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ABSTRACT: Development of accurate planetary boundary layer (PBL) parameterizations in high-wind conditions is cru-
cial for improving tropical cyclone (TC) forecasts. Given that eddy-diffusivity mass-flux (EDMF)-type PBL schemes are
designed for nonhurricane boundary layers, this study examines the uncertainty of MF parameterizations in hurricane con-
ditions by performing three-dimensional idealized simulations. Results show that the surface-driven MF plays a dominant
role in the nonlocal turbulent fluxes and is comparable to the magnitude of downgradient momentum fluxes in the middle
portion of TC boundary layers outside the radius of maximum wind (RMW); in contrast, the stratocumulus-top-driven MF
is comparably negligible and exerts a marginal impact on TC simulations. To represent the impact of vertical wind shear
on damping rising thermal plumes, a new approach of tapering surface-driven MF based on the surface stability parameter
is proposed, aiming to retain the surface-driven MF only in unstable boundary layers. Compared to a traditional approach
of MF tapering based on 10-m wind speeds, the new approach is physically more appealing as both shear and buoyancy
forcings are considered and the width of the effective zone responds to diurnal variations of surface buoyancy forcing.
Compared to the experiments retaining the original MF components, using either approach of MF tapering can lead to a
stronger and more compact inner core due to enhanced boundary layer inflow outside the RMW; nevertheless, the radius
of gale-force wind and inflow layer depth are only notably reduced using the new approach. Comparison to observations
and further discussions on MF parameterizations in high-wind conditions are provided.

KEYWORDS: Boundary layer; Tropical cyclones; Hurricanes/typhoons; Mass fluxes/transport; Parameterization;
Subgrid-scale processes

1. Introduction [e.g., Mellor-Yamada—Nakanishi-Niino (MYNN)] are physi-
cally more complete in terms of turbulence generation and
dissipation and have a better chance to succeed in modeling
TC boundary layers. Nevertheless, incompatibility issues of
surface-layer and PBL parameterizations and overestimated
mixing length in hurricane conditions were identified in a
TKE-based eddy-diffusivity mass-flux (hereafter EDMF-TKE)
PBL scheme, which has been adopted in NOAA’s next-
generation hurricane forecast model, Hurricane Analysis and
Forecast System (HAFS). A modified EDMF-TKE scheme was
then proposed to address these issues (Chen et al. 2022). The
two most important major changes in the modified scheme in-
clude 1) determining the values of coefficients in the eddy dif-
fusivity and TKE dissipation term to match the surface-layer
and PBL parameterizations and 2) reducing the maximum al-
low mixing length from 300 to 40 m based on LES results and
observational values. Compared to the original EDMF-TKE,
the modified EDMF-TKE scheme reduces the excessive verti-
cal turbulent mixing in hurricane conditions, enhances the in-
flow strength, and further leads to improved intensity and
structure forecasts in seasonal HAFS forecasts' (Chen et al.
2022,2023).

Despite these encouraging results, the above assessment
and improvement for EDMF-TKE are mostly applicable to
the ED component or effective eddy viscosity, while the per-
formance of the MF components, which represent nonlocal

Tropical cyclones (TC) are among the most devastating
weather systems on the globe. While TC forecast skill has been
steadily improved over the past decades thanks to the continuous
development of numerical weather prediction (NWP) models, ac-
curate forecasts of rapid intensification, structure evolution (e.g.,
secondary eyewall formation and replacement), and long-term
track remain challenging (Fischer et al. 2019; Cangialosi et al.
2020). One important reason for these forecast challenges is the
uncertainty of subgrid-scale parameterization schemes, as most of
them are designed for non-TC applications. As such, TC modeling
and forecasts have been frequently reported to be sensitive to the
choice of planetary boundary layer (PBL) schemes (e.g., Braun
and Tao 2000; Hill and Lackmann 2009; Nolan et al. 2009; Smith
and Thomsen 2010; Bryan 2012; Zhang et al. 2015; Chen et al.
2021b; Chen and Bryan 2021). Reducing the uncertainty in PBL
parameterizations in TC forecast models is crucial for further ad-
vancing model forecast skill. To achieve this goal and to overcome
the limitation of scarce turbulence measurements under the ex-
treme conditions of TC boundary layers, a modeling framework
using large-eddy simulations (LES) was recently developed to
evaluate and improve various types of PBL parameterizations in
hurricane conditions (e.g., Chen et al. 2021a, 2022; Chen 2022).

Evaluation results in Chen (2022) indicated that the high-
order, turbulence kinetic energy (TKE)-based PBL schemes

! The modified EDMF-TKE scheme has been implemented
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turbulent mixing due to buoyant updrafts or downdrafts, re-
main unknown in hurricane conditions as they remain inacti-
vated in the single-column modeling tests. This is in part
attributable to the special setup of the modeling framework
that anchors the thermodynamic profiles during the simula-
tions (see details in Chen et al. 2021a). EDMF-type PBL
schemes were developed to represent the turbulent processes
in both dry and moist convective boundary layers (CBLs)
(Siebesma and Teixeira 2000; Soares et al. 2004). Since high-
order, EDMF-type PBL schemes are widely used in both
global and regional NWP models for TC forecasts (e.g., Han
and Bretherton 2019; Olson et al. 2019), understanding the
representation of MF components in high-wind conditions is
an important consideration for future PBL parameterization
development. Moreover, accurate parameterizations of MF
components in regional NWP models are also crucial to prop-
erly represent the boundary layer structure and processes in
the scenario of TC-environmental vertical wind shear interac-
tions (e.g., Gu et al. 2016; Ahern et al. 2021).

One unique feature intrinsic to high-wind or shear-driven
boundary layers is that strong, local vertical wind shear can distort
and damp buoyant plumes and thereby weaken the MF-related
nonlocal turbulent mixing. Since shear-driven and buoyancy-
driven boundary layers can be differentiated by stratification, a
measure of the relative importance of buoyancy and shear pro-
duction of TKE, investigating an optimal approach to control the
MF contribution via stratification in shear-driven boundary layers
is crucial. Both the MYNN-EDMF and modified EDMF-TKE
schemes adopted a similar approach by linearly reducing surface-
driven MF when the 10-m wind speed Vg = 20 m s~ ! and
turning off surface-driven MF when Vi, = 30 m s~ ! (henceforth
referred to as wind speed-based approach). This approach essen-
tially assumes that shear production of TKE alone controls the
stratification. To overcome this limitation, this study proposes a
different approach of MF “tapering” in shear-driven boundary
layers based on the surface stability parameter (henceforth re-
ferred to as stratification-based approach). The main idea is to re-
tain the MF components only in non-shear-driven boundary
layers, as nonlocal turbulent mixing due to buoyant updrafts or
downdrafts is intrinsic to buoyancy-driven boundary layers. The
impact of these two approaches of MF tapering on TC intensity
and structure will be examined by performing idealized three-
dimensional simulations.

For simplicity, we will focus on the modified EDMF-TKE
scheme at mesoscale grid spacings that are beyond boundary
layer gray-zone” resolutions. The turbulent flux in EDMF-
TKE is parameterized as (Han and Bretherton 2019)

W = 2] M0, - Bl My P )

where ¢ denotes one prognostic variable (e.g., potential tem-
perature, winds, or TKE), the overbar denotes the horizontal

% In the boundary layer gray zone, horizontal grid spacings are
comparable or smaller than the diagnosed boundary layer height
such that turbulence is partially resolved by model grids (see an
example in Chen et al. 2021b).
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average over a grid cell, K, denotes eddy diffusivities, M is
mass flux, the subscripts u and d denote updraft and down-
draft properties, respectively, and “sfc” and “Sc” denote
surface-driven and stratocumulus-top-driven mass flux. Key
questions to be addressed in this study include the following:
1) What is the impact of these MF components on the simu-
lated TC intensity and structure? 2) Which MF component is
more important in TC boundary layers? 3) What are the ef-
fects of the two approaches of MF tapering on TC modeling?
Based on these findings, we will discuss an “optimal” way to
reduce MF in hurricane conditions.

2. Experiment design and model setup

Version 20 of Cloud Model 1 (CM1; Bryan and Fritsch
2002) is used in this study for idealized three-dimensional TC
simulations. Following Chen and Bryan (2021), the model is ini-
tialized with an axisymmetric TC vortex in a quiescent environ-
ment on an f plane with a Coriolis parameter of 5 X 107> s~ .
The radial profile of the tangential wind of the initial vortex fol-
lows a modified Rankine vortex, where the radius of the maxi-
mum wind (RMW) is set to 80 km and the maximum tangential
wind V,,, is set to 10 m s~ ! near the surface. The value of V,, de-
creases linearly to zero from the surface to 12-km height, the top
level of the initial vortex. One large model domain is used, with
a horizontal grid spacing of 3 km within the central 600 km X
600 km area, outside of which the horizontal grid spacing is grad-
ually stretched to 15 km. The model domain follows the motion
of simulated TCs. In the vertical direction there are 59 model
levels, which are stretched in the vertical so that there are more
model levels in the boundary layer. The height of the bottom
model level is 50 m. The output frequency is every 1 h. The se-
lected model physics schemes are consistent with Chen and
Bryan (2021), except for the PBL scheme. The modified
EDMF-TKE PBL scheme is used in this study given its better
performance in hurricane conditions than the original EDMF-
TKE scheme (Chen et al. 2022, 2023).

To examine the impact of different MF components as well
as the two approaches of MF tapering in high-wind conditions
on TC modeling, different sets of experiments using the modi-
fied EDMF-TKE scheme but varying the settings for the MF
components are performed (see details in Table 1). As the
proposed stratification-based approach of MF tapering is to
retain MF only in non-shear-driven boundary layers, the last
three experiments in Table 1 are performed to identify an ap-
propriate threshold of surface stability parameter ¢ that can
differentiate TC and non-TC boundary layers. { = z/L, where
z is the height of the lowest model level and L is Monin—
Obukhov length. ¢ essentially reflects the ratio of buoyancy
production of turbulence to shear production of turbulence.
The boundary layer is typically considered “very unstable”
when ¢ < —0.5 (e.g., Han et al. 2016). Since TC boundary
layers are nearly neutral (e.g., Foster 2013; Chen 2022), we
also test the “weakly unstable” or nearly neutral conditions
(—0.5 < ¢ < 0) in experiments MF-0.1 and MF-0.05. Each ex-
periment is initialized with a moist tropical sounding (Dunion
2011), and the default sea surface temperature (SST) is set to
29°C. Since surface-driven MF is dependent on the surface
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TABLE 1. Experiments based on the modified EDMF-TKE
scheme and the related descriptions.

Experiment Descriptions of MF parameterizations

CTL Untapered MF components

NOMF Set M, = M; =0

NOSFC Set M,, =0

NOSC Set My =0

TaperMF M, and M, are linearly tapered when
Vio =20 m s~ ! and turned off when
Vio =30 m s~ (Chen et al. 2022, 2023)

MF-0.5 Activate M, only where surface stability
parameter { < —0.5

MF-0.1 Activate M, only where surface stability
parameter { < —0.1

MEF-0.05 Activate M, only where surface stability

parameter { < —0.05

heat flux or buoyancy, we performed additional sets of experi-
ments by increasing the SST to 30° and 31°C. To note, other
sets of sensitivity experiments by varying V,, and decay rate
of the tangential wind outside the RMW are performed,
which are consistent with the findings from the above simula-
tions and therefore not shown.

3. Effects of MF components on TC intensity and
structural changes

This section addresses two key questions raised at the end
of the introduction: 1) what is the impact of parameterized
MF on TC simulations and 2) which MF component is more
important for TC modeling? We examined four experiments,
which turn on both M,, and M, (CTL), turn off both M,, and
M, (NOMF), turn off M, only (NOSFC), and turn off M,
only (NOSC), respectively. Figure 1 shows the simulated TC
intensity and structure from these experiments. Comparison
of the CTL and NOMF experiments (black and red lines) in-
dicates that turning off both MF components in EDMF-TKE
leads to stronger TC intensity, in terms of 10-m maximum
azimuthal-mean tangential wind, and smaller RMW during
the majority of simulation periods (Figs. 1a,b). Of note, the
evolution of minimum sea level pressure from the four experi-
ments yields consistent results as in Fig. 1a (not shown). Im-
portantly, the TC outer-core size in terms of gale-force wind
radius (henceforth R17) shrinks 10%-20% in NOMF com-
pared to CTL. Additional NOSFC and NOSC experiments
(blue and green lines in Fig. 1) indicate that differences
between CTL and NOMF are mostly attributable to the sur-
face-driven MF, as NOSFC produces comparable maximum
intensity, RMW, and R17 with NOMF while NOSC behaves
similarly with CTL. Of note, this finding is robust for various
SSTs and different initial vortices (not shown). Thus, surface-
driven MF dominates the impact of MF on TC intensity and
structural changes, while stratocumulus-top-driven MF only
plays a minor role.

To understand the impact of the two MF components,
Fig. 2 shows the radius-height structure of the azimuthal-
mean MF and K,,-related momentum fluxes averaged over
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FIG. 1. Evolution of (a) 10-m maximum azimuthal tangential
wind (m s~ 1), (b) RMW (km), and (c) R17 (km) from CTL (black),
NOMF (red), NOSFC (blue), and NOSC (green) experiments.
The gray-shaded boxes denote two analysis periods in this study.

R17 in (c) is shown after the simulated TC reaches hurricane
intensity.

two periods, ie., t = 80-100 h (period 1) and 120-140 h
(period 2), from the CTL experiment. The simulated TC vor-
tex in CTL is in a quasi-steady state during both periods.
Over period 1, the maximum 10-m azimuthal-mean tangential
wind (hereafter VMAX) in CTL is 45 m s~ '. The surface-
driven MF M,, is activated at all radii. Radially, M,, is maxi-
mized outside the RMW. The dip in the magnitude of M, at
the RMW is attributable to the high winds that lead to a
very small surface stability parameter ¢ (i.e., nearly neutral,
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FIG. 2. Radius-height distribution of azimuthally averaged MF and K,,-related downgradient momentum
fluxes (shading; m s~ ?) and tangential wind (black contours of 20, 30, 40, 50, and 60 m s~ ') during the periods
of t = (left) 80-100 and (right) 120-140 h from the CTL experiment. (a),(e) M,, (b),(f) M, (c),(g) M, + M,
and (d),(h) K,,related downgradient momentum fluxes. In each panel, the orange line denotes the diagnosed
PBL height and the red line denotes the RMW. Of note, the shading scales in (d) and (h) are different from

other panels.
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{ > —0.02) such that M, is deactivated (as prescribed in
the EDMF-TKE code). Vertically, M, is maximized in the
500-800 m layer, approximately the central part of the PBL
MF column at each radius. This is attributable to the setting
of the smallest entrainment rate in the middle of the PBL
code, which is consistent with the documented maximum ver-
tical velocity variance in the middle of buoyancy-driven
boundary layers (Moeng and Sullivan 1994). Comparison of
Figs. 2a and 2b indicates that the magnitude of stratocumulus-
top-driven M, is generally negligible compared to M,,, with
the only exception occurring near the RMW. This finding ac-
counts for the minor impact of M, on the TC intensity and
RMW (Figs. la,b). Figures 2c and 2d further compare the
magnitude of the total MF and K,,-related momentum fluxes
in the TC circulations. A quick glance indicates that M,, domi-
nates the boundary layer vertical mixing outside the RMW.
K,,-related momentum fluxes are mostly concentrated within
the 3 X RMW, with the maximum value residing inside the
RMW. Over period 2, the TC circulation is further enhanced
along with the K,,-related downgradient turbulent mixing
(Fig. 2h). M,, becomes deactivated within r = 30-45 km, where
boundary layer conditions (in terms of {) become nearly neu-
tral under higher wind speeds. Nevertheless, the findings over
period 1 are still applicable to period 2 (Figs. 2e-h).

To further quantify the relative importance between MF
and K,,-related momentum fluxes outside the RMW, Fig. 3
shows their vertical profiles averaged within the annulus of
r = 30-120 km over period 1 (solid lines) and within the annu-
lus of r = 45-120 km over period 2 (dashed lines). Since M,, is
deactivated within r = 30-45 km over period 2 (Fig. 2e), a dif-
ferent annulus is used for period 2. Results indicate that M,
dominates the vertical momentum flux in the middle—upper
boundary layer (400-1200 m), and the maximum value of M,,
is ~60% greater than that of the K,,-related momentum flux.
Consistent with earlier discussions, the magnitude of M, is
negligible compared to both M,, and K,,-related momentum
flux. Similar findings can be found over period 2 despite the in-
crease of the K, -related momentum flux (Fig. 2). The above
analysis demonstrates the dominant role of M,, in the boundary
layer turbulent mixing in the mid—-upper portion of the bound-
ary layer outside the RMW.

Figure 4 shows the mean boundary layer inflow structure
over period 1 from the CTL, NOSC, NOSFC, and NOMF ex-
periments. Comparison of the CTL and NOSC experiments
(Figs. 4a,b) indicates very similar boundary layer structures,
including the maximum inflow strength outside the RMW, di-
agnosed boundary layer height (orange line), and inflow layer
depth (i.e., the level of V, = —1 m s~ !, blue dashed line). Dif-
ferences in the boundary layer inflow between CTL and NOSC
(Fig. 5a) indicate that NOSC has slightly stronger inflow imme-
diately outside the RMW, where the M, is maximized in CTL
and turned off in NOSC (Fig. 2b), suggesting the reduced verti-
cal mixing near the RMW slightly accelerates the boundary
layer inflow therein by ~2 m s~ !. This explains the stronger
TC intensity during the last few hours of period 1 in NOSC
(Fig. 1a), but its overall impact on the TC intensity and struc-
ture is insignificant. Figure 5d further shows that the exclusion
of M, in NOSC leads to a more humid lower troposphere
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FIG. 3. Vertical profiles of K,,-related momentum fluxes (black),
M,, (blue), and M, (gray) averaged within the annulus of r = 30-120 km

over ¢t = 80-100 h (solid lines) and within the annulus of r = 45-120 km
over ¢ = 120-140 h (dashed lines).

0 0.02

(<4 km) over period 1, especially at large radii (r = 90-180 km).
We suspect the reduction of stratocumulus-top-driven downdraft
mixing alleviates dry air intrusion, which further encourages
stronger surface-driven MF as the lateral entrainment weakens.
Comparison of CTL and NOSFC experiments (see Figs. 4a,c) in-
dicates a strikingly different boundary layer structure: in NOSFC
the inflow layer depth is ~500 m shallower, the maximum
boundary layer inflow is ~5 m s~! stronger, and the RMW
averaged below 1-km height is ~16% smaller.

To quantify these differences, Fig. 5b shows that the maximum
difference in the inflow strength between CTL and NOSFC is
>8 m s~ ! located near the RMW. Differences in the specific hu-
midity (Fig. 5e) further show that the exclusion of M,, leads to a
moister near-surface layer underneath a drier layer in NOSFC.
This can be interpreted as more water vapor being able to stay
near the surface in the absence of surface-driven buoyant updrafts.
Comparison of NOSFC and NOMF (Figs. 4c,d), together with the
related difference plots relative to CTL (Figs. Sb.c.e,f), indicates a
similar boundary layer structure, confirming the earlier findings re-
garding the dominant role of M,, in the two MF components. The
stronger boundary layer inflow in NOSFC (or NOMF) can con-
tribute to the more efficient radial advection of large absolute an-
gular momentum from large radii toward the inner core, which
accounts for the stronger simulated TC intensity and smaller inner-
and outer-core sizes in NOSFC (or NOMF) than in CTL.

4. Two approaches to taper off surface-driven mass flux
in high-wind conditions

Since surface-driven MF (M,,) dominates the two MF com-
ponents in the EDMF-TKE, this section focuses on the
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FIG. 4. Radial-height plot of azimuthally averaged radial velocity (shading; m s~ ') over ¢ = 80-100 h for (a) CTL,
(b) NOSC, (c) NOSFC, and (d) NOMF experiments. The red contour denotes w = 1 ms™ ', the black line represents
the mean RMW, the orange line denotes the mean diagnosed PBL height /, and the dashed blue line denotes inflow

layer depth (V, = —1ms 1)

parameterizations of M, in high-wind conditions. To repre-
sent the effects of strong vertical wind shear in distorting and
damping rising thermal plumes, the modified EDMF-TKE
scheme in Chen et al. (2022) uses a wind speed-based ap-
proach to reduce MF in high-wind conditions, following the
MYNN code from WRF V4.2. This section investigates a strat-
ification-based approach that only retains MF in non-shear-driven
boundary layers based on the surface stability parameter ¢, as dis-
cussed in section 2, and compares the performance of these two
approaches. Driven by surface heat fluxes, the strength of M, is
closely related to SST. To identify an appropriate threshold of ¢
that can separate shear-driven and non-shear-driven boundary
layers effectively under different scenarios, two additional sen-
sitivity tests based on the CTL experiment but with warmer
SSTs (30° and 31°C) are performed, referred to as CTL-30C
and CTL-31C, respectively.

Figures 6a—c show the azimuthal-mean ¢ and V7, from the
CTL experiments using different SSTs, and Figs. 6d—f high-
light the effective zone where M,, is tapered or turned off us-
ing the wind speed-based approach (blue shading) as well as
the stratification-based approach using different thresholds of
{ (red shading). The blue shading can be roughly considered
as the overlapping region of the two approaches. As docu-
mented earlier, the wind speed-based approach becomes
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effective when Vo = 20 m s~ !, which occurs approximately
10 h earlier in CTL-30C and CTL-31C experiments than in
CTL, as vortex spinup is faster in the former two experiments.
The innermost radius of the blue shading outside the RMW?
in Figs. 6d-f denotes the contour of { = —0.02 (see Figs. 6a—),
the threshold to trigger M,, in the EDMF-TKE code. The ef-
fective zone of { > —0.05 is comparable to that of the wind
speed—based approach, except that it exhibits a more notable
diurnal oscillation and has a larger width during nocturnal
times under relatively lower SSTs (Figs. 6a,b). When ¢ > —0.1
and ¢ > —0.5, the effective zone of the stratification-based ap-
proach extends to the radii where Vi, € [10, 20] m s~! and
Vio < 10 ms™ !, respectively (Figs. 6d—f). Clearly, the stratifica-
tion-based approach with { > —0.5 has the widest effective
zone and becomes activated earliest among all different set-
tings of the first and second approaches. One interesting phe-
nomenon is that when { > —0.5, the MF tapering is activated
during the initial spinup hours (¢ < 20 h) near the RMW in the
CTL and CTL-30C experiments. Overall, the stratification-
based approach with different { thresholds can effectively

3 Blue shadings also exist inside the RMW but cover a relatively
narrow annulus.
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sensitivity tests and CTL experiment: (a) NOSC — —CTL, (b) NOSFC — —-CTL, and (c) NOMF — —CTL. The red
(blue) contour denotes w = 1 m s ! in the sensitivity (CTL) experiment. The black line and blue dashed line repre-
sent the mean RMW and V, = —1 m s~ ! in CTL, respectively. (d)—(f) As in (a)~(c), but the shading denotes specific

humidity (g kg™ b).

identify high-wind regions and respond to the diurnal oscilla-
tion of near-surface buoyancy forcing under various SSTs,
which shows promise for future applications.

Figure 7 compares the evolution of VMAX, RMW, and R17
from CTL, MF-0.05, MF-0.1, MF-0.5, and TaperMF experiments
under different SSTs. The TaperMF, MF-0.05, and MF-0.1 ex-
periments produce similarly stronger VMAX than CTL under
different SSTs (Figs. 7a,d,g). In comparison, TCs in the MF-0.5
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experiment (blue line) undergo a slightly longer preconditioning
period before RI onset and have weaker maximum intensity
than the TaperMF, MF-0.05, and MF-0.1 experiments under
SST = 29° and 30°C. The difference in the preconditioning period
disappears under SST = 31°C, suggesting the strong surface-
driven MF under very warm SST helps spin up the TC vortex,
likely through moistening the boundary layer that facilitates the
eyewall cloud formation. In terms of RMW, the two approaches
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FIG. 6. (a)-(c) Hovmoller diagram of azimuthal-mean surface stability parameter ¢ (shading) and V7, (contoured at 10, 15, 20, 30, 40,
50, and 60 m s~ ') from the CTL experiments with SST = 29°, 30°, and 31°C, respectively. (d)~(f) As in (a)~(c), but showing the region
where two approaches of M, tapering are applicable. The blue shading is where the azimuthal-mean Vi, is greater than 20 m s~ ! and
{ < —0.02. Red shadings demonstrate the region where M,, is turned off with different ¢ thresholds (e.g., —0.05, —0.1, —0.5). The red line
in each panel represents the RMW from each experiment.

produce similarly more compact RMW than the CTL experiment; nearly unaffected under different SSTs, which is consistent
the only exception is the MF-0.5 experiment over ¢ = 110-160 h  with its effective zone being confined radially inward of R17
under SST = 29°C (Figs. 7b,e,h). (see Fig. 6) and also agrees with the results of idealized simu-

The largest difference between the five experiments lies in  lations in Chen et al. (2022). The R17 evolution in MF-0.05
R17 (Figs. 7c.,f,i). Compared to CTL, the R17 in TaperMF is  resembles that in TaperMF, although the amplitude of diurnal
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FIG. 7. Evolution of (a) 10-m maximum azimuthal tangential wind (m s '), (b) RMW (km), and (c) R17 (km) from CTL (black),
MF-0.5 (blue), MF-0.1 (green), MF-0.05 (red), and TaperMF (orange) experiments with SST = 29°C. (d)—(f),(g)-(i) As in (a)—(c), but
with SST = 30° and 31°C, respectively. The gray-shaded box in each panel denotes the analysis period. R17 is shown after the simulated

TC reaches hurricane intensity.

variations of R17 in MF-0.05 is much greater than in
TaperMF, which is closely related to the diurnal variation of their
effective zone as shown in Fig. 6. The R17 in MF-0.5 and MF-0.1
is consistently smaller than that in MF-0.05, TaperMF, and CTL.
Interestingly, the R17 in CTL and TaperMF grows much faster
after + = 100 h than in MF-0.5 and MF-0.1, leading to a maxi-
mum difference of 50-60 km after t = 150 h under different SSTs.

Differences in the intensity and structure using the two ap-
proaches of MF tapering are closely related to the boundary
layer structure. One insightful metric to indicate inflow
strength is surface inflow angle, defined as tan™'(Vg1o/Viio),
where Vg9 and V7 are the radial and tangential velocities at
10-m height, respectively. Figure 8 compares the radial profile
of surface inflow angle from different experiments under vari-
ous SSTs over ¢ = 80-100 h. During this period, the simulated
TCs reach a quasi-steady state and have comparable VMAX
and RMW. The inflow is accelerated in all MF tapering ex-
periments compared to the CTL experiment, with the radial
extent of acceleration being different between MF tapering
experiments. The magnitude of inflow angle is increased by
7°-10° within 1-5 X RMW in the MF-0.5 and MF-0.1 experi-
ments; while the increase of inflow angle is mostly confined
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within the 1-3 X RMW in MF-0.05 and TaperMF experi-
ments. The acceleration of inflow is typically more notable in
MF-0.05 than in TaperMF; one exception occurs under
SST = 31°C and the acceleration of inflow in these two ex-
periments becomes nearly identical, which is consistent with
Fig. 6f in that the effective zone of MF tapering becomes
nearly overlapped prior to t = 140 h under very warm SST.
Figure 8 also provides the observed 10-m inflow angle from a
dropsonde composite of category 1-5 hurricanes (Zhang and
Uhlhorn 2012) as a reference. Despite the differences in
VMAX of CTL TCs under different SSTs, the surface inflow
angle in CTL is very close to the dropsonde composites and
surprisingly stays nearly invariant. We suspect the nearly in-
variant inflow angle under different TC intensity produced by
the original EDMF-TKE scheme is unrealistic, which is likely an
outcome of excessive turbulent mixing in the core region due to
the inclusion of the original MF parameterizations. We call for
more future efforts to stratify the observed inflow angle by TC
intensity to provide better insights for the verification. In com-
parison, the inflow angle is typically greater in MF-tapering ex-
periments, and the increase in inflow angle amplifies with SSTs
as the VMAX of simulated TCs is greater as SST increases.
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FIG. 8. (a)~(c) Composite 10-m radial profile of inflow angle as a function of normalized radius R* (=R/RMW) from CTL (black),
MEF-0.5 (blue), MF-0.1 (green), MF-0.05 (red), and TaperMF (orange) experiments under (a) SST = 29°C, (b) SST = 30°C, and (c) SST = 31°C.
The composite period is shown in Fig. 7. The 10-m radial profile of inflow angle from a dropsonde composite of category-1-5 hurricanes (Zhang
and Uhlhorn 2012) is shown for a reference (gray); the gray bar denotes the 95% confidence intervals. The maximum intensity of simulated TCs
averaged over the composite period is shown at the top of each panel. (d)—(f) As in (a)—(c), but for the modeled inflow layer depth (indicated by
V, = —1ms ') against the observations from Zhang et al. (2011) (gray dashed line). Of note, the range of abscissa in (d)~(f) is slightly different

from that in (a)—(c).

Figures 8d-f compare the radial profile of inflow layer
depth, indicated by V, = -1 m s~ !, from these simulations
and in situ observations* (Zhang et al. 2011). The same com-
posite period for model results is chosen as in Figs. 8a—c. The
observed inflow layer depth is extracted from the composite
radial winds based on 794 dropsonde released in category 1-5
hurricanes (see Fig. 5b in Zhang et al. 2011). The main differ-
ence in the inflow layer depth between observation, CTL, and
TaperMF lies within 1-3 X RMW. The inflow layer depth in
CTL and TaperMF is generally =500 m deeper than observa-
tions, and the differences increase as the TC intensity in-
creases with SST. In contrast, MF-0.5 and MF-0.1 produce
shallower inflow within 2-5 X RMW than observations. One
interesting phenomenon is that the inflow layer depth within
1-4 X RMW in MF-0.05 is similar to observational values to
within 300 m. While this result is seemingly promising, one
needs to be aware that the sampling size of dropsonde at each
radial bin outside the RMW is only 20-40 (cf. Fig. 3 in Zhang

4 Zhang et al. (2011) defined inflow layer depth as the level
where the radial velocity is 10% of the peak inflow. For a fair com-
parison between model results and observations, we recalculated
the observed inflow layer depth as the level where V, = —1ms ™.
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et al. 2011). Once again, this comparison emphasizes the need
for collecting additional observations through dropsondes and
other profiling systems in future studies.

Given that Fig. 8 is based on the normalized radius R*, ex-
amining the modeled radial wind structure along actual radii
can yield additional insights into the impact of MF control
choices, especially for those MF tapering experiments where
only the inner-core (not the outer-core) size is affected (e.g.,
TaperMF). Figure 9 presents an example under SST = 29°C,
showing the differences in the radius-height structure of azi-
muthal-mean radial wind averaged over the same period. Dif-
ferences in the inflow strength above the surface layer in
Fig. 9 supplement the comparison of the near-surface inflow
angle in Figs. 8a—c. Compared to CTL, the inflow depth (gray
dashed lines in Figs. 9a—c) is consistently lowered outside the
RMW using the stratification-based approach of MF tapering,
with maximum reduction of ~800 m in MF-0.5, ~600 m in
MEF-0.1, and ~300 m in MF-0.05. This finding is consistent
with Figs. 8d-f. Meanwhile, the inflow at the lower boundary
layer in these three experiments is stronger, especially near
the RMW, and the zone of enhanced inflow extends to larger
radii in MF-0.5 and MF-0.1 than in MF-0.05. In contrast, the
wind speed-based approach of MF (i.e., TaperMF) exerts a
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FIG. 9. Difference in the radial-height distribution of azimuthal-mean radial wind (shading; m s~ ') averaged over
t = 80-100 h between the CTL and other experiments with SST = 29°C, showing (a) MF-0.5 — CTL, (b) MF-0.1 — CTL,
(c) MF-0.05 — CTL, and (d) TaperMF — CTL. In each panel, the blue dashed line and blue contour denote
V,=—1ms 'and w = 1 ms!in CTL, respectively; the gray dashed line and red contour denote V, = —1 m s~ ! and
w = 1m s~ from the other comparison experiment. The black line denotes the RMW in CTL. Orange or brown shading
below 1-km height means that the MF control choice produces stronger inflow than CTL.

marginal effect on the inflow depth with the effective region
being confined near the RMW (Fig. 9d). Additionally, the ac-
celeration of inflow near the RMW in TaperMF is less notable
than the experiments using the stratification-based approach
of MF tapering (Fig. 9), which is consistent with the compari-
son of surface inflow angle (Fig. 8a). These results demon-
strate that both the inflow depth and strength above the
surface is altered by MF tapering.

In short, the above findings demonstrate that the stratification-
based approach of MF tapering impacts not only the inflow
strength but also the inflow depth, while the wind speed-
based approach of MF tapering mostly affects the inflow
strength near the RMW. The enhanced boundary layer inflow
within the inner core supported the smaller RMW and stron-
ger VMAX in these MF tapering experiments than in CTL, as
stronger boundary layer inflow can advect large absolute angu-
lar momentum (AAM) from larger radii inward toward the TC
center (Smith and Montgomery 2015; Chen and Bryan 2021).

Figures 9a and 9b also indicate that the inflow strength near
R17 in these experiments (r = 80-90 km over ¢ = 80-100 h;
see Fig. 7¢) is 1-2 m s~ ! stronger in MF-0.5 and MF-0.1 than
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in CTL. Stronger inflow will advect large AAM from larger
radii inward, which typically contributes to the expansion of
R17 with the assumption that the loss of AAM due to fric-
tional dissipation is less dominant than radial advection of
AAM. Clearly, this process cannot explain the much smaller
R17 in MF-0.5 and MF-0.1 than in CTL, suggesting the fric-
tional dissipation is nonnegligible at large radii. To illustrate
the impact of boundary layer frictional dissipation, Fig. 10
compares the azimuthal-mean tangential wind averaged over
t = 80-100 h between CTL and other experiments using the
second MF tapering approach under SST = 29°C. Figure 10
shows that while tangential winds in the 2-4-km layer are less
affected, the tangential wind profile in the boundary layer
(<1 km) can be considerably affected, with substantially in-
creased vertical wind shear in MF-0.5 and MF-0.1 (marked
by the black arrow in Figs. 10a,b), which accounts for the
smaller R17 in MF-0.5 and MF-0.1 compared to CTL. This
amplified boundary layer vertical wind shear in MF-0.5 and
MF-0.1 is attributable to the reduced vertical turbulent mix-
ing of momentum as M, is turned off therein. With the effec-
tive zone of MF tapering being confined with the inner core in
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F1G. 10. Radial-height plot of azimuthal-mean tangential wind (contoured at 17, 20, 30, 40, 50, and 60 m sfl) aver-
aged over t = 80-100 h for CTL (black) and other experiments (gray) with SST = 29°C, showing (a) MF-0.5,
(b) MF-0.1, (c) MF-0.05, and (d) TaperMF, respectively. In each panel, the blue and purple dashed lines denote
V,= —1ms ! for CTL and the other comparison experiment, respectively. The red line denotes the RMW in CTL

and the black arrow marks the location of the contour of 17 m s

MF-0.05 and TaperMF, the shape of boundary layer tangen-
tial wind profiles near R17 in these two experiments is nearly
identical to that in CTL (Figs. 10c,d).

To understand the faster growth of R17 in CTL than in
MF-0.5 and MF-0.1 (Fig. 7c), as discussed earlier, we com-
pared the Hovmoller diagram of azimuthal-mean tangential
wind Vr at z = 10 m and radar reflectivity at z = 1 km for
CTL and MF-0.5 under SST = 29°C (Fig. 11). A striking dif-
ference between Figs. 11a and 11b is that the diurnal cycle of
outward and inward propagation of outer rainbands seen in
CTL (also seen in TaperMF and MF-0.05, not shown) is diffi-
cult to discern in MF-0.5 after + = 100 h. The lack of outer
rainband activity in the annulus of r = 90-180 km after
¢t = 100 h is well indicated by purple shading within the blue
box in Fig. 11c. Additionally, the 10-m V7 radially outward of
the RMW of the CTL TC and inward of r = 120 km is gener-
ally ~2 m s~ weaker in MF-0.5 than in CTL (see contours in
Fig. 11c), indicating a faster radial decay of tangential wind out-
side of the RMW in MF-0.5. It should be noted that turning off
surface-based MF in the outer region (roughly r > 3 X RMW;
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see Fig. 6d) in MF-0.5 also reduces the vertical mixing of water
vapor into the upper boundary layer (as suggested by Figs. Se.f),
which explains the weaker rainband activity therein. The reduced
diabatic heating and the resulting weakened radial inflow in the
outer-core region reduce the inward advection of large AAM,
which in part accounts for the much slower growth of R17 with
time in MF-0.5 than in CTL. One additional, indirect impact of
the weakened outer rainband activity on reducing R17 is through
cloud-longwave-radiative forcing, mostly active above the PBL,
as reported by Bu et al. (2014).

5. Conclusions

A modified TKE-based eddy-diffusivity mass-flux (EDMF)
PBL scheme (hereafter EDMF-TKE) was recently developed by
Chen et al. (2022) and then implemented into NOAA’s next-
generation hurricane forecast model, i.e., Hurricane Analysis and
Forecast System (HAFS). This modified scheme reduces the ex-
cessive vertical turbulent mixing in high-wind conditions indicated
by the original EDMF-TKE and contributes to the improvement
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FIG. 11. Hovmoller diagram of azimuthal-mean tangential wind V7 (contoured at 5, 10, 17, 20, 30, 40, 50 m s_l) at z = 10 m and radar
reflectivity (dBZ; shading) at z = 1 km from (a) CTL and (b) MF-0.5 experiments under SST = 29°C. (c) Their differences (MF-0.5 — CTL),
with differences in radar reflectivity shaded and differences in V7 contoured at —15, —10, —5, —2, 2, 5, and 10 m st (negative values are
dashed). The red contour in (a) and (b) denotes Vi = 17 m s~ .. The white line in (a) and (b) denotes the RMW. The red line in (c) is the
RMW from CTL. The blue box in (c) highlights the area lacking in active outer rainbands in MF-0.5.

of HAFS’s forecast skill in both tropical cyclone (TC) intensity
and structure (Chen et al. 2023). Based upon this modified
EDMF-TKE scheme, this study assesses the importance and un-
certainty of surface-driven and stratocumulus-top-driven MF
components in TC simulations by performing idealized CM1 sim-
ulations. Results demonstrate the dominant role of surface-driven
MF in the boundary layer turbulent mixing in the mid-upper
portion of TC boundary layers outside the radius of maximum
wind (RMW). Compared to the simulations using the modified
EDMF-TKE scheme with both MF components turned on, simu-
lations excluding surface-driven MF have significantly lower in-
flow layer depth and stronger inflow outside the RMW, leading
to stronger simulated TC intensity and smaller RMW and radius
of gale-force wind (R17).

To represent the impact of vertical wind shear on distorting
and/or damping rising plumes, this study proposes and tests a
new, stratification-based approach of MF tapering by retain-
ing surface-driven MF component only in non-shear-driven
boundary layers based on the surface stability parameter ¢,
and compares its performance to a wind speed-based ap-
proach that tapers off surface-driven MF based on 10-m wind
speeds. The main findings are summarized below:

1) The zone where MF tapering occurs (i.e., the effective
zone) using the stratification-based approach is dependent
on what threshold of { is chosen to taper/disable MF,
which affects the annulus of enhanced boundary layer in-
flow. Results show that more-negative thresholds of ¢
lead to larger effective zones, which leads to larger annuli
of enhanced boundary layer inflow.
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2) Both approaches of MF tapering can lead to stronger and
more compact inner-core circulations under various sea
surface temperatures.

3) R17 is nearly unaffected using the wind speed-based ap-
proach of MF tapering. In contrast, R17 is notably reduced by
turning off surface-driven MF where { > —0.1 or { > —0.5,
which is in part attributable to the enhanced boundary layer
frictional dissipation in the outer-core region.

4) While the wind speed-based approach of MF tapering
exerts a marginal impact on inflow layer depth, the strati-
fication-based approach of MF tapering can significantly
reduce the inflow layer depth. Among these experiments,
the modeled inflow layer depth within 1-4 X RMW is most
comparable to the in-situ dropsonde composite of hurri-
canes by turning off surface-driven MF where ¢ > —0.05.

Both approaches of MF tapering under high-wind conditions
exert an impact on the TC boundary layer structure, intensity,
and structure. The wind speed-based approach of MF tapering
defines high-wind or shear-driven boundary layers solely based
on 10-m wind speeds (Vo > 20 m s™1), and it mostly takes ef-
fect within the inner-core region when the TC circulation gains
sufficient strength. Instead, the stratification-based approach of
MF tapering separates shear-driven and buoyancy-driven
boundary layers based on ¢, as high-wind, TC boundary layers
are nearly neutral (Foster 2013; Chen et al. 2021a; Chen 2022).
Given that the stratification-based approach considers both
shear and buoyancy effects, it is physically more appealing than
the wind speed-based approach. The effective zone of MF ta-
pering using the stratification-based approach shows a more
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notable diurnal oscillation in response to the diurnally varying
surface buoyancy forcing.

While results in this study suggest { = —0.05 may be a reason-
able threshold to separate shear-driven and buoyancy-driven
boundary layers, we realize that a precise threshold of ¢ needs to
be determined with more in situ measurements (i.e., surface heat
fluxes and frictional velocity) collected in the future, likely through
paired observations of dropsondes and small unmanned aircraft
systems (Cione et al. 2020), and with a systematic evaluation from
operational models (e.g., HAFS) forecasts that can produce realis-
tic TC boundary layer structures against observations (Hazelton
et al. 2021; Chen et al. 2023). A recent observational study led by
Stopa et al. (2022) shows that a bulk Richardson number (Rib) of
—0.012 can effectively separate unstable, and nearly neutral strati-
fication for the marine surface-layer atmosphere (ie., 0-10-m
heights). Given the relationship of ;o ~ 10Rib (Grachev and
Fairall 1997; Stopa et al. 2022),° one can derive an approximate
threshold {;o = —0.12. Nevertheless, one caveat is that ¢ used in
this study depends on the height of the bottom model level (i.e.,
50 m), and thereby one cannot directly compare the values of
¢ and ¢y0. To address this issue, we plan to explore a new boundary
layer stability parameter that uses the diagnosed boundary layer
height (Moeng and Sullivan 1994) rather than the height of the
bottom model level; in that way, the threshold of ¢ is independent
of the configuration of model levels and can yield more insightful
results for the future development of PBL parameterizations in
high-wind conditions. Last, we note that the proposed modifica-
tions to the PBL parameterizations in this study are primarily for
TC applications (e.g., HAFS), and rigorous tests are required be-
fore considering broader applications in global models.
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