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ABSTRACT

We revisit the theoretical possibility of long-term, sustained tropical cyclone solutions using a state-of-the-art
numerical model that incorporates the most recent observational guidance for subgrid scale parameters and air-
sea exchange coefficients of heat and momentum. Emphasis is placed on the realism of such solutions and the
sources of cyclonic relative angular momentum (RAM) that are necessary to replenish that lost by friction at the
surface. For simplicity, we confine our attention to strictly axisymmetric numerical experiments.

We are able to replicate Hakim’s long-term simulation of a quasi-steady state cyclone in a 1500 km radial do-
main. The structure of the wind field is found to be somewhat realistic compared to observations, but sustained
by unrealistic processes. Artificial sources of cyclonic RAM are quantified and the lateral damping of the anti-
cyclonic wind near the outer boundary is found to make the largest contribution to the source of cyclonic RAM.
When the domain size is extended to 9,000 km radius and lateral damping is removed altogether, a quasi-steady
vortex emerges, but the structure of this vortex has many unrealistic features. In this solution, the remaining up-
per-level Rayleigh damping contributes a major portion of the needed source of cyclonic RAM. In a simulation
in which the upper-level damping is removed also, the solution is found to be neither quasi-steady nor realistic.

These findings call into question the realism of long-term, sustained tropical cyclone simulations, which re-

quire a sufficiently large source of cyclonic RAM to facilitate the existence of a quasi-steady state.
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1. Introduction

Hurricanes are intense, warm-cored, cyclonically-
rotating, convectively-driven vortices that form over the
tropical oceans. A large fraction of these storms form from
pre-existing disturbances in the Inter-Tropical Convergence
Zone or monsoon trough, typically within 15 deg latitude
of the equator. If conditions are favorable, intensification
may be rapid, and storms may last for a week or more.
Storms that become particularly intense may remain in-
tense (though not maintaining the same peak intensity or
radius of maximum wind) for many days (e.g., Hurricane
Ivan 2004). However, storms eventually weaken, some-
times due to their propagation out of the tropics and over
cooler sea-surface temperatures, sometimes because of in-
creasing vertical wind shear in their environment, or some-
times because of their encounter with land or with rugged
topography associated with island terrain. Certainly, from
an observational perspective, one could justifiably regard
hurricanes as transient vortices.
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Notwithstanding the flow complexities of individual
hurricanes, our understanding of these vortices has been
influenced strongly by the simple, axisymmetric, steady-
state hurricane model described in a pioneering study by
Emanuel (1986) (henceforth E86). For almost three decades
now, this model has served to underpin many ideas about
how hurricanes function and even how they intensify from
a small, but finite amplitude cyclonic vortex a few hun-
dred kilometers in diameter (Rotunno and Emanuel 1987;
Emanuel 2003; Persing and Montgomery 2003; Emanuel
2004; Smith et al. 2008; Bryan and Rotunno 2009b,a; Bis-
ter et al. 2011; Montgomery and Smith 2014). As an ex-
ample of its far-reaching influences, the E86 theory is still
used as a basis for deriving updates to the so-called a priori
potential intensity (PI) theory (Bryan and Rotunno 2009a;
Garner 2015; Frisius and Schonemann 2012) as well as for
estimates of the impact of hurricane intensity and structure
change due to global change scenarios (Camargo et al.
2014; Emanuel 1988).

Given the prominence of the E86 theory, it is pertinent
to consider how to apply a steady state theory to observed
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hurricanes or simulated hurricanes. Steady-state refers to
a condition, where the time derivative of any dependent
variable (X) is zero. In observed and simulated hurricanes,
variations in structure over a variety of time scales is gen-
erally observed, however. This raises the question whether
such vortices are “quasi-steady” realizations of the theoreti-
cal steady state hurricane. A broader question is whether
“quasi-steady” hurricanes may exist beyond the realm of
current theory. It might be possible to construct a quasi-
steady state theory based on the requirement that over
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dependent variable X. One would then time-integrate all of
the equations of motion to obtain a system of equations for
the time mean of the quasi-steady vortex. Any such quasi-
steady theory would need to include covariance terms
contributing to the time-mean of all dependent variables.
However, the theory presented in E86 is a strict steady-state
theory and not a quasi-steady theory as defined above.

Since a hurricane is a system of convective clouds, the
convective time scale (~30 min) is one elemental time scale
of variability, and an averaging period covering some num-
ber, say ten, such periods might provide a suitable average (i.e.
5 hours). The dynamics of the system-scale vortex has other,
longer, time scales, e.g., secondary eyewall cycles have a time
scale on the order of a day (Willoughby et al. 1982; Abarca
and Montgomery 2014; Huang et al. 2012). Brown and
Hakim (2013) suggest that inward propagating bands in a
long-lived simulated hurricane have a period of five days.
By whatever standard, quasi-steadiness requires that there
be no trend in all dependent variables on longer time scales.

A further requirement of a quasi-steady hurricane is that
it must retain a realistic structure consistent with observa-
tions. Otherwise, one should consider the simulated hur-
ricane as pathological. The salient features of an observed
hurricane are a swirling flow with near-surface wind speed
of at least 33 m s, with winds generally decreasing with
height above the frictional boundary layer, consistent
through approximate gradient wind balance with a warm
core structure aloft. The more intense hurricanes tend to
have an eye that is free of deep clouds. A third salient fea-
ture is an in, up and out (or overturning) circulation with
strong inflow in the frictional boundary layer, upflow in an
approximately circular region of deep clouds forming the
eyewall, and a layer of outflow in the upper troposphere.
The eyewall slopes outwards with height, with a slope
angle on the order of 45 degrees from the horizontal (e.g.
Marks et al. 2008, Fig. 3).

Several recent numerical studies have described long-
lived simulations of hurricanes in axisymmetric (Hakim
2011; Chavas and Emanuel 2014; Frisius 2015) and three-
dimensional (3D) geometries (Brown and Hakim 2013; Ca-
margo et al. 2014; Khairoutdinov and Emanuel 2013; Zhuo
et al. 2014). These studies may present candidate models
for quasi-steady state hurricanes if 1) the simulation is qua-
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si-steady, as defined above and 2) the simulated hurricane
is not pathological as defined above.

A recent study by Smith et al. (2014) has questioned
the existence of a realistic globally quasi steady-state hur-
ricane. By global quasi steady state they mean that the
macro-scale flow does not vary systematically with time,
which is consistent with the definition above. Among
other things, echoing Anthes (1982), the Smith et al. study
showed that if such a state were to exist, then a source of
cyclonic relative angular momentum (RAM) would be nec-
essary to maintain the vortex against the frictional loss of
angular momentum at the sea surface. It showed also that
while a supply of cyclonic RAM is a necessary condition
for a globally steady state hurricane, it is not sufficient (see
Smith et al. (2014) for details). It would be necessary also
that, above the boundary layer and outside regions where
turbulent diffusion is significant, the spin up function S
vanish, where S is the dot product of the absolute vorticity
vector of the azimuthal mean vortex and the gradient of the
diabatic heating rate divided by the potential vorticity of
the azimuthal mean vortex (see Smith et al. 2014, sect. 3.2).
It would seem to be a logical consequence that, without a
steady source of cyclonic RAM, hurricanes must be global-
ly transient, a deduction that accords with observations and
with recent month-long, axisymmetric (Schmidt and Smith
2016) and three-dimensional (Kilroy et al. 2016) numeri-
cal simulations. In particular, Kilroy et al. show that after
reaching a mature stage in a few days, both the inner-core
and outer wind field expand with time and the maximum
tangential wind slowly declines even in the presence of ra-
diative cooling (cf. Hakim 2011).

In the E86 steady-state hurricane model, cyclonic RAM
is assumed to be steadily replenished at large radii in the
upper troposphere, but is such an assumption realistic?
Even if it were, one might ask: how long does it take to
attain this state and does the steady-state vortex predicted
by the model bear any relationship to typical observed
structures on realistic forecast time scales of a few days?
In other models where the vortex is deemed to attain a
quasi-steady state, the question arises: what is the source
of RAM needed to support this state? To investigate these
questions, we present cloud-permitting numerical simula-
tions with putative quasi-steady states, and we investigate
whether these are quasi-steady or pathological by the cri-
teria above. In particular, as part of this investigation, we
determine the sources of RAM and assess the realism of
these sources.

An outline of the remaining paper is as follows. Sec-
tion 2 reviews briefly the angular momentum requirements
needed to support a quasi-steady hurricane on an f-plane.
Section 3 presents the numerical model and its configura-
tion. The basic evolutionary characteristics of the cyclonic
and anticyclonic portions of the model hurricanes are pre-
sented in Section 4. The angular momentum budget for
these simulations is analyzed in Section 5. A summary and
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discussion of our findings and their relationship to recent
work is given in Section 6, where an assessment of some
but not all of these published quasi-steady hurricane solu-
tions is given also. The conclusions are given in Section 7.

2. Angular momentum considerations

Before presenting our series of long-time (more than a
week or two) cloud-permitting numerical experiments and
analyses, it proves useful to review the angular momentum
requirement needed to sustain a steady-state hurricane.
Although most of this material was presented by Smith et
al. (2014), some repetition may both help the reader and fa-
cilitate our discussion of the key angular momentum issue
examined in this study.

We consider a vertically-aligned, swirling flow on an f-
plane expressed in cylindrical coordinates (r, 4, z) with
corresponding azimuthally-averaged velocity components
(u, v, w) and departures therefrom denoted by primes. The
azimuthal-mean absolute angular momentum M per unit
mass about the vortex axis is defined by the equation:
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where f'is the Coriolis parameter. Making the anelastic ap-
proximation p = p(z), Smith et al. showed that the flux form
of the equation for M is:
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represents the momentum fluxes associated with asymmet-
ric (eddy) processes, and
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represents the unresolved horizontal and vertical diffusive
processes. Here, the brackets <...> denote an azimuthal
average and K, and K. are horizontal and vertical eddy dif-
fusivities, respectively. (Note that for simplicity azimuthal
variations in eddy diffusivity have been ignored.)
Integrating the steady-state version of (2) over a control
volume extending from the axis to » = R and from the sur-
face to z = H, and using the boundary conditions that u = 0
atr=0,w=0atz=0andz=H, and OM/0z = 0 (free-slip)
atz = H, gives
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After vertically integrating the steady-state version of the
continuity equation
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from z = 0 to z = H, radially integrating this equation from
=0 to r =R, and again using the boundary conditions that
u=0atr=0,and w=0 atz=0 and z = H, one obtains

H
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It follows trivially that

H
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showing that, in a steady state, the vertically-integrated
radial influx of planetary angular momentum density must
vanish at any radius. The vanishing of this integral is inde-
pendent of the rate at which the azimuthally-averaged, low-
level radial velocity decays with radius. [This observation
sharpens the conclusions of Smith et al. (2014) (their foot-
note on p4)].

For sufficiently large radius R, the relative angular mo-
mentum will be small compared to the planetary angular
momentum, i.e., M(R, z) =5 fR>. This result, together with
(8), implies that

H H 1
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Inserting (9) into (5) then yields the steady-state angular
momentum balance of the vortex:
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valid for sufficiently large radius R and for either axisym-
metric or three-dimensional hurricane flows.

From Eq. (10), it is evident that the planetary angular
momentum of the atmosphere has completely dropped
out of the angular momentum balance of the vortex. The
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vanishing of the integrated influx of planetary angular mo-
mentum into a hurricane is the analogue of the vanishing
Coriolis torque across a meridional surface when consider-
ing the angular momentum balance of the middle-latitude
westerly jet (see, e.g., Lindzen 1990). In other words, the
atmosphere's rotation cannot supply net angular momentum
to maintain a steady vortex. The only way that the Earth's
rotation can enter the angular momentum balance of the
vortex is indirectly via the boundary conditions where the
swirling flow component, itself, must exhibit special char-
acteristics as discussed below.

According to Eq. (10), the only possible sources of M
available to maintain a hurricane in a steady state could
be the radial diffusion of cyclonic angular velocity at r =
R [Note that the quantity that is radially diffused in the
tangential momentum equation is the angular velocity, v/r,
and not the angular momentum.] at heights where the flow
is anticyclonic (the second term on the right of Eq. (10)),
the vertical diffusion at the ocean surface at radii where
the flow is anticyclonic (contained in the first term on the
right of Eq. (10)), a positive radial eddy flux of tangential
momentum at » = R (through the term [<pru'M">,]), or
vertical diffusion and/or frictional torque of relative angular
momentum arising at the upper boundary of the model (term
not written here). The specific source terms of M that arise
at the upper boundary using the chosen numerical model
are written out explicitly in Section 5.

That the Earth's rotation cannot supply a net radial an-
gular momentum flux to the steady vortex seems to be an
under-appreciated result in the hurricane and geophysical
fluid dynamics communities. The underlying assumption
of many with whom we have spoken seems to be that the
ambient rotation of the atmosphere provides an unlimited
supply of cyclonic angular momentum. If this assumption
was correct, then a plausible explanation of the dynami-
cal elements needed for a steady-state hurricane would be
trivial indeed!

Specific contributions to the vortex-scale M-balance (10)
will be discussed in Section 5.

3. The Model and experiments
a. Model core

Experiments are performed using the axisymmetric
version of the CM1 numerical model, version 16, a non-
hydrostatic and fully compressible cloud model (Bryan and
Fritsch 2002). [For a complete description of the three-di-
mensional model and variable definitions see the technical
document “The governing equations for CM1”, available
for download at http://www.mmm.ucar.edu/people/bryan/
cml and available also from G. Bryan. For a complete
description of the axisymmetric version of CM1, see the
paper by Bryan and Rotunno (2009b).]

The reference sounding is a nearly moist-neutral sounding
generated from the axisymmetric Rotunno and Emanuel (1987)
model. The calculations are carried out on an f~plane with
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the Coriolis parameter = 5x10" s, corresponding to 20° N.

b. Radiation physics

The effects of radiation are represented by a cloud-
interactive longwave/shortwave scheme, described in the
CM1 documentation as the “NASA-Goddard longwave and
shortwave scheme” (Chou and Suarez 1994a,b, abbrevi-
ated NASA-G where necessary); this scheme is credited
to the Advanced Regional Prediction System of the Center
for Analysis and Prediction of Storms at the University of
Oklahoma.

¢. Boundary conditions

The lateral boundary condition in the model is a free-slip,
rigid wall. At the top boundary, a Rayleigh damping layer
of the form 0Q/0t = —aQ is added above heights of 20 km
to mitigate the reflection of internal gravity waves. Here Q
is one of {u, v, w, 0"}, where 8’ = 0 — 0(z) is the perturba-
tion of potential temperature from the initial basic sound-
ing, and « is defined by

0 z < 20 km

z — 20 km
)] z = 20 km

“(Z)={l _
A[l COS(” 25 — 20 km -

Here we take the constant 4 to have the default value of
300 s (following the similar numerical setup of Persing et
al. (2013)).

d. Air-sea interaction

Sea surface temperature is fixed to 299.3 K (26.15 C).
The surface exchange coefficients of heat and momentum
are taken to be constant in both space and time. The moist
enthalpy transfer coefficient C; is set equal to 1.29x107.
This value is close to the mean value (1.2x10°%) derived
from the Coupled Boundary Layers/Air-Sea Transfer
(CBLAST) experiment (Fig. 6 of Black et al. (2007); Fig.
4 of Zhang et al. (2007)), a recent laboratory study (Fig. 1
of Haus et al. (2010)) near and slightly above marginal hur-
ricane wind speeds, and an energy and momentum budget
analysis of the lower-tropospheric eyewall region at major
hurricane wind speeds (Bell et al. 2012). The drag coeffi-
cient is set to be twice the enthalpy exchange coefficient Cp
=2 x C,=2.58 x 1073, and is close to the estimated mean
value of Cp = 2.4 x 107 from observations derived from
CBLAST for major hurricane wind speeds by Bell et al.
(2012).

e. Turbulence parameterization

Subgrid-scale turbulence is represented by choosing op-
tion “iturb=3" in the model, which is designed for problems
that do not resolve any part of the turbulent Kolmogorov
inertial range. This option requires the external specifica-
tion of the horizontal mixing length /, = 700 m and the
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Fic. 1. (a) Maximum (solid) and minimum (dotted) tangential wind
from EX-1. (b) Radius of maximum tangential winds (at any height;
black), the 2 km height radius of gales (17 m s™'; red), and the radius of
minimum tangential winds (at any height; blue) for EX-1.

vertical mixing length far above the surface layer /., = 50
m, which for simplicity are assumed constant in both space
and time (Smagorinsky 1963; Lilly 1962). The values
chosen for /;, and /., are based on the observational findings
of Zhang et al. (2011) and Zhang and Montgomery (2012),
and the resulting vertical and horizontal eddy diffusivities
that are output in the model simulations. These values are
also close to the values recommended by Bryan (2012) in
order to produce realistic hurricane structure. Near the bot-
tom boundary the vertical mixing length /v = Iy (z; L) ap-
proaches zero to model a logarithmic surface layer.

. Precipitation physics

Rainfall is represented here by the NASA-Goddard Cu-
mulus Ensemble Model (Tao and Simpson 1993, NASA-
G).

g. Initial conditions

The initial tangential velocity is taken to be in gradient
wind balance with a maximum cyclonic velocity of 13 m
s at the surface at a 100 km radius from the center of cir-
culation. The tangential velocity varies smoothly in space
and tends to zero at large radii: it vanishes beyond 400 km
radius and above z = 20 km. The initial radial and vertical
velocity are set to zero.

As noted above, the numerical simulations presented
here employ the axisymmetric configuration of CM1 and
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adopt a uniform horizontal grid spacing of 3 km and an
outer boundary at a radius of 9,000 km. This large outer ra-
dius permits the simulated storm to possess a size in which
the influence of the outer boundary is minimized (Chavas
and Emanuel 2014). In the vertical, there is a stretched grid
with 40 grid points between the surface and model top of
25 km; the first grid level is at 25 m altitude and the grid
spacing slowly increases with height. The specific model
mesh is the same as that described by Persing et al. (2013),
Table Al.

h. The experiments

The basic control simulation, EX-1, is as described
above, with Rayleigh damping at the top boundary. This
simulates a long-lived cyclone that maintains hurricane
intensity. We will show below several aspects of the pro-
longed vortex that are not consistent with known structures
of observed hurricanes.

A second experiment, EX-2, is like EX-1, but is without
Rayleigh damping. We show below that this simulation ex-
hibits slow but persistent evolution in several quantities, so
that it cannot be considered quasi-steady by any standard.

EX-3 is an experiment constructed in the manner of
Hakim (2011), with both top-boundary and outer, lateral-
boundary Rayleigh damping in a small 1500 km radial
domain. We find, like Hakim (2011), that this simulation
is quasi-steady, and we show below how damping controls
several important aspects of the simulation.

4. Results

We give first a broad summary of the three experiments
carried out. In the subsequent section we examine the an-
gular momentum budgets of these experiments.

a. Control experiment — EX-1

Figure 1(a) shows a time series of intensity characterized
by the maximum tangential velocity (V,..) in EX-1. The
vortex intensifies rapidly for about the first 5 days reaching
a lifetime maximum of a little over 80 m s. The intensity
declines after about 15 days and for the remainder of the
simulation it remains at hurricane strength, fluctuating
about a mean of about 55 m s™', with large deviations on the
order of £10 m s™'. The figure shows also the magnitude
of the minimum tangential velocity (—V,.,), which grows
much more slowly than V,,,, reaching a lifetime maximum
of about 75 m s, comparable with the lifetime maximum
of Vya After about 30 days, —V,,;, fluctuates about an in-
tensity of 80 m s, which is appreciably stronger than the
intensity of the cyclone for the remainder of the simulation.

Figure 1(b) shows the radius of V. (the RMW), the ra-
dius of V,,;, and the radius of gales, the outer radius where
the tangential wind equals 17 m s”'. By day 8, the RMW
has decreased from the initial value of 100 km to less
than 36 km, but exhibits a series of sharp jumps reaching
nearly 250 km around 30 days. During the period 100 to
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FiG. 2. Mean tangential winds at z = 1 km height in EX-1, plotted
radius versus time. The contour interval is 5 m s™', with black contours
between 0 and 30 m s™, blue contours for 35 and 40 m s™!, and red con-
tours for 45 m s™ and higher.

350 days when the cyclone is quasi-steady, the intensity
shows considerable variability ranging between 100 and
350 km, which exceeds the largest reported eye size of
160 km radius for Typhoon Carmen (1960; JTWC (1960)).
For at least at one such case of variation of the RMW, this
resembles a secondary eyewall cycle, with the strongest
1-km height tangential winds (blue and red in Fig. 2) near
110 km radius found to weaken suddenly at 163 days,
and a new maximum around 260 km radius near 165 days
gradually decreases in radius after that time. This episode
of variation of RMW and others found in the simulation
will be a topic for future study. The radius of gales varies
enormously ranging between 550 and 1150 km. The radius
of V..., grows progressively for the first 30 days after which
it reaches a quasi-steady value of about 3000 km, with little
variability compared with the other two radii.

The long-lived vortex in this experiment has a structure
that is not consistent with known observations of hurri-
canes. For example, Fig. 3(a) shows a radius-height cross-
section of the tangential wind, time averaged between 125
and 165 days. The intense, primary anticyclone extends
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Fic. 3. Radius-height contours of the three components of the wind
for EX-1 averaged from 125 to 165 d for a) the complete domain, and
b) the innermost 750 km radius. Tangential winds v are shown with
the contours +{1,5,10,20,30,50} m s with cyclonic (v > 0) values
red, anticyclonic (v < 0) values blue. Radial winds u are shown with
the contours £{2.5,5,10} m s™" with outflow (z > 0) values black, and
inflow (u < 0) values gray. Vertical winds w are shown with green
contours with values {0.1,0.2} ms™.

from the surface to the tropopause and has a large hori-
zontal extent, reaching to approximately 3500 km radius.
During the foregoing time interval, the RMW varies be-
tween 120 and 300 km (Fig. 1b) and persistent eyewall
convection is found to lie within the same radial range (Fig.
3b). At smaller radii, within the simulated eye, a second-
ary maximum of tangential winds, of more than 30 m s’
is found at 10 km height, a feature with no known real-life
analogue and one that is not a feature of the E86 theory.'
Large annular cells of cyclonic/anticyclonic winds exist in
the far-field environment (» > 4000 km). These cells are not
persistent, but align themselves at characteristic radii (Fig.
4), such as the cyclonic winds found near 4000, 6000, and
8000 km and anticyclonic winds near 5000 and 7000 km.
Through a period of quasi-steady cyclonic intensity (150
to 170 h; Fig. 5), the inner-core exhibits much variation
in structure. In the upper-level eye, the cyclonic flow de-
scribed in Fig. 3(b) is depicted by the concentration of M
contours (black) near 50 km radius at 150 and 160 days.

'"The origin of the upper-level tangential wind maximum, namely an
annular cyclonic jet contained within the eye, appears to be subtle and
complex, but beyond the scope of the present study.
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EX-1

Fic. 4. Mean tangential winds (smoothed in time with a two-day
running mean) at z = 12 km height in EX-1, plotted radius versus time.
The contour interval is 10 m s, with blue contours negative and red
contours positive.

The M-contours associated with this feature emanate from
just inside the RMW in the boundary layer at approximate-
ly 100 km, where the inflow jet (blue, Fig. 5) terminates.
The upper-level eye cyclone weakens during this period,
reforming near 110 km radius by 170 days. Strong diabatic
heating (shaded) shows convective activity near the RMW
and at other locations both inside and outside the RMW.
At 170 days, the primary eyewall is characterized by an
outward-sloping region of strong diabatic heating rate and
closely-spaced M contours. This highly slanted structure
expands from 220 km radius near the surface to 440 km
radius near 9 km height. This slope angle of 6 degrees from
the horizontal is much smaller than is ever observed (e.g.
Marks et al. 2008).

b. Experiment without Rayleigh damping — EX-2

Figure 6 shows the corresponding curves and fields to
Figure 1, but for EX-2 in which there is no Rayleigh damp-
ing in the upper troposphere. In comparison with EX-1,
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both intensity and RMW show more intense, short period
oscillations (Fig. 6). Now, the RMW expands gradually
throughout the simulation, reaching 175 km at 350 days
(Fig. 6b). A least-squares linear fit between 194 and 388
days (the latter half of the simulation period) shows an in-
crease in the RMW of 160 m day™'. In addition, the tangen-
tial winds in the model stratosphere continue to evolve (Fig.
7), with an intensifying cyclone near the axis and the de-
velopment of an anticyclone centered at » = 3000 km. The
mechanism for accelerating the statically stable air found
above the model tropopause is advection of tangential mo-
mentum by small scale wave-like phenomena, presumably
by gravity waves. The acceleration of stratospheric winds
is evident as early as day 3 (not shown).

Figure 8 shows a radius-height cross-section of the tan-
gential wind, time averaged between 250 and 300 days,
which should be compared with Fig. 3(a). In this case,
because of the lack of damping, the upper-level cyclonic
winds extend from 15 km height to model top (z = 25 km).
The upper-level anticyclone extends also to the model top
and above 20 km, the anticyclone extends to over 6000 km
radius.

Clearly, this simulation cannot be considered quasi-
steady by any standard and again, the vortex structure is
not consistent with known observations of hurricanes.

¢. Reproduction of Hakim (2011) — EX-3

The oft cited study by Hakim (2011) presents simulations
of quasi-steady state hurricanes for prolonged periods of
hundreds of days. Hakim (2011) applies a damping layer
to momentum and potential temperature within 5 km of the
model top as in EX-1, and to momentum within 100 km of
the outer radius, which is 1500 km in his simulations. The
damping layer applied near this radius is reminiscent of
that in the E86 model discussed in the Introduction. EX-3
replicates the most-pertinent settings of Hakim (2011)'s
simulation. In particular, it employs a relatively small ra-
dial domain of 1500 km with Rayleigh damping near both
the top and lateral boundaries. With this configuration, we
can reproduce the main result from Hakim (2011) of a pro-
longed hurricane for hundreds of days (see Figure 9).

For the first few days, the vortex intensifies rapidly, with
Ve reaching approximately 80 m s”'. Thereafter, the inten-
sity declines until approximately 30 d, when V,,, increases
again and becomes quasi-steady with time averaged inten-
sity of approximately 65 m s”'. The intensity fluctuations
are on the order of 10 m s™. The upper anticyclone intensi-
fies steadily, with V,,;, reaching a magnitude of around 30
m s, and remains quasi-steady beyond 15 days, with little
fluctuation thereafter. In contrast to EX-1 and EX-2, the
upper anticyclone remains much weaker compared with the
mean intensity of the cyclone. After day 50, the radius of
maximum winds (Fig. 9b) shows some variability within
a range from 50 to 80 km with episodes where the radius
of maximum winds briefly exceeds 100 km. The radius of
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Fic. 5. Plots showing the evolution of the eye/eyewall region in EX-1 at 160, 170, and 180 days. Absolute angular
momentum M is shown with black contours of interval 10° m? s'. Radial wind u is shown with one blue negative
contour # =5 m s™ and with red positive (outflow) contours of interval 5 m s™. Diabatic heating rate 6 is shown by
gray shading with levels +{1,3,10,30} K h”'. Additional information is shown at the right of each panel.
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FiG. 6. (a) Maximum (solid) and minimum (dotted) tangential wind
from EX-2. (b) Radius of maximum tangential winds (at any height;
black), the 2 km height radius of gales (17 m s™'; red), and the radius of
minimum tangential winds (at any height; blue) for EX-2.
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Fic. 7. Mean tangential winds (smoothed in time with a two-day
running mean) at z = 21 km height in EX-2, plotted radius versus time.
The contour interval is 10 m s, with blue contours negative and red
contours positive.
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Fig. 8. Radius-height contours of the three components of the
wind for EX-2 averaged from 250 to 300 d for the complete domain.
Tangential winds v are shown with the contours £{1,5,10,20,30,50} m
s with cyclonic (v > 0) values red, anticyclonic (v < 0) values blue.
Radial winds u are shown with the contours £{2.5,5,10} m s with
outflow (u > 0) values black, and inflow (u < 0) values gray. Vertical
winds w are shown with green contours with values {0.1,0.2} m s

gales shows a wider range of variability, with minima of
250 km and maxima of 400 km being typical after 50 days.
The radius of minimum tangential winds (Fig. 9) is gener-
ally very stable at 1400 km, which is also the radius where
lateral damping begins. In the larger domain experiment,
EX-1, the radius of minimum winds is typically close to
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Fi1c. 9. (a) Maximum (solid) and minimum (dotted) tangential wind
from EX-3. (b) Radius of maximum tangential winds (at any height;
black), the 2 km height radius of gales (17 m s™'; red), and the radius of
minimum tangential winds (at any height; blue) for EX-3.
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TasLE 1. M-budget summary

VoLuME 8, No. 1

Simulation EX-1 EX-2 EX-3
Analysis interval (d) 100 <¢<300 100 <¢<300 100 <¢<300

R (km) 4001 4001 1496
Tendency J %rdﬂil

Mean (kg m? s%) 3.79 x 107 -1.81 x 10" —6.83 x 10"

Std. Dev (kg m* s?) 1.22 x 10" 2.22 x 10" 6.12 x 10"
Lateral flux —f pruMdz

Mean (kg m? s%) 4.04 x 10" 9.98 x 10" 5.15x 10"

Std. Dev (kg m’* s?) 9.25 x 10" 1.36 x 10" 1.53 x 10"
Surface drag torque | Cppvggcrer?dr

Mean (kg m? s%) -1.18 x 10" -1.26 x 10" —2.49 x 10"

Std. Dev (kg m’* s?) 1.38 x 10" 1.73 x 10" 436 % 10'°
Horizontal diffusion | pK,r* %2 dz

Mean (kg m? s%) 3.36 x 10" 4.01 x 10" 4.08 x 10"

Std. Dev (kg m* s?) 1.90 x 10'° 1.26 x 10" 6.75 x 10"
Upper Rayleigh damping [ apvr?drdz

Mean (kg m? s%) 5.55 x 10" - -1.55 % 10"

Std. Dev (kg m* s?) 131 x 107 7.26 x 10"
Lateral Rayleigh damping [ apvr?drdz

Mean (kg m? s%) - - 2.87 x 10"

Std. Dev (kg m* s?) - - 8.18 x 10'°

3500 km. The smaller domain size of EX-3 severely limits
the radius of minimum winds.

5. Angular momentum budgets
The absolute angular momentum budget for the ex-

H RapM
ff rdr dz
0o Jo Ot
H
=f [_pTuM]r:RdZ_f
0 0

H R
—f f a*pvridrdz
o Jo

mentum budget integrated over a circular cylinder of
radius R and height H = z,, the top of the numerical
model, is as follows

where the term on the left-hand side is the volume-
integrated tendency of M. On the right hand side are: the
volume integral of the radial flux of M; the integral of the
vertical diffusion of angular momentum across the bottom
boundary due to surface drag using the surface momentum
transfer in the model; the horizontal diffusion of angular
velocity integrated over the lateral boundary; the integral
of Rayleigh damping in the model stratosphere; and finally
the integral of the Rayleigh damping contribution confined
to a layer adjacent to the outer lateral boundary, which is
used only in EX-3 (see below for definition). Although be-

R

tended simulations derived in section 2 are summarized
in Table 1. For the budget we apply a time-dependent
form of Eq. (5) to the simulations described in section
3h. In addition, we include Rayleigh damping terms
near the upper and lateral boundaries. The angular mo-

H av/r H (R
CDpvsfcchchdr+f pK,r3——| dz —f J apvridrdz
0 or | _ 0o Jo
r=R

(12)

yond the scope of the present study, one could modify (12)
to apply to quasi-steady situations by integrating through
an interval of time; this would force the inclusion of the
fluctuating covariance term in the flux across the lateral
boundary and a covariance contribution to the surface drag
torque. The surface wind speed is denoted by ¢y, and sur-
face tangential winds by vy.. Quantities involving ¢ and
vy use the surface (log-) layer extrapolation scheme to es-
timate the 10-m wind. [In reference to version 16 of CM1,
selection of parameters to suppress Rayleigh damping at
the top boundary (‘irdamp=0') and with no-slip top and
bottom boundary condition (“beuturbu=3', required for bulk
aerodynamic surface formula) leads to an erroneous stress
term at the top boundary. In the results presented here, this
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error has been corrected. |

The damping function for the stratospheric damping
layer a is defined by (11). The additional lateral Ray-
leigh damping function used in EX-3 is given by the for-
mula:

0 r < 1400 km
a*(r) = {1 [1 ( r — 1400 km )] -

Al m " 1500 - 1400km/l T m

(13)

which applies damping on all three velocity components to
a state of rest in a radial band 1400 < r < 1500 km; the po-
tential temperature perturbation 0’ is similarly damped.

Table 1 shows a sample mean and sample standard de-
viation of M-budget terms averaged between 100 and 300
days for the three experiments.

Experiment EX-1 (Fig. 1a) shows a prolonged and quasi-
steady intensity after 100 days. During this extended inter-
val, the M-tendency term and the mean radial influx of M
(Fig. 10a, red and blue curves, respectively), have the larg-
est magnitudes. However, from Table 1, these two terms
nearly cancel (the means of these quantities are nearly two
orders of magnitude smaller than the corresponding stan-
dard deviation over the quasi-steady averaging period).

Because of the large temporal variability shown in the

a) Time series for R=4001 (km)
600 [ Téndency

MeanFlux

o 400F Surfoce
o 200
€
o 0
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~ -400
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Fic. 10. Terms of the angular momentum budget (Eq. 12) comput-
ed for EX-1 inside an integration cylinder of radius R = 4001 km. Two
panels are used for clarity. The terms represented are, referring to cor-
responding terms of Table 1: 1) “Tendency” red solid, 2) “MeanFlux”,
the lateral flux, blue solid, 3) “Surface”, the surface drag torque, black
solid, 4) “UpperRayl.”, the upper Rayleigh damping, blue dotted, and
5) “HorizDiff”, the horizontal diffusion, black dotted.
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M-budget calculations and the coarse (six-hourly) temporal
sampling of the output, a statistical interpretation of the
budget results is presented. Overall, the spin-down ten-
dency from the surface drag term (black curve, Fig. 10a)
is about twice the magnitude of the spin-up tendency due
to Rayleigh damping in the model stratosphere (blue dot-
ted curve, Fig. 10b; and column for EX-1 in Table 1). The
spin-up torque represented by the upper-level Rayleigh
damping is the numerical device used to control the reflec-
tion of gravity waves off of the rigid top boundary. In this
case, the damping layer acts upon the outflow anticyclone,
which abuts the stratosphere and reduces the strength of the
upper anticyclone. Of course, there is no real-life analogue
for this Rayleigh damping of momentum, which is intro-
duced merely as a numerical expedient.

In EX-2, without Rayleigh damping, the surface drag
torque is somewhat larger in magnitude within the analysis
region of R = 4000 km (Table 1). However, there remains
a source for M as a result of surface torque at greater radii
(see Section 5a below). The radial flux and tendency terms
are of greater magnitude also than the corresponding terms
in EX-1, but the mean of these terms is much less than
the standard deviation of these terms. The changes in the
mean value of M within the analysis region are consistent
with the negative surface drag torque. However, there is
a larger influx of M entering the 4,000 km radius analysis
cylinder than the corresponding influx calculated for EX-1.
The question then is what is the source of this influx? The
only possible source could be from an anticyclonic surface
torque beyond the 4,000 km radius cylinder.

a. Net Surface Torque (NST)

The important role of the surface anticyclone is that it en-
ables the diffusion of cyclonic M from the lower boundary
into the fluid and thereby opposes, in part, the loss of RAM
beneath the cyclonic part of the flow. From Eq. (12), the net
surface drag torque (NST) at the lower surface integrated
from the axis to a radius R is given by

R
NST(R) = — | CppvgCyer?dr.
( ) fo DPVstcCstc (14)

The RAM source associated with the surface winds in-
side R = 4000 km is shown for EX-1 in Fig. 10(a). The net
surface torque is mostly negative, but occasionally positive
during the quasi-steady period. To gain further insight into
the radial structure of NST for EX-1, Figure 11 shows a ra-
dius-time Hovmoeller plot of NST presented as a function
of integrating radius R and time. After a time of 100 days,
Fig. 11 suggests that this term is not able to consistently
counter the loss of angular momentum associated with
the drag term under the strong cyclonic wind region. The
temporal and spatial variability shown in NST for R > 4000
km reflects the inherent unsteadiness of the surface drag
torque. Clearly, the NST associated with the interaction of
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Fic. 11. a) Contour plot of the radial integral of the drag torque
(normalized by 10'%) plotted as a function of integrating radius R and
time from EX-1. Blue contours are negative, gray is zero, and red are
positive (i.e., a positive tendency for integrated M), with contour val-
ues +{3,10,30,100} kg m? s. The black-and-yellow spotted line is the
radius 7, where the tangential winds first vanish at the surface beyond
the RMW. b) The time-averaged radial integral of drag torque aver-
aged between 100 and 300 days (as shown by black horizontal lines in
the top panel.)

the primary anticyclone (» < 3500 km) with the surface is
not enough to overcome the loss of RAM associated with
the primary cyclone.

Figure 12 shows the corresponding NST as a function
of integrating radius R and time for EX-2. In this simula-
tion, which has no Rayleigh damping, there is a somewhat
greater preponderance of positive NST values in compari-
son to EX-1. These positive values are evidenced by the
somewhat greater extent of the gray zero contour and the
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Fic. 12. a) Contour plot of the radial integral of the drag torque
(normalized by 10'%) plotted as a function of integrating radius R and
time from EX-2. Blue contours are negative, gray is zero, and red are
positive (i.e., a positive tendency for integrated M), with contour val-
ues +{3,10,30,100} kg m? s. The black-and-yellow spotted line is the
radius 7, where the tangential winds first vanish at the surface beyond
the RMW. b) The time-averaged radial integral of drag torque aver-
aged between 100 and 300 days (as shown by black horizontal lines in
the top panel.)

smaller-in-value negative temporal averages (Note the
change in ranges of values between Figs. 11b and 12b).
Without Rayleigh damping at the top boundary in EX-2,
the surface drag torque at large radii offsets more of the
negative tendency than in EX-1.

Figure 13 compares a time series of NST(R = 9000 km)
(implicit in Figure 12a) with one for the domain-integrated
tendency of M (and RAM) as given by the left-hand side of
Eq. (12) for a cylinder of radius R = 9000 km (NMT in the
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Fic. 13. Time series of the domain integrated tendency of absolute
angular momentum (NMT, black solid) and domain integrated surface
drag torque (NST, red dotted) for EX-2.

figure). While both curves show significant fluctuations
with time, the NST curve tracks the tendency term very
closely. This result affirms the important constraint of the
domain drag torque on the system evolution as predicted by
Smith et al. (2014).

b. Relationship of EX-2 to Chavas and Emanuel (2014)
Chavas and Emanuel (2014) presented long-running, axi-
symmetric hurricane simulations in a large radial domain
(12,288 km) using the CM1 model with Rayleigh damping
on horizontal momentum fields near and above the model
tropopause. They presented an “equilibrium” solution by
evaluation of the low-level tangential wind field, deter-
mined that simulation to be in a quasi-steady state, and
estimated the radius as which NST vanishes, r;, as approxi-
mately 2400 km. At r, there is sufficient cyclonic torque
beneath the surface anticyclone to offset the accumulated

ro (bk); £ (rd)
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anticyclonic torque beneath the hurricane. The temporal
variability in the far-field in EX-2 shown by Figs. 12 and
13 provides an opportunity to evaluate in detail 7, and the
possible quasi-steadiness of the surface drag torque.

Figure 14 shows for EX-2 that between 100 and 300
days, r. is defined 97% of the time with an average value of
4300 km and ranges between 2680 and 8980 km. Having
identified a mean value of r, Fig. 12(b) shows, however,
that NST(4300 km) < 0. Thus, mean . would not suffice
to characterize the time-averaged radial distribution of sur-
face drag torque. Indeed, Fig. 12(b) suggests that for this
averaging period there is no appropriate value for ».: on
average, for radii » > 4300 km, NST becomes further nega-
tive until the outer boundary, where a standing anticyclone
(see Fig. 8 at 9000 km radius) at the outer boundary finally
brings NST to a near-zero value (Fig. 13). The outer-
boundary anticyclone, an unsteady feature resulting from
the large, yet still limited domain size, serves finally as the
torque-restoration mechanism for the complete domain.

In the E86 theory, the far-field radius where the near-sur-
face tangential wind vanishes is defined as ry. This theory
assumes that the tangential winds vanish identically outside
of this radius. In the numerical experiments EX-1 and EX-
2, the tangential winds become alternately anticyclonic
and cyclonic beyond the first radius of vanishing tangential
wind. For these experiments, we continue to denote 7y as
the first radius at which the tangential wind vanishes. Av-
erage values for o from the EX-1 and EX-2 simulations
(Figs. 11, 12, 14) are about 2000 km, much larger than the
400 km value infered from observations by Chavas and
Emanuel (2010).

Elementary considerations imply that 7, can never be as
large as r, namely r, < r.. Therefore, in the absence of a
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Fic. 14. Time series of the radius of vanishing tangential winds r, (black) and radius of vanishing surface drag
torque r; (red). Data are displayed with a six-hour spacing. The quantity 7, is shown by '+' when defined, and by a

triangle along the bottom of the display when not defined.
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source of cyclonic RAM in the upper atmosphere (associat-
ed with presumed synoptic-scale eddy angular momentum
fluxes [not present in these axisymmetric experiments]), the
ER6 theory is unable to provide a pathway for ultimately
restoring the RAM lost in the domain.

In contrast to E86, Chavas and Emanuel (2014) show
anticyclonic surface winds outside of 7, and, consistent
with Smith et al. (2014), invoke the diffusion of the earth's
cyclonic angular momentum between r, and r; as sufficient
to balance the angular momentum lost beneath the cyclonic
part of the hurricane. Without Rayleigh damping in the
stratosphere, the EX-2 solution closely follows such a con-
ceptual framework, but it should be noted that EX-1 more
closely models the experimental configuration of Chavas
and Emanuel (2014) with the inclusion of a stratospheric
damping layer. [Table 1 identifies the upper Rayleigh
damping as a significant source of cyclonic RAM in EX-
1. A similar analysis to Fig. 14 for EX-1 (not shown) finds
that r, is more-frequently undefined after 100 days than in
EX-2.]

¢. Relationship of EX-3 to Hakim (2011)

As noted in Smith et al. (2014), inspection of Hakim's
Fig. 5 suggests that it is near the outer boundary where
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FiG 15. Terms of the angular momentum budget (Eq. 12) computed
for EX-3 inside an integration cylinder of radius R = 1496 km. Two
panels are used for clarity. The terms represented are, referring to cor-
responding terms of Table 1: 1) “LatRayl”, the lateral Rayleigh damp-
ing, red dotted, 2) “Surface”, the surface drag torque, black solid, 3)
“Tendency”, red dotted, 4) “UpperRayl”, the upper Rayleigh damping,
blue dotted, 5) “HorizDiff”, the horizontal diffusion, shown with a
multiplier to improve depiction, black dotted, and 6) “MeanFlux”, the
lateral flux, blue solid.
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much of the cyclonic RAM is restored, typically between
heights of 5 and 7 km where air parcels cross a large gradi-
ent in the M-surfaces as they descend in that region.

To further test our hypothesis on the important role ar-
tificial sources of RAM can play in supporting long-lived
model hurricanes, we examine the M budget for our simu-
lation that replicates Hakim's control experiment. Shown in
Fig. 15 is the angular momentum budget Eq. (12), except
that an additional term for the Rayleigh damping near the
lateral boundary has now been added. Comparing the rela-
tive importance of terms in Table 1 for EX-3 and EX-1,
we see that the new lateral damping term replaces the role
of the upper damping term as the principal source term of
RAM, offsetting the loss of RAM due to surface friction in
the primary cyclone.

In retrospect, EX-1 can be viewed as a large-domain
version of EX-3, since an analogue of EX-3 with lateral
damping would present a damping zone more than twice
the radial extent (4000 km) of the anticyclonic circulation.
One could think of the lateral damping as representing
processes at large radii (> 1500 km) that offset the loss of
angular momentum due to friction in the cyclone. Howev-
er, the only realistic process to achieve this replenishment
of M would be surface friction beneath a complimentary
anticyclone. As noted in section 4, EX-1 does show an an-
ticyclone with an intensity much greater than that found in
EX-3 (compare Figs. 1a and 9a), but the anticyclonic circu-
lation is most intense aloft, more readily able to access the
artificial source of RAM in the stratosphere. The intensity
of the cyclone is stronger in EX-3 than in EX-1, sugges-
tive of the role that an artificial source of RAM closer to
the cyclonic circulation might have on various measures of
intensity. These experiments highlight a sensitivity of the
simulations to the nature of angular momentum sources.

EX-3 demonstrates the dominant role of artificial mo-
mentum sources in determining the structure of the quasi
steady-state. Compared to EX-1, the use of a stronger mo-
mentum damping term in the form of lateral damping (see
Table 1) produces a more “realistic-looking” anticyclone
with intensity of just 30 m s™.

These findings suggest that Hakim's interpretation that
the radiative cooling is the critical factor permitting pro-
longed, quasi-steady simulations may be applicable only
when a large, artificial source of angular momentum is
available.

6. Summary and discussion

Despite the fact that we have presented only three pro-
totype calculations, there would appear to be significant
ramifications of our finding that, for the two solutions with
quasi-steady cyclones (EX-1 and EX-3), the sources of
cyclonic RAM are artificial and/or display an intermittent
torque at the ocean surface at large radii. The case without
artificial damping (EX-2) did not become quasi-steady by
any standard. These findings support those of Smith et al.
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(2014). In particular, the results illustrate the well-known
fact that simulated storms growing in a favorable kinematic
and thermodynamic environment reach a steady or quasi-
steady state in a time of a few days as characterized by
the maximum tangential wind, V..., does not mean that
these storms are globally quasi steady. These results are a
reminder that merely using V.. is not sufficient for assess-
ing global quasi-steadiness. A new finding here is that the
radius of minimum anticyclonic winds at upper levels ap-
pears to exhibit the least variability of the metrics of storm
structure.

Concerns regarding the realism of the 400 plus day axi-
symmetric hurricane simulations of Hakim (2011) were
expressed by Smith et al. (2014), who pointed out in par-
ticular that the lateral Rayleigh damping towards a zero
wind field used in his model must provide the needed RAM
to sustain the hurricane. In the three-dimensional exten-
sion of the Hakim (2011) study, Brown and Hakim (2013)
used the CM1 model, but with a closed domain boundary
condition and with a zone of Rayleigh damping of the wind
field towards zero. According to these authors (Brown and
Hakim 2013, p. 1808), this type of boundary forcing “...
provides a constant source of angular momentum, which is
needed to maintain equilibrium, since air parcels lose angu-
lar momentum on inflow and conserve angular momentum
on outflow as they circulate the closed domain.” Specifi-
cally, this lateral Rayleigh damping at such a radius has the
effect of controlling the most significant phenomenological
challenge in trying to construct a quasi-steady state hurri-
cane simulation, by reducing the intensity and spatial scale
of the primary anticyclone. In this paper, we demonstrated
the crucial role of the lateral damping in supplying the
needed cyclonic RAM to maintain the simulated hurricane
in this configuration.

Recently, Frisius (2015) presented long-time sustained
hurricane simulations in axisymmetric geometry using a
modified HURMOD model. The HURMOD is a hurricane
model described in Frisius and Wacker (2007), but in Fri-
sius (2015) a simplified, axisymmetric version is used. The
model features a strong damping of moisture fields in the
environment, which is designed to “avoid excessive moist-
ening of the far-field” that spawns convection; the far-field
convection “interferes with the TC [tropical cyclone] in the
axisymmetric model” (Frisius 2015, Sec. 2.3).

Frisius (2015) shows that when a Rayleigh damping
layer is included at upper levels in the model, the damping
provides a crucial source of cyclonic RAM, while remov-
ing the damping layer forces the needed source of cyclonic
RAM to the lower surface under a relatively strong anticy-
clone.

As discussed in section 5b, Chavas and Emanuel (2014)
presented also long-time sustained hurricane solutions us-
ing the CM1 model in an axisymmetric configuration. Like
Hakim (2011), Chavas and Emanuel's formulation included
lateral damping, but the lateral source of RAM was mini-
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mized by placing the lateral boundary at a radius of 12,288
km. Although Chavas and Emanuel noted the limitations of
their findings because of the long-time required to achieve
the equilibrium regime and the unlikelihood of observing
quasi-steady hurricanes in reality over a several day period,
they did consider the primary source of RAM in one of
their solutions. They reported (but did not show) a surface
torque balance that managed to maintain the vortex via the
replenishment of RAM by vertical diffusion at the surface
in the anticyclonic portion of the outer vortex, as predicted
by Smith et al. (2014). However, questions were raised in
section 5b about the specifics of their findings as well as
their generality. Furthermore, their calculations included
the artificial RAM source associated with Rayleigh damp-
ing in the upper atmosphere.

Perpetual hurricanes have been found to exist also in
three-dimensional doubly-periodic rectangular domains.
These solutions exhibit one or more sustained storms for
20 or more days (Khairoutdinov and Emanuel 2013; Zhuo
et al. 2014). These solutions do not impose artificial lateral
damping and thus do not have this as a source of RAM.
While these solutions appear to be plausible sustained
hurricanes, it is nonetheless true that the theoretical con-
siderations of Smith et al. (2014) (and in Section 2 herein)
should still provide a means of identifying where the
source of cyclonic RAM must originate for each individual
hurricane to maintain itself. However, the needed source of
cyclonic RAM to sustain prolonged cyclonic storms was
not investigated by these latter authors and the question
pertaining to the precise sources of RAM in their solutions
remains unanswered.

Based on the results presented here, the inability to simu-
late a quasi-steady hurricane without introducing an artificial
source of RAM raises concerns about the tenability of steady-
state theories for the potential intensity of hurricanes.

7. Conclusions

We have revisited the possibility of obtaining long-term,
quasi-steady simulations of tropical cyclones using a state-
of-the-art numerical model that incorporates the most re-
cent observational guidance for subgrid scale parameters
and air-sea exchange coefficients of heat and momentum.
These simulations require either the inclusion of artificial
sources of cyclonic relative angular momentum that are nu-
merical expedients with no real-life analogue or a positive
surface torque where the near-surface flow is anticyclonic
at large radius. In all three simulations presented, the long-
term vortex structure was found to be unrealistic in relation
to observed tropical cyclones. Of these simulations, the
one without lateral and upper-level damping was not quasi
steady.

While further simulations would be desirable to test the
robustness of the foregoing results, the current results do
call into question the physical relevance of globally-steady
models for tropical cyclones.
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