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ABSTRACT

This study revisits the issue of why tropical cyclones (TCs) develop more rapidly at lower
latitudes, using ensemble axisymmetric numerical simulations and energy diagnostics based on the
isentropic analysis, with the focus on the relative importance of the outflow-layer and boundary-
layer inertial stabilities to TC intensification and energy cycle. Results show that although lowering
the outflow-layer Coriolis parameter and thus inertial stability can slightly strengthen the outflow,
it does not affect the simulated TC development, whereas lowering the boundary-layer Coriolis
parameter largely enhances the secondary circulation and TC intensification as in the experiment
with a reduced Coriolis parameter throughout the model atmosphere. This suggests that TC outflow
is more likely a passive result of the convergent inflow in the boundary layer and convective updraft
in the eyewall.

The boundary-layer inertial stability is found to control the convergent inflow in the boundary
layer and depth of convection in the eyewall and thus the temperature of energy sink in the TC heat
engine, which determines the efficiency and overall mechanical output of heat engine and thus TC
intensification. It is also shown that the hypothesized isothermal and adiabatic compression legs at
the downstream end of the outflow in the classical Carnot cycle is not supported in the
thermodynamic cycle of the simulated TCs, implying that the assumed TC Carnot cycle is not
closed. It is the theoretical maximum work of heat engine, not the energy expenditure following

the outflow downstream, that determines the mechanical work used to intensify a TC.
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1. Introduction

The outflow layer in the upper troposphere generally between 100 and 300 hPa is the outward
branch of the secondary circulation of a tropical cyclone (TC) and is related to TC intensity changes
(McBride 1981; Wang 2007; Oyama 2017). There are several explanations in the literature as to
how the outflow-layer dynamics affect TC development. For example, the outflow may remove
the inner-core mass or warm air and thus maintain the inner-core convective instability (Holland
and Merrill 1984; Shi et al. 1990; Chen and Gray 1985; Wu and Cheng 1999) or push back against
the environmental winds and thus reduce the local vertical wind shear (Xu and Wang 2013;
Ryglicki et al. 2019; Dai et al. 2021; Shi and Chen 2021). In addition, the eddy momentum flux in
the outflow layer may enhance TC’s secondary circulation by a deep balanced response and thus
favors the eyewall convection and TC intensification (Challa and Pfeffer 1980; Holland and Merrill
1984; Wu and Cheng 1999; Chen et al. 2015; Ditchek et al. 2017).

The upper-tropospheric outflow is also part of the TC Carnot cycle (Emanuel 1986; Pauluis
and Zhang 2017). Emanuel (1986, 1991) succinctly divided the TC Carnot cycle into four legs. In
leg 1 the near-surface ambient air parcel spirals toward the TC eyewall with isothermal expansion
and gains enthalpy from the sea surface. In leg 2 the air parcel ascends in the TC’s eyewall and
then flows out to large radius with moist-neutral adiabatic expansion. The term “moist-neutral
adiabatic” means a state in which the absolute angular momentum and saturation entropy surfaces
are congruent. In leg 3 the air parcel descends following the outflow downstream with isothermal
compression and loses entropy by infrared radiation. In leg 4 the air parcel further descends to the
starting point of leg 1 with moist-neutral adiabatic compression to close the cycle. For simplicity,
Emanuel (1986, 1991) omitted the hydrologic cycle in the hypothesized TC (Pauluis 2011) and
assumed the work produced by the Carnot cycle is mainly consumed to offset the mechanical
dissipation in the boundary layer (leg 1) by surface friction as well as at large radii in the outflow
layer (leg 3) by restoring the outflow’s absolute angular momentum to its ambient value. This
framework means that the outflow layer may affect the TC Carnot cycle or TC development by
mechanical dissipation. The outflow-layer mechanical dissipation was omitted in the latest
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formulation of the Carnot cycle in Emanuel (1997, 2018) and Rousseau-Rizzi and Emanuel (2019)
in deriving a closed expression of TC potential intensity.

One important factor influencing the TC outflow is the local inertial stability. A lower inertial
stability implies a weaker resistance to axisymmetric radial motion, with which the outflow air may
exhaust/ventilate at a larger radius (Rappin et al. 2011; O’Neill and Chavas 2020). Rappin et al.
(2011) further argued that as the outflow air exhausts at a larger radius, the work to “force”
subsidence in leg 3 of the Carnot cycle in Emanuel (1986, 1991) would be reduced more by
additional radiative cooling. Although the infrared radiative cooling-associated subsidence is often
comparable with the actual subsidence in the outer core of a TC (Emanuel 2004; Wang and Lin
2020), the work of subsidence has never been characterized in the Carnot cycle, and the “forced
subsidence” could not be found in previous studies as pointed out by O’Neill and Chavas (2020).
However, the simulations in Rappin et al. (2011) did show that with a lower latitude or weaker
environmental inertial stability, the TC outflow is more intense and the TC intensifies more rapidly,
with a lesser difference in absolute angular momentum between the defined outflow air and the
environmental air. They thus hypothesized that inertial stability may affect TC development by
modulating the outflow-layer mechanical dissipation. Emanuel (1986) also assumed that by
reducing the outflow-layer mechanical dissipation, more energy is available to overcome surface
friction in the boundary layer. Nevertheless, the role of outflow-layer mechanical dissipation on
the overall energy conversion and the role of inertial stability on outflow-layer mechanical
dissipation have not been quantified in the literature. Note that in addition to the outflow, the lower
inertial stability can also facilitate the boundary-layer inflow, leading to a stronger overall
secondary circulation (e.g., Kepert and Wang 2001; Li and Wang 2021b). Therefore, although the
phenomenon that a TC intensifies more rapidly with a lower latitude (or environmental inertial
stability) has been widely confirmed (e.g., DeMaria and Pickle 1988; Rappin et al. 2011; Li et al.
2011; Smith et al. 2015), it is unclear whether this dependence is dominated by inertial stability in

the outflow layer or the boundary layer.
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The key to understanding the TC energy cycle and development based on the concept of
Carnot cycle is how a closed thermodynamic cycle is defined/assumed, as air parcel’s movement
in the TC secondary circulation is often highly turbulent and not a closed cycle. In addition, for the
Carnot cycle proposed by Emanuel (1986, 1991), the isothermal compression in leg 3 is hard to be
found in natural TCs, because of the marked thermal stratification in the outflow layer associated
with the local small-scale turbulence (Emanuel and Rotunno 2011; Emanuel 2012; Molinari et al.
2015; Komaromi and Doyle 2017). In addition, the assumption of moist-neutral adiabatic descent
in the outer region (leg 4) is not confirmed in previous studies, and the state of moist neutrality is
often only confined in the inner core of TCs during their mature phase (Peng et al. 2018; Wang et
al. 2021; Wang and Lin 2021). Recently, a novel methodology based on the isentropic analysis,
named Mean Airflow as Lagrangian Dynamics Approximation (MAFALDA), was introduced to
circumvent the aforementioned issues (Pauluis and Mrowiec 2013; Pauluis 2016; Mrowiec et al.
2016). The main assumption of MAFALDA is that the thermodynamic cycles of actual parcel
trajectories can be approximated by the isolines of the streamfunction in isentropic coordinates
(equivalent potential temperature versus height, 8, — z), based on the conservation property of 6,.
With MAFALDA, the thermodynamic cycle of an air parcel in the temperature versus specific
entropy diagram is consecutive, and thus the extreme isothermal or moist-neutral adiabatic
assumptions in the Carnot cycle hypothesized in Emanuel (1986, 1991) can be relaxed. Previous
studies have shown that MAFALDA can capture well the key aspects of parcel trajectories and the
MADALDA-based energy diagnostics can also depict well the essential characteristics of energy
conversion during TC development (e.g., Pauluis 2016; Pauluis and Zhang 2017; Fang et al. 2019).

In this study, the role of environmental inertial stability on the energy cycle and TC
development is revisited based on a suite of ensemble axisymmetric TC simulations and energy
diagnostics using MAFALDA. The main objectives are threefold: to examine whether the outflow-
layer inertial stability is crucial to outflow strength or TC development, to evaluate the role of

outflow-layer mechanical dissipation on TC energy cycle, and to provide a more complete
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understanding of how environmental inertial stability affects TC development based on the
viewpoint of energetics. The remainder of the paper is organized as follows. Section 2 describes
the model setup and experimental design. Section 3 gives an overview of results from the ensemble
experiments. The MAFALDA-based energy diagnostics are detailed in section 4. Main conclusions

are summarized and discussed in section 5.

2. Model setup and experimental design

The main results in this study are based on idealized simulations using the axisymmetric cloud
model, CM1, version 20.3 (Bryan and Fritsch 2002). The model settings are identical to those used
in Li et al. (2020). The model domain is 3100 km in the radial direction with a grid spacing of 1
km within 100-km radius and linearly stretched to 14 km at the lateral boundary. There are 59
vertical levels with stretched grids below 5.5 km and 0.5 km from 5.5 to 25 km. The sea surface
temperature is 29°C and the corresponding atmospheric sounding is that sorted over the western
North Pacific as in Li et al. (2020). The cloud microphysics scheme is the Thompson et al. (2008)
double-moment scheme. Newtonian cooling, capped at 2 K day™, is used to mimic radiative
cooling as in Rotunno and Emanuel (1987) and Wang (2007). The Smagorinsky-type diffusion
scheme (Bryan and Fritsch 2002) is used to parameterize subgrid-scale turbulent mixing, with the
horizontal and asymptotic vertical mixing lengths fixed at 700 m (Zhang and Montgomery 2012)
and 70 m (Zhang and Drennan 2012), respectively. The surface enthalpy exchange coefficient is
set to 1.2 X 1073 (Black et al. 2007), while the surface drag coefficient initially increases with
the 10-m wind speed up to 25 m s! and is then kept constant at 2.4 X 10~3 afterwards (Donelan
et al. 2004).

The inertial stability projected onto an axisymmetric vortex can be written as

2 1 9M? orv

==+ D+ (1

ror’’

where r isradius, v tangential wind speed, f the Coriolis parameter at a given latitude, and M

the absolute angular momentum [M = rv + (1/2)fr?2]. Based on Eq. (1), the background inertial
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stability in the TC environment can be modulated by changing either the Coriolis parameter
(namely latitude) or environmental circulation, such as the zonal westerly jet or trough from the
mid-latitude poleward of a TC (Black and Anthes 1971; Rappin et al. 2011), or both. Here, we
focus on the internal dynamics of TCs and do not consider the multiscale interactions between a
TC and its environment. Therefore, as in Rappin et al. (2011) and O’Neill and Chavas (2020), we
vary environmental inertial stability by varying f in a quiescent environment. Similar to Rappin
et al. (2011), two values of f correspond to the latitudes of 10°N and 30°N are used throughout
the model atmosphere, labeled as All 10N and All 30N, respectively. To investigate whether the
differences between experiments All_10N and All_30N are dominated by the difference in inertial
stability in the outflow layer or in the boundary layer, two sensitivity experiments are performed
as All 30N but with f above 10 km and below 2 km height being reduced to that at 10°N,
respectively, labeled as OL 10N and BL_10N. We choose the two heights because the outflow
layer and inflow layer in our simulated TCs are mainly above 10 km and below 2 km, respectively.
They are also roughly consistent with observations in intensifying and mature TCs. Our preliminary
tests indicate that the main conclusions from this study are insensitive to the two heights in
reasonable ranges. An additional experiment as All 30N but with f in the layer between 2—10 km
heights reduced to that at 10°N, labeled as ML 10N, is also performed to assess the effect of
middle-layer inertial stability on TC development.

For each experiment, 21 ensemble runs are performed as described in Li et al. (2020). In the
standard run, the initial maximum tangential wind speed is 15 m s! at the surface with the radius
of maximum wind (RMW) of 80 km, and the radial profile of tangential wind speed is calculated
based on the algorithm in Wood and White (2011) with the radial shape parameter of 1.6. The
remaining 20 runs are generated by consecutively perturbing the initial maximum tangential wind
speed by an increment of +0.1 m s™' (for 10 runs) or the initial RMW by 0.4 km (for 10 runs).
Note that for a given initial tangential wind distribution, the mass field at each model level is in

gradient wind balance with the corresponding Coriolis parameter at the initial time. All runs are
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integrated for 240 h with hourly output. The results discussed below are mainly based on the

ensemble mean to minimize the effect of model internal variability on our main conclusions.

3. An overview of the simulation results
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Figure 1. Time series of (a) the maximum 10-m total wind speed and (b) the corresponding RMW with results

192 216 240

from the 21 individual simulations and the ensemble mean shown in thin and thick curves, respectively, for
the five experiments, All 30N, All 10N, BL 10N, OL 10N, and ML_10N.

Figure 1 displays the time series of the maximum 10-m total wind speeds and the RMWs of
all individual ensemble simulations and ensemble mean for the five axisymmetric experiments
described in section 2. Consistent with previous studies (e.g., DeMaria and Pickle 1988; Rappin et
al. 2011; Lietal. 2011; Smith et al. 2015), the TC with lower global environmental inertial stability
(All_10N) develops more rapidly and reaches the quasi-steady state earlier than that with higher
global environmental inertial stability (All 30N). The TCs in All_10N and All 30N experiments
start to intensify rapidly around 36 h and 66 h, and reaches the quasi-steady state around 90 h and
120 h of simulations, respectively (Fig. 1a). The RMW also contracts earlier in All_ 10N than in
All 30N, and for all experiments, the rapid contraction precedes the rapid intensification (Fig. 1b)
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as found in idealized numerical simulations and in observations analyzed in Li at al. (2021, 2022).

A new finding is that lowering the outflow-layer inertial stability has little effect on the TC
development (compare All 30N and OL 10N), whereas lowering the boundary-layer inertial
stability leads to a much earlier intensification and earlier RMW contraction (compare All 30N
and BL_10N), and the TC in BL 10N reaches a quasi-steady state around 90 h of the simulation,
similar to those in All_10N (Fig. 1). This means that although the lower inertial stability throughout
the atmosphere in All 10N may facilitate both the boundary-layer inflow (DeMaria and Pickle
1988; Rappin et al. 2011; Smith et al. 2015) and upper-layer outflow (Rappin et al. 2011), it is the
lower boundary-layer inertial stability that predominantly leads to the earlier TC development in
All_10N than in All_30N.

It is also found that the TC in BL_ 10N starts to intensify earlier than that in All 10N. The
earlier intensification in BL._10N can be explained by the higher inertial stability in the middle-
layer and thus stronger feedback between TC circulation and diabatic heating in BL_ 10N than in
All_10N as inferred from the balanced vortex dynamics as demonstrated by Schubert and Hack
(1982) and Vigh and Schubert (2009). As shown in Fig.la, lowering the middle-layer Coriolis
parameter in ML 10N delays the onset of TC intensification but its effect on the subsequent
intensification of the TC is very marginal. This is mainly because the Coriolis parameter affects
the inertial stability more significantly when the TC vortex is at its weak stage during which vertical
relative vorticity is relatively small. However, after the onset of intensification, the inertial stability
will be largely determined by the relative vorticity and the intensification rate of the simulated TC
would be largely determined by the strength and radial location of eyewall heating, which is largely
controlled by the boundary layer dynamics (e.g., Li and Wang 2021a,b). Therefore, the results from
the additional experiment ML 10N further confirm that the faster development in All_10N than in
All 30N is primarily due to the lower boundary-layer inertial stability. In the following discussion,
we will focus on the four experiments, i.e., All_ 30N, All_10N, BL 10N, and OL_10N, to further

investigate the relative importance of the outflow-layer and boundary-layer inertial stabilities to
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Figure 2. Radial-vertical cross sections of the ensemble-mean tangential winds (purple contours with zero contour
highlighted in black and negative values dashed; m s*'), and radial winds (shading with 1 m s contour
highlighted in grey) at 24, 72, and 120 h of simulations in experiments from the top down All 30N, All_10N,
BL 10N, and OL_10N.

To understand how inertial stability affects TC development, we first compare in Fig. 2 the
evolution of the ensemble-mean wind structures in the four experiments. Consistent with the results
in Rappin et al. (2011) and O’Neill and Chavas (2020), the outflow is more intense and expands to
a larger radius in All 10N than in All 30N during all development stages (Figs. 2a-b, e—f, i),
even during the initial spinup period when the TCs in the two experiments have similar intensities
(Fig. 1a; Figs. 2a-b). Rappin et al. (2011) ascribed the more intense outflow in the lower-latitude

experiment to the weaker inertial stability in the outflow layer and thus weaker resistance to the
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outward expansion of the upper-level outflow in the simulated TC. O’Neill and Chavas (2020) also
showed that the outer radius of outflow in an idealized radiative-convective equilibrium state can
be scaled with the Rossby deformation radius, which is inversely proportional to the local inertial
stability. However, our results show that the more intense outflow still occurs in BL 10N even
with the outflow-layer inertial stability unchanged (Figs. 2¢,g,k); while lowering the outflow-layer
inertial stability in OL 10N only slightly enhances the outflow (Figs. 2d,h,l) compared with that
in All 30N (Figs. 2a,e,i), but much less obvious than lowering the inertial stability in the boundary
layer in BL 10N (Figs. 2c,g.k). These results indicate that the stronger secondary circulation and
thus outflow in the lower latitude simulation or lower environmental inertial stability is mainly due
to the lower inertial stability in the boundary layer rather than in the outflow layer. The weak
resistance to convergent inflow allows for a more intense inflow in the boundary layer (DeMaria
and Pickle 1988; Li et al; 2012; Figs. 2a—c, 2e—g, 2i-k), which could facilitate more vigorous
vertical motion and convection in the eyewall, forcing a stronger outflow. As a result, the overall
secondary circulation is stronger and the TC intensifies earlier in the experiment with lowering
inertial stability in the boundary layer (Fig. 1).

To confirm the sequence of events described above, the multilevel TC boundary layer model
simplified from that in Kepert and Wang (2001) and used in Li and Wang (2021a,b) and Fei et al.
(2021) is used to conduct several experiments. Similar to that in our CM1 simulations, the
horizontal and asymptotic vertical mixing lengths are fixed at 700 m and 70 m, respectively, and
the wind-dependent surface drag coefficient of Donelan et al. (2004) is used in the boundary layer
model. The model is 2500 km in radius with a constant grid spacing of 1 km. There are 23 vertical
levels with stretched grids from 10 m to 2.2-km height. Figure 3 shows the steady-state response
of the radial wind and vertical motion to a specified TC-like vortex with a maximum tangential
wind speed of 20 m s™! at a radius of 40 km at the model top in two experiments with the Coriolis
parameter at 10°N and 30°N, respectively. We can see that with the lower latitude, both the

boundary-layer inflow and vertical motion inside the RMW become stronger, similar to the result
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from the slab boundary layer model in Smith et al. (2015). This further confirms that the sensitivity
of the simulated secondary circulation and the onset of intensification to the latitude in CM1 shown

in Figs. 1 and 2 is a result of the change of latitude in the boundary layer.

21 51 (b) 10N
. ] . ] I
1.8 1 s [N SF g e |°-3
£ 15 ] £ 15 1 f/
< 12 < 12 .
S 0.9 S 0.9 0-
£ 06 1 £ 06 1 e Rt
0.3 A 0.3 - i . '3_:2;i |'03
0.0 - 0.0 - Sl ‘ ——— '

0 20 40 60 80 100
Radius (km) Radius (km)
Figure 3. Radial-vertical cross sections of the steady-state boundary layer radial wind (blue contours with
negative value dashed; m s™!) and vertical velocity (shading; m s™) in response to a specified TC-like vortex

at the model top in the multilevel boundary layer model from runs at a latitude of (a) 30°N and (b) 10°N.

In addition, we can see from Fig. 2 that the anticyclone downstream of the outflow is stronger
(weaker) in BL_10N (OL_10N) than in All 30N. This can be explained by the conservation of
absolute angular momentum [i.e., M = rv + (1/2)fr?]. Namely, as the air parcel moves radially
outward in the outflow layer, the cyclonic tangential wind will decrease and turn to anticyclonic at
large radii. Under a smaller outflow-layer f, the decrease of tangential wind with radius will be
slower, resulting in a weaker anticyclone in OL 10N than in All 30N. With a similar outflow-
layer f,the smaller boundary-layer f indicates a weaker source of M from the boundary layer,
and stronger eyewall updraft and outflow as mentioned earlier (Figs. 2 and 3). Considering the
conservation of M as air parcel moves out of the boundary layer into the eyewall and outflow
downstream, both the weaker source of M and stronger outflow could result in the stronger
anticyclone in BL 10N than in All _30N. This further suggests that the outflow is critically related
to the boundary-layer inflow. Therefore, our results suggest that the TC outflow is more likely a
passive result of the boundary-layer convergent inflow and eyewall updraft rather than a direct
response to the local inertial stability in the outflow layer as argued in previous studies (Black and

Anthes 1971; Rappin et al. 2011; Komaromi and Doyle 2018; O’Neill and Chavas 2020).

12



274

275
276
277
278

279

280
281
282

283

284
285
286
287
288
289
290
291
292
293
294
295
296
297
298

4. Energetics diagnostics

Results from section 3 indicate that the outflow-layer inertial stability has little effect on TC
development, which is in contrast with the hypothesis by Rappin et al. (2011). In this section, we
further investigate the roles of inertial stability and mechanical dissipation following the outflow

downstream on the simulated TC energetics, as proposed by Rappin et al. (2011) (see Introduction).
a. A revisit of TC Carnot’s theorem

As described in Emanuel (1986, 1991), the TC Carnot heat engine can be formulated from
Bernoulli’s equation and the first law of thermodynamics. Along air parcel’s trajectories the former

can be written as
d G IVIZ) +d(z) + agdp + F - dl + I'rpdz = 0, )

where |V| is the total wind speed, I' the acceleration of gravity, a, the specific volume of dry
air, p the pressure, F the viscous drag force per unit mass of dry air, I the air parcel’s
trajectories and 7 the mixing ratio of total water. Note that Eq. (2) is similar to Eq. (1) in Emanuel
(1991), but with the frictional dissipation by falling hydrometeors included, which can be estimated
by the work done to lift water substance (Pauluis et al. 2000; Pauluis and Held 2002a,b), i.e., the
last term on the lhs of Eq. (2). The first law of thermodynamics in a moist system can be written as

Tds = dh — azdp — Xw=y,1i GwdTy, 3)
where T is the air temperature, s and h the moist entropy and enthalpy per unit mass of dry air,
Jvs 91, and g; the specific Gibbs free energy for water vapor, liquid water, and ice, and 7, 17,
and 7; the mixing ratio of water vapor, liquid water, and ice, respectively. The detailed definition
of entropy and Gibbs free energy are given in the appendix (or see Pauluis 2011; 2016; Pauluis and
Zhang 2017). The inclusion of Gibbs penalty in Eq. (3) is to take into account of the work that the
heat engine fails to produce due to the thermodynamic irreversible processes associated with the
hydrological cycle such as diffusion of water vapor and phase changes (Pauluis and Held 2002a,b;

Pauluis 2011).
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Eliminating a;dp in Eq. (2) using Eq. (3) and integrating the resultant equation over a closed

thermodynamic cycle gives

ﬁTdS = .(ﬁF -dl + fﬁFerZ - § Zw:v,l,igwdrw 5 “4)

Winax WkE Wp Gp

where Wyg can be obtained by integrating Eq. (2) as

Wi = —$ agdp — Wp. (5)
In (4) and (5), each term describes a work per unit mass of dry air circulating the thermodynamic
cycle. W4, denotes the theoretical maximum work a Carnot heat engine can produce, equivalent
to the net external heating from surface enthalpy flux, radiative heating or cooling, dissipative
heating, and turbulent mixings. Wk is the total dry air-associated mechanical dissipation in the
cycle, i.e., the representation of the total kinetic energy produced by the heat engine. W, denotes
the total work done to lift water substance in the cycle. Wyy and Wp are the total mechanical
output in the cycle. Gp is the total Gibbs penalty in the cycle. Since water added to the cycle is
often unsaturated at low Gibbs free energy but the water removed from the cycle is often saturated
at high Gibbs free energy (Pauluis 2011; 2016; Pauluis and Zhang 2017), Gp is positive definite
(see appendix Egs. A3a—c). Therefore, both Wy and Gp from the hydrological cycle limit the
generation of kinetic energy in the Carnot cycle.

Emanuel (1986, 1991) qualitatively divided the TC Carnot cycle in Eulerian coordinates into
four legs as mentioned in section 1 and assumed mechanical dissipation mainly occurs in both the
boundary layer (leg 1) and the outflow layer (leg 3). Based on Eq. (2), considering the hydrostatic
relation and omitting the frictional dissipation by falling hydrometeors, Emanuel (1986, 1991)

formulated the outflow-layer mechanical dissipation in descending leg 3 as
o' o' (1 1.M 1 !

[P F-dl~— [ d(GIVI2) = -2 G- 1fm)?3 (6)
where 0 and o' denote the start and end points of leg 3. Rappin et al. (2011) estimated the
outflow-layer mechanical dissipation in the experiments with different latitudes using Eq. (6), with
the ambient absolute angular momentum M, assumed to be equal to the 500-km M near the

surface. They showed that the so-defined outflow-layer mechanical dissipation is lower in the lower
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latitude experiment, corresponding to a more rapid TC intensification. They thus argued that in a
lower latitude, the outflow air ventilates at a larger radius due to the weaker outflow-layer inertial
stability, which reduces the outflow-layer mechanical dissipation, and thus more energy is available
to overcome frictional dissipation in the boundary layer as in Eq. (4) with Wp and Gp omitted.
Although the results in section 3 have clarified that the outflow intensity mainly depends on the
boundary-layer rather than the outflow-layer inertial stability, it is still unclear whether the outflow-
layer mechanical dissipation can affect the TC development.
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Figure 4. Radial-vertical cross sections of the ensemble-mean equivalent potential temperature calculated using

Eq. (A4) (shading; K) and absolute angular momentum (purple contours; 10° m? s™') in the four experiments.

One important implicit assumption discussed in Rappin et al. (2011) is that the TC Carnot
cycle exactly follows the four legs proposed by Emanual (1986, 1991), i.e., isothermal expansion

and compression in leg 1 and leg 3, and moist-neutral adiabatic expansion and compression in leg
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2 and leg 4. However, there is a marked thermal stratification in temperature (not shown), as that
in 6, (Fig. 4), in the outflow layer in all experiments, indicating that the isothermal compression
following the outflow downstream (leg 3) is hard to occur. The moist-neutral adiabatic compression,
1.e., leg 4, is also hard to be characterized, as the M and 6, surfaces are not congruent and are
even nearly orthogonal over the outer-core regions in the troposphere (Fig. 4). Therefore, it is hard
to estimate the outflow-layer mechanical dissipation from Eq. (6). In addition, without a closed
Carnot cycle, the theoretical maximum work W,,,, that constrains the total mechanical
dissipation Wy is hard to be estimated, and it is thus hard to evaluate whether the boundary-layer
mechanical dissipation depends on the outflow-layer mechanical dissipation based on the classical

Carnot’s theorem.
b. MAFALDA Trajectories

Following previous studies (Pauluis and Mrowiec 2013; Pauluis 2016; Mrowiec et al. 2016;
Pauluis and Zhang 2017), MAFALDA is applied to extract thermodynamic cycles in the simulated
TCs. By MAFALDA, parcel trajectories are defined as the isolines of isentropic streamfunction in
isentropic coordinates. Similar to that in Pauluis (2016), the equivalent potential temperature 6,
is defined with respect to ice (Eq. A4; Fig. 4). For any variable a(r,z,t) in Eulerian coordinates,

we can transform it into isentropic coordinates as {a)g, by
(a)g,(Be,2,t) = foL(a)(Ge,Z, r, t)dr, (7)
with
(a)(Bo0, 2,7, t) = 217, fOL a(r,z,t) {00 — 0,(r,z,t)}o{r — ry}dr,
where o{-} is the Dirac delta function, and L = 1000 km is the radius used to the integral in
Eulerian coordinates. The results below are qualitatively unchanged for L = 1500 or 2000 km.

Then the isentropic streamfunction W, in isentropic coordinates is computed as the integral of

the vertical mass flux (pw’)q, (Pauluis and Mrowiec 2013; Pauluis 2016)

ee ! ! !
W, (6e,2,t) = [ *(pw')g, (¢, 2, )dbq, (8)
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with

21 fOLp(r,z,t)w(r,z,t)rdr

w'(r,z,t) = w(r,zt) —
( ) ( ) 2m foLp(r,z,t)rdr

where p and w are the air density and vertical velocity, and w' is the perturbation vertical
velocity with the domain-averaged vertical velocity removed to ensure that the contours of Wy,
are closed. The finite-size bins of 6, and r in this study are in 1 K and 1 km, respectively.

As shown in Pauluis and Mrowiec (2013) and Pauluis (2016), the mean diabatic tendency of
air parcel can be expressed by the vertical derivative of Wg_, and the mean parcel trajectories in
isentropic coordinates are along the isolines of Wy, . Therefore, the isolines of Wy, can be
regarded as the mean “parcel” trajectories with the turbulent flow filtered out. Figure 5 shows Wg,
in the four experiments, in which the flow is clockwise and thus high-6, rising air parcels and low-
0, subsiding air parcels are separated clearly, as discussed in Pauluis and Mrowiec (2013) and
Pauluis (2016). Pauluis and Zhang (2017) showed that the heat engine efficiency associated with
the deepest overturning circulation or inner-core cycle in isentropic coordinates, defined by the
isolines of 2.5% of the minimum of streamfunction, is more comparable with that in the Carnot
cycle than that with the shallower overturning circulation. Fang et al. (2019) also confirmed that
the deepest overturning circulation is much more pertinent to the intensification of Hurricane
Edouard (2014). Therefore, similar to Fang et al. (2019), we focus on the energy cycle associated
with the deepest overturning circulation. Considering the minimum of streamfunction varies with
time and experiments, to ensure a fair comparison, we define the deepest overturning circulation
based on the constant streamfunction isolines of 107 kg s™!' rather than the relative value to the
minimum streamfunction, as depicted by the contours in Fig. 5. For convenience, three letters “a”,
“b”, and “c” are used to denotes the points of the lowest 6,, the maximum near-surface 6,, and
the highest height, and “ab”, “bc”, and “ca” denote the inflow leg, ascending leg, and descending
leg in the deepest cycle.

We can see that the deepest cycles in All_ 10N and BL 10N are deeper than those in All 30N

and OL 10N during the intensification stages (before 120 h; Figs. Se,j), especially the ascending
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leg (bc), consistent with the stronger secondary circulation in Eulerian coordinates and higher
outflow layer, which is associated with the weak resistance to convergent inflow in the boundary
layer (Fig. 2; Fig. 3). The higher ascending leg indicates that the temperature of the outflow-layer
air parcel is lower, consistent with a higher heat engine efficiency (Eq. 4). We thus hypothesize
that the more rapid intensification in All 10N and BL 10N than that in All 30N and OL 10N
during the earlier intensification stages is largely associated with the deeper heat engine cycle,

which will be detailed in the following subsection.
c. Evolution of energy conversion in the simulated TCs

Based on the closed MAFALDA trajectories, i.e., the deepest overturning circulation, we can
diagnose the evolution of energy conversion in the four experiments based on Egs. (4) and (5). As
in Pauluis and Mrowiec (2013) and Pauluis (2016), for each thermodynamic variable a, we use its
mass-weighted conditional average to filter out fast and reversible oscillatory motions such as

gravity waves by Eq. (7) and

_ (pa)g,(Bezt)

102, 8) = Gozt)

)
Then all the conditionally averaged thermodynamic variables are interpolated along the
MAFALDA trajectories for energy diagnostics.

The T — s diagram based on the conditionally averaged T and s is shown in Figs. 6a—c.
As detailed in Fang et al. (2019), the air parcel gains energy by turbulent mixing and surface heating
in the inflow leg (ab), and loses energy by detrainment and mixing in the ascending leg (bc) and
radiation in the descending leg (ca). The heat engine gains energy at warmer temperature and loses
energy at colder temperature, and thus continuously extracting external heat energy and converting
it into mechanical energy as a Carnot heat engine (Eq. 4). However, unlike the classical Carnot
heat engine as proposed in Emanuel (1986, 1991), the descending leg (ca) is not isothermal nor
adiabatic (Figs. 6a—c), with marked thermal stratification in the TC outer core region, as mentioned

earlier. This confirms that the hypothesized classical Carnot heat engine (Emanuel 1986, 1991) is
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not closed in the simulated TCs, and thus the corresponding energy diagnostics in Rappin et al.
(2011) could not be justified. The other difference from the classical Carnot heat engine is that the
TC heat engine efficiency is limited by the hydrological cycle (Wp and Gp in Eq. 4). As shown
in Pauluis and Zhang (2017), the Gibbs penalty is dominated by the cycle of water vapor, as the
contents of liquid water and ice and their associated variations of specific Gibbs free energy are
much smaller than that of water vapor. Based on the definition of Gibbs free energy of water vapor
(gy = R,TInH; Eq. A3a), the air parcel gradually gains water vapor from mixing with external
clouds in the descending leg (ca) and surface evaporation in the inflow leg (ab) at unsaturated state
with lower g,,, but loses water vapor by condensation and precipitation in the ascending leg (bc)
at saturated state with lower g,, (Figs. 6d—f), implying a reduction of the mechanical output by the

heat engine.

(@24 h (b)72h (¢) 120 h
180 : 180 : 180 R :
—All_30N —AIl_30N C —All_30N
200 A a o —ALTON| 200 4 ,f\ o AN 200 N —AI_10N |
X y BL 10N [ < BL_1ON [ < ‘ \ BL_10N
o 220 1 N oL 1oNf © 220 7 \ oL 1onf © 220 7 \ oL 10N |
g 240 - 2\\ - £ 240 1 ‘ N\ -2 240 1 : \ -
[] I} \ 2\ I @ E ™ b
& 260 g \\‘ g 260 S BN g 260 \\\
5} 1 2 oa I © 1 £ 1 I © 1 ), \ I
2 280 o & ) 2 280 /) },a 2 280 b NE
300 { @ L a0 ] R L 300 {@e |
330 300 270 240 210 180 150 330 300 270 240 210 180 150 330 300 270 240 210 180 150
(d)24h Entropy (J kg K ). (e)72h Entropy (J kg K ). (H) 120 h Entropy (J kg K ),
-400 -400 -400
—AII730N —AII730N —AII730N
—AIll_10N —AIl_10N —AIl_10N ’
. -300 1 L 1on F -300 1 gL 1on . 300 1 gl 1on .
o OL_10N "o OL_10N "o OL_10N l
< 200 FX 200 F< 200 g
- ] el
X ('] X X
> a BC |3 ./’ >
3 -100 1 ot [ B 100 4 e ) 2, -100 1 C
oo LT | —'
ba=—""__ : bee® e
0 1 . ——f| | 0 1 e I 04 e VV I
25 20 15 10 5 0 -5 25 20 15 10 5 o -5 25 20 15 10 5 0 -5
v (gkg') v (gkg) rv (g kg

Figure 6. (a)—(c) T — s diagram and g, — 1, diagram for the MAFALDA trajectories in the four experiments.
The letters “a”, “b”, and “c” mark the corresponding points of the lowest 6,, the maximum near-surface 8,,

and the highest height in 6, — z coordinates. Note that 7, along all trajectories in (d)—(f) is non-negative.

As implied from Figs. 5e,j, the deeper cycle or higher ascending leg in All_ 10N and BL_ 10N
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during the intensification stages corresponds well with a cooler temperature of the energy sink in
the heat engine than that in All 30N and OL 10N (Figs. 6a,b), which indicates a higher energy
($ Tds) for producing mechanical work. Figure 7 further shows the time evolutions of those
energy terms in Eq. (4) with Wgg calculated using Eq. (5), in which results in the initial
adjustment stages of the model simulations (~20 h) are excluded. As expected, during the
intensification stages the maximum work is higher in All 10N and BL 10N than in All 30N and
OL 10N (Fig. 7a), consistent with a higher generation of kinetic energy (Fig. 7b). Similar to that
in Pauluis and Zhang (2017) and Fang et al. (2019), both the water lifting W, (Fig. 7c) and Gibbs
penalty Gp (Fig. 7d) reduce the generation of kinetic energy, but compared with W,,,, and Wgpg,
Wp and Gp show smaller magnitude and variation during the TC development. Note that the
residual term of Eq. 4 is much smaller than any other terms during all simulation period (Fig. 7e),
indicating that MAFALDA can well capture the thermodynamic cycle in the simulated TCs almost
during all stages of the TC development, although MAFALDA is based on a statistically steady
system. Figure 7f also shows that in isentropic coordinates the vertical divergence of vertical mass
flux (9{pw)g,/0z) 1s much larger than the local change of the mass (9(p)g,/0t) even during the
intensification period (before 120 h) for all experiments, indicating that the assumption of
statistically quasi-steady system may still apply to the intensification stage (Pauluis and Mrowiec
2013).

Rappin et al. (2011) hypothesized that the mechanical dissipation in the isothermal descending
leg (leg 3) of the Carnot heat engine in Emanuel (1986, 1991) affects the low-level mechanical
dissipation or generation of kinetic energy. Here, the mechanical dissipation along the entire

descending leg (ca) in the MAFALDA trajectories has been examined by integrating Eq. (2) as

[iF-dl=—["[d (% |V|2) +d(T2) + aydp + Trpdz]. (10)

As we can see from Fig. 8a, the descending-leg mechanical dissipations in all experiments are
similar and close to zero with some small variations during the whole simulation period. This is
understandable because the friction and mixings in the outflow and outer-core region are generally
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much smaller than that in the boundary layer inflow and in the inner-core region (e.g., Heng et al.
2017). This means that the mechanical dissipation following the outflow downstream does not
depend on the local inertial stability and the strength of the outflow or the TC intensity, and
contributes little to the overall energy conversion and thus TC development, which is in contrast
with the hypothesis in Rappin et al. (2011). As expected, the integrated mechanical dissipation (as
in Eq. 10) following the inflow and ascending legs (ab+bc) dominates the evolution of the total
mechanical dissipation (Fig. 7b; Fig. 8b), consistent with the larger friction and mixings in the

boundary-layer inflow and inner-core ascending legs (Li et al. 2019; Heng et al. 2017).
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Figure 7. Time series of (a) the maximum work Wi, ($Tds), (b) the mechanical dissipation Wiy
(—$ agdp — Wp), (c) work done to lift water Wp (¢ I'rpdz), (d) Gibbs penalty Gp (—$ Xiyepii Gwdhiy),
and (e) the residual term of Eq. 4 (W0 — Wi — Wp — Gp) based on the deepest MAFALDA cycle in the
four experiments. (f) Time series of the absolute values of local change of the mass (3(p)g, /0t; dashed lines)
and vertical divergence of vertical mass fluxes (3(pW)g,/0z; solid lines) averaged within the deepest

MAFALDA cycle in the four experiments.
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layer inflow and ascending legs (ab+bc) based on the deepest MAFALDA cycle in the four experiments.

d. An energetics-based understanding

Similar to that in Fang et al. (2019) but unlike in Rappin et al. (2011), we consider the
mechanical dissipation as a whole (i.e., Wyg) rather than piecewise as Wy corresponds well with
TC intensification (Figs. la, 7b; Fang et al. 2019). This is because the TC intensification is
generally consistent with the development of the whole TC system. Based on the above results, an
energetics-based perspective can help understand the effect of environmental inertial stability on
TC development. In All_10N and BL 10N, the weaker resistance to radial motion due to lower
global or boundary-layer inertial stability allows a stronger boundary-layer inflow and eyewall

updraft than in All 30N and OL 10N (Figs. 2 and 3). The stronger eyewall updraft implies less
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detrainment and mixing in the ascending leg (Fang and Pauluis 2019) and also a higher and stronger
outflow (Figs. 2a—h; Figs. 5e,j) and thus a cooler temperature of the energy sink in the overall TC
heat engine cycle (Figs. 6a—c), which results in a higher energy (§ Tds) for producing mechanical
work or kinetic energy (Figs. 7a,b). In addition, the higher initial boundary-layer entropy (point b)
corresponding to the enhanced surface wind and heat flux in All 10N and BL 10N may also
contribute to the stronger eyewall updraft during the primary intensification period than in All_ 30N
and OL 10N (Fig. 6b).
To confirm that the higher theoretical maximum work (W, = $ Tds) in All_10N and
BL 10N than in All 30N and OL 10N is dominated by the cooler temperature of the energy sink
(Tyye) in the former, budgets of T,,; and heat engine efficiency are performed. Along the
MAFALDA cycle, the net external heating increment is given by
dq =Tds + Y=y Gwdhiy- (11)
As in Pauluis and Zhang (2017) and Fang et al. (2019), the total energy source Q;, and energy

sink Q,,; along the cycle can be estimated by
Qin = $ max(dg, 0), and (12a)
Qour = $min(dg, 0). (12b)
The temperatures of energy source Tj, and sink T,,; over the MAFALDA cycle are

calculated using the equations below

%Z: ¢ max(22,0), and (13a)
Qout — $min(2, 0). (13b)
Tout T

The Carnot efficiency €, and TC heat engine efficiency er over the MAFALDA cycle are

defined as
€c = @, and (14a)
er =2 (14b)
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Figure 9. Time series of (a) the energy source @Q;,, (b) the temperature of energy source Ty, (solid) and
sink T,,; (dashed), and (c) the Carnot heat engine efficiency (solid) and the TC heat engine

efficiency (dashed) in the four experiments.

Since W4, 1s determined by Q;, and €, by definition (W4 = €cQin), wWe first
check the evolution of energy source Q;, in the four experiments (Fig. 9a). We can see
that there is no significant difference in Q;, among the four experiments, consistent with

the slight difference in the inflow leg (ab) among the four experiments (Figs. 6a—c), which
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dominates the energy source in the MAFALDA cycle mainly by surface heating (Fang et al. 2019).
This means that the difference in peak boundary-layer entropy between those experiments as
mentioned earlier contributes little to the overall Q;,,. Figure 9b shows the estimated T;,, (solid)
and T,,; (dashed). As expected, no obvious difference can be found in T;, among the
four experiments, whereas T,,; 1s obviously cooler in All 10N and BL 10N than in
All 30N and OL_10N during the intensification stages, consistent with the higher ascending leg
(bc) in the former (Figs. Se,j, 6a,b). The cooler T,,; results in a higher Carnot efficiency €.
(Eq. 14a; solid in Fig. 9c). As a result, W, (= €:Q;,) and thus Wyp (= €cQin — Wp —
Gp) are larger in All 10N and BL 10N than in All 30N and OL_ 10N (Figs. 7a,b), which is
consistent with the earlier and more rapid intensification in the earlier intensification stage in the
former (Fig. 1a). Figure 9c confirms that €; (dashed) follows well €, in all experiments.
As shown in Pauluis and Zhang (2017), the TC heat engine in the MAFALDA cycle can produce
~60-70% as much Wy as a Carnot cycle during the steady state (after ~120 h).

Note that although the outflow with a lower outflow-layer inertial stability in OL 10N was
enhanced and extended to a larger radius to some extent, the upward motion in the eyewall did not
reach the height reached in BL 10N (Figs. 2, 5, 6). Therefore, the boundary-layer inertial stability
plays a much more important role in TC development than the outflow-layer inertial stability, as
the former dominantly controls the depth of eyewall convection (Figs. 2, 5, 6) and thus the
temperature of energy sink (Fig. 9b), TC heat engine efficiency (Fig. 9¢), and overall generation of

kinetic energy (Figs. 7a,b).

5. Summary and discussion

Previous studies have shown that TCs at a lower latitude tend to develop more rapidly in
idealized numerical simulations (e.g., DeMaria and Pickle 1988; Rappin et al. 2011; Li et al. 2011;
Smith et al. 2015). This has been explained by the weaker environmental inertial stability, which

has weaker resistance to radial motions in both the boundary layer and the outflow layer and thus
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the secondary circulation. However, it is unclear whether the stronger secondary circulation and
more rapid intensification at a lower latitude is dominated by the boundary-layer or outflow-layer
dynamics. This has been addressed in this study by a series of ensemble axisymmetric simulations
by artificially modifying the Coriolis parameter either in the boundary layer or in the outflow layer.
Results show that lowering the outflow-layer Coriolis parameter has little effect on the simulated
TC development, whereas lowering the boundary-layer Coriolis parameter leads to much earlier
onset of rapid intensification, with the stronger secondary circulation, including the outflow. The
results suggest that TC outflow is more likely a passive response to eyewall updraft and convergent
inflow in the boundary layer and the local inertial stability in the outflow layer is secondary to TC
intensification. This is in contrast to the hypothesis in some previous studies (e.g., Rappin et al.
2011).

The TC development has been widely understood based on the energetics in the literatures
(e.g., Tang and Emanuel 2012; Pauluis and Zhang 2017; Fang et al. 2019). Rappin et al. (2011)
argued that as the outflow exhausts/ventilates at a larger radius, the energy expenditure on forced
subsidence following the outflow downstream may be reduced by additional radiative cooling in
the TC Carnot cycle proposed in Emanuel (1986, 1991), and thus more mechanical energy is used
against surface frictional dissipation. However, O’Neill and Chavas (2020) argued that the
subsidence following the outflow downstream is not “mechanical subsidence”. In addition, the
energy of the forced subsidence has not been explicitly characterized in the TC Carnot cycle.
Although the radiative cooling-induced subsidence is generally comparable with the actual
subsidence in the outer core of a TC (Emanuel 2004; Wang and Lin 2020), this means that the
change in entropy is dominated by radiative cooling (Wang and Lin 2020) but is nothing to do with
the values of local mechanical work. A detailed examination on the framework of the TC Carnot
cycle shows that the isothermal and adiabatic compression legs in the classical Carnot cycle cannot
be found in the TC thermodynamic cycle. This suggests that the TC Carnot cycle proposed in

Emanuel (1986, 1991) is not closed, implying that the argument on the outflow-layer mechanical
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work in Rappin et al. (2011) could not be justified.
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Figure 10. Time series of (a) the azimuthal-mean maximum 10-m tangential wind speed and (b) the
corresponding RMW as shown in Fig. 1 but from the three-dimensional version of CM1 with a single run for

each experiment.

To understand how the environmental inertial stability affects TC energy cycle and
development, we have performed energetics diagnostics based on the isentropic analysis technique
MAFALDA (Pauluis and Mrowiec 2013; Pauluis 2016; Mrowiec et al. 2016). Results show that
the mechanical dissipation in the descending leg of the MAFALDA cycle is rather small (around
zero) with negligible differences among different experiments with varying environmental inertial
stability. This means that the low-level or inner-core mechanical dissipation does not depend on
the mechanical dissipation following the outflow downstream, which is in contrast with the
hypothesis in Rappin et al. (2011). Rather, the overall mechanical work is dominated by the

theoretical maximum work in the TC heat engine associated with the energy source and
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temperatures of energy source and sink. Based on the energetics diagnostics, an energetics-based
understanding on the effect of environmental inertial stability on TC development is proposed.
Namely, the environmental inertial stability affects TC development mainly through the boundary-
layer inertial stability, which controls the convergent inflow and depth of eyewall convection and
thus the temperature of energy sink, TC heat engine efficiency, and overall mechanical output or
generation of kinetic energy during the intensification stage.

Note that the main results discussed in this study are based on the axisymmetric model
simulations. To confirm the robustness of the results, additional five experiments as All 30N,
All 10N, BL 10N, OL 10N, and ML 10N but using the three-dimensional version of CM1 and a
single simulation for each experiment are conducted with the results shown in Fig. 10. The main
difference between in the axisymmetric (Fig. 1a) and three-dimensional (Fig. 10) simulations lies
in that the differences of the onset timing of intensification between All 10N and BL 10N and
between All 30N and ML 10N are enlarged in the three-dimensional simulations. As mentioned
earlier, the difference in the onset timing of intensification between All 10N and BL 10N or
between All 30N and ML 10N is due to the difference in the middle-layer inertial stability and
thus the feedback between TC circulation and diabatic heating as implied by the balanced vortex
dynamics. Unlike in the axisymmetric simulations, convection, and thus diabatic heating, in the
three-dimensional simulations is often not organized into concentric rings during the spin-up period,
and thus the azimuthally averaged diabatic heating rate is often weaker than that in the
axisymmetric simulations (Persing et al. 2013). As a result, the feedback implied by the balanced
vortex dynamics during the spin-up period may be more vulnerable to the detrimental effects in the
three-dimensional simulations than in the axisymmetric simulations, such as the reduced middle-
layer inertial stability in our experiments. This may partly explain the enlarged differences in the
three-dimensional simulations compared with those in the axisymmetric simulations. A detailed
analysis on the differences in the sensitivity experiments between the axisymmetric and three-

dimensional simulations is beyond the scope of the study. Nevertheless, results from the
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corresponding three-dimensional experiments confirm that the main conclusion based on the
axisymmetric simulations, i.e., the earlier and more rapid development of TCs at a lower latitude
is due to the weaker inertial stability in the boundary layer rather than that in the outflow layer, is
robust. This suggests that more attention should be given to the boundary layer process to
understand TC intensity changes.

Finally, we should point out that although the outflow-layer structure is generally quasi-
axisymmetric in the idealized three-dimensional simulations with quiescent environment (Rappin
et al. 2011), the outflow-layer structure of TCs in reality is often highly asymmetric due to the TC-
environment interactions (Black and Anthes 1971; Chen and Gray 1985). Previous studies have
shown that the upper-tropospheric troughs or cold-core vortices may facilitate TC intensification
by providing asymmetric outflow channels and thus eddy momentum flux for TC development
(Merrill 1988; Molinari and Vollaro 1989; Leroux et al. 2016), while some troughs may introduce
strong vertical wind shear and thus prevent TC intensification (Hanley et al. 2001; Peirano et al.
2016; Komaromi and Doyle 2018). Although our results suggest that the outflow-layer inertial
stability is not crucial to the TC development in a quiescent environment, it may affect the intrusion
of environmental forcing in the outflow layer or TC-environment interaction and thus TC
development in nature. To further explore the effect of the outflow-layer inertial stability on TC
development under different environmental conditions (e.g., outflow-layer troughs) will be a topic

of future study.
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APPENDIX
Definition of some thermodynamic variables
Following Pauluis (2016) and Pauluis and Zhang (2017), the thermodynamic reference state
is defined as liquid water at the freezing temperature. The entropy per unit mass of dry air is defined
as
S=Sq+5S,+s +s; (A1)

where the specific entropies of dry air s, water vapor s, liquid water s;, and ice s; are

sqa=C, lnTT—f — Ryln pﬂo (A2a)
T L,
Sy = CllnT—f+?—R,,ln7-(, (A2b)
T
S = CllnT—, (A2c)
f
s;=C; lnTT—f - ;—; (A2d)

where C,, C;, and C; are the specific heat of dry air, liquid water, and ice at constant pressure,
Tr and p, are the reference temperature (273.15 K) and reference pressure (1000 hPa), R; and
R, are the gas constant for dry air and water vapor, L, and Ly are the latent heat of vaporization
at T and latent heat of fusion at T¢, and H is the relative humidity.

The specific Gibbs free energy for water vapor, liquid water, and ice at the reference state T

arc
gy =C, (T —T, = Tin %) 4 R,TInA, (A3a)
9 =G (T — T, —Tin TT—f) (A3b)
g = G (T —T, - TlnTT—f) - L1 -1). (A3c)

The equivalent potential temperature 6, with respect to ice at the reference state with T is

defined as

Oe _ T 14 Ly TyLy
(Cp, + CirT)lnE = [Cp +r,C + (1, + rl)Cl]lnE - Rdlng +(r, + TI)E + -

—1,R,InH.
(A4)
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