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ABSTRACT: In the inner core of a tropical cyclone, turbulence not only exists in the boundary layer (BL) but can also be
generated above the BL by eyewall and rainband clouds. Thus, the treatment of vertical turbulent mixing must go beyond
the conventional scope of the BL. The turbulence schemes formulated based on the turbulent kinetic energy (TKE) are attrac-
tive as they are applicable to both deep and shallow convection regimes in the tropical cyclone (TC) inner core provided that
the TKE production and dissipation can be appropriately determined. However, TKE schemes are not self-closed. They must
be closed by an empirically prescribed vertical profile of mixing length. This motivates this study to investigate the sensitivity
of the simulated TC intensification to the sloping curvature and asymptotic length scale of mixing length, the two parameters
that determine the vertical distribution of a prescribed mixing length. To tackle the problem, both idealized and real-case TC
simulations are performed. The results show that the simulated TC intensification is sensitive to the sloping curvature of mixing
length but only exhibits marginal sensitivity to the asymptotic length scale. The underlying reasons for such sensitivities are ex-
plored analytically based on the Mellor and Yamada level-2 turbulence model and the analyses of azimuthal-mean tangential
wind budget. The results highlight the uncertainty and importance of mixing length in the numerical prediction of TCs and sug-
gest that future research should focus on searching for physical constraints on mixing length, particularly in the low- to midtro-
posphere, using observations and large-eddy simulations.

SIGNIFICANCE STATEMENT: The parametric representation of subgrid-scale turbulent mixing is one of the major
sources of uncertainty in numerical predictions of tropical cyclones (TCs). This study investigates how the numerical
prediction of TC intensification is affected by the turbulent mixing length, a length scale that is required to close a tur-
bulence scheme formulated based on the turbulent kinetic energy (TKE). The research highlights the uncertainty and
importance of mixing length in numerical prediction of TCs and suggests that future research should focus on searching
for physical constraints on the mixing length, particularly in the low- to midtroposphere, using observations and large-
eddy simulations.
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1. Introduction that the subgrid-scale (SGS) turbulent processes must be rep-
resented parametrically.

The importance of turbulent processes to storm develop-
ment has been long recognized. Theories for TC intensifica-
tion from the conditional instability of the second kind
(CISK, Charney and Eliassen 1964; Ooyama 1964), cooperative-
intensification mechanism (Ooyama 1982), and wind-induced
surface heat exchange (WISHE, Emanuel 1986) to the ad-
vanced three-dimensional rotating convective updraft para-
digm (Montgomery and Smith 2014) all recognized the critical
role of turbulent transport in TC intensification. Turbulent
processes can affect TC evolution in multiple ways. First, the
turbulence-induced friction breaks down the gradient-wind
balance and results in the radial inflow in the boundary layer
(BL). As the air converges toward the storm center, it erupts
out of the BL and diverges out along the eyewall, causing the
spindown of a TC vortex to conserve its angular momentum.

& Supplemental information related to this paper is available ~ Second, turbulence transports the energy obtained from the
at the Journals Online website: https://doi.org/10.1175/JAS-D-23-  ,cean surface to foster eyewall convection, which creates a

Accurate prediction of tropical cyclone (TC) intensifica-
tion, in particular, rapid intensification (RI), remains a great
challenge in numerical weather prediction (NWP) despite the
fact that the state-of-the-art operational models have suffi-
cient resolutions to resolve large-scale fields, sophisticated
data assimilation to initialize TC vortices, and a coupled
ocean component to account for air—sea interaction. One of
the problems stems from the numerical methods of using dis-
cretized grids to simulate the continuous atmospheric flow so
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02421, converging spinup mechanism to counteract the diverging
spindown process. Third, the radial inflow advects the absolute
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FIG. 1. (a) Vertical profiles of the potential temperature 6 in the eyewall from the dropsondes collected in Hurricane Earl (2010) and
those from Hurricanes Patricia (2015) and Ida (2021) simulated by HWRF and HAFS, respectively. (b) TKE in Hurricane Rita (2005) at
1913 UTC 22 Sep 2005, derived from the airborne Doppler radar observations (after Lorsolo et al. 2010). (¢) Composite TKE from 116
radial legs of P3 flights in the 2003-10 hurricane seasons as a function of height and the radius normalized by RMW (after Zhu et al. 2019).

acceleration if the inward transport of absolute vorticity ex-
ceeds that removed by the frictional torque, known as the BL
spinup mechanism (Smith et al. 2009). Since these individual
mechanisms are intertwined together, it remains unclear how
they interact with each other leading to the net acceleration
or deceleration of a TC vortex. The problem is further com-
plicated in numerical simulations as these processes depend
largely on how turbulence is parameterized. This constitutes
a major uncertainty in the numerical predication of TC
intensification.

The SGS turbulence is commonly regarded as a flow fea-
ture pertaining to the BL. In the typical continental convec-
tive BL (CBL), marine BL (MBL) topped by stratocumulus
or shallow cumulus, and nocturnal stable BL (SBL), the tur-
bulent BL is cleanly separated from the free atmosphere
above by a capping inversion. Because of this, historically, the
vertical turbulent mixing below and above the BL is often
treated separately, and this parameterization strategy has
been adopted in many vertical turbulent mixing schemes,
such as the Yonsei University (YSU) scheme (Hong et al.
2006), the NCEP Global Forecast System (GFS) scheme
(Hong and Pan 1996), eddy-diffusivity mass-flux (EDMF)
hybrid PBL scheme (Han et al. 2016), the Asymmetric Con-
vective Model, version 2 (ACM2), scheme (Pleim 2007), and
the Grenier-Bretherton scheme (Grenier and Bretherton
2001). These schemes, which were developed and validated
using the typical CBL, MBL, and SBL, have also been
widely used in TC simulations including operational fore-
casts of TCs.

However, studies show that turbulent processes in the inner
core of a TC, particularly in the eyewall and rainbands, have
unique characteristics different from that of CBL, MBL, and
SBL (e.g., Moss and Rosenthal 1975; Shapiro 1983; Smith et al.
2008; Smith and Montgomery 2010; Marks et al. 2008; Lorsolo
et al. 2010; Zhu et al. 2019, 2021). Figure 1a shows the vertical
profiles of the potential temperature 6 in the eyewall from the
dropsondes collected in Hurricane Earl (2010) along with
those in the eyewalls of Hurricane Patricia (2015) and Hurri-
cane Ida (2021) simulated by the Hurricane Weather Research

and Forecasting Model (HWRF) and the Hurricane Analysis
and Forecast System (HAFS) model, respectively. Despite dif-
ferent hurricanes developed under different environmental
conditions, the 6 profiles in the eyewall of these storms are
fairly consistent in the entire troposphere in which no inver-
sion exists to separate the turbulent BL from the free atmo-
sphere above. This unique vertical thermodynamic structure
results from the intense turbulent mixing generated by eyewall
convective clouds and is starkly different from that of CBL,
MBL, and SBL. Figures 1b and 1c show the turbulent kinetic
energy (TKE) in Hurricane Rita (2005) retrieved from the air-
borne Doppler radar observations (Lorsolo et al. 2010) and
the composite TKE derived from the radar data collected by
116 radial legs of P3 flights in the 2003-10 hurricane seasons
(Zhu et al. 2019). Large TKE:s are seen in the eyewall through-
out the entire column of the troposphere. Again, no physical
interface exists to separate the turbulence generated by the
BL processes and cloud process aloft, suggesting that the sepa-
rate treatment of the turbulence below and above a diagnosed
BL currently adopted by many turbulence schemes does not
faithfully reflect the observed vertical thermodynamic struc-
ture and TKE in the TC eyewall.

One of the methods that may provide vertically integrated
parameterization of turbulence is the TKE-based turbulent mix-
ing schemes since they are applicable to both deep and shallow
convection regimes regardless of the BL height as long as the
shear production, buoyancy production, transport, and dissipa-
tion of TKE can be appropriately determined. However, a
TKE scheme must be closed by an empirically prescribed turbu-
lent mixing length, which describes the mixing ability of turbu-
lent eddies. To date, most formulae of mixing length used in
numerical models were empirically formulated and validated in
non-TC conditions. To our knowledge, no comprehensive anal-
ysis has been done to examine the sensitivity of the parameter-
ized turbulent processes in the TC inner core and the resultant
TC intensification to the prescribed mixing length. Since turbu-
lent processes in the eyewall have unique characteristics differ-
ent from that of non-TC conditions (Fig. 1), investigation of
this issue is of importance to the understanding of the role of
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turbulence in TC intensification. Moreover, considering that in
situ observations of turbulence in TCs are difficult to obtain,
such sensitivity tests on turbulence schemes can be further com-
bined with large-eddy simulations (LESs) to address how to re-
alistically represent turbulent processes in TC simulations as
illustrated recently by Chen and Bryan (2021), Chen et al.
(2021), and Li et al. (2022).

The main objective of this study, therefore, is to investigate
how the parameterized turbulent processes in the TC inner
core affect the TC intensification. In part I of this study, we
examine the sensitivity of TC intensification to the turbulent
processes in the TC inner core parameterized by a TKE
scheme with differently prescribed turbulent mixing lengths
and explore the mechanisms underlying the shown sensitivi-
ties. Based on the simulation results, in Part II of this study
(Katz and Zhu 2024), we aim to quantify the individual con-
tributions of different dynamic and thermodynamic processes
associated with the turbulent mixing to TC intensification
in an unbalanced framework using a novel diagnostic tool
developed in this study. Utilizing the diagnosed results, we
address key issues regarding TC intensification in numerical
simulations.

where N? = (g/6)(00/0z) is the Brunt-Viisild frequency and
Gy is a dimensionless stability parameter. The variables a;, a,,
b1, b, and ¢, are the empirical scaling coefficients and taken as
(a1, as, by, by, ¢1) = (0.92,0.74,16.6, 10.1, 0.08) in MY1982.
Equation (1) implies that turbulent eddy diffusivity for momen-
tum K,,, and heat K, can be expressed as the function of TKE,

{Km = leS,,

: 3
K, = leS), @)

TKE can be determined from the TKE budget equation,
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where p is the pressure and p is the air density. The terms on
the right-hand side (rhs) of Eq. (4) are the TKE shear
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2. A diagnostic “moist” TKE scheme

Historically, all TKE schemes were derived from the hierarchi-
cal turbulence closure models proposed by Mellor and Yamada
(1974, 1982, MY1974 and MY1982 hereafter). One of them
may be developed from level-2 simplification of Mellor—Yamada
(MY) models. The advantage of this simplification is that an ana-
lytical relationship between turbulent fluxes and vertical gradient
of mean variables can be derived (MY1982; Galperin et al. 1988),

ou
wu =-—S le—u
m az
Jv

wuv = 7Sml€£’ (1)
a0
wl =-=§,le—
(%4

where u, v, and w are the wind components in the x, y, and
z directions, respectively; overbar and prime indicate the
gridbox mean and the perturbation away from the mean;
e? = (12)(w? + v? + w'?) is the TKE; [ is the mixing length;
and S, and S, are the derived analytical stability functions ex-
pressed as

a
d, = a1(1 ~ 3¢, - 6i)
§ = d, +d4,G, a
m =1+ d,G,)(1 + d,G,) d, = —3a,a,|(b, — 3a2)(1 - 6b—1) = 3¢, (b, + 6a,)
d
Sy =0 ; : @
1446, d, = —3a,(b, + 6a,)
2
— (1) a2
Gy = *(;) N d, = —Y9a,a,
a
dg = a2(1 - 6171)

production, buoyancy production, transport and pressure correla-
tion, and dissipation, respectively. In practice, TKE may be deter-
mined either prognostically by solving Eq. (4) directly or
diagnostically by assuming quasi-stationary of TKE over a model
time step, i.e., de?/0t = 0. In this study, we choose the latter since
it allows us to derive an analytical solution of TKE under MY
level-2 simplification. Assuming that there is a balance among
TKE shear production, buoyancy production, and dissipation over
a model time step. Neglecting TKE transport and pressure corre-
lation, and parameterizing TKE dissipation in terms of TKE,
&= e’/b,1 (MY1982; Galperin et al. 1988), Eq. (4) reduces to
R g 3

7 v L
0=—uww 2 —vw + 8y — & 5)
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Combining Eq. (5) with Eq. (1), it yields

e = bllz(SmSz - Sth) = bllzsz(sm — SRy, (©)
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FIG. 2. (a) Change of Gy, as a function of R; predicted by the

TKE model. (b) TKE as a function of the R; for § = 0.01 s

and / = 100 m.

where S = +/pufoz® + |pvloz]* is the magnitude of the verti-

cal wind shear and R, = N%/s* is the gradient Richardson
number. Thus, TKE can be diagnosed from Eq. (6)

provided that shear and stability are known. From
Eqgs. (6) and (2), one can derive a quadratic equation
of Ghv

a=b,d, + (dyd, — b,d,d;)R, = —51.22 + 262.71R,

aGp + BG, +y=0, -
'Y:R,‘

The dimensionless stability parameter G, can be solved from
Eq. (7) with a known R;. For (ay, as, by, by, ¢1) = (0.92, 0.74,
16.6, 10.1, 0.08) in MY1982, it is easy to show that BZ —day=
1350.4R? — 434.9R; + 42.6 is always greater than 0 for all R;
with the minimum B> — 4ay = 42.6 at R; = 0. Thus, Eq. (7)
has two real roots G, = (— B * VB2 — 4ay)2a. It can be

shown that the root G, = (- — VB — day)2a is always
positive for all R; (red curve in Fig. 2a); thus, it is unphysical.

The other root G, = (— B+ VB — 4ay)2a can be greater
than, equal to, and smaller than 0 for R; <0, R; = 0,and R; > 0,
respectively (blue curve in Fig. 2a); thus, it is a physical solu-
tion. Also shown in Fig. 2a, in the stable regime, G, de-
creases with the increase of R; till R; = 0.19. After that, G,
increases, which is unphysical. Therefore, R; = 0.19 may be
considered as the critical Richardson number, beyond that
there is no turbulence. Once G, is solved, TKE and eddy ex-
change coefficients K,,, and K, can be calculated from Eqgs.
(6) and (3), respectively, provided that the mixing length is
known. Note that this TKE scheme does not yield an inde-
pendent formula for the eddy diffusivity of moisture K.
Like other turbulent mixing schemes, we treat K, the same
as K. Figure 2b shows the variation of TKE as a function
of R; for a given wind shear S = 0.01 s~ ! and mixing length
[ =100 m.

The system described by Egs. (1)—(7) provides a concise
parameterization of vertical turbulent mixing in terms of
the diagnosed TKE. It does not require information of

B =b,d, + (d + d, — bd;)R, = 6.53 — 49.00R,

™)

the BL height as long as the Richardson number at each
model level can be accurately determined. However,
since the scheme only considers dry thermodynamics in
which the Brunt-Viisdld frequency takes the form of
N? = (g/6)(96/dz), it is not applicable for treating the turbu-
lent processes associated with clouds in TCs. The scheme
can be remediated by using a generalized Brunt-Viisdld fre-
quency N? that includes the saturated moist thermodynamics.
Assuming that an air parcel is in an equilibrium state at z = 0,
then, for a small vertical displacement 6z, it is ready to show
that the acceleration of the parcel may be rewritten as

)

oz

where T, is the virtual temperature, g is the gravity, and su-
perscript “p” and overbar denote the air parcel and environ-
ment, respectively. Equation (8) may be considered as a
generalized Brunt—Viisala frequency applicable to both un-
saturated and saturated atmospheres. For the dry atmosphere,
T, = T and —(07%Wz) = 8/C,, is simply the dry adiabatic
lapse rate, where C,, is the specific heat of dry air at constant
pressure; then, Eq. (8) reduces to N? = (g/6)(96/9z). Likewise,
for the unsaturated atmosphere, it can be shown that Eq. (8)
becomes N? = (/6 )30, /0z), where 6, = T,(1 + 0.608¢,) and
q, are the virtual potential temperature and water vapor mix-
ing ratio, respectively.

8

Ty
0z

a=-N?8z, N?= 8)

T

v
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FIG. 3. Mixing length as a function of height calculated using Egs. (12)-(14) with different parameters and asymptotic length scales /.

In light of N? = (g/6)(90/0z) and N* = (g/,)(06,/9z) under
dry and unsaturated conditions, for the saturated atmosphere
with clouds, one may define a new thermodynamic variable B
such that B satisfies

A2 zi(g_an) _gdB
a0z [iF4

T "B ©)

Thus, B may be considered as a generic form of 6, since it can
be applied to the saturated atmosphere with clouds to cor-
rectly include the buoyancy induced by hydrometeors. With
Eq. (9), the dry TKE scheme described by Egs. (1)-(7) can be
remediated by replacing 6 with B so that the system can be ex-
tended to the saturated atmosphere. The key here is how to
accurately calculate N> = (g/B)(9B/dz) for the saturated atmo-
sphere to include the buoyancy induced by clouds. Zhu et al.
(2021) showed that for the saturated atmosphere that contains
multiple-phase hydrometeors (liquid and solid), the Brunt—
Viisild frequency N? may be written as

9,

[N o
N ~g 1+'"C1_S1T(‘£+r)— LA
RT) \az 'm  1+q ez

. (10)
d

where ¢, and g, are the mixing ratios of the saturated water
vapor and total water (vapor plus hydrometeors), respec-
tively; /,, is the combined specific latent heat of vaporization
and sublimation for mixed-phase clouds; R, is the gas cons-
tant for dry air; and I,,, is the moist adiabatic lapse rate of
temperature, which can be expressed as

aT?
r =——
m 9z

lg. Laq,,

1+ g1+ s ) 4 71
e R,T) gz
de 4 Cﬂvq_x + Cw% + Ciqi + (E + q_x)lylmq_v’
de deRde

(11)

where C,,, C,,, and C; are the specific heat of water vapor and lig-
uid and solid hydrometeor, respectively; g,, and g; are the mixing
ratios of liquid and solid hydrometeor, respectively; /¢ is the spe-
cific latent heat of fusion; and € = R /R, is the ratio of gas cons-
tant for dry air R, to gas constant of water vapor R,. The moist
TKE scheme described here has been installed in the HWRF
version v3.9a for the sensitivity tests performed in this study.

3. Turbulent mixing length

As stated previously, the mixing length in a TKE scheme
must be prescribed. An appropriate specification of mixing
length needs to reflect the geometry and characteristics of the
turbulent flow. For the turbulent atmosphere, the specifica-
tion of mixing length requires a large measure of guesswork
(Pope 2000). In the surface layer, turbulent eddies are con-
strained by the height; thus, the mixing length is generally
considered to be linearly proportional to height, / = kz, where
k = 0.4 is the von Karman constant (Stull 1988). Above the
surface layer, turbulent eddies are less affected by the surface
but tend to be constrained by both the capping inversion and
the static stability. As a result, the mixing length is commonly
parameterized as

1
KZ

+

~] =

, (12)

S

where [, is an asymptotic length scale. Since it is difficult to
quantity /y from observations, [, is often simply treated as a
constant. In HWREF, [ is set to 150 and 30 m for unstable and
stable conditions, respectively. However, it remains unknown
if such a prescribed mixing length is appropriate for TC simu-
lations. Gopalakrishnan et al. (2021) and Hazelton et al.
(2022) showed that modifying the asymptotic length scale
based on observations can improve eddy diffusivity parame-
terization and the overall structure of simulated TCs.

In addition to Eq. (12), other formulae of mixing length
have also been formulated. For example, Nakanish (2001)
proposed the following formula of mixing length:
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TABLE 1. Mixing lengths used in numerical experiments.

1 1 A B 11 1
Set1:7:l(1+kz) Stz =t
IO =150 m, lo = 150 m
B = 1 (BASELINE) (BASELINE)
Iy = 150 m, lo = 2000 m
B = 0.5 (EXP-SLOPE-1) (EXP-ASYM-1)
lo = 150 m, lo = 100 m

B = 1.5 (EXP-SLOPE-2) (EXP-ASYM-2)

~] =

% + l, (13)
kz(a, + a,2)*

where a4, a,, and a3 are the empirical coefficients controlling
the sloping curvature of mixing length asymptotically ap-
proaching toward /,. Equation (13) may be considered as a
generalized formula of Eq. (12). For a3z = 0, Eq. (13) reduces
to Eq. (12). Equation (13) has been adopted in the TKE
EDMF scheme (Han and Bretherton 2019).

Alternatively, the mixing length may be formulated as

(14)

where B is an empirical coefficient that controls the sloping
curvature of mixing length asymptotically approaching toward
lo. For B = 1, Eq. (14) reduces to Eq. (12). Figure 3 compares
the vertical profiles of mixing length calculated using Egs.
(12)—-(14) with different parameters and asymptotic length
scale Iy. For the same /), Egs. (13) and (14) produce similar
vertical profiles.

In this study, two sets of numerical experiments were de-
signed to examine how and why the sloping curvature and the
asymptotic length scale /; affect TC simulations. In the first
set of experiments, the mixing length is calculated using
Eq. (14) with the fixed [, = 150 m but with different values of

(a) Radial wind profile
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B to obtain different sloping curvatures. In the second set of
experiments, the mixing length is calculated using Eq. (12)
with three different values of /. Table 1 summarizes the two
sets of experiments. Five experiments are performed, which
include a baseline experiment and four sensitivity experi-
ments to test the sensitivity of TC intensification to different
sloping curvatures (EXP-SLOPE-1 and EXP-SLOPE-2) and
different asymptotic length scales (EXP-ASYM-1 and EXP-
ASYM-2), respectively.

4. Simulation setup and construction of initial vortex

The model used in this study is the HWRF version v3.9a
(https://dtcenter.org/HurrWRF/users/docs/index.php). It con-
sists of triple-nested domains on an E grid. The grid-spacing
of the three domains is 0.099°, 0.033°, and 0.011°, respectively,
which is equivalent to (or may be slightly higher than) the
resolution used by the operational HWRF (approximately
13.5/4.5/1.5 km). The horizontal grid-meshes for the three do-
mains are 390 X 750, 268 X 538, and 268 X 538 km? with
75 levels in the vertical. The physics package includes the
Ferrier—Aligo microphysical scheme (Aligo et al. 2018), the
modified GFDL longwave/shortwave radiation scheme, the sim-
plified Arakawa—Schubert cumulus scheme for the outmost low-
resolution domain, and the modified GFDL surface layer
scheme. The only change is that the hybrid EDMF PBL scheme
(Han et al. 2016) is replaced by the new moist TKE scheme
summarized in section 2.

The idealized HWRF experiments performed in this study
are similar to that of Zhu et al. (2015). They are on an f plane
with a constant Coriolis parameter at 20°N. The sea surface tem-
perature is set to 29°C. All simulations are initialized with an ide-
alized vortex embedded in a thermodynamic background whose
temperature and humidity profiles are specified by the non-
Saharan air layer (non-SAL) sounding of Dunion and Marron
(2008), which is an updated version of the original Jordan (1958)
mean Caribbean hurricane-season sounding.

b) R-Z distribution of winds (m/s)

14
15f
12
10
@ 10} €10
€ 3 8
° =
[0 o
o 2 6
& :“:’
5 4
2
0 . N R .
0 100 200 300 400 500 200 300
Radius (km) Radius (km)

FIG. 4. (a) Radial profile of surface wind. (b) Radius-height structure of the tangential wind of the constructed initial
TS vortex.
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FIG. 5. (a),(b) Time series of VMAX (KT) and MSLP (kPa) from EXP-SLOPE-1 (red), BASELINE (blue), and
EXP-SLOPE-2 (green). (c)—(e) Radial-height structure of azimuthal-mean tangential wind at the 120th simulation

hour from the three experiments.

The initial vortex has a tropical storm (TS) intensity with
an axisymmetric structure. The maximum surface wind speed
of 15.0 m s~ ! is set at a radius of 75 km. This allows us to ex-
amine how it develops into a TC with different intensities in
response to differently prescribed mixing lengths. Following
Wood and White (2011), the vortex surface tangential wind
profile is prescribed by

o

- , 15
Ymax (13 (oA — 1)) (1)

0 < k(n, )0,

where o =7/r .,k =1, u=106,and A = 0.2 are the param-
eters that control the nonlinearity of the inner velocity pro-
file between the vortex center and radius of maximum
winds (RMW), the decay of the outer velocity profile, and
the radial width of the maximum annular zone of velocity,
respectively.

The surface wind profile is then extended into the vertical
using an analytic function proposed by Nolan and Montgomery

(2002),

v(z) = ¢ exp[— (%)H]{l - «/exp[— (6 Jrrnzﬂ}’ (16)

where a, c, 7, 8, 1, and ¢ are the tuning parameters that deter-
mine how vortex winds vary with height. The coefficient ¢

controls the decay of winds with height in a way consistent
with that observed in real TCs; z,,p, is the upper limit of the
wind field. The (1 — yexp{—[r/(§ + mz)]°}) modifies the wind
field of the eyewall to realistically slope outward with radius
and height. Here, the parameters are taken as z,, = 16 km,
a=20,c=17,e=27,6 =1,y =1, and n = 4.0. Figure 4
shows the surface wind profile and radius—height structure
of tangential winds of the constructed initial TS vortex.
Once the initial tangential wind field is constructed, the
pressure and temperature fields that hold the vortex are
derived to satisty the hydrostatic and gradient wind bal-
ance using the iterative method proposed by Nolan and
Montgomery (2002).

5. Results

a. Sensitivities of TC intensification to turbulent
mixing length

Five idealized experiments are performed to examine how
the constructed axisymmetric TS vortex intensifies in response
to differently prescribed mixing lengths under quiescent con-
ditions. All simulations listed in Table 1 are run for 5 days.
Here, we first present the sensitivities of TC intensification to
different sloping curvatures of mixing length (set 1 experiments)
and then examine the sensitivities of TC intensification to differ-
ent asymptotic length scales (set 2 experiments).
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FIG. 6. (top) Radar reflectivity averaged over the altitudes of 3-6 km from EXP-SLOPE-1, BASELINE, and EXP-SLPOE-2. (bottom)
Azimuthal-mean radius-height structure of diabatic heating (color shades; K hfl); radial inflow (red contours; —2, —5, =10, =5, =20 m sfl);
radial outflow (blue contours; 2, 5, 10, 15, 20 m s_l); updrafts (black contours; 1, 2, 5 m s_]); downdrafts (black dashed contours; —0.2,
—0.5m sil); and tangential wind (white contours; 10, 30, 50, 60, 70, 80 m sfl) from the three experiments. All variables are averaged over the

last 24 simulation hours.

Figure 5 shows the time series of surface maximum wind
speeds (VMAX) and minimum sea level pressure (MSLP)
from the three experiments: EXP-SLOPE-1, BASELINE,
and EXP-SLOPE-2 along with their corresponding radial-
height structure of azimuthal-mean tangential wind at the
120th simulation hour. The TC vortex undergoes completely
different intensification pathways due to the change in the
sloping curvature of mixing length. The vortex reaches CAT-5
intensity and merely CAT-2 intensity at the end of a 5-day
simulation in EXP-SLOPE-1 and EXP-SLOPE-2, respec-
tively. The vortex intensity in BASELINE is somewhere
between EXP-SLOPE-1 and EXP-SLOPE-2. The radial-
height structure of the azimuthal-mean tangential wind also
confirms that the vortex in EXP-SLOPE-1 is much stronger
than that in the other two experiments.

To further illustrate the structural difference of the simulated
vortices, The upper panels of Fig. 6 show the horizontal plane

view of the simulated radar reflectivity averaged over 3-6 km in
altitudes from the three experiments. In EXP-SLOPE-1, a well-
defined eyewall forms a closed convection ring. But in the other
two experiments, the eyewall is somewhat broken, and the vor-
tex has a higher degree of asymmetry. The bottom panels of
Fig. 6 compare the radial-height structure of the azimuthal-mean
diabatic heating, radial flow, tangential wind, and up-/downdrafts
averaged over the last 24 h. Of the three experiments, the stron-
gest diabatic heating, tangential wind, radial flow, and eyewall
updraft are seen in EXP-SLOPE-1. In section 5b, we will explore
how the same initial vortex evolves into different TCs in these
three experiments.

One of the motivations of this study is to assess if a moist
TKE scheme can realistically represent the large TKE in the
eyewall observed by airborne radars (Figs. 1b,c). Figure 7
shows the vertical profiles of TKE in the eyewall averaged
over the last 24-h simulations along with the corresponding
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FIG. 7. Vertical profiles of TKE in the eyewall averaged over the
last 24-h simulations along with the corresponding standard devia-
tion from the three experiments, BASELINE, EXP_SLOPE-1,
and EXP_SLOPE-2.

standard deviations. Large TKE is concentrated in the BL,
which mainly results from the shear production of TKE.
TKEs are also seen above the BL up to the upper troposphere
around 8-9 km, suggesting that the TKE generated by the
eyewall clouds is appropriately captured by the TKE scheme.
It also shows that the TKE generated in EXP-SLOPE-1 is
much larger than that in the other two experiments. The un-
derlying reason will be discussed in section Sc.

Experiments, EXP-ASYM-1 and EXP-ASYM-2 summa-
rized in Table 1, are also performed to examine the sensitivity
of TC intensification to differently prescribed asymptotic
length scales. Figure 8 compares the simulated TC intensity
and radial-height vortex structure from these three experi-
ments. Interestingly, the sensitivity of TC intensification and
structure to the asymptotic length scale is much weaker than
that to the sloping curvature. This is somewhat a surprise con-
sidering that there are large differences in mixing lengths in
the upper layers shown in Fig. 3c. The underlying reason will
be explored in sections 5b and Sc.

To verify the robustness of the sensitivity of TC intensifica-
tion and structural change to mixing length shown in the ide-
alized TC simulations, we also performed HWREF real-case
simulations of Hurricane Patricia (2015). The model configu-
ration is exactly the same as that of the idealized simulations
except that the initial and boundary conditions are supplied
by the GFS forecast data. The simulations start at 0600 UTC
21 October and end at 1200 UTC 24 October 2015, when
Patricia (215) dissipated after landfall. Again, five experi-
ments summarized in Table 1 are executed to test the inten-
sification and structural change of Patricia (2015) to the
changes in the sloping curvature and asymptotic length scale
of mixing length.

Figure 9 compares the simulated storm track, intensity, and
vortex structure at different times among the three experi-
ments with different sloping curvatures. The simulated storm
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tracks of Patricia (2015) in the three experiments were fairly
consistent with the best track throughout the simulations. The
three experiments also produced nearly identical VMAX and
MSLP before 2100 UTC 22 October consistent with the best
track. After that, the simulated TC intensity diverged. EXP-
SLOPE-1 nearly reproduced the observed RI and peak inten-
sity of Patricia (2015), but BASELINE and EXP-SLOPE-2
underpredicted Patricia’s intensity by a large margin. To un-
derstand what causes the simulated TC vortex to evolve along
the different intensification pathways in the three experi-
ments, we examined the structure of the simulated TC vortex.
At 2100 UTC 22 October, the horizontal plane view of verti-
cal velocity shows that the vortex in EXP-SLOPE-1 had a
much more well-organized inner-core structure, including
more axisymmetric eyewall and inner rainbands, than that in
BASELINE and EXP-SLOPE-2 (Figs. 9e-g). The radial-
height structures also show that EXP-SLOPE-1 produced the
stronger azimuthal-mean tangential winds and radial inflow
than BASELINE and EXP-SLOPE-2 (Figs. 9h—j), suggesting
that the simulated vortex structure in EXP-SLOPE-1 was
more favorable for the RI in the coming hours, despite the
fact that this experiment produced the similar storm intensity
to that of BASELINE and EXP-SLOPE-2 at 2100 UTC
22 October (Figs. 9b,c) after the model spinup. Satellite obser-
vations (e.g., Kieper and Jiang 2012; Jiang and Ramirez 2013;
Tao and Jiang 2015) suggest that a convective ring around the
storm center is highly correlated to the subsequent RI. A the-
oretical study by Nolan et al. (2007) also showed that TC intensi-
fication is mainly driven by the TC symmetric response to the
azimuthally averaged diabatic heating, rather than to the heating
directly associated with individual asymmetries distributed
around the TC vortex. The simulation by EXP-SLOPE-1
basically reflects these observational and theoretical find-
ings. In contrast, the simulated TC vortex in BASELINE
and EXP-SLOPE-2 has a higher degree of asymmetry,
which is adverse to RI. The simulated vortex horizontal and
radius-height structures at 1100 UTC 23 October when Patricia
was near its peak intensity are shown in Figs. 9k—p. The drastic
difference in the vortex structure between the simulations sug-
gests that differently parameterized turbulence via changes in
the sloping curvature of mixing length can alter the TC intensifi-
cation pathway under the same conditions.

Experiments have also been performed to examine the sen-
sitivity of the simulated Patricia (2015) to the changes of the
asymptotic length scale. The results are shown in Fig. 10. Sim-
ilar to the idealized simulations (Fig. 8), the simulated Patricia
(2015) is only marginally sensitive to the prescribed asymp-
totic length scale.

b. Mechanisms underlying TC intensification

In this section, we investigate the processes responsible
for TC intensification. To do so, we analyzed the azimuth-
mean tangential wind budget equation to diagnose how dif-
ferent dynamic processes contribute to the acceleration of
primary circulation of a TC. The azimuth-mean tangential
wind budget equation in a storm-centered cylindrical coor-
dinate is
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F1G. 8. Time series of (a) VMAX (KT) and (b) MSLP (kPa) from the three experiments: EXP-ASYM-1 (red),
BASELINE (blue), and EXP-ASYM-2 (green), respectively. (c)—(e) Azimuthal-mean radius-height structure of
diabatic heating (color shades; K hfl); radial inflow (red contours; —2, =5, —10, —15, =20 m sfl); radial outflow
(blue contours; 2, 5, 10, 15, 20 m s~ 1); updrafts (black contours; 1, 2, 5 m s_1); downdrafts (black dashed contours;
—-0.2,-0.5m sfl); and tangential wind (white contours; 10, 30, 50, 60, 70, 80 m sfl) averaged over the last 24 simula-

tion hours.
oo _ P P radial transport of absolute vorticity —IT,E’ generates large
6_; =-u - Wa—zt —wl — v ﬁ - a_zt + Dyg- (17)  positive and negative tendencies within the inflow and out-

Here, r, A, and z are the axes in the radial, azimuthal, and ver-
tical directions, respectively; u,, v, and w are the radial, tan-
gential, and vertical wind components respectively; overbar
and prime indicate the azimuthal mean and the perturbations
away from the azimuthal-mean; { = Qv /0r) + (v,/r) and £ = {
+ f are the relative vorticity and absolute vorticity, respec-
tively; and f is the Coriolis parameter. The first two terms on
the rhs of Eq. (17) are the tendencies resulting from the radial
transport of the absolute vorticity and the vertical advection
of tangential wind. These two terms represent the interaction
between the primary circulation and secondary overturning
circulation. The third, fourth, and fifth terms on the rhs of Eq.
(17) are the tendencies from the eddy correlations caused by
the model-resolved asymmetric eddies. The last term, Dsgs;,
represents the tendency resulting from the parameterized
SGS turbulence and viscosity.

Using the model output, we analyzed the tangential wind
budget of all the experiments performed in this study. As an
example, Fig. 11 shows the budget analyses from EXP-
SLOPE-1 averaged over the last 24 simulation hours. The

flow layers, respectively. This is because £ is positive every-
where; thus, the sign of —u_r?g’ is determined by the radial
flow. The peak tendency occurs somewhere between the
strongest inflow and maximum ¢ depending on the specific
structure of a vortex. Similarly, since W is positive in the vi-
cinity of RMW, the sign of —w(0v,/0z) is determined by the
vertical gradient of tangential wind, which is positive and
negative below and above the height of the peak tangential
wind, respectively. Therefore, —w(97,/0z) has a sign opposite
to —, ¢, causing the two terms to cancel each other. But
analyses show that the magnitude of —w(97,/0z) is over-
whelmed by—i,§; thus, the net tendency induced by the
mean secondary circulation [, € — W(99,/0z)] is to acceler-
ate the primary circulation in the inflow layer near RMW.
The tendencies resulting from the eddy correlation of model-
resolved asymmetric eddies [—u/{" — v/(dv//rIA) — w'(9v!/0z),
Fig. 11c] is much smaller than the tendencies induced by
the mean flow [—u_rT.;” —w(97,/0z)]. This is consistent with
Nolan et al. (2007) that TC intensification is mainly driven by
the TC symmetric response to the azimuthally averaged dia-
batic heating. However, we note that the idealized simulations
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FIG. 9. (a) Vertical profiles of mixing lengths. (b) VMAX (KT). (c¢) MSLP (kPa). (d) Storm track. (e)—(g) Vertical veloc-
ity (m s~ ") averaged over the altitude of 4-6 km at 2100 UTC 22 Oct 2015, from EXP-SLOPE-1, BASELINE, and EXP-
SLOPE-2, respectively. (h)—(j) The corresponding radial-height structure of azimuthal-mean tangential wind (m s~ '; green
contours), radial flow (m s™'; blue solid and dashed contours), and vertical velocity (m s~ '; white contours) at 2100 UTC
22 Oct. (k)~(m) As in (e)—(g), but at 1100 UTC 23 Oct. (n)-(p) As in (h)—(j), but at 1100 UTC 23 Oct.

Authenticated zhup@fiu.edu | Downloaded 08/17/25 01:12 PM UTC



1760 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 81
(a) Mixing Length (m) 200 (b) VMAX (KT)
EXP-ASYM-1| [' EXP-ASYM-1

15 BASELINE I BASELINE
— EXP-ASYM-2 | 150 EXP-ASYM-2
E ) | Best-Track
=10 j |
-C !
2 | 100
T s / /

‘/// e g 50 i
O I i " " " N
0 50 100 150 200 21 22 23 24
(m) Days in Oct. 2015
(c) MSLP (kPa) 25 (d) Storm track
100
20+ 1
95 _8
=
g
90 15+ 1
85 . ' . 10 , , .
21 22 23 24 -110 -105 -100 -95 -90
Days in Oct. 2015 Longitude

FIG. 10. (a) Vertical profiles of mixing lengths; (b) VMAX (KT); (c) MSLP (kPa); and (d) storm track of Hurricane
Patricia (2015) simulated by EXP-ASYM-1, BASELINE, and EXP-ASYM-2, respectively.

were executed in a quiescent condition. The tendencies result-
ing from the resolved asymmetric eddies would be expected to
be larger if wind shear was present. How wind shear affects the
tangential wind budget will be investigated in our future study.
As shown in Fig. 11d, the tendency induced by Dsgﬂ is neg-
ative within the BL, which is the main momentum sink of a
TC as expected. The radial-height structure of D, is consis-
tent with that of Persing et al. (2013) and Zhu et al. (2019).
The peak positive net tendency from all model-resolved and
parameterized SGS processes corresponds well with the maxi-
mum tangential wind (Fig. 11e), which occurs just below the
interface between the inflow and outflow near RMW consis-
tent with the dropsonde observations (Zhang et al. 2020b).
The tangential wind budget analyses shown in Fig. 11 con-
firm that the inward transport of absolute vorticity is the main
mechanism responsible for TC vortex acceleration consistent
with the BL spinup mechanism by Smith et al. (2009). To un-
derstand how the same initial vortex evolves into different TCs
in different experiments, Fig. 12 shows the radial-height struc-
ture of azimuthal-mean tangential wind, radial flow, vertical ve-
locity, vertical moisture flux, net tendency of inward transport of
absolute vorticity and eddy forcing (—u, € + Dsgg), and diabatic
heating averaged over the time periods of 12-24, 25-36, 3748,
and 48-60 h from EXP-SLOPE-1, BASELINE, and EXP-
SLOPE-2. In the period 12-24 h, the difference between the vor-
tices in the three experiments is only marginal with similar

magnitude and structure of the tangential wind (gray contours)
and radial inflow (red contours). At this stage, we only see a
proto vortex without a clearly defined vortex eye and eyewall.
Convection just clusters randomly around the center of the
storm.

The proto vortex in different experiments starts to develop
and undergoes different intensification pathways in the next
12 h (25-36 h). In EXP-SLOPE-1, a core of large tangential
wind forms at a radius of ~20 km indicated by the closed con-
tour of 14 m s~'. The inflow layer thickens and reaches 1 km
in altitude. The vortex in BASELINE is also somewhat
strengthened (indicated by the tangential wind contour of
10 m s~ ! at ~30-40 km in radius), but no core of large tangen-
tial wind is formed. The vortex in EXP-SLOPE-2 remains
undeveloped. A key difference between the three experi-
ments is the net tendency of —, & + D, In EXP-SLOPE-1,
—ué+ Dsgs] (white contours) is positive, which accelerates
the tangential wind. The increased tangential wind enhances
surface evaporation and vertical moisture fluxes (blue con-
tours), which fosters stronger convection indicated by the
larger vertical velocity (black contours) and diabatic heating
(color shades). The strong convection in turn further enhances
radial inflow, and thus the inward transport of absolute vortic-
ity. The fact that these processes go hand-in-hand suggests that
a WISHE-like positive feedback has been kicked off, leading
to the intensification of the vortex. In this feedback loop, it is
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difficult to distinguish the cause and outcome; rather, it is the
interaction among different processes that initiates the feed-
back and governs the feedback efficiency.

In the next 12 h (37-48 h), the vortex in EXP-SLOPE-1
keeps strengthening owing to the WISHE-like positive feed-
back. The tangential wind increases up to 35 m s~ 1. As the
vortex further organizes itself, the convection at the storm
center in the previous time period (25-36 h) dissipates and
moves outward. This forms a vortex eye free of convection
and convective eyewall. Similar development is also seen
in BASELINE, but the vortex is weaker than that of
EXP-SLOPE-1. Apparently, the WISHE-like positive feed-
back is not as efficient as that in EXP-SLOPE-1. Still, there is
no visible vortex development in EXP-SLOPE-2 at this stage.
In the next 12 h (49-60 h), the vortex in EXP-SLOPE-1 con-
tinues intensifying. The maximum tangential wind exceeds
50 m s~ ', and the eyewall becomes more organized as the con-
vection becomes more intense. The vortex in BASELINE also
strengthens but is weaker than that in EXP-SLOPE-1. The
vortex in EXP-SLOPE-2 also starts to develop in this period,

but its strength is nowhere close to that of EXP-SLOPE-1
and BASELINE.

A key difference between experiments shown in Fig. 12 is
the net tendency of —u § + Dz which is important to the
feedback loop since it dlrectly affects the acceleration of the
mean vortex. Therefore, we further examined how this ten-
dency evolves throughout the entire simulations. A time evo-
lution plot is provided in the online supplemental material
(Fig. S2). The results show that —, € maintains its dominance
over D5 throughout the simulation in EXP-SLOPE-1. In

contrast, —, £ is nearly balanced by D,,; in BASELINE,
whereas in EXP SLOPE-2, —u g is unable to compensate for
the negative D, This result suggests that the secondary
overturning circulation induced by the turbulent friction and
eyewall convection must exceed a critical level, so that suffi-
ciently large inward transport of absolute vorticity can be gen-
erated to overcome the negative tendencies so that the
WISHE-like positive feedback can be kicked off. To investi-
gate what determines this critical level and how to quantify it
from model output will be the focus of our future research.
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of 12-24, 25-36, 37-48, and 48-60 h from experiments EXP-SLOPE-1, BASELINE, and EXP-SLOPE-2.

The same budget analyses have also been performed for the
HWREF real-case simulations of Patricia (2015), and similar
results are found, confirming that the WISHE-like positive
feedback is a key mechanism underlying TC intensification.

¢. Reasons for sensitive dependence of TC intensification
on mixing length in TKE schemes

The sensitivity of TC intensification to mixing length shown
in section Sa is interesting but not well understood. The TKE
scheme presented in section 2 allows us to explore this issue
analytically. To simplify the problem, we first set an idealized
vertical profile of wind speed in a TC environment based on
the observations and simulations (Fig. 13a) and then select
two Richardson numbers, R; = —0.5 and R; = 0.1, to repre-
sent the unstable and stable regimes in the TC inner core.
For a known R;, the dimensionless stability parameter Gy,
and stability functions S,, and S, can be calculated from
Egs. (7) and (2), respectively. Table 2 lists all the calculated
parameters.

For certain prescribed mixing lengths, the TKE generated
under a specific wind profile (Fig. 13a) and thermodynamic
conditions (Table 2) can be calculated from Eq. (6). Figures 13¢c
and 13d show the resultant TKE profiles corresponding to
the mixing lengths used in EXP-SLOPE-1, BASELINE, and
EXP-SLOPE-2, respectively. As indicated in Eq. (6), under
certain dynamic and thermodynamic conditions, TKE is pro-
portional to the square of mixing length and square of wind
shear. Since both wind shear and changes in the mixing
length caused by the sloping curvature are the largest in the
low troposphere, they amplify each other. The combination
causes the strong sensitivity of TKE to the sloping curvature
of mixing length.

The sensitivity of TKE to mixing lengths with similar slop-
ing curvatures but different asymptotic length scales is also
examined under the same dynamic and thermodynamic con-
ditions (Fig. 14). Unlike what is shown in Fig. 13, the para-
meterized TKE only shows a marginal sensitivity to the
asymptotic length. Again, this insensitivity is determined
by the combination of both wind shear and mixing length
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FIG. 13. (a) Idealized vertical profile of wind speed in the eyewall. (b) Mixing lengths used in the three experiments:
EXP-SLOPE-1, BASELINE, and EXP-SLOPE-2. (¢),(d) TKE generated for the idealized vertical profile of wind
speed and Richardson numbers of R; = —0.5 and 0.1 for different mixing lengths.

structure. Large wind shear is in the BL, but the difference in
the mixing length corresponding to the large wind shear is
small due to the similar sloping curvature in the BL, leading
to the insensitiveness of TKE to mixing length. On the other
hand, above the BL, differences in the mixing length are
large due to the differently prescribed asymptotic length
scales, but the wind shear is small there. The combination
again results in the weak dependence of TKE on the asymp-
totic length scale.

Note that the idealized TKE profiles in Figs. 13 and 14 cannot
be directly compared to those in Fig. 7. This is because the for-
mer is calculated with the prescribed R, = N%/8? = —0.5, 0.1, so
that TKE is solely determined by the wind shear and mixing
length. In Fig. 7, however, TKE is calculated using the simulated
soundings averaged over the eyewall (taken as the area of
r > 0.7 RMW). Therefore, TKE profiles are not only deter-
mined by / and § but also depend largely on how N?, S,,,, and
S, vary with height and radius. A detailed description of how to

TABLE 2. Parameters used to examine the sensitivity of TKE to
turbulent mixing length.

R,‘ Gh Sm Sh
=05 0.0180 1.0123 1.3173
0.1 —0.0386 0.1772 0.2112

obtain TKE profiles in Fig. 7 is provided in the supplemental
material.

In a TKE scheme, eddy diffusivity (K,,, and K}) is propor-
tional to TKE according to Eq. (3). Indeed, EXP-SLOPE-1
does produce larger K,, and K, corresponding to the larger
TKE than the other experiments (not shown here). This result
seems contradictory to previous studies showing that smaller
K., favors TC intensification (e.g., Gopalakrishnan et al. 2013;
Zhang et al. 2020a; Xu and Duan 2022). There are a couple of
reasons for this seeming contradiction. First, the relationship
between K,, and TC intensification is likely scheme depen-
dent. In Gopalakrishnan et al. (2013) and Zhang et al.
(2020a), their simulations used a K-closure model that calcu-
lates K,,, in a completely different way. In MY level-2 model,
K,, is analytically linked to TKE, mixing length, wind shear,
and stability, which allows us to examine how they affect each
other in TC simulations. Considering that for the same MY
TKE scheme, a slight change in the mixing length curvature
can cause substantially different TC intensification, it is not
a surprise that TC intensification could respond oppositely
to a differently formulated K,,,. This can be seen from the di-
rect impact of K,,, on the acceleration of a TC vortex via the
tendency resulting from turbulence. Using du/ot=--- +
(0/02)[K,,(@u/dz)] as an example, the tendency induced by
turbulence may be split into two terms:
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FIG. 14. As in Fig. 13, but for the experiments EXP-ASYM-1, BASELINE, and EXP-ASYM-2.
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It suggests that both the magnitude and vertical gradient of
K,,, can directly affect velocity tendencies. For simplicity, let
us consider the surface layer. If the winds follow the log pro-
file, then 6*7/dz> < 0. Since both 0#/dz and 0K, 0z are posi-
tive, terms K, (6°1/0z%) and (9K, /9z)(0u/oz) have the opposite
signs and they tend to cancel each other. If the first term
K, (9*u/oz*) would dominate, then, smaller K, could favor
TC intensification since the negative K, (9%u/0z%) would ex-
ert a smaller frictional force on the turbulent flow. On the
other hand, larger K, could also favor TC intensification via
term (0K, /07)(07/0z) as it tends to counteract the negative
K, (0*u/dz%). The net effect depends on how K, is parame-
terized that determines its magnitude and vertical gradient.

Second, it is not a single process but the feedback among
many processes that ultimately governs the route to TC intensifi-
cation. As discussed earlier, K,,, can also affect TC intensification
indirectly through the inward transport of absolute vorticity by
the inflow. To date, it remains poorly understood as to how K,,,
modulates the feedback underlying the TC intensification. There-
fore, the seeming contradictory results between this study and
previous studies state nothing but the complicated relationship
between TC simulation and turbulence parameterization.

As for why TC simulations are so sensitive to the sloping
curvature of mixing length, we may get some new insight by

further looking into Eq. (18). With Egs. (3) and (6), Eq. (18)

becomes
( % ou

"oz,

0
9z

_pd s r)™
) 2188, b8, — S,R):
12155, Jbi(S, — 5,R) L

970z

It is clear that the tendency depends on both the magnitude
and slope of the mixing length /. In the lower layers where / is
small and velocity curvature 9?%/)z? is smaller than gradient
duloz, the tendency induced by turbulence will be largely af-
fected by the slope d//0z and further modulated by wind shear
and stability. This may explain why the larger/smaller sloping
curvature of / can produce the stronger/weaker TC vortex in
EXP-SLOPE-1 and EXP-SLOPE-2, respectively. Further-
more, considering that there is also an indirect impact of mix-
ing length on wind tendencies via the radial transport of
absolute vorticity, the problem becomes too complicated to
assess analytically. Thus, we have to rely on numerical sensi-
tivity tests to determine the net effect of mixing length on TC
intensification. Our sensitivity tests suggest that a large slop-
ing curvature of mixing length favors TC intensification as it
enhances the inward transport of absolute vorticity, which
plays a pivotal role in kicking off the WISHE-like positive
feedback underlying TC intensification and increasing the
feedback efficiency.

(19)
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6. Summary and discussion

It has long been recognized that the turbulent eddy pro-
cesses play a vital role in the evolution of the primary and
secondary circulations of a TC vortex. In a TC environment,
in addition to the turbulence in the BL, intense turbulent mix-
ing can also be generated above the BL by the cloud pro-
cesses in the eyewall and rainbands. While the concept of BL
is still applicable in the eyewall and rainbands as to a shallow
layer directly affected by the surface processes, the treatment
of turbulent mixing must go beyond the conventional scope of
the BL. This is particularly true in the TC inner core as air as-
cends swiftly within the eyewall and rainbands. Indeed, obser-
vations confirm that large TKEs extend well above the BL
and reach the upper troposphere in the eyewall where no
physical interface exists to separate the turbulence generated
by the BL and cloud processes aloft. A TKE turbulence
scheme is suitable for parameterizing turbulence in the TC
inner core as it is applicable to both deep and shallow convec-
tion regimes provided that the TKE shear production, buoyancy
production, and dissipation can be accurately determined. How-
ever, a TKE scheme must be closed by an empirically prescribed
mixing length. To date, how the prescribed mixing length affects
TC simulation remains poorly understood. This motivates this
study to investigate the sensitivity of TC intensification to differ-
ently prescribed mixing length.

To appropriately address the problem, we transformed the
MY level-2 model (MY1974; MY1982) into a moist TKE
scheme that considers the saturated thermodynamics by includ-
ing the buoyancy generated by mixed-phase clouds in the stabil-
ity calculation, so that the scheme can be appropriately applied
to the TC inner core. The reason for choosing the MY level-2
model is that this simplification allows us to analytically diagnose
TKE as a function of wind shear, static stability, and mixing
length. This provides a mathematical way to understand the sen-
sitivity of simulated TC intensification to the mixing length.

Both idealized and real-case TC simulations show that TC
intensification is sensitive to the sloping curvature of mixing
length in the low- to midtroposphere where the larger in-
crease of mixing length leads to the faster intensification and
stronger storm intensity. This is due to the fact that TKE is
proportional to the square of mixing length and wind shear.
The combined effect of large changes in mixing length and
wind shear in the low- to midtroposphere causes the strong
sensitivity of the simulated TKE to the sloping curvature of
mixing length. Since the radial inflow depends strongly on the
generated TKE in the vicinity of the eyewall, the resultant
large change in the inward transport of absolute vorticity, a
main mechanism for the acceleration of TC primary circula-
tion, causes the TC intensification to be sensitive to the slop-
ing curvature of mixing length. On the other hand, since the
difference in the mixing length in the upper troposphere
caused by different asymptotic length scales is largely offset
by the small wind shear there, it results in a weak dependence
of TKE and the resultant inward transport of absolute vortic-
ity on the asymptotic length scale.

Note that for the sake of simplification of the problem, we
chose a diagnostic TKE scheme developed from the MY
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level-2 model. Thus, the sensitivity of TC intensification to
mixing length from a sophisticated prognostic TKE scheme
may be different from the sensitivity shown in this study based
on a simple model. Nonetheless, the results shown here em-
phasize the uncertainty and importance of mixing length in
TC simulations. It is also important to point out that most for-
mulae of mixing length, including Eqs. (12)—(14) tested in this
study, were originally formulated for cloud-free BL simula-
tions. Mixing length inside deep convective clouds has been
explored very little. Machado and Chaboureau (2015) showed
that the simulations of cloud organizations are highly sensitive
to in-cloud mixing length parameterization and adjustments
of mixing length inside clouds can substantially affect the sim-
ulation of cloud organizations. Hanley et al. (2015) also inves-
tigated the sensitivity of storm morphology to mixing length.
These studies suggest that future research should focus on
searching for physical constraints including the effect of con-
vective clouds on mixing length using observations and LESs.

Finally, this study highlights the importance of the inward
transport of absolute vorticity resulting from the unbalanced
dynamics to TC intensification. However, how the parameter-
ized turbulent processes affect the unbalanced dynamics in
TC intensification is not fully understood. The related issues
are addressed in part II of this study.
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