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1 Introduction

Ventilation of a tropical cyclone’s inner core by low en-
tropy environment air has been hypothesized to con-
strain tropical cyclone (TC) intensity (Simpson and Riehl
1958). The low entropy air is fluxed inward by asym-
metries, such as vortex Rossby waves excited by envi-
ronmental vertical wind shear. However, there is ambi-
guity as to the layer over which ventilation occurs and
how ventilation precisely affects TC intensity. Frank and
Ritchie (2001) hypothesized that the upper portion of the
circulation is ventilated first, causing the TC to weaken
from the top-down. On the other hand, Cram et al. (2007)
found in their 3D numerical simulations of a sheared TC
that the eyewall entropy is reduced by midlevel ventila-
tion. The goals of this study are to assess the sensitivity
of TC intensity to the location and amplitude of the venti-
lation and to study how ventilation induces axisymmetric
weakening.

2 Model

The model used in this study is an nonhydrostatic, ax-
isymmetric, and finite volume TC model. It is de-
signed in the same spirit of simplicity as the the Ro-
tunno and Emanuel (1987) model, but in contrast, uses
a pseudoadiabatic-like entropy density as its thermody-
namic variable and has much more rigorously conserved
mass and entropy budgets. Ventilation is introduced by
adding a term to the turbulent flux parameterization for
entropy:

F s

r
= −AL(r, z)

∂s

∂r
, (1)

where A is the maximum amplitude of the viscosity,
L(r, z) is a localization function that limits the areal ex-
tent of the ventilation, s is the moist entropy, and r is
the radius. In the following experiments, the localization
function is chosen such that F s

r
vanishes inside a radius

of 20 km and outside a radius of 60 km and is limited to
a 2 km vertical layer that is set a priori. Eddy momentum
fluxes are ignored in this study in order to focus solely on
the thermodynamic effect of ventilation.
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3 Sensitivity Experiments

The model is run at 2 km radial resolution and 0.3 km ver-
tical resolution. A balanced, weak vortex is inserted into
an neutrally stable environment with 28◦C SST. The vor-
tex takes about five to seven days to spin up to a steady-
state intensity of 67-68 m s−1. After the TC reaches a
steady-state for a reasonable period of time, the ventila-
tion is turned on by applying (1). A suite of experiments,
listed in Tab. 1, is used to assess the TC’s sensitivity to
the both the amplitude and height of the ventilation.

Table 1: Tropical cyclone ventilation experiments.

Experiment Amplitude (m2 s−1) Height (km)
Ctrl 0 NA
A01 1.0× 104 3.0
A05 5.0× 104 3.0
A10 1.0× 105 3.0

A50/H03 5.0× 105 3.0
H06 5.0× 105 6.0
H09 5.0× 105 9.0
H12 5.0× 105 12.0
H15 5.0× 105 15.0

a. Amplitude

In the first set of experiments, the amplitude of the eddy
viscosity is varied from 1.0 × 104 m2 s−1 to 5.0 × 105

m2 s−1. The center of the mixing is placed at a radius
of 30 km and height of 3 km, just radially outside the
eyewall. Subsequently, diffusion of entropy down the ra-
dial gradient results in a decrease in the eyewall entropy
and an increase in the near-inner core entropy between
a height of 2-4 km.

The ventilation causes marked changes to the TC’s
structure in the first 12 hours, particularly for strong ven-
tilation. Updrafts in the eyewall weaken as less buoyant
parcels are entrained into it. In response to the weaken-
ing of the eyewall convective flux, the radial inflow and
outflow also decrease in magnitude. Moreover, the out-
flow moves to a lower height as the eyewall buoyancy
relative to the environment decreases. The upper-level
warm core quickly weakens as well.
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Figure 1: Maximum tangential winds ( m s−1) in the ‘A’
ventilation experiments listed in Tab. 1.

In addition the the changes to the TC’s structure, the
TC intensity decreases with increasing ventilation am-
plitude, as shown in Fig. 1. For the A01 experiment,
the weakening compared to the control run is barely dis-
cernible, whereas the TC in the A50 experiment weakens
15 m s−1 in the first ten hours. Thereafter, there are two
starkly different intensity regimes: a quasi-steady regime
and an oscillatory regime. All the experiments are quasi-
steady through about 40 hours. The A50 experiment
then abruptly transitions to a high frequency oscillatory
regime, where the intensity rapidly changes by greater
than 10 m s−1 in a few hours. Furthermore, the mean
intensity during the oscillatory regime is lower than the
intensity during the quasi-steady regime.

b. Height

In the second set of experiments, the ventilation height is
varied from 3 km to 15 km while the amplitude is held at
5.0×105 m2 s−1. This set of experiments tests the weak-
ening efficacy of ventilation located at various heights in
the inner core. The TC intensity time series for these
experiments are shown in Fig. 2.

Ventilation is most effective when it occurs at mi-
dlevels. The greatest weakening occurs for the H03 ex-
periment, with less weakening occurring as the ventila-
tion layer is moved upward. For upper-level ventilation
(H12 and H15 experiments), the TC intensity shows very
little difference from the control run. Hence, upper-level
ventilation does not appear to be a mechanism that can
substantially weaken a TC.

The degree to which ventilation effects the TC is
largely determined by whether the eddy mixing can de-
stroy the entropy front at the eyewall. At midlevels, this
potential is maximized because there exists a large low-
entropy reservoir of relatively dry air in the near-inner
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Figure 2: Maximum tangential winds ( m s−1) in the ‘H’
ventilation experiments listed in Tab. 1.

core region that the eddies can access. At upper-levels,
the radial gradient of entropy is very weak reducing the
ventilation potential. Eddy kinetic energy can be very
large at upper-levels, but has little to no avail in thermo-
dynamically inducing weakening.

4 Discussion

The change in intensity in the ventilation experiments
can be explained using both energy and dynamical di-
agnostics.

a. Mechanical Efficiency

The mechanical efficiency for a steady-state TC is quali-
tatively given by the following ratio:

ǫ =
Dissipation

Surface Fluxes+ Dissipative Heating
. (2)

For a perfect Carnot engine, this efficiency would be
equal to one. This is approximately true in the eyewall of
a TC at its potential intensity. However, when consider-
ing the mechanical efficiency over the entire TC, the me-
chanical efficiency is much less than one. The available
potential energy generated outside the eyewall by sur-
face fluxes and dissipative heating predominately goes
toward moistening and heating the environment. Hence,
it is reasonable to expect that ventilation will cause a sim-
ilar reduction in mechanical efficiency as available poten-
tial energy is used to moisten the inner core instead of
powering the TC’s winds.

The mechanical efficiency for the innermost 100 km
and lowest 17 km averaged over 24-48 hours is shown
in Fig. 3a for the ‘A’ ventilation experiments. Interior
dissipation and dissipative heating are included because
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Figure 3: (a) Mechanical efficiency for the ‘A’ ventilation
experiments and (b) the normalized power loss due to
turbulent entropy mixing above the boundary layer. Both
quantities are calculated for the innermost 100 km and
averaged over 24-48 hours.

they are not negligible when integrated over the entire
free troposphere. For increasing ventilation amplitude,
the mechanical efficiency monotonically decreases from
55% in the control run to 41% in the A50 experiment.
Much of the remainder goes into moistening or heating
the atmosphere in order to counter the effects of turbu-
lent mixing due to ventilation.

Fig. 3b shows the power lost in the inner core due to
turbulent entropy mixing above the boundary layer, which
is composed of the direct contribution of the mixing by (1)
and the model’s turbulence parameterization. Both rep-
resent a sink of available potential energy and can be
estimated by integrating the product of the divergence of
the entropy flux and the difference between the parcels’
temperature and reference temperature (Pauluis 2007).
The results are normalized by the control run’s value.
As the ventilation increases, the power loss increases
steadily and becomes a larger portion of the total power
dissipation1 in the inner core. In the A05 experiment, the
power lost due to turbulent entropy mixing is about twice
that of the control experiment. In the A50 experiment,
25% of the total power dissipated is due to turbulent mix-
ing. In contrast, only 9% of the total power dissipated in
the control experiment is due to turbulent mixing. Hence,
ventilation causes a large percentage of the available po-
tential energy generation from surface fluxes and dissi-
pative heating in the inner core to be destroyed by turbu-
lent mixing above the boundary layer.

1The total power dissipated is defined as the sum of frictional and
diffusive processes.

b. Thermal Wind

Thermal wind balance also provides a simple way of ex-
plaining how ventilation affects TC intensity. Presume
that the ventilation occurs at a single level. Parcels rising
through the eyewall are instantaneously mixed as they
cross the ventilation level resulting in an instantaneous
reduction in the entropy gradient across the eyewall. Ad-
ditionally, assume that neutrality holds above and below
the ventilation level, such that angular momentum and
saturation entropy surfaces are congruent to one another
in each separate region. Under such conditions, one can
derive a modified thermal wind equation,

v2
m

≈ −Mm [c(Tb − To) + ∆c(TV − To)] + rmζmwm, (3)

where v is the tangential wind speed, M is the angu-
lar momentum, Tb is the temperature at the top of the
boundary layer, To is the outflow temperature, TV is the
temperature at the ventilation level, c = ∂s∗/∂M is the
saturation entropy gradient below the ventilation level, ∆c
is the jump in the saturation entropy gradient across the
ventilation level, ζ is the relative vorticity, and w is the
vertical velocity. Any variable with a subscript ‘m’ is eval-
uated at the radius of maximum wind (rm) at the top of
the boundary layer. If ∆c is zero, then the expression
is the classical one from Emanuel (1986), with the last
term accounting for unbalanced forces (Bryan and Ro-
tunno 2009).

The theoretical maximum tangential wind speed at
the top of the boundary layer in the ‘H’ ventilation ex-
periments is calculated using (3), where c and ∆c are
computed using the average saturation entropy gradients
across the eyewall above and below the ventilation layer.
The theoretical maximum tangential wind along with the
actual value at a height of 1 km averaged over 24-48
hours is shown in Fig. 4. The modified thermal wind
equation does well at estimating the model’s maximum
tangential wind speed, particularly when the ventilation
is located higher up in the troposphere and the TC is
stronger.

The second term in brackets in (3) largely explains
the behavior in Fig. 4. The entropy gradient is nega-
tive across the eyewall, and ventilation acts to decrease
the magnitude of this gradient; thus, ∆c is positive. Mov-
ing the ventilation to higher levels decreases ∆c, since
the radial gradient of entropy weakens aloft, and also de-
creases the value of TV . In the limit that TV=To, which is
nominally true in the H15 experiment, the ventilation has
no bearing on the maximum tangential winds.

c. Oscillatory Intensity Regime

The quasi-steady intensity regime is described by the
two diagnostics above fairly well since there aren’t large
time tendencies in the entropy or energy budget. Ad-
ditionally, the eyewall remains predominately slantwise
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Figure 4: The maximum tangential wind speed ( m s−1)
at a height of 1 km for the ‘H’ experiments (black) and
the theoretical maximum tangential wind speed using a
modified thermal wind equation in the eyewall (blue) av-
eraged over 24-48 hours.

neutral. This is not true during the oscillatory regime,
which is characterized by rapid shifts in the axisymmet-
ric structure of the storm. Each oscillation in the inten-
sity is governed by the life cycle of a convective burst.
At first, strong mixing deposits high entropy air into the
near-inner core environment resulting in potential slant-
wise instability. Subsequently, elevated slantwise con-
vection occurs, and precipitation falling from the convec-
tive burst evaporates in to the dry air below inducing an
intense downdraft of 2-3 m s−1. The downdrafts trans-
port a pocket of low entropy air down into the boundary
layer and induce compensating inflow through the mid-
dle troposphere resulting in an additional inward flux of
low entropy environmental air. The low entropy air in the
boundary layer is then swept inwards by the radial inflow
stabilizing the atmospheric column and causing convec-
tion to temporarily cease until surface fluxes restore the
boundary layer entropy. The process then repeats itself
with a period of about 5-8 hours.

The life cycle of several of these convective bursts from
the A50 experiment is shown in the Hovmoller plot in
Fig. 5a. The gray shading is the entropy at the low-
est model level (z=150 m), while the cyan outlines de-
note significant downdraft entropy fluxes at a height of
1.5 km. Each downdraft transports a large amount low
entropy into the boundary layer, which is then advected
inward. Surface fluxes act to restore the entropy, but not
completely before the downdraft modified air reaches the
radius of maximum wind around 30 km. The result is a
decrease in the radial entropy gradient through a deep
layer in the eyewall. In response, the intensity decreases
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Figure 5: (a) Hovmoller plot of the entropy ( J kg−1 K−1)
at the lowest model level (shading) and downdraft en-
tropy fluxes (m s−1 J kg−1 K−1) at 1.5 km (cyan outline)
and (b) the maximum tangential wind speed (m s−1) at
the lowest model level from the A50 experiment.

sharply, as seen by the dips in tangential wind speed af-
ter each downdraft event in Fig. 5b.

The cumulative effect of the downdrafts also appears
to decrease the mean intensity of the storm. Compared
to a parallel A50 experiment, in which evaporation is
turned off precluding downdraft formation, the A50 ex-
periment is about 5-10 m s−1 weaker on average during
the oscillatory regime. The downdrafts appear to be oc-
curring frequently enough to significantly affect the en-
tropy budget of the inner core boundary layer and inten-
sity of the storm, as hypothesized by Tang and Emanuel
(2010) and Riemer et al. (2010). Only after these large
downdraft events cease after 100 hours does the TC be-
gin to recover to a higher mean intensity.

5 Summary

An axisymmetric model is used to assess the sensitivity
of a TC to parameterized ventilation. As expected, in-
creasing the amplitude of ventilation weakens the TC by
decreasing the mechanical efficiency of the inner core.
However, ventilation is most effective at low- to midlevels,
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where the entropy difference between the eyewall and
environment is the largest, and is less effective as the
ventilation increases in height. This is shown to be a
consequence of a modified thermal wind equation, in
which the entropy gradient jump across the ventilation
level becomes weaker and is weighted less at upper-
levels. Lastly, the experiments also show quasi-steady
and oscillatory intensity regimes. The latter is controlled
by transient convective bursts and downdrafts that de-
posit very low entropy into the boundary layer.
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