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1. Introduction

Recent work has led to the development of a new paradigm of tropical cyclones intensifi-
cation, called the rotating convection paradigm (Smith and Montgomery 2016; Montgomery
and Smith 2017; Smith et al. 2017 and refs.) The new paradigm represents an overarching
framework for interpreting the complex vortex-convective phenomenology in simulated and
observed tropical cyclones. The paradigm explicitly recognizes the presence of localized,
rotating deep convection whose vorticity is amplified greatly over initial values by vortex-
tube stretching and tilting processes in the cyclonic seed environment of an incipient storm.
The paradigm includes both the azimuthally-averaged fluid dynamics and thermodynamics
(with eddy covariance terms) and local asymmetric or eddy processes. One attribute of the
new model is an explanation for how the maximum tangential winds generally reside in the
boundary layer. The explanation highlights the important role of nonlinear boundary layer
processes in the rapidly rotating core of a developing storm. The paradigm highlights also
the progressive control exerted by the boundary layer as a storm intensifies (Kilroy et al.
2016, 2017, 2018a,b; Kilroy and Smith 2017). The importance of the nonlinear boundary
layer spin up mechanism has been challenged in the recent paper by Heng et al. (2017). The

purpose of our comment is to critically evaluate this challenge and to refute it.

2. A critique of the Heng et al. (2017) study

In their paper, Heng et al. (2017) report on an idealized numerical simulation of a tropical
cyclone in a quiescent environment, which they use to investigate the degree to which the
azimuthally-averaged circulation can be interpreted in terms of balance dynamics. The stated
motivation is to re-examine the results of Bui et al. (2009), who compared the azimuthally-
averaged solutions derived from an idealized numerical simulation of a tropical cyclone in a
likewise quiescent environment with those obtained by solving the Sawyer-Eliassen balance

equations forced by diabatic and tangential frictional forcing distributions diagnosed from
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the numerical simulation. In Bui et al. and Heng and Wang, the term balance refers to an
axisymmetric flow regime comprising gradient wind balance in the radial coordinate direction
and hydrostatic balance in the vertical coordinate direction. The Sawyer-Eliassen balance
formulation used by these (and other) authors assumes that these force balances prevail
throughout the vortex, including the frictional boundary layer.

Bui et al. (2009) showed that the balanced calculations capture a major fraction of the
azimuthally-averaged secondary circulation of the three-dimensional simulation except in
the boundary layer, where the gradient balance assumption breaks down and where there is
an inward agradient force. In particular, the Sawyer-Eliassen balance theory was shown to
significantly underestimate the low-level radial inflow and therefore the maximum azimuthal-
mean tangential wind tendency.

Heng et al. (2017) claim to demonstrate that Bui et al. (2009)’s findings are incorrect
and that “ ... balanced dynamics can well capture the secondary circulation in the full-
physics model simulation even in the inner-core region in the boundary layer (italics are
our emphasis)”. This is a surprising claim in itself, since it is generally well known that
strong inflow in the inner core boundary layer is a result of gradient wind imbalance (Smith
1968; Carrier 1971; Anthes 1971; Kuo 1971; Anthes 1974; Shapiro 1983; Kepert and Wang
2001; Slocum et al. 2014; Montgomery et al. 2014), an imbalance that is strongly supported
by a scale analysis of the boundary layer equations (e.g. Smith and Montgomery 2008;
Vogl and Smith 2009). In contradiction to this fact, as early as the first paragraph of
their Introduction, Heng et al. (2017) assert that “ ... the primary circulation [of a tropical
cyclone: our insertion] remains nearly in gradient wind balance as a slowly evolving system”.
No caveat is given to point out that this statement is invalid for the boundary layer or the
upper-tropospheric outflow region of the developing vortex.

Since the foregoing claims are a major departure from the currently accepted understand-
ing of tropical cyclone dynamics, they call for close scrutiny. Indeed, if Heng et al. (2017)’s

findings were correct, it would call into question the veracity of a large number of studies
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which have found otherwise (e.g. Zhang et al. 2001; Huang et al. 2012; Rotunno and Bryan
2012; Gopalakrishnan et al. 2013a,b).

Heng et al. (2017) take issue not only with the results of Bui et al. (2009), but also
with those in a related paper by Smith et al. (2009)!. These last authors pointed out that
the classical model for tropical intensification, which is based on balance dynamics, cannot
explain the spin up of the maximum tangential winds in the boundary layer, a feature of
tropical cyclones that is found in both numerical models and observations. Smith et al. (2009)
introduced the idea of a boundary layer spin up mechanism to complement the classical spin
up mechanism as articulated in the pioneering paper by Ooyama (1969). As it turns out, the
underlying idea was not new. It had been anticipated long ago by Anthes (1974) (p. 506)
and articulated in the context of a slab boundary layer model by Smith and Vogl (2008)
(see section 4.2 therein). In essence, the mechanism explains how the tangential wind in
the boundary layer can be accelerated to the point of exceeding that above the boundary
layer, even in a boundary layer that is steady, but it requires a temporal strengthening of
the boundary layer inflow to produce a temporal increase in the tangential wind maximum
and for this reason requires the classical spin up mechanism to operate in tandem.

As a part motivation for their approach, Heng et al. (2017) invoke results of Stern et al.
(2015) who they claim “challenged the hypothesized positive contribution of surface friction
to TC [tropical cyclone: our insertion] intensification proposed by Smith et al. (2009) based
on the results from a linearized vortex model”, but they then go on to recount the critique
of Smith and Montgomery (2015) who pointed out that the linear model used in Stern et al.
(2015) has its limitations and cannot be used to isolate the contribution of surface friction
to producing inflow from that of diabatic forcing as the boundary dynamics is intrinsically

nonlinear. It is not clear where Heng et al. (2017) stand on this issue?.

'In their Introduction, Heng et al. (2017) make many incorrect statements concerning Bui et al. (2009)’s
claims as well as those of a related paper by Smith et al. (2009). So as not to detract from our critique of

Heng et al. (2017)’s results, but to put the record straight, these are noted in an Appendix.

?Indeed, having pointed out the limitation of Stern et al.’s study as a motivation for that of Heng and
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Heng et al. (2017) then discuss their previous paper (Heng and Wang 2016), which
purports to “include the nonlinearity”, but the pitfalls of their thought experiment have
been pointed out by Smith and Montgomery (2016) and Kilroy et al. (2017). For one thing,
Heng and Wang do not appear to recognize the distinction between the global effects of
friction and the local effect that leads to an amplification of the tangential wind relative to
the gradient wind in the inner core boundary layer (Slocum et al. 2014) and a few kilometers
above the boundary layer in the developing eyewall of the storm (see e.g., Montgomery et al.
2014, section 5.4). As we pointed out in our critique of Heng and Wang (2016), one of
their concluding statements (on pl1331) that “The negative contribution of surface friction
to TC intensification found in this study contradicts the positive contribution hypothesis of
Smith et al. (2009)” is misconstrued as these authors demonstrate nicely with their model
simulation with friction included that the boundary layer spin up mechanism is operating to
generate supergradient winds. We know of no other mechanism for producing supergradient
winds other than by the vertical diffusion of momentum (as in the Ekman layer), where the
effect is only weak.

Taken together, to the casual reader, the results of Heng and Wang (2016) and Heng
et al. (2017) would appear to refute the validity of the boundary layer spin-up mechanism in
tropical cyclones as well as the notion that gradient wind imbalance in the boundary layer
is important. However, the caveats presented at the end of Heng et al.’s conclusions as well
as the fact that the strong boundary layer inflow is there because the flow in the boundary
layer is not in gradient wind balance, are reasons alone to be cautious of their conclusions.
For a start, Heng et al. admit that the initial state incorporated in their Sawyer-Eliassen
equation is NOT in balance! Specifically, they use the azimuthally-averaged potential tem-

perature and tangential wind field from the output of their full-physics model to define

Wang (2016), they go on in their Conclusions to invoke the results of Stern et al. as support for their
conclusion that “the boundary layer spinup mechanism of a TC ... should not be a primary mechanism of

TC intensication”. They do not say what they regard as “a primary mechanism”.
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the variable coefficients (static stability, inertial stability, baroclinicity) that comprise the
Sawyer-Eliassen equation for the balanced meridional circulation to the diagnosed heating
rate, tangential momentum and related eddy forcing terms. In other words, the basic state
flow in the boundary layer, about which the secondary circulation response is being com-
puted, is NOT in gradient and thermal wind balance as should be assumed for a strictly
balanced calculation according to the Sawyer-Eliassen formulation. The consequences of this
limitation on their results are hard to foresee!

As it turns out, Bui et al. (2009) showed in their section 5.2 and Appendix that with such
a relaxed prescription of the basic state vortex, the inflow in the boundary layer was signif-
icantly enhanced relative to the strictly balanced calculation. This apparent ‘improvement’
in reproducing the full numerical model solution is an illusion, resulting from the unbalanced
basic state vortex. It comes at the cost of a slowly convergent (or possibly locally divergent)
iterative solution (p1720, right col.), a marked dependence of the solution on the vertical
resolution of the grid mesh (p1728, right col.; found also by Heng et al.) and small-scale sub-
sidiary meridional circulations in and around regions of symmetric instability corresponding
to large vertical shear of tangential wind (their Fig.11).

In view of the results presented by Bui et al., the approximate agreement between the
‘pseudo-balanced’ calculations of Heng et al. and their companion nonlinear simulation is
not entirely surprising. However, such an agreement is being misapplied to argue against the
importance of the boundary layer spin up mechanism as articulated and demonstrated by
Smith and Vogl (2008); Smith et al. (2009); Bui et al. (2009); Montgomery and Smith (2014,
2017); Slocum et al. (2014); Abarca and Montgomery (2015) and Abarca et al. (2015). In
this context, it is interesting that Heng et al. (2017) find that “the unbalanced dynamics con-
tributes to inward penetration of boundary layer inflow into the eye and thus the contraction
of the RMW”. Given that the spin up and contraction of the tangential wind field, itself,
is in part the result of a spatial concentration of absolute vertical vorticity by the induced

inflow from the nonlinear aggregate of deep convection and surface friction, it is physically
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implausible that the unbalanced dynamics that “contributes to the inward penetration of
boundary layer inflow” is generally unimportant.

Another possible factor, in addition to the foregoing, that may help explain Heng et al.’s
finding is that the diffusivity in the model, either the vertical or horizontal diffusivity, is
unrealistically large. It is unclear from their paper (or from Heng and Wang 2016) what
diffusion coefficients they have used. It was shown by Smith and Thomsen (2010) that an
unrealistically large vertical diffusivity leads to only small departures from gradient wind
balance in the boundary layer. (See also Gopalakrishnan et al. (2013a) and Zhang et al.
(2015) who demonstrated a significant dependence of the spin up and maximum intensity
over realistic forecast time scales on the vertical diffusivity.) It was shown also by Bryan
and Rotunno (2009) and Bryan (2012) that there is a strong dependence of the simulated
intensity and departure from gradient wind theory on the horizontal mixing length (and
related diffusivity) used to parameterize asymmetric mixing and small-scale turbulence.

As a final point, if Heng et al.’s conclusions are correct that the boundary layer spin up
mechanism is unimportant, it would follow that the classical balanced spin up mechanism of
Ooyama (1969), in conjunction with the vertical advection of absolute angular momentum,
M, is sufficient to describe the spin up of the tangential winds in the eyewall region in real
or simulated tropical cyclones when there is radial outflow everywhere above the boundary
layer. In specific relation to this latter situation, which is found in numerous tropical cyclone
simulations, Smith et al. (2018) concluded: “Clearly, for spin up to occur anywhere where
there is radial outflow, there must be a negative vertical gradient of M to permit the vertical
advection of M to dominate the spin down tendency accompanying radial advection. In
a strictly balanced model (such as the time-dependent Sawyer-Eliassen balance model in
which gradient wind balance is assumed strictly throughout the vortex including the bound-
ary layer, or in a generalized balanced flow consisting of gradient wind balance above the
boundary layer and Ekman-like balance in the boundary layer (e.g. Abarca et al. 2015), our

insertion), the vertical gradient of M must be positive in the boundary layer so that spin
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up in the lower troposphere above the boundary layer requires the classical mechanism to
operate to spin up the eyewall there. If there is outflow over the whole depth of the eyewall,
spin up requires a source of M in the boundary layer. It has been shown in recent work
that the spin up of supergradient tangential winds in the boundary layer can provide the
necessary negative vertical gradient of M to spin up the eyewall (Schmidt and Smith 2016;

Montgomery and Smith 2017).”

3. Conclusion

In this comment we have refuted the claim that the axisymmetric balance dynamics
comprising the linear Sawyer-Eliassen balance equation for the overturning circulation can
well capture the secondary circulation and the implied tangential wind tendency in the

nonlinear boundary layer of an intensifying tropical cyclone.

Appendix
This Appendix responds to numerous incorrect statements in reference to our own work

in the Introduction of Heng et al. (2017).

e “Bui et al. (2009) have criticized the classic understanding of TC intensification based
on balanced dynamics, ... 7. Bui et al. (2009) did not “criticize” the “classic under-
standing”, which is based on balance dynamics, but merely pointed out its limitations

in regards to the boundary layer, which is intrinsically unbalanced.

e “They [Bui et al. (2009): our insertion| thus concluded that the balanced dynamics
significantly underestimates the boundary layer inflow and thereby the spinup of tan-
gential wind in the inner-core region, and thus the unbalanced dynamics should be
largely responsible for TC intensification.” Nowhere did Bui et al. say that “the un-
balanced dynamics should be largely responsible for tropical cyclone intensification”.

Moreover, subsequent work has been careful to stress that the boundary layer spin

7
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up mechanism cannot act alone (Montgomery and Smith 2014, p56, right col.; Mont-

gomery and Smith 2017, section 3.5; Smith and Montgomery 2015, p3027, right col.).

“They seemed to suggest that the occurrence of unbalanced supergradient wind in the
interior of the boundary layer as a result of surface friction plays an important role in
spinning up the inner core of a TC.” Bui et al. do not “suggest” this: they argue that

it is true.

“This argument gave the impression that surface friction and its associated unbalanced
processes can dominate the balanced dynamics in spinning up the TC in the inner core
in the boundary layer.” It doesn’t give that impression to us. Again, we have pointed
out that the classical spin up mechanism and the boundary layer spin up mechanism
must act in tandem (see references in the foregoing item). Also, in the classical spin up
mechanism as originally envisioned by Ooyama (1969), the boundary layer tangential
flow is not spun up in the traditional sense of a positive tendency in the tangential
velocity in the boundary layer; rather, it is assumed to be slaved (and equal) to the

balanced tangential flow at the top of the boundary layer.

“Although surface friction can substantially enhance the boundary layer inflow, the
net dynamical effect of surface friction is negative because the positive tangential wind
tendency as a result of frictionally induced inflow could not offset the direct spindown
by surface friction.” As noted earlier, Heng et al. (2017) do not recognize the distinction
between the global effects of friction and the local effect that leads to an amplification of
the tangential winds in the inner core boundary layer. This is clear from the statement
on p2576 (right col.) that “Since the supergradient wind is well above the surface,
it does not directly contribute to the surface energy production or loss and the TC
intensity”. The boundary layer spin up mechanism does not address “surface energy
production or loss” since it does not appear in the global energetics and can only be

understood by an examination of the coupled horizontal momentum equations, the



200 associated generalized Coriolis and frictional forces acting in the radial and tangential

210 directions, and the changes in the swirling wind field and radial pressure gradient force
on in the interior flow above the boundary layer.

212 e “Note that Stern et al. (2015) also confirmed the importance of vertical shear of tan-
213 gential wind in the boundary layer to the frictionally induced inflow in the balanced
214 response, as shown in Bui et al. (2009).” The meaning of this sentence is unclear
215 because, for one thing, Stern et al. actually nullified the vertical shear of the tangen-
216 tial wind in the boundary layer in all of their calculations using the 3DVPAS model.
217 (This was Stern et al.’s way of averting the representation of symmetric instability
218 and roll-like instabilities in the their linearized, axisymmetric, model of the tropical
219 cyclone boundary layer.) Further, Bui et al. did not implicitly or explicitly argue
220 for “the importance of vertical shear of tangential wind in the boundary layer to the
221 frictionally induced inflow in the balanced response.”

222 e “This is in sharp contrast to the traditional view that surface friction is the major
223 energy sink of a TC system, thus contributing negatively to TC intensification and
24 maximum intensity”. Again, Heng et al. appear to have missed the very important
225 result that the effects of friction, in conjunction with the deep convection in the emerg-
226 ing eyewall of the storm, can lead to a local amplification of the tangential winds in
27 the inner core boundary layer, the mechanism for which is not explicitly evident in
28 the global energetics that forms the basis of maximum intensity theory for the gradi-
229 ent wind according to Emanuel (1986, 1989, 1995) and later revisions (Emanuel and
230 Rotunno 2011).
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