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ABSTRACT

Previous studies have demonstrated the contribution of dissipative heating (DH) to the
maximum potential intensity (MPI) of tropical cyclones (TCs). Since DH is a function of
near-surface wind speed and thus TC intensity, a natural question arises as to whether DH
contributes to the intensity-dependence of TC potential intensification rate (PIR). To address
this issue, an attempt has been made to include DH in a recently developed time-dependent
theory of TC intensification. With this addition, the theory predicts a shift of the maximum
PIR towards the higher intensity side, which is consistent with the intensity-dependence of
TC intensification rate in observed strong TCs. Since the theory without DH predicts a
dependence of TC PIR on the square of the MPI, the inclusion of DH results in an even
higher PIR for strong TCs. Considering the projected increase in TC MPI under global
warming, the theoretical work implies that as the climate continues to warm, TCs may
intensify more rapidly. This may not only make the TC intensity forecasting more difficult,
but also may increase the threats of TCs to the coastal populations if TCs intensify more

rapidly just before they make landfall.
SIGNIFICANCE STATEMENT

Previous studies have demonstrated that dissipative heating (DH) can significantly
contribute to the maximum potential intensity (MPI) that a tropical cyclone (TC) can achieve
given favorable environmental thermodynamic conditions of the atmosphere and the
underlying ocean. Here we show that because DH is a function of near-surface wind speed
and thus TC intensity, DH can also significantly contribute to the intensity-dependence of TC
potential intensification rate (PIR). This has been demonstrated by introducing DH into a
recently developed time-dependent theory of TC intensification. With DH the theory predicts
a shift of the maximum PIR towards the higher intensity side as observed in strong TCs.
Therefore, as the climate continues to warm, TCs may intensify more rapidly and become

stronger.

1. Introduction

Considering energy conservation, the viscous dissipation of kinetic energy due to surface
friction can be considered as an internal heat source to the thermodynamic equation of
motion. Such a heat source to the thermodynamic energy is often termed dissipative heating

(DH). Although DH is relatively small compared to the direct surface heat flux under normal
2
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near-surface wind conditions (e.g., less than 10 m s™') over the ocean, it can be a considerable
energy source to the development and maintenance of tropical cyclones (TCs) because DH
roughly increases with the cube of the near-surface wind speed. Bister and Emanuel (1998,
hereafter BE98) first introduced DH into the theoretical maximum potential intensity
(EMPI)! of TCs developed by Emanuel (1986, 1997). They showed that the inclusion of DH
due to surface friction in TC surface layer could lead to an increase in the theoretical EMPI in
terms of the near-surface wind speed by approximately 20%. This was confirmed by
idealized numerical simulations using two different axisymmetric models of different
complexities. Their results showed that both the intensification rate and the quasi-steady
intensity of the simulated TCs increased significantly with the DH included. They therefore
advocated that the DH should be considered in the thermodynamic equation of models used

to simulate and predict intensity of TCs.

Zhang and Altshuler (1999) included DH in a simulation of Hurricane Andrew (1992)
using a high-resolution mesoscale model and showed that the effect of DH on the simulated
storm intensity was not significant until the surface wind speed exceeds 65 m s and the
simulated storm intensity in terms of maximum near-surface wind speed increased by only
10% at the most intense stage compared with that in the simulation without DH. They found
that the inclusion of DH also led to a decrease in surface sensible heat flux, which partially
offset the DH effect. Jin et al. (2007) examined the impact of DH on the TC intensity
forecasts for 18 different storms using the U.S. Navy’s operational Coupled Ocean—
Atmosphere Mesoscale Prediction System (COAMPS). They found that the inclusion of DH
in the model significantly improved the intensity forecasts, although there was no significant
change for the track forecasts. They also compared the surface-only DH due to surface
friction as in BE98 and the DH related to the turbulent kinetic energy dissipation rate and

found that the former was often considerably larger than the latter. More recently, Fox and

IThe MPI is defined as the upper bound of the intensity that a TC can reach under favorable

environmental thermodynamic conditions. In this study, the MPI without the inclusion of DH developed

by Emanuel (1986, 1997) is termed as EMPI.
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Judt (2018) performed a numerical study on the extremely rapid intensification of Hurricane
Patricia (2015). They found that DH was one of the key factors to the realistic simulation of
the Patricia’s intensity evolution although the storm intensity was overpredicted without the
ocean coupling, suggesting that DH could be important in extremely intense TCs in nature.
The increased maximum intensity of simulated TCs in numerical simulations with the
inclusion of DH is also reported in some other studies (e.g., Wang 2001; Zeng et al. 2010;
Cheng et al. 2012).

Kieu (2015) reexamined the hypothesis of DH in BE98 by analyzing the integral energy
equation for the atmospheric domain that encloses all the TC Carnot legs. He indicated that
within the atmospheric surface layer, the DH comes at the expense of reduced internal kinetic
energy in the boundary layer, which was not included in BE9S. He also suggested that not all
the work done by surface friction is converted to DH to fuel the TC and about 10-30% of the
work could be transferred to the ocean surface waves and ocean mixing layer. Given
uncertainties in how the DH is distributed in the atmospheric surface layer and is exchanged
with the ambient environment, Kieu (2015) recommended that the DH in the TC surface
layer could be effectively included in the bulk enthalpy flux parametrization instead of being
considered as an independent heat source as in BE98. Following this suggestion, Edwards
(2019) considered the total (thermal and kinetic) energy flux at the air-sea interface and
modified the bulk surface heat flux formula to include the impact of frictional dissipation
within the atmospheric surface layer. With such a modification, he reformulated the MPI of
BE98 and showed a reduced increase of the MPI by DH from 22.5% to 16.6%. He explained
this as a result of the reduced surface sensible heat flux due to the inclusion of DH, which

acts to reduce the air-sea temperature difference by warming the surface air.

In addition to the theoretical and modeling studies focusing on the possible impact of DH
on TC intensity, some studies have attempted to estimate DH based on observations. Using
low-level in-situ aircraft observations, Zhang (2010) estimated DH in the hurricane boundary
layer in the North Atlantic and found that the DH rate estimated with the integrated
turbulence kinetic energy dissipation rate in the surface layer using the turbulent spectra
method was considerably smaller than that estimated with the product of the surface drag
coefficient and the cube of the surface wind speed proposed by BE98. This result is supported
in a more recent study by Smith et al. (2019), who used the high-resolution ship
measurements to estimate DH in the non-hurricane atmospheric surface layer. Several other

studies estimated DH using data from portable weather stations (Zhang et al. 2011) or towers
4
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(Ming and Zhang 2018; Zhou et al. 2022) in landfalling TCs and also reported the
overestimation of DH using the earlier bulk formula as in BE98 and other numerical models.
Note that Ming and Zhang (2018) found that the overestimation was generally less over land
than over shallow waters. This seems to suggest that part of turbulent dissipation was likely

transferred to the underlying ocean as pointed out by Kieu (2015).

Some issues remain regarding the treatment of DH in TCs as mentioned above. For
example, Kieu (2015) questioned whether the DH estimated in the atmospheric surface layer
is physically consistent with the assumptions in the MPI theory in BE9S. Both Makarieva et
al. (2010) and Edwards (2019) argued that whether DH in the atmospheric surface layer may
reduce the external heat input, namely the surface heat flux. Nevertheless, some agreements
are reached, including that (1) not all the work done by surface friction is converted to DH in
the atmospheric surface layer to fuel the TC system as previously hypothesized because part
of it could be transferred to the ocean surface waves and ocean mixing layer; and (2) the
estimation of DH using the bulk formula might overestimate the DH to some extent. One of
the best ways to address these issues is to include DH in high-resolution numerical models
that treat the turbulent kinetic energy dissipation rate as one of the prognostic variables, such
as in the so-called E-€ turbulent closure scheme recently implemented into the Weather

Research and Forecasting (WRF) model (Zhang et al. 2020).

Instead of performing high-resolution numerical modeling, we introduce the effect of DH
in the atmospheric surface layer into a recently developed time-dependent theory of TC
intensification (Wang et al. 2021a, b). We will show that the inclusion of DH makes the
theoretically estimated potential intensification rate (PIR)? more consistent with observations

in terms of the dependence of the intensification rate on TC intensity and the estimated PIR,

ZPotential intensification rate (PIR) is defined as the possible intensification rate a perfect TC can reach
under all favorable environmental dynamic and thermodynamic conditions. Note that the PIR is a function
of TC intensity and for a given intensity, there exists a PIR. The PIR often reaches a peak in some immediate
intensity, which we refer to the maximum PIR (MPIR). See Xu and Wang (2022) for more details on these
definitions. Note that in our discussion, because the current theory does not include any environmental

effects, the theoretical intensification rate thus is the PIR by definition.

Contribution of DH to the intensity-dependence of TC intensification



128
129
130
131
132

133

134
135
136
137
138
139
140

141

142

143
144

145
146
147
148
149
150
151

especially for category 5 TCs. The rest of the paper is organized as follows. Section 2

reformulates the theoretical time-dependent TC PIR equation with the DH included. Section
3 provides some calculations to demonstrate the contributions of DH to the time-dependence
of TC PIR and compared with the best-track TC data. Main conclusions are drawn in the last

section.

2. Inclusion of DH in a time-dependent theory of TC intensification

As in Wang et al. (2021a), we start with the tangential wind and entropy budget equations
in the axisymmetric slab boundary layer in cylindrical coordinates. Here, we introduce two
terms related to frictional dissipation in the atmospheric boundary layer mentioned in section
1, namely the reduced surface heat flux due to the loss of kinetic energy as implied from Eq.
(8) in Edwards (2019) and the DH due to frictional dissipation (BE98; Emanuel 2017a). With
the two additions, the tangential wind and entropy budget equations in Wang et al. (2021a)

are modified to

avy My Cp |y —
2t "W T T, |V10|V103 (1)
as asp B 6 [Vl Vol
b b _ 7 * 10 10
§+ub;—;[ck|V1o|(So—Sb—7—TS )"‘VCD—TS ]» 2

where ¢ is time, r is radius, # and V are radial and tangential wind speeds, respectively, M is

the absolute angular momentum (M = rV + % fr?, with fbeing the Coriolis parameter), Cj,

and Cp are the surface enthalpy exchange coefficient and surface drag coefficient, |V_1(;| and
V1o are the total wind speed and the tangential wind speed at 10-m height above the sea
surface, respectively, s, and s, are the saturated entropy at the sea surface temperature (SST,
T) and the air entropy in the well-mixed boundary layer, the parameter £ in Eq. (2) describes
the effects of subsaturation and/or downdrafts on the mixed layer entropy budget (Emanuel
1997; Gray and Craig 1998; Frisius 2006), 6 is a tracking parameter to switch the possible

effect of DH on surface heat flux when DH is considered (1 = y > 0) as recently advocated
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by Edwards (2019)°, and v is the percentage of the viscous frictional dissipation that is
converted to internal DH to warm the atmospheric surface layer [and the remaining part (1-y)
is transferred to the ocean surface waves and ocean mixing layer, as advocated by Kieu
2015]. All variables with subscript “b” are their vertical means in the slab boundary layer,
which has a depth of /4. Note that the horizontal diffusions of both tangential wind and
entropy in Egs. (1) and (2) are neglected as in previous theoretical studies of TC MPI and
intensification theories (e.g., Emanuel 1986; 1988; 2012; Emanuel and Rotunno 2011; Wang
et al. 2021a,b) although they may be important across the eyewall in strong TCs (Emanuel
1997; Rotunno and Bryan 2012; Zhang and Marks 2015).

Since our interest is on TC intensification, we evaluate all terms in Egs. (1) and (2)
following the radius of maximum wind (RMW) near the surface where £ is often close to 1.0
(Gray and Craig 1998; Frisius 2006). As in Wang et al. (2021a), we further assume that the
TC boundary layer is in thermodynamic quasi-equilibrium, which is well supported by our
full-physics model simulations as mentioned in Wang et al. (2021a) and was also assumed in
convective parameterization in numerical models to simulate TC development in some
previous studies (e.g., Emanuel 1995; Gray and Craig 1998; Frisius 2006). In this case,  can
be considered being less than 1.0 during the TC intensification because part of the surface
enthalpy flux would contribute to increasing entropy near the RMW. With these assumptions,
Eq. (2) becomes

90 _ Bl 17| (s v5 [Vas” 7l
I i L R R 3)

3Note that the term with & is considered here because in the theoretical framework we do not explicitly
consider the possible reduction of surface heat flux due to the warmed atmospheric surface layer associated
with DH, as found in numerical simulations (Zhang and Altshuler 1999; Wang 2001; Jin et al. 2007; Zeng
et al. 2010; Edwards 2019) and in nature. This term should not be included in full-physics models in which
the warming in the atmospheric surface layer is explicitly resolved if DH is considered. This is why we treat
d as a tracking parameter, which can switch from 0 to 1 or vice versa, together with y. See further discussions

in section 3.
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Replacing u;, in Eq. (1) from Eq. (3) above gives

av g oM —1( . v8 [Viol” Vi) , 25 Voo
M= e |l (s~ =5 o B S - Gl @

Note that from Eq. (4), we start to use 1 instead of # because the budget and all variables
are now evaluated at and following the RMW as in Wang et al. (2021a). Since the total wind
speed near the RMW is close to the tangential wind speed, we can simply assume
|V—13| ~ V1o = Vpn. We further assume V,,, = aV}, ,,, where a is the reduction factor of the
depth-averaged boundary layer tangential wind speed to the near-surface tangential wind
speed at the RMW, which is roughly between 0.7~0.8 (Vickery et al. 2000; Powell et al.
2003). With these assumptions and approximations, Eq. (4) can be rewritten as

Tm 0S

oV _ «a B oM
at h

* Y8 Vi
(CuVi (55 — 5 — L225)
s

Vi3,
+yCp ?S) - CDVnZl . ®)

b,rm m

Note that dV},, /07 is equivalent to dV,,/dt at the RMW. This is because dV,,/dt =
OV, /0T + T3y (0V,, /07) and 0V, /0r = 0 at the RMW.

Equation (5) is closed if Z—Aﬂb can be determined and the dependence of the surface
Tm

enthalpy dis-equilibrium on TC intensity can be given. Here, as in Emanuel (1986) and Wang

et al. (2021a), we further assume that 2—1‘:

can be evaluated at the top of the boundary

b,rm

oM . . . . . .
layer (g ) and treat the TC as an axisymmetric vortex in hydrostatic and gradient wind
RTm

balance and thus in the thermal wind balance in the free atmosphere. Emanuel (1986, 2012)
assumed that both the moist entropy (s) and M are conserved along streamlines in the eyewall
ascent above the boundary layer, and thus the s and M surfaces can be considered being
almost congruent in the free atmosphere. As noticed by Peng et al. (2018), although the
assumption of moist-neutral ascent in the eyewall is a good approximation for a strong and
mature TC, it is often not satisfied for weak TCs and for TCs during their early intensification
stage. Namely, the M and s surfaces may intersect and not be congruent. To consider this,
Wang et al. (2021a) introduced an ad-hoc empirical parameter 4" as a measure of the extent
to which the M surface is parallel to the s surface and modified Eq. (4) of Emanuel (2012)
into the following equation [see Eq. (14) in Wang et al. (2021a)]

oM
as

M

b,rm BCH

: (6)
)

h,; -
m Mprm < 2, 72
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where (7, ) means the point through the RMW at the top of the boundary layer, 7y is a large
radius at which the tangential wind following the trajectory of the eyewall ascent in the
outflow layer becomes zero and the air temperature is Ty, and T}, is the air temperature at (7,
h), which is assumed to be the same as the SST without the loss of accuracy (Emanuel 1986,
2012; Bryan and Rotunno 2009). The ad-hoc parameter 4 satisfies 0 < A’ < 1 since
(OM/0s)p,y,, < 0in TCs and is a function of the TC intensity. It should be close to 1.0 when
the inner-core convection reaches a nearly moist-neutral state with the M and s surfaces being
almost congruent, while it is close to zero in the early incipient stage when V7, is close to zero

and the M and s surfaces are nearly orthogonal (Peng et al. 2018; Wang et al. 2021a).

Substituting Eq. (6) into Eq. (5), Eq. (5) becomes

W =T\ m - — 5 Vm DVm/ — LDVm |
an a €A ﬁ 8 yé 2 3 2
ot h 11 2 r
Mhrm\ 7272 ™
m 'o0
Ts—To

where € = is the thermodynamic efficiency (Emanuel 1986), kg, and kj, are the

N

saturation enthalpy at 7§ (= T} ) and the air enthalpy of the boundary layer at the RMW,

respectively, with the approximation Ty(s; — s,) = (kg — kg) being used as in Emanuel
(2012). In Eq. (7), My, = T (Vir,, + % fTm), where V. is the maximum gradient wind

speed at the top of the boundary layer, and by definition V;, = 0 at r, we have My, ,. =

% fré, or riz = ZMf should be satisfied. If we further assume V;,, = Vy, ;. , Eq. (7) can be
0 hrm
simplified to
W _ aCp [ 2 [q_ — %\ vz
e = AV = 1 —vae (1= ) i), ®

where A = BA" as in Wang et al. (2021a), and the surface-wind-based EMPI without
considering the effect of DH is given (Emanuel 1997) by

Vempr = \/E_Z (kg — kb)lrm- ©)

Note that Cp, should be treated consistently in Egs. (8) and (9). This means that the
theoretical intensification rate does not increase linearly with increasing Cj, but increases with
increasing C significantly. The weak dependence of the TC intensification rate on Cp was
also found in full-physics high-resolution simulations by Li and Wang (2021). Note also that

because of the dependence of surface saturation enthalpy on surface air pressure, the EMPI in
9
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Eq. (9) also depends on the surface air pressure at the RMW and thus the TC intensity. This
dependence can considerably increase the calculated EMPI, which is included in the standard
algorithm of Bister and Emanuel (2002). Note that theoretically the surface saturation
enthalpy in Eq. (9) should be calculated using a time-dependent surface air pressure at the
RMW for use in Eq. (8). However, results from our preliminary tests show that the use of the
surface air pressure of the steady-state solution and the use of a time-dependent surface air
pressure at the RMW produce quite small discrepancies in the time-dependent solution of Eq.
(8) (not shown). Considering the simplicity of the theoretical model, the small discrepancies
induced by such an approximation is acceptable and can thus be ignored. Therefore, the
surface air pressure in the steady-state solution is used in calculating the surface saturation

enthalpy at the RMW in Eq. (9) in our practical applications discussed in section 3.

Before quantifying the effect of DH on the TC PIR in the dynamical framework outlined
above, it is our interest to examine the maximum intensity of the TC, namely the steady-state
solution of Eq. (8), and compared it with that in the relevant previous studies. To do so, we

assume that the TC reaches the maximum intensity with a zero-intensification rate, namely

d . .
% = 0. In this steady-state stage, the moist neutral eyewall ascent can be assumed, and the

M and s surfaces can be considered being congruent. We can thus assume A = 1. From Eq.

(8), we can get the steady-state intensity below

Voar = L”’ack (10)
1-ye(1-52e)

If taking 6 = 0 and ¥ = 1 and considering the definition of €, Eq. (10) is reduced to

_Vempr _ |Ts

Vmax - Vi-e - T: VEMPI- (11)

This is actually the MPI with the DH effect included derived by BE9S. In deriving (11),
BE98 assumed all the work done by surface friction being converted to DH. Since Ty /T, =
1.5 in the tropics, the DH leads to an increase of the EMPI (without the DH included) by
roughly 22.5%. If taking § = y = 1, Eq. (10) is reduced to
Vinax = Lplck- (12)
1-¢(1-35)
This was also obtained by Edwards (2019), who assumed that the warming of the

atmospheric surface layer due to DH would reduce the surface heat flux or alternatively the

10
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heat flux is explained as the total energy flux, which includes both heat flux and kinetic
energy flux at the air-sea interface, where the kinetic energy of the ocean current is too small
compared to the kinetic energy of the air motion in the atmospheric surface layer. Consistent
with that in Edwards (2019), the reduction of surface heat flux due to the inclusion of DH
reduces the increase of the EMPI due to DH predicted by BE9S. For the reasonable ratio of
Cx/Cp = 0.5, Eq. (12) predicts an increase of the EMPI without DH by roughly 15.5%*. This
means that the warming in the atmospheric surface layer due to DH reduces the increase of
the MPI with the inclusion of DH by 7% compared to that without considering the surface
layer warming effect. Note that an increase of 15.5% of the EMPI due to DH is closer to that
from previous full-physics numerical simulations (Zhang and Altshuler 1999; Jin et al. 2007;

Zeng et al. 2010; Fox and Judt (2018).

Finally, in nature, part of the work done by surface friction can be transferred to the ocean
surface waves and ocean mixing layer (Kieu 2015). In this case, ¥ in Eq. (10) would be less
than 1. If we consider y = 80% and § = 1 in Eq. (10), we can get an increase of the EMPI
by 11.8%. Therefore, a conservative estimate of the MPI increase due to the inclusion of DH
could be between 10%~15%. Note that since the theoretical TC PIR roughly increases with
the square of the MPI (Emanuel 2017b, Wang et al. 2021a, b), This implies that the inclusion
of DH can lead to an increase of the PIR by 21%~32%. We will show in section 3 that the
inclusion of DH may lead to more increase in the PIR for more intense TCs. This suggests
that with global warming we may experience not only more intense TCs but also more rapid

intensification of intense TCs.
3. Contribution of DH to the intensity-dependence of TC intensification

a. Some idealized calculations

“Note that we mentioned earlier that Edwards (2019) estimated an increase of the EMPI by 16.6% due
to the inclusion of DH with the suppression of surface heat flux considered. The difference here is due to a
slightly large ratio Cp,/Cp of 0.5 instead of 0.4 used in Edwards. Nevertheless, the difference of 1.1% is

within the uncertainty of the drag and exchange coefficients in nature.

11
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To calculate the PIR and show the contribution of DH to the intensity-dependence of the
theoretical PIR, the parameter 4 in Eq. (8) should be determined first. Wang (2021a)

Vi \"* . .
) , with the power n (=3/2) being

parameterized 4 as a function of relative intensity, (
EMPI

calibrated based on idealized full-physics numerical simulations, and later being
verified/confirmed using the best track data for TCs over the North Atlantic, eastern and
western North Pacific (Xu and Wang 2022). Note that since the steady-state intensity based
on Eq. (10) (with DH) is always larger than the EMPI in Eq. (9) as discussed above, a natural
modification is to replace Vg p; with the steady-state intensity V;,,, discussed in section 2.
However, this replacement can substantially reduce 4 and thus the intensification rate for TCs
at relatively weak intensity stage because of the reduced relative intensity and the power 3/2
in the definition of 4. Since DH is not expected to affect the dynamical efficiency of the
Carnot heat engine or the extent to which the M and s surfaces are congruent (Wang et al.
2021a, b), the replacement of the original Veupr by Vimax could underestimate the TC PIR for
relatively weak TCs. To avoid this problem, we use the same parameterization for 4 as in
Wang et al. (2021a) but with the relative intensity redefined using an intensity dependent
MPI (Vimaxr) with DH included at the current TC intensity, namely

&5C
Viawe = Vet + vAe (1= 325) 12, (13)
and we then have
v, \3/2
A= (Vmaxt) . (14)

Since Viax 1s a function of 4, Egs. (13) and (14) can be solved iteratively (often three
iterations are accurate enough). We can see from Eq. (13) that V,av 1s close to Vewmpr at the
weak stage of the TC because DH is relatively small, but increases as the TC intensifies.
Once the TC reaches its corresponding Vyax in Eq. (10) discussed in section 2, A approaches

1.0 and the PIR becomes zero, and the TC reaches its steady stage.

To demonstrate the contribution of DH to the intensity dependence of TC PIR, we
performed some idealized calculations and compared results from various assumptions as
mentioned in section 2. For a direct comparison with results discussed in Wang et al. (2021a),
we used the same values as those in Wang et al. (2021a) for our simple calculations. We take
a = 0.75, Cp = 2.4 X 1073,and h = 2000m as in Wang et al. (2021a), and € = 1/3. Note
that the thermodynamic efficiency may vary with different oceanic and atmospheric

12
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thermodynamic conditions, which is ignored for our simple calculations here. Figure 1 shows

the PIRs as a function of Veypr and Vi/Veupr for four situations, namely § =y =0; 6 = 0,

y=1,6=y=1;and § = 1, y = 0.8. We can see that without DH, the maximum PIR

(MPIR) for a given Vempr appears at around the relative intensity of 0.56 (Fig. 1a). With the

DH included but with the suppression of DH to surface heat flux ignored, the PIR reaches a

maximum at around the relative intensity of 0.74 (Fig. 1b). In this case, the inclusion of the

suppression of DH to surface heat flux shifts the maximum PIR to the relative intensity of 0.7

(Fig. 1c). If only 80% of the work done by surface friction becomes DH to warm the

atmospheric surface layer, the maximum PIR would occur at the relative intensity of about

0.68 (Fig. 1d). Note that the relative intensity here is defined as the ratio of the TC intensity

to the corresponding EMPI without the DH (VEupy). If the relative intensity is defined as the

ratio of the TC intensity to the corresponding steady-state intensity (¥max), the maximum PIR

without the DH included would still occur at the relative intensity of 0.56, while that with the

DH included would occur at the relative intensity of 0.60—-0.61. This means that DH

contributes to a shift of the maximum PIR towards the larger relative intensity side with the

degree depending on the definition of relative intensity.
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Figure 1. The calculated intensification rates [m s™'(6h)™!] as a function of the EMPI

without the DH included (Vzmpr, m s™') and the corresponding relative intensity (defined as

the ratio of TC intensity V, to the corresponding Veupr) using Eq. (8) for (a) without DH, § =
y=0;(b)withDH,§ =0, y =1;(c)withDH,§ =y =1;(d)withDH,§ =1, y = 0.8. In

these calculations, we simply used Cx/Cp=0.5, Cp=2.4x 1073, ¢ = 1/3.
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Figure 2 compares the PIRs as a function of relative intensity for Veyp= 55 m s and
Vempr= 75 m s™! in the four situations as shown in Fig. 1. In addition to the contribution to a
shift towards the larger relative intensity side, DH also contributes to the larger maximum
PIR. For example, for the case of Veup= 75 m s}, with DH but with the suppression of DH to
surface heat flux ignored, the maximum PIR increases by about 39%; with the suppression of
DH to surface heat flux, the maximum PIR increases by about 23%, while if only 80% of the
work done by surface friction becomes DH to warm the atmospheric surface layer, the
maximum PIR increases by 20%. We will show in the next subsection, the observed
maximum intensification rate can be as large as 16 m s”'(6h)!, which is considerably larger
than the theoretical maximum PIR without the inclusion of DH. Therefore, it is necessary to
include DH in estimating TC MPI and the maximum PIR.
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Figure 2. The intensification rates [m s'(6h)'] as a function of the relative intensity
defined as the ratio of the intensity ¥, to the corresponding EMPI without the DH included
(Vemer) for Vewpr =55 m s (dashed) and Viwpr =75 m s™! (solid) in four situations: without
DH (6 = y = 0, black); with DHand 6 = 0, y = 1 (red); with DH and § = y = 1 (green);
with DH and § = 1, y = 0.8 (blue). The same parameters and constants as used in Fig. 1 are

used here.

It is also our interest to examine the time evolution of TC intensity obtained by time
integration of Eq. (8) with and without the DH included. Here only results with § = 1, y =
0.8 are considered for the case with DH because this is a reasonable scenario as argued in

several previous studies (Kieu 2015; Edwards 2019). Figure 3 shows examples for four
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different values of Veumpr, namely 35, 50, 65, and 80 m s™!, respectively. Consistent with the
results discussed above and shown in Figs. 1 and 2, with DH the TC intensifies with a larger
intensification rate and reaches a higher steady-state intensity. The increase in intensification
rate is more significant in the second half of the intensification stage. This is mainly because
DH increases with the cube of the near-surface wind speed. As predicted by Eq. (10), the
steady-state intensity increases by 11-12% compared with that without the effect of DH
included. Since the parameters used in our calculations are conservative as mentioned above,
the results demonstrate that the contribution by DH to TC intensification and maximum
intensity should be considered in both theoretical studies and numerical models used for TC
intensity forecasts.

100

20 1

80 1

701

60 1

50 1

vm (m/s)

40 -

30 1

20 1

10 1

0

0 12 24 36 48 60 72 B84 96 108 120 132 144 156 168
Time (hour)
Figure 3. Time evolution of the TC intensity (¥, m s'') obtained by the time integration
of Eq. (8) for four EMPI values without the DH included (Veumpr, m s') of 35 m st (black), 50
m s (red), 65 m s (green), and 80 m s™! (blue) with solid for the solutions without DH and
dashed for the solutions with DH and § = 1,y = 0.8. The initial TC intensity is 10 m s™!,

using ¢ = 0.75, h = 2000 m,and Cp=2.4x 1073,

b. Comparison with the best-track TC data

Now we compare the theoretical PIR with the observed intensification rate of TCs based
on the statistical hurricane intensity prediction scheme (SHIPS) dataset (DeMaria and

Kaplan 1999; Knaff et al. 2005; updated on April 3, 2020). The best-track TC data over the
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main Northern Hemisphere basins, including all TCs over the North Atlantic, the central and
eastern North Pacific during 1982—2019 and those over the western North Pacific during
19902017, are considered in our comparison, as recently done in Xu and Wang (2022). The
variables used in our analysis from the SHIPS dataset include the 6-hourly maximum
sustained 10-m wind speed, and the EMPI (Vempr), and the central positions of TC centers in
longitude and latitude. The EMPI in the SHIPS dataset is calculated based on the standard
algorithm of Bister and Emanuel (2002) using the operational synoptic data derived from the
Climate Forecast System Reanalysis (CFSR) dataset (DeMaria and Kaplan 1999; Knaff et al.
2005). As in Emanuel et al. (2004) and Xu and Wang (2022), to minimize the influence of
TC translation on its intensity, 40% of the TC translation speed was subtracted from the
maximum wind speed for all TC cases in the SHIPS dataset, and the result is used as the
measure of TC intensity (V). All TC cases with 6-hourly positive intensity change and with
Vo greater than 17 m s and being not affected by landfall are included in our analysis. In

addition, only TCs with tropical nature and SSTs greater than 26 °C are considered to exclude

TC cases during their extratropical transition stages.

In the SHIPS dataset, Xu and Wang (2022) found 166 cases out of 11758 intensifying TC
cases with their intensities exceeding 11% of their EMPIs, which is often termed
superintensity (Persing and Montgomery 2003; Wang and Xu 2010; Rousseau-Rizzi and
Emanuel 2019; Li et al. 2020). To avoid the theoretically estimated negative PIR due to the
existence of superintensity for intensifying strong TC cases, Xu and Wang (2022) simply
multiplied all of the SHIPS EMPIs by a factor of 1.11 to take into account of the possible
superintensity. Such a treatment, however, did not consider the dependence of superintensity
on SST recently revealed by Li et al. (2020), who found from idealized numerical simulations
that superintensity decreases as SST increases. Although the simple multiplication could
make sure there were no observed TCs with their intensity exceeding the modified MPIs, this
procedure may overestimate the actual MPIs and thus the PIRs for many TC cases. However,
we found that with a 1-2-1 (three-point) smoothing for the best-track intensity, the
superintensity cases are largely reduced, suggesting that part of the superintensity could be
due to convective variability and had little to do with the storm-scale intensity as noticed by
Landsea and Franklin (2013). We also found that with the inclusion of DH, almost no TC
cases with their intensity exceeding their corresponding MPI with DH (V,ax). This suggests
that part of the superintensity in observations could be due to DH. Therefore, in our analysis,
we simply use the SHIPS EMPI (Venpr) without any modification. Note that although
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uncertainties exist in both the estimated EMPI (Xu et al. 2019a,b) and the best-track TC
intensity (Landsea and Franklin 2013), the overall results discussed below are quite

reasonable and robust.
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Figure 4. Scatter diagrams of the theoretically estimated potential intensification rate
[PIR, m s (6h)'] versus the observed intensification rate [OBS, m s™! (6h)'] of all TC
samples as outlined in the text for four different situations: (a) without DH (6 = y = 0), (b)
withDHand § =0, y =1,(c)withDHand § = y =1, and (d)withDHand § =1, y =
0.8. Red dashed lines denote y=x, and the percentage value on the right bottom of each panel
gives the percentage of the case numbers with the theoretical PIR less than the observed

intensification rate.

Figure 4 shows the scatter diagrams of the theoretically estimated PIRs versus the
corresponding observed TC intensification rates. Four situations for the theoretically

estimated PIRs are compared, including the PIR without the DH included (§ = y = 0), and
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those with the DH included withd =0, y=1; § =y =1;and§ =1, y = 0.8,
respectively. Note that we simply set the estimated theoretical PIR to be zero if it becomes
weakly negative (namely a few superintensity cases only) in the calculations of the PIR
without the DH included. Without DH (Fig. 4a), although 98% PIRs are equal to or larger
than the observed maximum intensification rate, there are still 2% of the theoretical PIRs are
smaller than the observed maximum intensification rate. The underestimation is likely to be
randomly distributed. With DH but with the effect of DH on surface heat flux ignored (Fig.
4b), the underestimation cases of the observed maximum intensification rate are largely
reduced to about 0.3%, but the maximum PIRs are relatively too large. With DH and the
effect of DH on surface heat flux included or with the work done by surface friction
converted to DH reduced from 100% to 80%, the results are quite similar (Figs. 4c,d).
Although the underestimation cases of the observed maximum intensification rate increase
slightly to 0.4%~0.7%, the maximum PIRs are now reduced and more comparable to the
observed maximum intensification rate. These results suggest that DH should be considered

to estimate the PIR of intensifying TCs.

We further compare the theoretically estimated PIR and the intensification rates of TCs
with their lifetime maximum intensity of category-5. This is done because most category-5
TCs might be closer to their MPIs (with or without DH). Figure 5 shows the scatter diagrams
of the theoretically estimated PIRs versus the corresponding observed TC intensification rates
as in Fig. 4 but for category-5 TCs only. Surprisingly, for category-5 TCs, the theoretically
estimated PIR without the DH included underestimates the intensification rate for 12% cases
(Fig. 5a), which is 6 times of that for all TC cases (Fig. 4a), suggesting that without the DH
included, the theoretical PIR mainly underestimates the intensification rate of strong TCs. In
sharp contrast, with the DH included, the theoretically estimated PIR captures the
intensification rate for 98.1~99.7% TC cases. More importantly, the extremely high
intensification rates are also well reflected in the theoretically estimated PIRs with the DH
included (Figs. 5b,c,d). Comparing the results for all TC cases (Fig. 4) and those for
category-5 TC cases (Fig. 5), we can see that the overestimated theoretical PIRs occur for TC
cases with relatively low intensification rates. This can be explained by three possible causes.
First, most TCs formed in deep tropics with relatively high SST and thus high MPI, which
implies high PIR, but the initial TC sizes might be large and unfavorable for rapid
intensification (Xu and Wang 2015). Second, the unfavorable environmental conditions may
act to suppress rapid intensification of TCs. Third, most of TCs could not reach their
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theoretical MPIs, the intensification of some TCs might be terminated by unfavorable

environmental conditions by the TCs intensities correspond to high theoretical PIRs.
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Figure 5. As in Fig. 4, but only for the observed intensification rate of TC cases with their

lifetime maximum intensities that reached 5 category hurricane intensity.

It is also our interest to further examine the dependences of the theoretically estimated
PIR (black dots) and the observed intensification rate (red dots) on the relative intensity
defined as the ratio of the intensity to the corresponding EMPI (without DH) for category-5
TCs, with the results shown in Fig. 6. We can see that without the DH included, the high
intensification rates in observed strong TCs (large relative intensity) are largely
underestimated by the theoretically estimated PIRs (Fig. 6a). This is partly due to some
EMPIs being smaller than the actual TC intensity, which is partly due to the existence of
superintensity and partly due to the ignorance of DH in the theoretical EMPI. Such a
systematic bias no longer exists with the DH included in the theoretically estimated PIRs for
all three situations (Figs. 6b,c,b). Now the peak in the theoretically estimated PIRs shifts
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towards the relatively high relative intensity side, consistent with the observed intensification
rates. These results further confirm that DH contributes considerably to the intensity

dependence of TC PIR, in particular, the PIR of strong TCs.
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Figure 6. The Scatter diagrams of the observed intensification rate [red, m s (6h)!] and
the theoretically estimated PIRs [black, m s™' (6h) '] against relative intensity (defined as the
intensity normalized by the corresponding Vempr without DH) for TC cases with their lifetime
maximum intensity that reached 5 category hurricane intensity for four different situations:
(a) without DH, § =y = 0; (b) with DH, § = 0, y = 1; (¢) with DH, § = y = 1; (d) with
DH, § = 1, ¥ = 0.8. We simply used C/Cp=0.5, Cp=2.4 x 107, and ¢ is estimated using the
SST and the air temperature at 150 hPa from the SHIPS dataset.

Finally, Hurricane Patricia (2015) is considered as an example here. Patricia is the
strongest hurricane in record over the eastern North Pacific (Rogers et al. 2017). It had an
estimated maximum intensity of 95 m s™! while the corresponding lifetime maximum EMPI
was 89.4 m s’'. This means that the storm is about 6.3% stronger than its theoretical EMPI

(without the DH included). Since the SST was about 32°C in the Patricia case, this could not
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be explained by the superintensity because a recent modeling study indicates negligible
superintensity at such a high SST (Li et al. 2020). Therefore, it is not unrealistic to assume
that the excess of intensity to the theoretical EMPI (without the inclusion of DH) was due to
the effect of DH. Patricia experienced a rapid weakening as a result of the suddenly increased
vertical wind shear, otherwise, it might still have room to intensify. This suggests that
Patricia could reach an intensity even larger than the observed maximum intensity if there
was no large vertical wind shear. Patricia experienced a maximum intensification rate of 18
m s7}(6h)!, which occurred when the storm intensity was 59.1 m s™, or at 66% of its
theoretical EMPI (without the inclusion of DH) or 62.2% of its lifetime maximum intensity.
This occurred at a much higher relative intensity than that of ~56% estimated based on the
theoretical PIR without the DH included (Fig. 1a). Note that Patricia had an intensification
rate of 15.4 m s'(6h)! when its intensity was 77.1 m s™!, or at ~81% of its lifetime maximum
intensity. For Patricia with the SST of 32°C and in favorable environmental conditions, DH
must play an important role in fueling the storm and in shifting the maximum PIR towards

the high intensity side.

4. Conclusions

The viscous dissipation of kinetic energy due to surface friction can be considered as an
internal heat source, often termed dissipative heating (DH), to TC intensification and
maintenance. Previous studies have demonstrated that DH can significantly contribute to the
MPI a TC can achieve given favorable environmental thermodynamic conditions. Since DH
is a function of the near-surface wind speed and thus TC intensity, in this study, we have
examined the contribution by DH to the intensity dependence of TC potential intensification
rate (PIR), which is defined as the possible intensification rate a perfect TC can reach under
all favorable environmental dynamic and thermodynamic conditions. We have included the
effects of DH on the atmospheric surface layer (BE98; Edwards 2019) on TC potential
intensification rate in a recently developed time-dependent theory of TC intensification
(Wang et al. 2021a). We have shown that with the inclusion of DH, the theory predicts a shift
of the maximum PIR towards the high relative intensity side. This suggests that DH can
increase the PIR of strong TCs and thus contribute to the time dependence of TC PIR.

The theoretical PIRs with DH are compared with the observed intensification rates of TCs
based on the SHIPS dataset (DeMaria and Kaplan 1999; Knaff et al. 2005; updated on April
3, 2020) and the best-track TC data for all TCs over the North Atlantic, the central and
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eastern North Pacific during 1982-2019 and TCs over the western North Pacific during
1990-2017. Results show that the inclusion of DH improves the comparison of the
theoretically estimated PIR with the observed intensity dependence of TC intensification rate
in observations, especially for strong TCs, compared with the comparison without the
inclusion of DH as recently done in Xu and Wang (2022). Our results thus demonstrate that
DH does not only contribute to the maximum possible intensity of TCs, but also contributes
considerably to the intensity dependence of TC PIR. Particularly, DH may considerably
enhance the PIR of strong TCs.

Considering the projected increase in TC MPI under global warming, the theory indicates
that as the climate continues to warm, TCs may intensify more rapidly because of the
increased PIR. Namely, with global warming we may experience not only more intense TCs
but also more rapid intensification of intense TCs. Since rapid intensification is still
challenging to operational TC intensity forecasting, our results imply that global warming
may make the TC intensity forecasting more difficult. In addition, the threats to the coastal
populations by landfalling TCs may increase if they intensify more rapidly just before they
make landfall.

Finally, although uncertainties in accurately estimating or calculating DH exist, results
from this study strongly suggest that DH should be considered in the numerical models used
to simulate and predict TCs, as advocated by BE9S. In addition, DH may also reduce the
weakening rate of strong TCs (Fei et al. 2020). Therefore, future studies to evaluate and
improve the representation of DH in numerical models used for TC forecasts should be

conducted. This is particularly important to the forecasts of intensity change of strong TCs.
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