximum
wind, r is the radial distance from the center of the TC,
rm is the radius of maximum winds, and b 5 1 is a parameter that sets the overall size of the initial wind field
at 260 km for the radius of 34-knot (kt; 1 kt 5 0.51 m s21)
winds (R34). The TC cyclonic wind varies in the
vertical as
V5

[Vm 3 3:0ðs/0:9 Þ]
[2:0 1 ðs/0:9 Þ3 ]

,

(2)

where s is the normalized vertical coordinate
( p 2 pT )/( ps 2 pT ), ps is the surface pressure, and pT 5
50 hPa is the pressure specified at the top of the model.
Using Eqs. (1) and (2), a three-dimensional wind field
is calculated in cylindrical coordinates. Next, the
mass fields are calculated using the hypsometric and
thermal wind relations, and a Gaussian moisture
anomaly is added to the center of the vortex to facilitate onset of convection in the TC core. Finally,
the variables are remapped to a Cartesian coordinate
system and combined with the environmental fields.
The result is a weak, hurricane-strength vortex in
gradient balance with the mass field at 158N, with
maximum winds of 65 kt located 100 km from the
center of the TC.
To create the different atmospheric environments
for the sensitivity simulations, a basic alteration to the

FIG. 2. Initial environmental virtual temperature profiles
applied to the seven simulations. Blue (red) lines indicate
profiles that are 1–3 K cooler (warmer) than the control profile. The inset image shows zoomed-in profiles up to 700 hPa.

control environment is undertaken. The entire vertical
profile of virtual temperature is modified by a constant
amount of 6 1, 6 2, and 6 3 K without altering the SST
and applied to the entire atmospheric computational
domain (Fig. 2). The simulations warmer than the
control are referred to as W1, W2, and W3, and those
cooler than the control are C1, C2, and C3. Because the
initial relative humidity profile is held constant, the
modifications to the temperature profile correspond
to a change in the specific humidity profiles (Fig. 3a).
The initial amount of CAPE also changes so that the
coolest simulation, C3, initializes with an environmental CAPE of 168 J kg21, while the warmest
simulation, W3, initializes with a CAPE value of
1350 J kg21. The initial atmospheric static stability
(Fig. 3b) and environmental lapse rate are essentially
unchanged by these changes in the virtual temperature
profile but immediately begin changing once the model
starts running.
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FIG. 3. Initial vertical profiles for the control, C3, and W3 simulations: of (a) specific humidity (g kg21) and (b) static
stability (31023 K hPa21).

As a final consequence of changing the atmospheric
temperature profile, the temperature and vapor pressure
difference between the ocean and surface air layer produce almost immediate changes to the surface fluxes. The
latent heat (LH) and sensible heat (SH) fluxes are controlled by three variables: the difference in temperature
between the ocean and surface air (Tocean 2 Tsurface_air);
the difference in vapor pressure between the ocean and
surface air [e(ocean_T) 2 e(air_T)]; and the wind speed
(Malkus and Riehl 1960). These physical processes are
parameterized in the model through a boundary layer
scheme (Janjic 1994), which also includes a viscous
sublayer and accounts for sea roughness through the
Reynolds number.
Table 1 shows the temperature difference between
the sea surface temperature and the air temperature
of the lowest level of the atmosphere after the changes
to the virtual temperature profile are applied. Also included are the resulting vapor pressure differences. The
surface flux calculations in the model are dependent on
surface wind speed in addition to the air–sea temperature and vapor pressure difference. Since each simulation begins with the same strength TC, the fluxes are
initially driven by the air–sea temperature difference so
that a warmer (cooler) atmosphere leads to lower

(higher) surface LH and SH fluxes as long as the same
underlying SST is maintained.
Note that some of these initial conditions are not realistic. The intent of this study is to understand the
physical mechanisms that can lead to changing wind
field structures in TCs. Thus, the methodology behind this set of simulations—to systematically alter the
environment—makes it possible for us to better isolate
cause and effect within these simulations. However,
because each of the different physical characteristics of
the environment may potentially have an impact on TC
development, all must be considered when interpreting
TABLE 1. Initial differences in temperature (8C) and vapor
pressure (hPa) between the sea surface and lowest level of atmosphere for the initial set of seven simulations. The SST is 302 K in
each simulation.
Case

T(SST) 2 T(air) (8C)

e(surf) 2 e(air) (hPa)

C3
C2
C1
Control
W1
W2
W3

3.6
2.8
1.9
1.1
0.3
20.6
21.4

17.0
15.7
14.4
13.1
11.7
10.3
8.8

4558

JOURNAL OF THE ATMOSPHERIC SCIENCES

the results. Because of this, the analysis of the simulations will be undertaken by examining differences in TC
structural evolution from the control simulation.
Operational forecasters at the National Hurricane
Center (NHC) routinely estimate size in terms of the
radii of 34–50- and 64-kt surface winds and radius of
maximum winds. There is no standard metric that defines the size of the convective field, but some observational studies have described it in terms of the eyewall
region, the inner-rainband region, and outer-rainband
region (e.g., Cecil et al. 2002; Molinari et al. 1999). Most
studies find that the size of the wind field is intricately
tied to the structure of the convective field (e.g., HL09;
XW10a,b), so our analysis method has to consider the
structural regions of both fields while still maintaining
consistency with operational standards. To do this, we
use the RMW to quantify the size of the inner core, the
radius of 64-kt (R64) and 50-kt (R50) winds to describe
the size of the outer-core, and the radius of 34-kt winds is
used to delineate where environmental interactions can
occur to produce overall size changes in the TC (Merrill
1984; Kimball 2006; HL09). We will also often refer to
the ‘‘regions’’ of the inner core, outer core, and interactive envelope in order to encapsulate the impact of
different environmental variables on the structure of
both the wind and precipitation fields. These regions are
approximately defined in the following manner: the
inner-core region contains the RMW, convective eyewall, and inner spiral rainbands; the outer-core region
roughly contains the R64, R50, and any outer spiral
rainbands that form; and the region describing the
overall size starts at the edge of the outer-core region
and extends to the R34. All size parameters are azimuthally averaged using the 10-m wind speeds. Primary
focus is paid to the processes that link changes in the
environment to changes in the R64, R34, and the associated convective structure. Most of the diagnostics are
azimuthally averaged quantities calculated at 5-km increments from the center of the TC. This includes anything that is displayed as a function of radius. Variables
shown that are not explicitly calculated by WRF include
the potential vorticity, CAPE, angular momentum
fluxes, and radial and tangential wind fields.

3. Simulation results
a. Intensity and wind structure
Each simulation is initialized with the same central
pressure and wind structure (Fig. 4a). Thereafter, all
simulations except for C2 and C3 evolve similarly to the
control, reaching a maximum intensity around 48–60 h
and then slightly weakening through the end of the 120-h
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period. The tropical cyclones in the warm environments
(i.e., W1, W2, and W3) end with final intensities slightly
higher than the control. The C2 and C3 simulations have
slightly reduced intensification rates after approximately 12 h but generally strengthen through the simulation period and reach their final intensities at 120 h. C2
slightly differs from C3 in that it weakens between 48
and 72 h before intensifying again to become the most
intense tropical cyclone in the set.
The RMW evolves with some correspondence to the
intensification rate (Fig. 4b). After the initial spinup
period, the slower-intensifying C2 and C3 TCs maintain
the largest RMWs through the majority of their simulation, but C2 contracts after 84 h while reintensifying. In
contrast, the warm-atmosphere TCs evolve with a
smaller RMW during the period when their intensification rate is higher than C2 and C3 (i.e., 24–60 h). The
TCs continue to maintain a smaller RMW than the TCs
in the cooler atmospheres through 120 h, but their RMW
slightly expands while they weaken.
The outer-core wind field, represented by the R64,
develops at approximately 12 h and steadily increases for
all TCs (Fig. 4c). However, progressively larger storms
evolve when the initial environmental temperature profile decreases from W3 to C3. The outer-core evolution in
C3 is particularly interesting after about 84 h, when the
rate of expansion rapidly increases. Between 12 and
120 h, the R64 in C3 increases by 160 km compared to 51
and 49 km in the control and W3, respectively.
The largest differences occur in the R34, which is not
particularly sensitive to temperature changes within the
first 60 h but divides into three groups thereafter
(Fig. 4d). The C2 and C3 TCs make the largest expansion, increasing in size by 167 and 348 km, respectively,
during the final 60 h. The C1 and control TCs make a
comparatively smaller expansion during this period, increasing by 56 and 40 km, respectively. The remaining
TCs (i.e., W1, W2, and W3) slightly contract in size.
It is clear that, based on whether the initial environments are warmed or cooled relative to the control, the
associated atmospheric conditions develop such that
cooling leads to a TC that increases in size while warming
leads to a TC that decreases in size. When the initial atmospheric temperature is modified by 18–28C, the differences in the structural development compared to the
control are somewhat subtle, so the rest of this paper will
focus on the extreme cases in the set, C3 and W3, which
allows us to more easily identify the mechanisms that
separate large-forming TCs from those that contract.

b. Precipitation structure
Radar reflectivity (Fig. 5) and azimuthally averaged,
3-h precipitation tendencies, which quantify the intensity
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FIG. 4. Time evolution for all seven simulations of: (a) maximum 10-m wind speed (kt), smoothed with a centered
12-h running mean; (b) RMW (km); (c) R64 (km); and (d) R34 (km). The size parameters are measured using
azimuthally averaged values from the 10-m wind field.

and size of the precipitation field (Fig. 6), are used to
identify structural differences in the precipitation between the simulations. At 24 h, W3 and the control
have a similar structure of an intense, inner core of
precipitation surrounding a complete eyewall with a
weak outer rainband between 100 and 150 km from the
center (Figs. 5a,b). Figure 6a shows that the highest
inner-core precipitation rates are located near the
RMW, but the radial extent of the inner-core precipitation field stays confined within 100 km of the center. In contrast, C3 develops with a weaker and much
more disorganized core of convection but attains an
overall larger precipitation field with multiple rainbands,
resulting in a broader area of precipitation (Figs. 5c, 6a).
Through 60 h, W3 and the control become more annular,
and the inner-core convection strengthens (Figs. 5d,e, 6b).
The maximum precipitation rates in C3 are half the
magnitude of the control and W3 at this point, but the
overall size of the precipitation field is larger. C3’s inner
core also extends slightly beyond 100 km with an outer
rainband located approximately at a 175-km radius. The
inner-core convection in the control and W3 weaken
through the final 60 h of the integration, although the
control does develop strong outer-core rainbands by

120 h (Figs. 5g,h, 6c). In contrast to W3, both the innercore and outer-core convection strengthen in C3 through
the remainder of the simulation (Figs. 5f,i). By 120 h, C3
has multiple outer-core rainbands and a total convective
field that extends to a radius at least 250 km from the TC
center (Fig. 6c). Interestingly, C3’s inner-core precipitation rates at 120 h never reach the magnitude that W3 and
the control reach at 60 h, despite the TCs having similar
intensities at these times.
These results suggest that larger-forming TCs are associated with increased outer-core rainband formation,
which is favored when the atmospheric temperature is
initially cooled while the SST remains unchanged. The
results are consistent with those of Wang (2009), HL09,
XW10a, and XW10b. Wang (2009) found that outercore rainbands increase diabatic heating outside the
RMW and cause net warming, which reduces the pressure gradient across the inner core and expands the
RMW while also decreasing the maximum wind speed.
Outer rainbands can also reduce the radial inflow to the
inner core, effectively reducing inward transport of
boundary layer mass and moisture to cause weakening
in the vortex intensity (Fudeyasu and Wang 2011;
Didlake and Houze 2013). This mechanism explains why
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FIG. 5. Composite radar reflectivity (dBZ) at 24, 60, and 120 h for the W3, control, and C3 simulations. Gridlines are 18 3 18.

C3 has a reduced intensification rate and a larger RMW
throughout the majority of its simulation. Since outercore rainband formation seems to be integral to size
increases (e.g., HL09), the next two sections will explore
differences between the C3 and W3 simulations that
might lead to rainband formation in the former and not
in the latter.

c. Role of surface fluxes and CAPE
Figure 7 shows the temporal evolution of SH and LH
fluxes averaged within 0–100, 100–250, and 250–600 km
from the center. These radii correspond to the regions
that best capture inner-core, outer-core, and interactive
envelope regions. The interactive envelop region is
where the TC begins to interact with the environment to
produce overall size (R34) changes. All regions of each

TC display a strong sensitivity to the initial imposed air–
sea temperature and vapor pressure difference. In general, the surface fluxes are highest in C3 and decrease
with each incremental increase in atmospheric temperature. Since the fluxes in Figs. 7a and 7b are calculated
within a 100-km annulus from the TC center, where the
surface winds are strongest, their evolution is more
variable and increasingly dependent on the intensifying
inner-core wind field.
In the outer core, where the winds are weaker, the flux
values are less dependent on the growing wind field,
particularly prior to 72 h (Figs. 7c,d). Notice in Fig. 7c
how the initially negative air–sea temperature difference in W3 impacts the outer-core SH fluxes in the first
9 h, which start slightly negative but become positive as
evaporative cooling in the developing convective field
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FIG. 6. Azimuthally averaged 3-h precipitation tendencies (mm) for the C3, control, and W3 simulations: (a) 24, (b)
60, and (c) 120 h.

rapidly cools the boundary layer. After 72 h, the expansion of the wind field becomes evident in C3 and to
some extent the control, demonstrated by the increasing
outer-core fluxes. In the environment, the fluxes are
small and remain steady or slightly increasing during the
120-h period (Figs. 7e,f).
The amounts and radial distributions of LH and SH
fluxes are known to impact the inner-core size and
intensification of a TC by impacting the radial distribution of atmospheric CAPE, which favors the development of outer-core rainbands (e.g., XW10a). Our
results demonstrate that the high surface fluxes in C3
help to either maintain or increase CAPE in the convective regions of the TC (Figs. 8a,b) and the environment (Fig. 8c), facilitating inner- and outer-core
rainband development. Interestingly, the CAPE in
W3’s convective region is slightly higher than in C3
through 36 h, but it does not result in more active outercore rainband formation. This suggests that an additional or stronger mechanism is present in C3 that is
enhancing early development of rainbands beyond the
eyewall.
The higher inner-core CAPE (Fig. 8a) and moisture in
the control and W3 during the first 48 h of the simulation
likely helped to produce the higher inner-core precipitation rates (Figs. 6a,b), stronger eyewall convection
(Figs. 5a,b,d,e), and higher intensification rates (Fig. 4a).
Yet, despite sufficient CAPE being maintained in both
the inner and outer cores thereafter, W3 and the control
still weaken, and W3 never displays any significant
outer-rainband development. In addition, the amount of
inner-core CAPE appears to have little correspondence
with the maximum attained intensity in these simulations, which is consistent with the findings of Persing
and Montgomery (2005), who found that CAPE is not a
factor in determining a TC’s maximum potential intensity. The primary result here is that, because outercore rainband formation is dampened in W3 despite the
presence of sufficient CAPE, there must be a dynamic

mechanism that is either absent or significantly weaker
in this region compared to C3.

d. Radial wind field and convective structure
The initiation of convection in each TC is intricately
tied to the strength and structure of the developing radial inflow in the boundary layer. As early as 2 h into the
simulation, the developing radial wind field in C3 is already stronger than in W3 and expands farther from the
TC center (Figs. 9a,b). The strengthening radial inflow
in C3 leads to stronger vertical velocities (VV) by 4 h
(Figs. 9c,d) that by 7 h exhibit a double-maxima structure (Fig. 9e). The two VV maxima are associated with
the inner- and outer-core rainbands observed in the reflectivity in Fig. 5c. In contrast, W3 develops with a
single-maximum VV structure (Fig. 9f) that, by 21 h, is
stronger than both of C3’s VV maxima (Figs. 9g,h),
consistent with a more intense TC (e.g., Fig. 4a). The
double-maxima VV structure in C3 is associated with a
double-maxima radial wind field structure in the
boundary layer (Figs. 9e,g). Converging radial inflow
immediately radially inward of the secondary wind
maxima in Figs. 9e and 9g is likely forcing the secondary
VV maxima in the same location, about 125 km from the
TC center.
Since the initial wind field is nearly identical between
the simulations, the mechanism to develop such different radial wind structures in the boundary layer likely
results from the differences in the surface energy fluxes.
In the WISHE theory, TC development is driven by an
instability that relies on a feedback between radial
temperature gradients that drive the circulation and
radial gradients of sea–air heat transfer associated with
gradients of surface wind speed (Emanuel 1986). A
similar mechanism could explain the differences seen
here, where the high surface SH fluxes in C3 create a
favorable radial temperature gradient in the boundary
layer for the expansion of the tangential and radial wind
fields. Note that the initial 950-hPa temperature change
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FIG. 7. Temporal evolution of the (top) sensible and (bottom) latent heat flux (W m22) averaged within (a),(b) 0–100 km (inner core);
(c),(d) 100–250 km (outer core); and (e),(f) 250–600 km (interactive envelope region) from the TC center.

with radius is nearly identical in Fig. 10a. After the
simulation starts, the positive SH fluxes in C3 produce a
surface temperature maximum at the RMW and a
negative-radial temperature gradient just outside the
RMW (Fig. 10b). A similar process was also noted in Ma
et al. (2015). In contrast, the negative SH fluxes in W3
produce a temperature minimum near the RMW and a
strong, positive-radial temperature gradient beyond
100 km that may be constraining the radial inflow in the
boundary layer. By 4 h, W3 has developed considerable
structure in the surface temperature field with a weak,
negative gradient from 50 to 125 km that becomes
strongly positive from 125 to 200 km (Fig. 10c). The resulting radial inflow is weak, shallow, and confined within
200 km of the center of the TC (Fig. 9d). Beyond 4 h, the
strengthening convection enhances boundary layer radial
inflow in all TCs, and expansion of the radial wind field is
less dependent on radial temperature gradients and

becomes more dependent on the cooperative interaction
between the surface energy fluxes and the expanding
tangential wind and precipitation fields.

e. PV and RAM associated with the wind field
expansion
Figure 11 shows time–radius Hovmöller diagrams of
azimuthally averaged PV diagnostics associated with the
precipitation field. Composite reflectivity is shaded in
Figs. 11a and 11b as a proxy for the extent of convection
in the eyewall and rainbands. The PV tendency and the
R64, R50, and R34 are overlaid in order to determine if
our results are consistent with those of HL09, who found
that diabatic PV production within the outer rainbands
broadens the PV distribution, which results in an expansion of the TC outer-core wind field.
Similar to HL09, our results show that the production
of PV is generally cellular in nature, in accordance with
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FIG. 8. Temporal evolution of CAPE (J kg21) averaged within (a) 0–100 km (inner core); (b) 100–250 km (outer core); and (c) 250–600 km
(interactive envelope region) from the TC center.

the convective structure of spiral rainbands. Thus, the
azimuthal averaging in Fig. 11 smooths and weakens the
PV field, especially in the outer rainbands. Nevertheless,
it can be seen that, by 24 h, the region of diabatic PV
generation extends radially out to about 150 km in C3
(Fig. 11a), which is nearly twice that of W3 (Fig. 11b).
The region of diabatic forcing and PV generation continues to expand in C3 so that, by 96 h, it extends to
about 250 km. In contrast, the PV generation expands
only slightly in W3 and generally stays confined within
100 km, corresponding to slight growth in the R64 and
R50. This appears to be consistent with the findings of
HL09 that there is a correlation between PV generation
in the outer rainbands and outer-core size change. Yet,
despite the continual growth of W3’s R64 and R50, the
R34 actually contracts, suggesting that a dynamic component is missing in W3’s interactive envelope region
that is required for overall size increases.
XW10b found that increased production of diabatic
potential vorticity outside of the eyewall enhances
the radial advection of absolute angular momentum (AAM) via the vertical absolute vorticity term
u za in the angular momentum budget, where
za 5 f 1 /›(RVT )/R›R. The 850-hPa PV overlaid with
the radial wind velocities in Figs. 11c and 11d shows
that the radial inflow and PV field in the outer-core
region are much stronger in C3, likely increasing u za to
facilitate an expanding wind field. Interestingly, ‘‘pulses’’ of enhanced radial inflow outside of the RMW in
C3 (Fig. 11c) seem to correspond with bursts of outercore convection in Fig. 11a. This can also be seen to
some extent in W3 (Figs. 11b,d), although the radial
inflow is constricted to much smaller radii.

The role of the outer rainbands on the size changes in
C3 and W3 are further assessed through an analysis of
the AAM budget. This study draws on the methodologies from Tuleya and Kurihura (1975), McBride (1981),
Chan and Chan (2014), and Li et al. (2015) for the calculations. The azimuthal mean, local tendency of AAM
expressed in cylindrical coordinates is defined as
dm
5 2=  Vm 2 f VR R 1 RFT .
dt

(3)

The first term on the right-hand side represents the
horizontal transport, which, when divided into the mean
and eddy components, is expressed as VT VR and VT0 VR0 ,
respectively. The overbar represents the azimuthal
mean, the prime is the deviation from the azimuthal
mean, and the tangential and radial wind velocities are
represented by VT and VR. The horizontal convergence
of the mean RAM flux is proportional to 2VT VR on the
perimeter of the circle (McBride 1981). The third term
on the right-hand side is the symmetric Coriolis torque,
where f is the Coriolis factor, and radius is denoted by R.
The last term arises from friction, approximated by
FT 5 rCD VS2 ,

(4)

where CD 5 (0:75 1 0:67jVS j) 3 1023 , VS is the surface
tangential wind velocity, and r is surface air density.
Vertical advection of AAM is not included in the analysis, because the contribution has been found to be
nearly negligible beyond an 80-km radius (Li et al. 2015;
Chan and Chan 2014; Merrill 1984), which is outside the
region of interest in this study. Our calculations for C3
and W3 show that the horizontal convergence of mean
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FIG. 9. Azimuthally averaged vertical wind velocities (contours with increment 5 0.2 m s21) and radial-wind circulation (color shaded,
m s21) for (top) C3 and (bottom) W3 at (a),(b) 2; (c),(d) 4; (e),(f) 7; and (g),(h) 21 h.

RAM flux and frictional dissipation are the dominant
contributors to the AAM tendency. The Coriolis torque
makes a small contribution at large radii, particularly in
C3, and the eddy fluxes are near zero beyond a 100-km
radius. These results are generally consistent with other
studies that have assessed the angular momentum budget for idealized simulations (e.g., Sawada and Iwasaki
2010; Chan and Chan 2014).

Vertical cross sections of the mean RAM flux convergence show where positive gains are being made to the
AAM tendency. At 24 h, convergence of RAM is higher in
the boundary layer beyond the RMW in C3 (Fig. 12a)
compared to W3 (Fig. 12b). Li et al. (2015) observe similar
characteristics in their simulations and attribute changes in
the R50 to increased convection outside of the RMW, or
rapid filamentation zone, which enhances the secondary

FIG. 10. Radial profile of the azimuthally averaged 950-hPa temperature (K) for C3 (blue) and W3 (red) at (a) 0, (b) 2, and (c) 4 h.
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FIG. 11. Hovmöller diagrams for (left) C3 and (right) W3 of the R34, R50, and R64 tangential winds (black
dashed) overlaid on PV diagnostics showing azimuthally averaged (a),(b) radar reflectivity (color shaded) and 850–
400-hPa average PV tendency (black solid) and (c),(d) 850-hPa radial wind velocities (color shaded) and
850-hPa PV (black solid). The PV tendency is contoured in increments of 1 PVU (3 h)21 from 0.5 to 4.5 PVU
(3 h)21 (1 PVU 5 1026 K kg21 m2 s21). Contour increments for the PV are 1, 2, 5, 15, 25, and 35 PVU.

circulation in the boundary layer to increase RAM fluxes
(Li et al. 2014; Didlake and Houze 2013; Fudeyasu and
Wang 2011). They also found that more active rainbands in
the rapid filamentation zone were associated with enhanced flux convergence in the lower troposphere, not
unlike what is observed here. Figure 6a demonstrates that,
although peak rain rates are higher in W3, convection is
more active beyond C3’s RMW, which corresponds to the
enhanced RAM fluxes above the boundary layer between
75 and 100 km from C3’s center (Fig. 12a). The RAM flux
convergence in the lower troposphere continually increases throughout the simulation, corresponding to the
outer-core rainband activity in C3 (Figs. 12c,e).
It is likely that diabatic-PV processes in the rainbands
enhance RAM fluxes above the boundary layer, but a

full piecewise analysis of the inverted-PV field is needed
to determine the exact contribution of diabatically
generated PV to the RAM field. While this involved
process is left for future work, the current results suggest
that RAM flux convergence within the boundary layer is
where the majority of gains to the overall RAM field
occur. Development of rainbands beyond the RMW are
then necessary to expand boundary layer inflow and
increase the inward transport of RAM, leading to wind
field expansion. Averaging the mean RAM flux convergence over a 60–120-h period further demonstrates
that, relative to the boundary layer, the fluxes in the
lower and midtroposphere are very weak (Fig. 13).
Furthermore, values of at least 150 m2 s22 extend beyond 600 km in C3 (Fig. 13a), while staying confined to
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FIG. 12. Horizontal convergence of mean fluxes of RAM (color contour increment 5 50 m2s22) for (left) C3 and
(right) W3 at (a),(b) 24; (c),(d) 60; and (e),(f) 120 h. Positive values indicate gains to the AAM budget.
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FIG. 13. Horizontal convergence of mean fluxes of RAM (contour increment 5 300 m2 s22) averaged over a 60–120-h
period for (a) C3 and (b) W3.

250 km in W3 (Fig. 13b), explaining the final sizes of
their respective R34 (i.e., Fig. 4d).
When the eddy and mean flux convergence and
Coriolis torque are vertically integrated from the surface
to 8 km and compared with the frictional dissipation, it
becomes clearer why C3 expanded after 60 h while W3
did not. At 24 h, gains to the RAM budget outside the
RMW exceed negative contributions from the frictional
dissipation and negative RAM flux at the RMW for both
W3 (Fig. 14a) and C3 (Fig. 14b), leading to intensification and outer-core expansion (e.g., Figs. 4a,c). Beyond
a 150-km radius, the RAM fluxes in C3 exceed the
values in W3 to enhance growth of the R64 in C3 at 24 h
and through the end of the simulation period. Note that,
at 60 h, the negative contributions from the mean fluxes
and frictional dissipation at the RMW of W3 exceed
positive contributions just outside of the RMW (Fig. 14c),
consistent with the weakening of W3. W3 slowly weakens
throughout the end of the simulation because of the
small increase in friction and negative RAM fluxes at the
RMW (Fig. 14e). Positive flux convergence approximately balances the negative impacts from surface friction beyond 300 km at 120 h in W3 to hinder wind field
expansion. In contrast, the RAM fluxes in C3 continuously outweigh frictional effects just outside the RMW
and out to a 600-km radius (Figs. 14d,f), further explaining why C3 is intensifying and expanding in the R64
and R34 wind fields.

4. Discussion
Several studies have indicated that outer spiral rainbands are a potentially important source of PV and
momentum that could affect TC intensity and size

changes (HL09; May and Holland 1999; Hence and
Houze 2008). Our simulations show similar results,
indicating a relationship between outer-core rainband
formation and an expanding outer-core wind field
(R64 and R50). However, the largest gains to the RAM
budget occur in the boundary layer, and positive gains
above the boundary layer are near zero beyond a 300-km
radius. This suggests that rainband development beyond
the eyewall is more important for driving strong inflow
to increase fluxes of RAM in the boundary layer, and
any RAM generated from diabatic PV processes is
secondary to wind field expansion, especially in the R34.
This is consistent with Holland and Merrill (1984), who
hypothesized that much larger imports of RAM in the
boundary layer are required for outer-core and overall
size changes. Our results indicating the importance of
boundary layer fluxes of RAM are also consistent with
XW10a, XW10b, and Chan and Chan (2014).
In this set of simulations, cooling the environment
relative to a control profile decreases the initial amount
of CAPE and specific humidity but increases the surface
energy fluxes, which are the key to the larger developing
precipitation fields. During the spinup period, C3
forms a larger convective field because the boundary
layer radial inflow is stronger and more expansive than
in W3. The early differences in the surface radial wind
field are likely a consequence of the different boundary
layer mass field gradients forced by the surface fluxes.
The initially low CAPE environment of C3 does little to
hinder spinup and expansion of the TC wind and precipitation fields, which corresponds well with the
WISHE theory that the initial amount of CAPE in the
atmosphere is not a necessary component for TC development (Emanuel 1986). However, as the CAPE
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FIG. 14. Vertically integrated quantities of the RAM flux convergence (3104 kg s22) from the mean (green) and eddy (black) terms,
symmetric Coriolis torque (red), and frictional dissipation (blue) for the (top) W3 and (bottom) C3 simulations at (a),(b) 24; (c),(d) 60; and
(e),(f) 120 h. The black dashed contour is the result of adding the mean, eddy, and Coriolis terms together.

increases in C3 from the high surface fluxes, conditions
become increasingly favorable for outer-rainband development, and the convective field expands. In contrast, W3 initializes with much higher CAPE, but the
confined radial inflow (and thus radial convergence)
limits the horizontal extent that convection can form.
After the first few hours of spinup, C3 continues to
expand but begins to intensify more slowly than W3 with
lower inner-core precipitation rates. Sawada and
Iwasaki (2010) found that slower TC development occurs in experiments with more evaporative cooling.
Evaporative cooling induces cool downdrafts and decreases CAPE near the eyewall, which is unfavorable for
the development of an axisymmetric TC structure. The
C3 environment is cooler and less moist than W3 when it
initializes, so it is likely that evaporative cooling in the
convective downdrafts is enhanced during the TC’s development stage. However, outer-core rainbands are
also an important source of diabatic heating outside the
eyewall, which Wang (2009) suggests is important for
decreasing the pressure gradient across the inner core

and expanding the tangential wind field. Increased
outer-core rainband activity in C3 is associated with a
larger RMW throughout the majority of the simulation
and is consistent with the results found in Wang (2009).
After the secondary circulation develops, the expanding convective field in C3 allows the outer core to
strengthen and expand. As this occurs, RAM in the
boundary layer increases outside of the outer core from
increasing tangential winds at large radii. In conjunction
with the expanding boundary layer radial inflow, fluxes
of RAM from the environment continue to aid in the
expansion of the outer core and overall wind fields.
More thoroughly explained in XW10a and XW10b, this
process continues in a positive feedback between enhanced fluxes and expansion of the outer-core wind
field. This positive feedback is also noted in HL09. As
the positive feedback between the wind field and fluxes
enhances RAM, moisture, and heat at large radii, the
radial inflow that also expands to large radii continues to
import these quantities into the TC. A rapid expansion
occurs in C3’s R34 wind field after 60 h, in accordance
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with increasing flux convergence of RAM in the
boundary layer. We observed a small amount of RAM
being generated at large radii in the W3 simulation.
However, the radial inflow is so weak that the RAM
imports from the environment are negligible, leading to
reduced RAM flux convergence and a slight contraction in
the R34. These results are consistent with those of Chan
and Chan (2014) and others who suggest that lowertropospheric forcing is responsible for TC size changes.

5. Conclusions
In this study, a set of seven idealized TC simulations is
described in which a control virtual temperature profile
is modified by 618, 628, and 638C without changing the
initial relative humidity profile or the constant SST of
302 K, resulting in corresponding changes in the initial
CAPE, surface energy fluxes, and specific humidity
profile. Each simulation is then examined for structural
changes relative to the development of the control
simulation for a period of 120 h, and then the physical
mechanisms for those changes are investigated. Particular focus is paid to the extremes in the set, which allows
us to clearly identify the dominant factors influencing
the size and intensity when the atmospheric temperature
is modified.
The results indicate that the initially high CAPE and
specific humidity environment of the warmest environment simulations (e.g., W3) is important for the rapid
development of a very compact and more intense innercore precipitation and wind field. In contrast, the coldest
environment, C3, initializes with low CAPE and specific
humidity but immediately develops a larger wind field
and broader inner and outer core of convection. This
suggests that high amounts of CAPE and moisture
within the TC and near environment are not sufficient
initial conditions for outer-core rainband development
and wind field expansion.
An analysis of the early development of the radial
wind circulation reveals that C3 develops a stronger and
more expansive area of boundary layer radial inflow
compared to W3, which allows vertical motion to develop farther from the TC center. The surface heat
fluxes immediately set up a radial temperature gradient
conducive to an expanded region of radial acceleration.
Kepert (2012) notes that the boundary layer dynamics of
simulated TCs is intricately tied to the boundary layer
schemes used in the simulation. A detailed analysis of
the boundary layer AAM and PV budgets to identify the
trigger for rainband formation is the next logical step to
identify the role of heat fluxes on radial wind structure.
The primary takeaway from this study is that, even if a
TC has high CAPE outside the inner core, it will not be
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realized as convection in rainbands unless a lifting
mechanism exists in the boundary layer. In this case,
radial wind convergence exists in the outer core of C3
that is much weaker in W3.
After the secondary circulation is established, high
surface fluxes in C3 increase CAPE to fuel inner- and
outer-core convection, which allows both the radial and
tangential wind field to continue to expand. Similar
to the processes observed in HL09, XW10a, and XW10b,
a positive-feedback loop occurs, in which the expanding
wind field increases surface fluxes and subsequent CAPE
in the outer core, which enhances outer-core convection,
strengthens and expands the tangential wind field, and
further intensifies outer-core fluxes. In the case of C3,
surface radial inflow expands with the strengthening
outer-core convection that eventually becomes important
for importing large quantities of RAM from the environment. In contrast, RAM imports are much lower in
the W3 environment, especially at large radii, so the wind
field remains relatively compact.
Several conclusions can be drawn from these
simulations.
1) When the atmospheric temperature is modified
without changing the SST, it is the corresponding
changes in the surface fluxes that drive the size
evolution of the TC.
2) Regardless of the initial amount of CAPE in the TC
region, it is the extent and strength of the radial
inflow outside of the RMW that drives a larger
convective field during development.
3) The development of outer rainbands is key to
developing a more extensive wind field. In these
simulations, the development of outer rainbands is
tied to the development of a more radially extensive
boundary layer radial wind field with local maxima
that are tied to updrafts.
4) The RAM generated from processes related to
diabatic PV production in the rainbands may enhance outer-core expansion (R64 and R50) as the TC
develops, but increases to the RAM and corresponding tangential wind fields are primarily linked to
boundary layer processes. Flux convergence of RAM
beyond the outer-core region is particularly important for overall size (R34) changes in a mature TC.
Future work includes examining the effects of the initial
sizes of TCs on their ultimate size within specific environments and examining in more detail the role of the
boundary layer in the development of outer rainbands.
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