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ABSTRACT: Improved representation of turbulent processes in numerical models of tropical cyclones (TCs) is expected
to improve intensity forecasts. To this end, the authors use a large-eddy simulation (with 31-m horizontal grid spacing) of
an idealized category 5 TC to understand the role of turbulent processes in the inner core of TCs and their role on the mean
intensity. Azimuthally and temporally averaged budgets of the momentum fields show that TC turbulence acts to weaken the
maximum tangential velocity, diminish the strength of radial inflow into the eye, and suppress the magnitude of the mean eye-
wall updraft. Turbulent flux divergences in both the vertical and radial directions are shown to influence the TC mean wind
field, with the vertical being dominant in most of the inflowing boundary layer and the eyewall (analogous to traditional atmo-
spheric boundary layer flows), while the radial becomes important only in the eyewall. The validity of the downgradient eddy
viscosity hypothesis is largely confirmed for mean velocity fields, except in narrow regions which generally correspond to weak
gradients of the mean fields, as well as a narrow region in the eye. This study also provides guidance for values of effective eddy
viscosities and vertical mixing length in the most turbulent regions of intense TCs, which have rarely been measured observa-
tionally. A generalized formulation of effective eddy viscosity (including the Reynolds normal stresses) is presented.

SIGNIFICANCE STATEMENT: This study uses a turbulence-resolving simulation of a category 5 tropical cyclone
to understand the role of turbulence in intense storms. Results show that turbulence clearly modulates storm structure
and intensity. This study provides guidance for the values of turbulent quantities (which are usually parameterized in
comparatively coarse operational TC forecast models) in scarcely observed regions of intense storms. Furthermore, a
complete formulation of the effective eddy viscosities is proposed, incorporating contributions from typically ignored
Reynolds normal stress terms.
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1. Introduction observations of the near-eyewall region in intense hurricanes
have alluded to the existence of organized turbulent structures in
the hurricane boundary layer (Montgomery et al. 2006; Marks
et al. 2008; Aberson et al. 2017). These structures, sometimes
identified as coherent eddies (Guimond et al. 2018; Protzko
et al. 2023), tornado-scale vortices (Wurman and Kosiba 2018),
mesovortices (Kossin and Schubert 2004; Alford et al. 2023),
or boundary layer roll vortices (Wurman and Winslow 1998;
Morrison et al. 2005; Lorsolo et al. 2008; Foster 2005, 2013)
based on their sizes, orientation, intensity, and proximity to the
eyewall (Li and Pu 2023), can have important implications
ranging from modulating the severity of damage caused by
hurricanes during landfall (Wurman and Kosiba 2018; Rozoff
et al. 2023) to endangering research flight missions (Marks et al.

Accurate prediction of hurricane intensity continues to lag
behind track prediction (Rogers et al. 2006; DeMaria et al.
2014; Cangialosi et al. 2020), partly due to the lack of suffi-
ciently high-resolution spatiotemporal observations of small-
scale processes within the hurricane boundary layer (HBL)
(Zhang et al. 2009; Emanuel 2017), defined roughly as the first
kilometer above the surface in TCs. Incomplete represen-
tation of turbulence and its various parameterized roles in
numerical weather models may be a substantial source of
hurricane-intensity forecast error, especially in the short time
range (e.g., rapid intensification events). This is partly because
turbulent fluxes in the hurricane boundary layer, which are

mostly parameterized using schemes developed for nonhurri- 2008; Zhang et al. 2010). In addition, these structures could
cane wind cqndltlons (Chen et al. 2021; Chen 2022), modulate ¢ significant influence on the magnitude of the fluxes in the
enthalpy, m01stgre, and momentum gxchange between the storm gy (Morrison et al. 2005), thereby affecting the overall storm
and the underlying ocean surface. Flight-level and ground-based  4ynamics. Very few crewed aircraft missions have been able to
observe these structures, especially within the intense turbu-

lence regime of the hurricane inner eyewall. One such mission
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Since then, small uncrewed aircraft system (sSUAS) (Cione et al.
2016, 2020; Aksoy et al. 2022; Darko et al. 2022; Sellwood et al.
2023) and mobile Doppler radars (Wurman and Winslow 1998;
Kosiba and Wurman 2014; Wurman and Kosiba 2018) have
been deployed within the inner eyewall region of intense hur-
ricanes, in an attempt to safely understand the role of these
structures in modulating the storm dynamics and the HBL in
general.

The HBL has been previously shown to play an important
role in mixing and energy transport which modulates the in-
tensity of hurricanes (Emanuel 1997; Bryan and Rotunno
2009; Smith and Montgomery 2010; Bryan 2012). Using a se-
ries of numerical simulations, Bryan (2012); Rotunno and
Bryan (2012) concluded that the parameterization of turbu-
lence (in the horizontal direction) in the HBL substantially af-
fects the maximum intensity of simulated storms. Rogers
et al. (2012) showed that the turbulence kinetic energy (TKE)
is maximized in the hurricane eyewall and “corner” region
(where the mean flow changes from primarily horizontal to-
ward the TC center, to primarily upward in the eyewall).
These studies provide quantitative evidence for the inhomo-
geneous nature of hurricane turbulence. Furthermore, studies
have shown a height-dependent (Byrne and Zhang 2013) and
radius-dependent (Tang et al. 2015) transition from 3D to 2D
turbulence in TCs, suggesting an inverse (upscale) energy cas-
cade above ~150 m in the TC boundary layer as well as in the
inner-core region (i.e., <1.5 X the radius of maximum winds).
Since organized turbulent structures are prevalent in the
HBL, it is necessary to understand their characteristic scales
and roles in flux/energy flow (into and away from the HBL) in
order to understand the dynamics of intensity changes in
hurricanes.

Although many important aspects of hurricane structure
and behavior have been discovered using aircraft observations
(Aberson et al. 2006a), the general distribution of turbulence
in hurricanes has only recently been analyzed. Lorsolo et al.
(2010) used airborne Doppler radar to provide, for the first
time, the radial-height distribution of TKE in a number of
hurricanes. In situ turbulence measurements (Zhang et al.
2010; Zhang and Montgomery 2012) have been used to esti-
mate the eddy diffusivity in the hurricane boundary layer and
eyewall. Although these particular measurements are more
localized within the hurricane, they suggest that hurricane tur-
bulence may be strongly anisotropic in that the horizontal dif-
fusivity in the eyewall was found to be approximately an
order of magnitude greater than the vertical diffusivity in the
boundary layer. Using the Imaging Wind and Rain Airborne
Profiler (IWRAP) with a horizontal and vertical resolution of
250 and 30 m, respectively, Guimond et al. (2018) docu-
mented that the most intense coherent eddy activities were
preferentially located in the inner edge of the eyewall after
the concentric eyewall replacement cycle stage of Hurricane
Rita (2005), with typical radial wavelengths of ~1-3 km and a
depth of ~1.5 km.

Numerical models have also been used extensively to study
the evolution of the HBL and intensity changes in hurricanes.
However, they are sensitive to the parameterization of tur-
bulence, particularly that of horizontal turbulent diffusion
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(Bryan and Rotunno 2009; Rotunno and Bryan 2012). Rotunno
et al. (2009) pointed out the absence of any observational, exper-
imental, or theoretical basis for existing parameterizations of
horizontal diffusion and promoted using the technique of
large-eddy simulation (LES) for an idealized hurricane to ob-
tain a physically based representation. In the years since that
paper was published, there have been major advances in com-
puter power and the use of LES for atmospheric applications
(Moeng and Sullivan 2014). With LES, the large energy-
containing turbulent eddies responsible for most of the en-
ergy production are explicitly resolved [as opposed to the
planetary boundary layer (PBL) parameterization schemes
used by traditional numerical weather prediction (NWP)
models], while only small and much-less-energetic eddies
are parameterized.

Using a horizontal grid interval of 100 m in the innermost
domain of the Weather Research and Forecasting LES
(WRF-LES), Zhu (2008) analyzed the existence of the so-
called coherent large-eddy circulations (LECs) and concluded
that they exist as well-defined updraft-downdraft couplets
that enhance the exchange of energy, moisture, and momen-
tum. Ito et al. (2017) identified the existence of small-scale co-
herent structures and three types of roll structures (depending
on proximity to the hurricane eye), using the Japan Meteoro-
logical Agency nonhydrostatic model (JMA-NHM) run at a
horizontal grid interval of 100 m. Wu et al. (2018) and Wu
et al. (2019) identified tornado-scale vortices (TSVs) in their
37-m WRF-LESs having a horizontal scale of ~1 km with as-
sociated updrafts of >15m s~ !, occurring preferentially in the
inner edge of the eyewall; they noted that each TSV com-
prised of a couplet of narrow intense updraft and a broad
downdraft. Using a WRF-LES with a 31-m grid interval, Cécé
et al. (2021) simulated the evolution of Hurricane Irma (a cat-
egory 5 storm), showing that extreme wind gusts (=132 ms ')
were associated with multiple subtornadic-scale vortices. Liu
et al. (2022) examined the relationship between TSVs and en-
hanced surface wind gusts using a one-way nested WRF-LES
(with a horizontal grid interval of 37 m in the innermost do-
main). Most recently, Li and Pu (2023) characterized roll vorti-
ces and associated turbulent eddies aloft within 20—40-km radii
of a simulated landfall of Hurricane Harvey (using data from a
WRF-LES with a 100-m grid interval), reporting a mean wave-
length of 0.9-1.1 km for turbulent eddies and 0.8 km for roll
vortices.

Clearly, understanding the prevalence and role of these co-
herent turbulent structures in the hurricane eyewall is perti-
nent not only to research flight safety but also to the
understanding of heat, momentum, and moisture flux which
determines the bounds of storm intensity predictability (Emanuel
1986; Holland 1997). Most importantly, regarding HBL param-
eterizations, understanding the complex interaction among tur-
bulent eddies of varying scales is a critical task in order to
account for the net vertical fluxes which affect the storm. In the
present study, LES of the inner core (i.e., eye, eyewall, and
nearby rainbands) is utilized to characterize the behavior of co-
herent turbulent eddies responsible for vertical and horizontal
fluxes within a simulated category 5 hurricane and their role in
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FIG. 1. Schematic showing the model-simulation setup. The green box (LES subdomain) rep-
resents the region on which the analysis presented in this study is focused. Color shading qualita-
tively represents near-surface wind speed, with red colors being the highest values.

the budget of the mean wind field. Specific objectives of this

study include the following:

1) Understanding the effects of turbulence on the mean
wind field of an intense tropical cyclone.

2) Examining the validity of the widely used downgradient
eddy viscosity hypothesis.

3) Analyzing the vertical and horizontal turbulence momen-
tum fluxes in the TC boundary layer, with implications on
effective eddy viscosity and mixing length, specifically in
the highly turbulent eyewall region of the storm.

The remainder of this paper is organized as follows. Section 2
describes the LES modeling framework used in this study to in-
vestigate the existence of turbulence and coherent eddies in the
HBL. Section 3 reports the major results of this study and these

results are further discussed and summarized with concluding
remarks in section 4.

2. Simulation methodology

This study uses the same simulation as in Worsnop et al.
(2017), Stern and Bryan (2018), Stern et al. (2021), and Richter
et al. (2021). Specifically, Cloud Model 1 (CM1) (Bryan and

Fritsch 2002; Bryan and Rotunno 2009) was used to simulate an
idealized category 5 hurricane at turbulence-resolving horizontal
and vertical grid intervals (Ax = Ay = 31.25 m, Az = 15.625 m),
utilizing the modeling framework described in Bryan et al
(2017a). The simulation, although idealized, was inspired by
Hurricane Felix (2007), which was a category 5 storm with a
comparatively small radius of maximum reflectivity of about

11 km (Aberson et al. 2017).

Figure 1 summarizes the idealized hurricane LES setup, as
also described in Bryan et al. (2017a) for tornadoes. The
three-dimensional model is initialized with output from an
axisymmetric CM1 simulation, which in this case was run for
12 days until a quasi-steady state is reached. Time-averaged
variables were then used to initialize the LES run. The ini-
tially axisymmetric eyewall convection quickly (within about
10 min) transforms into three-dimensional motion. The simulated
storm takes roughly 1 h to adjust from the axisymmetric initial
state with parameterized turbulence to a 3D flow with resolved
turbulence; our analysis excludes this period of adjustment.

The 3D LES was run for a total of 6 h, reaching a statisti-
cally steady state (defined below) after about 1 h of model
integration. By design, the present idealized hurricane is statis-
tically homogeneous in the azimuthal direction as the vortex is
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not translating relative to the lower boundary nor is the beta-
effect or vertical wind shear included. The entire model do-
main spans 3000 km X 3000 km X 25 km, which is large
enough to contain the full hurricane and its environment in-
cluding the inner core and nearby rainbands. However, the
LES subdomain is a smaller subset (80 km X 80 km X 3 km),
which is large enough to produce turbulence from the eye to
about 3 times the radius of maximum winds. Within the inner
LES subdomain, a constant grid interval of 31.25 and 15.625 m
is used in the horizontal and vertical, respectively. For the sub-
grid turbulence within the fine-mesh domain, a two-part
subgrid-scale TKE model based on the Deardorff TKE scheme
is used (Deardorff 1980; Bryan et al. 2017b). Outside of the
fine-mesh LES domain, where turbulence is parameterized
using the Louis PBL scheme (Louis 1979; Kepert 2012), the
stretched horizontal grid reaches 15-km grid spacing at the edge
of the domain, while the vertical grid spacing stretches to 500 m
at 8-km height, staying constant at 500 m up to the top of the
model domain.

One of the challenges for LES in a domain where the flow
enters without turbulence from a coarser-grid domain (e.g.,
Muiioz-Esparza et al. 2014; Munters et al. 2016; Sullivan et al.
2020) is for the model to develop realistic, resolved turbulence
quickly given an air parcel’s short transit time through the fine-
grid domain (green box in Fig. 1). To make sure the boundary
layer turbulence becomes fully developed as the boundary layer
flow transitions from the coarse grid to the fine, a separate pre-
cursor LES of the hurricane boundary layer for the flow beyond
the LES subdomain is used to initiate turbulence in a transition
zone (Fig. 1) [see details in Bryan et al. (2017a)].

For cloud microphysics, the double-moment scheme of
Morrison et al. (2009) is used in the entire simulation domain.
The parameterization of surface stress is described in Bryan
et al. (2017b); most of the LES subdomain has average 10-m
wind speed above 25 m s™', for which the surface roughness
length z, is constant at 2.8 mm. Surface heat fluxes assume a
constant exchange coefficient of 1.2 X 10>, No radiation scheme
is used, although the simple relaxation method of Rotunno and
Emanuel (1987) (hereafter RE87) is used for temperature; this
tendency is negligibly small in the LES subdomain. Further de-
tails of the modeling setup, as well as additional analyses of this
simulation, are available in Stern and Bryan (2018).

When analyzing turbulent flows, it can be challenging to ob-
tain robust results that reveal insights into the role of the tur-
bulent eddies in a seemingly chaotic flow (e.g., Moeng and
Sullivan 2014). Typically, a combination of space- and time-
averaging is used to define mean fields, with perturbations
from those means being used to define turbulent fluxes and
variances. Large datasets are often required to obtain reliable
results. To this end, for analyses presented in the following
section, the model was “restarted” after 4 h and integrated for
an additional 1 h with output every 30 s. Hence, there are 121
snapshots of simulation output from ¢ = 14400 s to t = 18000 s
for the following analyses. The analysis procedure is nearly the
same as in section 4 of Nolan et al. (2017). First, all variables
are time averaged at relevant points on the model’s C-staggered
Cartesian grid. At this stage, the exact same numerical methods
that were used in the model integration (e.g., Wicker and
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Skamarock 2002) are used in the analysis, e.g., for interpolation
on the staggered grid; we find this approach to be necessary to
yield small residuals in budgets of mean model variables (e.g.,
winds, temperature, and moisture). Then, perturbations from
this time-averaged state are calculated at all time levels and are
used to calculate second-order statistics such as vertical flux of
momentum (e.g., u’'w’); these results are then time averaged to
obtain average turbulence fluxes and variances at each grid
point. Last, all variables are azimuthally averaged and pre-
sented in radius-height (r, z) coordinates; this last step is effec-
tive as a “smoother” of the results because there are many (i.e.,
thousands) of time-averaged profiles in original model coordi-
nates with this resolution. The resulting mean field from this
procedure for quantity x(x, y, z, ¢) is denoted by (x)(r, z) and
perturbations by ¥’ = x — (x)-

Resulting mean-field budgets, described in the next section
and the appendix, have very small residuals; the sum of all
terms on the rhs of the mean-velocity budget equations peaks
at 0.02 m s~ 2 (not shown). In comparison, the inertial terms
in the budget exceed 0.2 m s~2, and the lhs of these budgets
(the change of (x) over the analysis time) is on the order of
0.001 m s~2 (hence, the flow is not strictly steady but can be
considered practically steady state). The smallness of the bud-
get residual and the time-tendency terms provide confidence
in the methodology described in the previous paragraph.

3. Results

Figure 2 shows sample horizontal slices at z =~ 40, 100, 700,
and 1500 m of the vertical velocity field w (m s™') in the
southwest quadrant of the storm center, where the solid vertical
line roughly cuts through the center (r ~ 0 km) of each slice.
From Fig. 2, it is clear that vertical velocity fluctuations close to
the surface (z ~ 40 and 100 m) are weaker than at the upper
levels (z =~ 700 and 1500 m), indicating the influence of the
surface boundary (Panofsky 1953; Panofsky and McCormick
1960). The horizontal scale of turbulent velocity structures is
seen to increase with distance from the surface. In addition, at
z =~ 700 and 1500 m, the eyewall of the TC is clearly defined
by the predominantly positive vertical velocity values around
the eye, indicative of strong updrafts. Furthermore, above the
lower levels, “streaks” (defined here as a linear organization) in
the patterns of w are seen outside the eyewall region. The verti-
cal velocity field is clearly turbulent, with different scales of spa-
tial coherence ranging from well-organized elongated streaks to
seemingly unorganized patches of updrafts and downdrafts.

Focusing on z =~ 700 m, Figs. 3a and 3b show a windowed-
in sample of the vertical velocity and water vapor mixing ratio
fields for just the southwest quadrant of the storm (same as in
Fig. 2). In Fig. 3a, there are a number of kilometer-scale in-
tense updraft-downdraft couplets in the inner edge of the
eyewall (two of which are highlighted by the arrows), with
changes in the magnitude of w = 10 m s~ ! across the couplets,
in some cases. The magnitudes of these updraft-downdraft
pairs seen here are also similar to those seen in field observa-
tions of intense storms (Stern et al. 2016). For example, in
Hurricane Felix (a category 5 storm in 2007), the NOAA42
research aircraft experienced a sequence of 10 m s™!
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FIG. 2. Horizontal cross sections of the vertical velocity field w (m s~ 1) around the southwest
quadrant of the storm, at different heights. The black vertical arrow passes through the eye of
the storm.
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FIG. 3. Windowed-in horizontal cross sections of (a) vertical velocity (m s ') in the southwest quadrant of the LES model domain and
(b) water vapor mixing ratio (kg kg™ '), at z ~ 700 m. Vertical cross sections of (c) vertical velocity (m s~ ') and (e) potential temperature
(K) in the inner eyewall (r = 11 km). Vertical cross sections of (d) vertical velocity (m s~ ') and (f) potential temperature (K) outside the
eyewall (r ~ 22 km). The black and blue lines in (a) represent the locations (inner eyewall and outside the eyewall, respectively) from
which the vertical sections in (c) and (e) and (d) and (f) are plotted, respectively. The boxes in (c) and (e) highlight the vertical extent of

two kilometer-scale intense downdraft features in (a).

downdraft, 31 m s~ ! updraft, and 7 m s~ ! downdraft within 1
min (Aberson et al. 2017). These features, distributed along
the inner edge of the eyewall, are also quite similar to those
documented in several observations of intense storms (Aber-
son et al. 2006b; Tsukada and Horinouchi 2020). The sizes of
these coherent velocity structures appear to decrease with in-
creasing radial distance from the storm center. In addition,
visibly elongated streaks of negative velocity signatures are
seen farther from the eye, roughly inclined toward the eye of
the storm. The shape of these quasi-linear streaks quickly de-
form from their elongated form farther from the eye, to a
more compact cellular form in the inner edge of the eyewall
region. In the simulated mixing ratio ¢, plot shown in Fig. 3b,
the structure in the southern part of the inner eyewall, i.e.,
ranging from x ~ —5 to 5 km at y ~ —12 km, is qualitatively
similar to the mesovortices (MVs) identified in the inner eye-
wall of Hurricane Harvey (a category 4 storm in 2007) by
Wurman and Kosiba (2018) and Alford et al. (2023) using
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Doppler radar, as is the associated collocated vertical velocity
signature in Fig. 3a. The MVs documented by Alford et al.
(2023) were found to be associated with intense updrafts
(quite similar to our study), around wind field perturbations
of about 5-10 m s, In a quantitative study of eyewall MVs
(using the Himawari-8 satellite imagery) and their role in the
enhancement of inner-core rotation by angular momentum
transport, Tsukada and Horinouchi (2020) also identified fea-
tures rotating in the inner eyewall of Typhoon Lan (2017)
which are strikingly similar to Fig. 3b. Similar features (i.e.,
large-scale MVs of ~20-30 km in size) were also documented
in Hurricane Karl (2010) by Guimond et al. (2016), adjacent
to convective bursts, and were shown to be transporting air
across the eye—-eyewall interface. These types of features are
clearly present in this simulation.

A vertical cross section through these structures in the ver-
tical velocity field at r ~ 11 km (inner eyewall, black line) and
r ~ 22 km (outside the eyewall, blue line) is shown in Figs. 3¢
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and 3d, respectively. Two intense downdrafts (highlighted by
the arrows in Fig. 3a) are identified in Fig. 3c, showing a verti-
cal extent of ~2.5 km and associated vertical transport indi-
cated by the signatures from the cross section of potential
temperature at the same location and time (Fig. 3¢). Farther
from the inner eyewall (blue line at r ~ 22 km in Fig. 3a), a
vertical cross section of the same variables (Figs. 3d,f) shows a
smaller and weaker updraft-downdraft couplet.

From Figs. 2 and 3, it is clear that this simulation produces
several mesovortex-type structures and coherent turbulent eddies
whose magnitude, spatial distribution, and associated updraft—
downdraft couplets are consistent with observational studies (see
animations of Figs. 3a,b in the online supplemental material).
These figures and animations also reveal a potential disadvan-
tage of our analysis methodology (section 2), in that all of these
coherent structures are included in our analysis, even though
some kilometer-scale features may not be considered “turbulence”
by traditional textbook definitions. Indeed, some of these features
could be resolvable using even 1-km horizontal grid spacing
and would not need to be included in a turbulence (i.e., PBL)
parameterization. Nevertheless, we see no easy way to remove
the kilometer-scale features from our analysis, and the result-
ing analyses are insightful, even if the direct application to op-
erational PBL parameterization is uncertain. The rest of this
paper is focused on understanding the roles of these turbulent
eddies in modulating the mean flow around the TC eyewall
region.

a. The mean velocity fields

Before addressing the role of turbulence on the mean field,
it is important to have a clear picture of the mean flow field
itself. The geometry of a mature TC makes the cylindrical
coordinate system particularly useful in representing its dy-
namics. Here, we discuss the magnitude and direction of the
azimuthally and time-averaged velocity components in Fig. 4.
Figures 4a—c show the radius-height plots of the azimuthally
and time-averaged velocity components, showing the expected
radial variation of velocity fields seen in observations (e.g.,
Rogers et al. 2012; Zhang et al. 2023). Figure 4a shows that the
maximum tangential velocity is at a radius of r ~ 11 km near
the surface and slopes outwards with height. Mean tangential
velocity decreases steadily with increasing radii beyond the eye-
wall, while also decreasing to zero toward the eye (r ~ 0 km).
Figure 4b shows that the radial velocity is negative close to the
surface, indicating strong inflow toward the eyewall region,
which decreases with height until it becomes positive aloft,
typical of the HBL. The level of maximum inflow is 50-75 m,
slightly lower but consistent with observations (Zhang et al.
2011; Ming et al. 2015; Ahern et al. 2019; Zhang et al. 2023).
Figure 4c shows that the mean vertical velocity is weak in
most of the HBL except in the eyewall (r ~ 10-17 km—
highlighted by the black solid contour), where it is clearly pos-
itive, indicating a strong mean updraft characteristic of intense
eyewall convection. A notable mean downdraft (indicated by
negative vertical velocity, blue shading) is seen just outside of
the eyewall (r =~ 21 km).
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Together, the azimuthally and time-averaged velocity field
plots shown in Figs. 4a—c (summarized in Fig. 4d) indicate
maximum radial inflow and weak vertical velocity at the outer
edge of the eyewall (r ~ 17 km) and close to the surface. As
the mean radial inflow approaches the inner eyewall (r ~ 11 km),
it reduces to zero in the corner-flow region, the region
within the inner edge of the eyewall where the strong radial
inflow slows down and turns upward through mass continu-
ity; here, the vertical velocity substantially increases to a
maximum above the BL (which we define roughly as the
first 1 km above the surface). This flow pattern shows that
the mean trajectory of air parcels follows an inflow path
toward the core, followed by a deceleration and a sharply
defined mean updraft in the eyewall region, consistent with
previously well-established understanding of the mean struc-
ture of the TC boundary layer (Shea and Gray 1973; Marks
and Houze 1987; Kepert and Wang 2001; Smith et al. 2009;
Rogers et al. 2012; Persing et al. 2013; Montgomery and Smith
2014, 2017). We now move toward understanding the impact
of turbulence on this mean flow.

b. Mean-field budget—The role of turbulent eddies

As shown above, coherent turbulent velocity structures are
prevalent in the TC boundary layer, particularly in the eye-
wall. The question thus arises as to what role they play in the
budget of the mean wind field equations. Do they act to en-
hance momentum in the eyewall or do they act to weaken it?
To clarify the role of turbulent eddies, we derive the azimuth-
ally and time-averaged momentum equations [in cylindrical
coordinates, similar to Hinze (1959), Gray (1966), Stanisic
(2012), Nolan et al. (2017)] and compute each term appearing
on the right-hand side from the model simulation output:
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T T
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Because this simulation is statistically steady, the lhs of the
equations above is negligible (see section 2). The symbols u,
v, and w represent the radial, tangential, and vertical velocity
components; r is the radius; f is the Coriolis parameter; ¢ is
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FIG. 4. Plots of the azimuthally and time-averaged velocity components for (a) tangential
velocity (v) (m s™'), (b) radial velocity () (m s~ '), and (c) vertical velocity (w) (m s !). The
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eyewall region and a significant downdraft feature just outside the eyewall, respectively. (d) Plot
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the density-normalized pressure; Fj, is the buoyancy (see
Bryan and Fritsch 2002); and the terms with a prime () indi-
cate differences from the mean. The symbols F*, F¥, and F"*
represent contributions from the LES subgrid tendencies. In
(1)~(3), the third and fourth terms (7" and T**) on the
rhs represent the momentum tendencies due to the diver-
gence of the turbulent eddy fluxes in the radial and vertical di-
rections, respectively. To understand the role of turbulence in
the evolution of the mean wind field, we evaluate the contri-
butions of these turbulent tendencies below. In all of the plots
shown in Fig. 5, the subgrid contribution (in the radial (F**")
and vertical (F**} directions)—which are negligible except
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in the lowest few model levels—is included with the resolved
terms. See the appendix for a comparative analysis of re-
solved and parameterized turbulent tendencies on the mean
flow where the subgrid part is seen to be relevant only in the
lowest model levels. In the appendix, we also briefly comment
on the tendencies from the mean advection and other nontur-
bulence terms which appear in (1)-(3).

For the (u) budget in (1), Figs. 5a and 5b show the contribu-
tion to the mean flow by the turbulence flux divergences in
the radial and vertical directions. The black contours indicate
the mean radial velocity (u) (with a contour interval of
5 m s '). Both radial and vertical eddy tendencies act to
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the contributions due to turbulent eddy tendencies in the (a) radial (7% + (F")) (m's~?) and (b) vertical (T" + (F“))
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weaken the magnitude of the radial velocity in the inflow re-
gion. From Fig. 5a, the radial tendency field is a dipole at
r ~ 11 km, indicating diffusion of radial inflow along the
strong gradient of (u). Furthermore, the vertical eddy-flux
divergence (Fig. 5b) primarily acts to diminish the magnitude
of radial inflow close to the surface (from the inflow BL to the
corner flow), ultimately leading to the loss of momentum due
to drag. A comparison of the radial and vertical eddy tenden-
cies here indicates that the weakening role (red shading) of
the vertical term is significantly larger, especially closer to the
surface (below the height of maximum radial inflow).

For the (v) budget, Figs. 5c and 5d show the contribution
to the mean flow by the turbulence flux divergences in the ra-
dial and vertical directions. The black contours indicate the
azimuthally and time-averaged tangential velocity (v) which
peaks near the inner edge of the eyewall. Because of the nega-
tive values of eddy tendencies in the vicinity of V., both
the radial and vertical eddy tendencies act to weaken the
maximum value of the tangential wind speed. In Fig. 5c, the
radial eddy tendency is a dipole just inward of the eyewall
(r = 10 km) and thus acts to diffuse momentum at the eye—
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eyewall interface. The vertical eddy tendency (Fig. 5d) pri-
marily diffuses momentum along and just inward of V.. In
addition, the vertical eddy tendency primarily acts to reduce
momentum along most of near-surface boundary leading to
the eyewall (weak blue shading in Fig. 5d outside of V).
We also note that in Figs. 5c and 5d, the eddy-flux divergences
along the V., contour (blue shading) are accompanied by a
momentum “spinup” in the inner edge of V. toward the
eye (red shading) which extends to a height of ~2 km. This
spinup extends closer to the surface, by the role of the radial
eddy tendencies (Fig. 5¢). In a related budget analyses, a simi-
lar role of radial eddy tendencies (i.e., their simultaneous
“spinup”—“spindown” activity) around V,,x was documented
by Persing et al. (2013) in both 3D and axisymmetric model
configurations. Additionally, Emanuel (1997) showed using a
theoretical model that due to the flow transition from the TC
eyewall to the eye being strongly frontogenetic (for angular
momentum and moist entropy), radial turbulent momentum
diffusion at the eye—eyewall interface consequently allows a
mechanism for the mechanical spinup of the eye. These
patterns from our turbulence-resolving simulation reflect the
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diffusion of mean angular velocity (see next subsection) away
from its peak and agree with the idea that the spinup of
the TC eye and the turbulence-induced diffusive spindown of
the eyewall V. is indeed a feature of TCs (Emanuel 1997;
Persing et al. 2013) even in LES.

Curiously, near the surface, there is a weak positive contri-
bution to (v) (light red shading in Fig. 5d) just outside of Viax
(r = 11-17 km) below the height of maximum radial inflow
(z < 50 m). This weakly positive anomalous tendency sug-
gests a weak enhancement of tangential velocity by turbulent
eddies. Figures 6a—c show that, at the inner edge of the eye-
wall (Fig. 6a) and outside the eyewall (Fig. 6¢), the total tur-
bulence tendency (black line) is clearly negative. In contrast,
within the eyewall (Fig. 6b), the total turbulence tendency is
slightly positive. We do not have a definitive explanation for
this feature, although we note that, in a parcel-following
(Lagrangian) perspective, the resolved component 77 increases
notably as parcels near the surface enter the corner-flow region,
whereas the subgrid component F} varies smoothly in the same
region. This feature might be related to the inhomogeneous
conditions, which could violate the assumptions of the surface-
layer model, as noted for tornadoes by Wang et al. (2023).

Finally, considering the (w) budget, Figs. Se and 5f show
the contribution of the radial and vertical eddy tendencies to the
mean flow. The radial eddy tendency (Fig. Se) is small compared
to the vertical eddy tendency (Fig. 5f) which is significantly nega-
tive in the lowest region of the inner eyewall and roughly balan-
ces the sum of the buoyancy contribution and the vertical
gradient of the normalized pressure term (see Fig. A3). The ver-
tical eddy tendency acts to diminish the strength of the mean
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upward flow of the vertical velocity in the eyewall. In other
words, it opposes the mean eyewall updraft, reducing the magni-
tude of mean vertical velocity near the surface in the eyewall.

The foregoing analysis indicates that the net effect of the
turbulent eddy tendencies in the eyewall region is essentially
diffusive in nature—acting to reduce V. and weaken the
strength of the radial inflow close to the surface, as well as the
upward flow of air in the eyewall. We also find, from the mag-
nitude and spatial distribution of the eddy tendency terms in
the budget equations, that the turbulence tendencies in the
vertical direction (T + (F“/"}, i.e., Figs. 5b-f) are gener-
ally larger and more spatially prevalent in most of the simu-
lated HBL than those in the radial direction (7% + (F“/v)
i.e., Figs. Sa—e), consistent with conventional boundary layer
theory. In the localized region around r ~ 11 km, however,
the radial tendencies (T%Y + (F*/)) become comparable in
magnitude to the vertical (%Y + (F“")) in terms of their in-
fluence on the mean field. In other words, in the inflowing
boundary layer (Fig. 4d), the turbulence plays a role similar to
a typical PBL, while in the eyewall a more complex picture
emerges. The role of turbulent eddies in the mean budget
analyses carried out in this study is qualitatively similar to the
findings from a similar budget analysis for a tornado by Nolan
et al. (2017).

c¢. The validity of the eddy viscosity hypothesis and
estimates of effective mixing lengths

Now that we have established that the turbulence tendencies
primarily act to diffuse the mean momentum fields, we now ex-
amine a simple turbulence parameterization of eddy fluxes in
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the hurricane boundary layer. As a consequence of their rela-
tively coarse resolution (>1 km), operational weather forecast
models must parameterize the role of turbulence. Traditionally,
using the molecular diffusion analogies for the eddy fluxes
(Anthes 1974; RES87; Stull 1988), the downgradient hypothesis
is assumed for the unresolved momentum fluxes. In principle,
each flux term can be parameterized by its own eddy viscosity
as shown in (4)—(6), where K%, K? are effective eddy viscosities
for vertical fluxes of u and v and Kj, is an effective eddy viscos-

ity for the (¢/v’) term:

ww) = -k 2, )
ww) = -k 1, ©)
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d (v)

~-K,r (6)

ra 7
W) or r
Since the eddy viscosity is indicative of the “strength” of mix-
ing, it plays a role in the qualitative description of turbulence
intensity in the HBL. Here, we evaluate the validity of the
widely used downgradient hypothesis, namely, whether or not
it leads to nonphysical negative values of the eddy viscosity.
[It should be noted that in the fluxes ((u'w’), (v'w’), and
(u’v’)) discussed below, both the resolved and subgrid flux
components—which is only significant in the lowest model
levels—are combined and presented. ]

Figure 7a shows the vertical flux of radial velocity (u'w’)
(shaded) and mean radial velocity (u) (black contours). The
vertical flux (u'w’) is generally negative in most of the hurricane
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boundary layer and at most radii (apart from close to the
surface and aloft in the inner eyewall, z = 700 m and r ~ 11 km).
The negative-flux region collocates with regions of positive
vertical gradient in radial velocity (Fig. 7b), while the regions
of positive fluxes close to the surface coincide with negative
gradients, suggesting the downgradient hypothesis is indeed
valid. To show this relation more clearly, the effective eddy
viscosity K¥ = —(u'w’)/(d(u)/0z) is plotted in Fig. 7c, showing
positive values in most of the TC boundary layer, indicative of
downgradient turbulent transport. A thin region of negative
K is seen at the top of the inflow BL at about » ~ 20 km, close
to the weak gradient, d(u)/dz =~ 0, zone in Fig. 7b. We note
that in computing K%, gradients which are less than 3% of the
maximum [3{u)/dz| are excluded because the downgradient hy-
pothesis is not applicable in regions with near-zero mean gra-
dients, which would lead to nonphysically large-eddy viscosity
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values. Figures 7d and 7e show near-surface profiles of (u'w’)
and KY, respectively, at specific radii of interest. From Fig. 7d
(at r ~ 17.5 km and r ~ 22 km), weakly positive vertical mo-
mentum flux is seen below the height of maximum radial in-
flow (z < 50 m). Just above, near the level of maximum inflow
where the mean gradient is small, Fig. 7¢ indicates a weak re-
gion of countergradient flux denoted by negative K¥. In contrast,
the profile at r ~ 10 km (solid blue lines in both Figs. 7d,e)
shows a steady increase of (u'w’) and K? with height, with K
staying positive, as this profile was located slightly inwards of the
eyewall where the maximum value of inflow is at the surface.
For the vertical flux of tangential velocity (v'w’), Fig. 8a
shows that negative values at the lower heights (z = 500 m)
correspond to regions of positive vertical gradients (Fig. 8b),
while positive-flux values are generally associated with the
negative gradients where there is outflow above the boundary
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layer. Plotting K? = —(v'w’)/(9(v)/0z) in Fig. 8c, again the
downgradient hypothesis is seen to be valid for most of the
HBL, except for a narrow band of negative eddy viscosity
(countergradient flux) which extends from the inner eyewall
to a radius of ~30 km. Again, mean gradients <3% of
max|d(v)/dz| are excluded here. A closer look at the vertical
gradient field o(v)/dz shown in Fig. 8b indicates that this region
of countergradient flux (seen in Fig. 8c) coincides with a region
of comparatively weak vertical velocity gradient of tangential ve-
locity along the inflow boundary, similar to the results for radial
velocity above. Figures 8d and 8e show near-surface profiles of
(v'w’) and K, respectively, at specific radii of interest (r = 10,
12.5 and 22 km). The height of countergradient flux (i.e., nega-
tive K?) at r = 10 km (solid blue line in Fig. 8¢) corresponds to
the height where the mean velocity gradient (Fig. 8b) transitions
from positive to negative, similar to the behavior seen in K%
above, at r = 17.5 km and r = 22 km (Fig. 7e).

These results highlight that, although the downgradient hy-
pothesis is largely valid in the HBL according to this simula-
tion, regions near weak mean gradients can be problematic.
This is in agreement with a recent LES study in sheared envi-
ronments by Wang and Jiang (2017), where countergradient
fluxes of (v'w’) near the top of the HBL were associated with
a weak vertical gradient in the tangential velocity. We note,
however, that regions of countergradient fluxes in Figs. 7c and
8c correspond to regions where the contributions of the turbu-
lent tendencies (7% and T}) to the mean-field budgets in
Figs. 5b and 5d, respectively, are not substantial, suggesting
that downgradient diffusion is sufficient for parameterization
of the inner core of strong hurricanes. Of course, further anal-
ysis is needed with different types of storms (e.g., larger,
weaker, and sheared) to test the robustness of this conclusion.

This analysis of K¥ and K? helps clarify vertical turbulent
flux distribution in and around the TC eyewall, where the flow
becomes complex near the corner-flow region. For PBL parame-
terizations, however, consolidating K% and K? into one effective
eddy viscosity for momentum fields is common practice, in order
to reduce the number of parameters. To characterize this type of
effective eddy viscosity, we use the following equation:

2 2

(ww)

Jowyaz)? + @wyor?

+ (v'w’)
Koy =

™)

The spatial pattern of KY; in Fig. 9 shows that the strongest
turbulence is along the inner edge of the eyewall (r =~ 10 km),
with values as high as ~1000 m? s ™. A vertical profile of K¥;
at this location is shown in Fig. 9b, indicating eddy diffusivity
values exceeding 1000 m? s at z ~ 500 m, with values
~250 m* s~ ! for z > 1.5 km in the eyewall. The high K in
this region (the corner flow) is likely explained by the inho-
mogeneous conditions here, evident in the sharp deceleration
of the radial inflow accompanied by increasing vertical veloc-
ity. Horizontal velocity gradients, as well as the mean vertical
velocity field, are typically assumed to be negligible in bound-
ary layer parameterizations, but in the eyewall of TCs, they
play a substantial role in the generation of TKE (not shown).
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Outside the eyewall (r =~ 22 km), the vertical profile in Fig. 9¢
shows a steady increase of K from the surface to about
z ~ 500 m, after which KY; stays nearly constant with height
at a value of ~300 m? s~ . In both Figs. 9b and 9c, the insets
show that K,, (the standard subgrid-scale eddy viscosity
model) and K,, (the two-part near-wall subgrid model) are
only nonnegligible in the lowest few model levels.

The mean values for eddy viscosity (=40-130 m? s™1) re-
ported by Zhang et al. (2010) using a ~450-m flight-level da-
taset through the intense eyewall of two category 4/5 storms
are similar to the values (=180 m? s™1) found in the present
study, at a similar height (z = 0.5 km) just outside the eyewall
(Fig. 9¢). A similar observational study by Sparks et al. (2019)
using aircraft data from eyewall penetrations of four TCs (at
~600-650 m height) found effective vertical eddy viscosity
>200 m* s~ ! in the eyewall region, well within the range of
values seen in the present study.

Zhang and Drennan (2012) computed the vertical distribu-
tion of eddy diffusivities from observations, using in situ air-
craft data collected during four intense storms. In their study,
using data collected during the Coupled Boundary Layers
Air-Sea Transfer (CBLAST) Defense Research Initiative
field campaign (Black et al. 2007; French et al. 2007; Drennan
et al. 2007), they found no clear evidence of countergradient
momentum fluxes. We however note that the data used in their
study were far from the storm center, in the outer rainband re-
gion of the storms. The analysis presented in this study focuses
on the eyewall/inflow BL region of the storm. Additional flights
(possibly using unmanned aircraft) into the most-turbulent re-
gions of the storm at low altitude are needed to further confirm
the validity of the downgradient eddy viscosity hypothesis for
momentum fluxes in the inner core of hurricanes.

Going further, simple parameterizations for eddy diffusivity
often use a mixing length /, e.g.,

K, =PI, ®)

following the Smagorinsky formulation (Smagorinsky 1963),
where S, is the deformation (also see Tennekes and Lumley 1972,
p- 49). (The effects of buoyancy are neglected for simplicity.) Hav-
ing highlighted the distribution of effective eddy viscosity, we
proceed with investigating the spatial distribution of the effec-
tive vertical mixing length LY; in the tropical cyclone BL.

We begin first by computing the effective mixing length using
(8) and substituting the effective eddy viscosity (7) for the lhs:

12
Ly, = [Kgff / Jowyoz? + @wpez?| . )

The result (Fig. 10a) shows that at » > 11 km, LY; increases
monotonically with height from 0 at the surface to ~100 m
from 1 km above the surface. A vertical profile of LY; taken
at r = 10 km is shown in Fig. 10b, revealing a nonmonotonic
behavior with height, and relatively high values of LY; (=300 m)
between z ~ 500 and 1000 m. On the other hand, a vertical pro-
file of LY; at r = 22 km, shown in Fig. 10c, indicates that the ef-
fective mixing length increases more slowly and monotonically
from ~0 m at the surface to about ~100 m at z ~ 500 m, where
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show windowed-in plots of the first 100-m height of the BL.

it remains constant with height up until z =~ 1 km. Above
z =~ 1000 m, at the location of this vertical profile, the value of
LY increases sharply (possibly due to the decreasing vertical
wind shear at the exact same location seen in Figs. 7b and 8b)
until it becomes undefined. This region also coincides with the
top of the inflow layer (Fig. 4b). The range (=~35-55 m) of LY
estimated by Zhang and Drennan (2012) is comparatively
smaller (about half) of the LES-derived values from outside the
eyewall (r ~ 22 km and 0 km = z = 1.0 km - Fig. 10c) in the
present study, most likely due to the relatively low surface wind
regime (18-30 m s~ ') between the TC outer rainbands where
their data were collected. Zhang et al. (2010) estimated vertical
mixing lengths of ~100 m in the eyewall region of Hurricane
Hugo (1989) and Allen (1980) at ~450-500-m flight height. The
LY from our study, in the eyewall region (see Fig. 10a), agrees
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well with the observational estimates by Zhang et al. (2010).
We also note that Zhang et al. (2010) documented, with some
caveats [i.e., including flight segment cutting through the eye-
wall vorticity maxima (EVM)], vertical mixing length of ~220 m
from eyewall-penetrating flight legs into Hurricane Hugo (1989).
The LY; from our study indeed approaches and exceeds ~220 m
at the inner edge of the eyewall. In this sense, the present study
provides guidance on the vertical and horizontal distribution of
LY in the most intense region of the TC environment.

Various analytical estimates of LY; have been formulated
and employed in the parameterization of TC boundary layer
behavior (Blackadar 1962; Louis 1979; Mason and Thomson
1992; Bryan and Rotunno 2009; Kepert 2012). A widely used
PBL model, the Louis scheme, often uses the formulation in
(10) and is based on Blackadar (1962):
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FIG. 10. Plots of the effective mixing length L¥; (m). (a) Radius-height plot. (b),(c) Vertical
profiles of LY; (black line) and analytical Louis-type profiles (red dashed lines; with L.. = 150 m)

and the Prandtl theoretical surface layer relations (gray line) at (b) » = 10 km and (c) r = 22 km.
(d) Radial variation of LY; at z =0.75, 1.0, and 1.25 km (black, red, and blue lines, respectively).

[The black vertical lines in (a) indicate the locations of the profiles in (b) and (c). The solid and
dashed black contours in (a) indicate (w) at +1.0ms™ "]

variation of the effective mixing length LY; outside the eye-
wall, from the surface to z =~ 1000 m. Interestingly, this same
value (=150 m) for L.. was recommended in one of the earli-
est reformulations of the Louis scheme (Louis et al. 1982). In
their study, Zhang and Drennan (2012) found that a large
number of estimated L. values fall between 40 and 80
m—also about half of L.. = 150 m seen to be a reasonable fit
in the present study at r ~ 22 km (Fig. 10c)—although a few

1 (10)

KZ

L1
L.’

==

where k and L.. represent the von Karman constant (~0.4)
and the asymptotic length scale (prescribed by the user),

respectively.
In Fig. 10c, we find that the analytical formulation using

L.. = 150 m (red dashed line) captures well the vertical
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values as high as ~140 m were found. This discrepancy be-
tween our results and Zhang and Drennan (2012) could be a
consequence of multiple factors, including the sample size
used in their study and the intensity of different storms on
which the analyses were based as well as the proximity to
the intense eyewall region. A comparison of the Prandtl
theoretical surface layer relation, Prandtl (1932) (gray line
in Fig. 10c) and the model computed LY (black line), indi-
cates that the simulation roughly captures the behavior of
the theory very close to the ground—an expected behavior
widely seen in simple boundary layer flows (Rossby and
Montgomery 1935; Schlichting and Kestin 1961; Blackadar
1962; Biswas and Eswaran 2002)—above which the model-
derived value approaches an asymptotic value.

However, in the inner eyewall (Fig. 10b), the Louis scheme
profile with L., =~ 150 m does not capture the vertical varia-
tion of LY; found in the present study, even qualitatively. The
LY from the present study (black solid line) is consistently
higher than the analytical profile across most of the BL
height, suggesting that the widely used asymptotic formula-
tion of the effective mixing length [(10)] underpredicts the
magnitude of the effective mixing length in the most intense
regions of the TC. Furthermore, unlike outside the eyewall
(Fig. 10c), LY; seen here is notably larger than the Prandtl
surface layer relation (gray line) as z increases from the
ground up until z ~ 0.75 km. These results suggest that the
nature of turbulence in the corner flow of the TC eyewall may
be fundamentally distinct from traditional boundary layer tur-
bulence. We suspect that contributions from horizontal gra-
dients, which can be quite strong in hurricane eyewalls but
are neglected in traditional boundary layer equations, are
probably responsible for these different results in the corner-
flow region.

Figure 10d shows the radial variation of LY at z = 0.75, 1.0,
and 1.25 km (black, red, and blue solid lines, respectively). At all
heights, outside the eyewall (r > 20 km), LY; is seen to decrease
steadily with increasing radii, with values generally less than
120 m. In the inner half of the eyewall (r < 15 km), however,
LY increases rapidly with decreasing radii. This sharp increase
in the magnitude of LY in the corner-flow region is again attrib-
uted to the nontraditional behavior of turbulence in this region
relative to the inflowing boundary layer. The local peak in the
values of LY; at r = 20 km appears to be associated with the
downdraft feature (dashed black contour in Fig. 10a).

In most boundary layer parameterization schemes, the
horizontal momentum flux (u’v’) is assumed to be smaller
than the vertical momentum fluxes (u’w’) and (v'w’) (e.g.,
Malkus and Riehl 1960). However, in the corner-flow region
of the storm, Zhang and Montgomery (2012) suggest that
horizontal mixing may become just as important as vertical
mixing in terms of its effect on the vortex dynamics (this is
confirmed in the analyses of the flux divergences presented in
Fig. 5). Bryan and Rotunno (2009), Rotunno and Bryan
(2012), and Bryan (2012) pointed out the importance of hori-
zontal momentum diffusion and associated mixing lengths
on the maximum intensity of simulated storms. Comparing
Fig. 11a to Figs. 7a and 8a, it is seen that in the corner-flow re-
gion, the horizontal momentum flux is significantly (=3 times)
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greater than the vertical momentum fluxes. Figures 11a and 11b
also show that regions of positive horizontal momentum flux cor-
respond to regions of negative radial gradient [r(0/0r)({v)/r)],
again confirming mostly downgradient transport of horizontal
momentum.

Interestingly, a plot of the effective radial eddy viscosity
[K,, = —((w'v")/r)(@/or)({v)/r)] in Fig. 11c shows that the regions
of countergradient fluxes (blue shading; negative values of eddy
viscosity) are located close to the surface region (z = 100 m) and
near the inner edge of the eyewall (r ~ 10-11 km), extending
up to the top of the boundary layer (z ~ 2 km). For the near-
surface region, where the magnitude of negative eddy viscosity
is comparatively smaller, the countergradient fluxes are clearly
seen to be below the height of maximum radial inflow (black
dashed contour in Fig. 7a) where momentum is most likely be-
ing lost to the surface due to friction. For the region near the in-
ner edge of the eyewall, however, the countergradient flux
signatures do not entirely coincide with weak radial gradient
zones and are comparatively significant in magnitude and spa-
tial extent at the top of the BL. Again, we note that the contri-
butions of the turbulent tendency to the mean flow (Fig. 5c)
around the region where the countergradient fluxes are found
here are not substantial and thus may not significantly influence
the storm mean wind field. A closer look at the mean radial ve-
locity field (black contour in Fig. 7a) reveals that this region of
countergradient flux at the top of the BL actually coincides
with the outflow region. This result would imply that the
countergradient fluxes seen in this region (Fig. 11c) may
be related to large eddies that span the interface between
the weak negative inflow region and the outflow at the top
of the HBL. Furthermore, the countergradient flux signa-
tures slightly inwards of the inner edge of the eyewall
(r < 10 km), extending from the surface to top of the BL,
could also be related to large eddies at inner edge of the
eyewall (Fig. 3a).

A comparison of the magnitudes of K}, with K% and K? in
Figs. 7c¢, 8c, and 11c, respectively, suggests the anisotropic na-
ture of turbulence processes in the corner-flow region of a
TC. The values of K, found in the present study are similar to
the observation measurements (~1500 m? s™!) recorded by
Zhang and Montgomery (2012) using aircraft measurements
flown at about ~500-m height into the eyewall of three in-
tense storms [category 5, Hurricane David (1979); category 4,
Hurricane Allen (1980); and category 5, Hurricane Hugo
(1989)]. This result confirms the importance of horizontal diffu-
sion in the corner-flow region of the hurricane boundary layer,
supporting the findings from previous observational (Zhang and
Montgomery 2012) and numerical (Bryan and Rotunno 2009;
Bryan 2012; Zhang and Marks 2015) studies.

In summary, the downgradient eddy viscosity hypothesis is
valid in most of the boundary layer according to this simulation,
although regions of countergradient fluxes are noted in regions
of weak gradient near the eyewall and inflow layer top. The
magnitude and spatial distribution of K, also indicate that the
downgradient hypothesis is largely valid, except for certain
regions within the eyewall. That said, in the context of the turbu-
lence tendencies (shown in Fig. 5), we find that these coun-
tergradient regions may not actually significantly alter the
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FIG. 11. Contour plots of (v)/r (s™"), overlain by shadings of (a) azimuthally and time-averaged
radial fluxes of tangential velocity (z/v/) (m® s 2), (b) r X the radial gradient of rotation rate
r@/ar)((v)/r) (s71), and (c) the effective eddy viscosity Kj, (m?s™ ). [Plots (b) and (c) use the same

contour interval for (v)/r asin (a).]

mean fields. A more systematic study of countergradient
fluxes in the HBL [possibly using higher-order closure mod-
els (e.g., Nardi et al. 2022) or mass-flux schemes (Han and
Bretherton 2019; Chen and Marks 2024)], in addition to
novel high-resolution observations, would be needed to fur-
ther clarify this conclusion.

d. A revised formulation of eddy viscosities

The simple parameterization of radial flux (6) only consid-
ers the shear stress term (1/v’). However, (1)—(3) indicate
that this is not the only turbulent stress term acting in the ra-
dial direction (see Fig. 5a)—terms containing (z’?) and (v'?)

Authenticated cgarrison@ametsoc.org | Downloaded 07/26/24 02:15 PM UTC

also influence the mean flow. Thus, the eddy viscosity K,
shown previously in Fig. 11 only accounts for a portion of the
radial turbulence transport. A similar approximation was
made by Zhang and Montgomery (2012).

In their axisymmetric numerical model, RE87 developed
and presented relationships for separate eddy viscosities in
the radial and vertical directions. They noted following Mason
and Sykes (1982) that having a significantly larger horizontal
grid spacing (compared to the vertical) necessitates the need
for different parameterizations in these two directions in me-
soscale models. In the present study, with the turbulent
stresses mostly resolved in the corner-flow region (and the
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FIG. 12. Plots of (a) effective radial eddy viscosity K’ (m* s™') using (14) and (b) effective
vertical eddy viscosity K; (m? s~ 1) using (15). The solid black contour line in each panel indi-
cates (w) of +1.0m s, highlighting the eyewall region. The solid and dashed gray contour lines
in each panel show the mean radial velocity (i), using the same contour interval as in Fig. 7a.

horizontal grid spacing being similar to the vertical), we can
evaluate their formulations for an effective radial eddy viscos-
ity which includes all components of the Reynolds stresses rel-
evant to mixing in the radial direction.

Following RE&7 (p. 545), we form a turbulent kinetic energy
equation assuming equilibrium conditions, i.e., a balance between
production and dissipation. For the radial direction, we have

9 {v) _

ar r

aw) _
0z

—W)r o) _ ey ) _

72
ar r (w >

(w?)
(1n

The production terms [lhs of (11)] are essentially the same as
those leading to RE87’s Eq. (29), except for two important
differences: 1) we do not invoke any parameterization for the
Reynolds stresses and 2) we include a term with 9(w)/z,
which is needed for consistency in the complete stress tensor
(e.g., Wajsowicz 1993).
Next, as in RE87, we assume based on dimensional grounds
that dissipation has the form
e = (Kl (12)
where K’ is an effective eddy viscosity in the radial direction
and /, is an associated effective length scale. Further, we
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assume /, is related to K”; and the horizontal deformation S,

via a traditional “Smagorinsky” model,

Kgff =1, Spo (13)
where 82 = [r@/on ()N + 2[O@)or?* + (u)/r)* + @(w)loz)].
Using (13) to eliminate /, from (12), the resulting equation for
the rhs of (11) leads to a relation for effective horizontal eddy
viscosity:

(u)

— M

g o ol o)

This formulation now includes contributions from all terms
associated with turbulence tendencies in the radial direction.
It reduces to (6) if all terms except those with (#’v’) and
r(3/0r)({v)/r) are neglected.

Figure 12a shows a plot of K”;; determined using (14). This
result is much less complicated than that shown in Fig. 1lc,
particularly in the eyewall. Figure 12a also shows that the
downgradient eddy viscosity hypothesis is valid for most of

(14)
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the HBL, except in two thin regions: within the eye (where
the blue shading extends from the surface to the top of the
plot) and within the inner edge of the eyewall for z > 500 m.
For the region in the eye, the countergradient radial flux region
has negligible effect on the mean flow, since the turbulent ten-
dencies there are so small (Fig. 5). We also note that the location
and scale of the countergradient flux signature seen in the eye
suggest that they are possibly related to the coherent turbulent
structures seen in Figs. 2 and 3 and in a recent work by Protzko
et al. (2023). For the eyewall, the countergradient fluxes seem to
reside above the inflow layer (dashed gray contour lines) and
may be related to the transition from an inflowing to outflowing
flow pattern in the TC eyewall; in other words, there may be a
turbulence “memory” effect [see Hinze (1976)] as air parcels
move through the corner-flow region.

Following a similar procedure, an effective eddy viscosity in
the vertical direction can be derived:

s )
(w2 — ) ?0)
2 2
e 2]
0z 0z
The result, shown in Fig. 12b, is quite similar to the previous
result (shown in Fig. 9a), except that this newer formulation
allows for the existence of countergradient flux regions. Fur-
thermore, the magnitudes of both formulations are quite simi-
lar (with the Fig. 9a being slightly higher). From Fig. 12b, the
downgradient eddy viscosity hypothesis is again seen to be
valid in most of the BL, while small regions of countergra-

dient flux signatures are seen above the inflowing BL, outside
the eyewall and slightly inward of the inner eyewall (z = 1 km).

(15)

4. Conclusions and discussion

Turbulence in the inner core of an idealized category 5
Hurricane is analyzed using large-eddy simulation (LES)
model output with a horizontal grid size of 31.25 m. Intense
updrafts/downdrafts with vertical scales of ~1.5-2.5 km, simi-
lar to those seen in research flight missions into intense cate-
gory 4/5 storms, are ubiquitous at the inner edge of the
eyewall, decreasing in vertical extent with radial distance
from the storm center. The role of turbulence on the mean
momentum fields is shown to be primarily downgradient in
nature. Azimuthally and time-averaged momentum flux pro-
vides insights into the nature of turbulent fluxes in the HBL,
which are summarized below:

1) Turbulent eddy tendencies in the inner core (i.e., eye, eye-
wall, and nearby rainbands) of intense hurricanes primar-
ily act diffusively on the mean velocity fields, acting to
weaken the strength of the eyewall, decreasing the mean
radial inflow and the updraft strength in the corner-flow
region of the eyewall.

2) In most of the HBL, the downgradient hypothesis is valid
for vertical and horizontal momentum fluxes (u'w’),
(v'w’), and (u’v’). Near the top of the boundary layer, a
distinct countergradient region is noted for (v'w’) where
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the vertical gradient of tangential velocity d(v)/dz is weak.
Similarly, for the horizontal momentum flux («’v’), coun-
tergradient flux signatures are seen in parts of the eyewall.
However, their effect on the mean wind field is minimal,
as they are around zones where the relevant turbulent
tendencies in the mean budget equations are negligible.
We note that the azimuthally averaged results presented
in this study apply most directly to axisymmetric models,
and thus, applicability to 3D NWP models is unclear.

3) Analytical formulations for LY, used in the Louis
scheme, are shown to perform well outside the eyewall
but underestimates the LES-derived values by about half
in the inner edge of the inner eyewall. Additionally, we
provide estimates of the effective vertical mixing lengths
LY in the most intense regions of TCs.

4) A complete formulation of the effective horizontal eddy
viscosity (accounting for typically ignored stress terms) is
presented, showing the validity of the downgradient eddy
viscosity hypothesis in most of the HBL, except along
narrow regions in the eye and at the inner edge of the
eyewall.

From our findings, we propose a simple conceptual frame-
work for understanding the role of turbulence in the hurri-
cane boundary layer: the mean velocity field brings in air
parcels from the outer eyewall, converging in the inner eye-
wall which acts as a frontal system for angular momentum
and entropy (Emanuel 1997). It should be noted that the ar-
gument for the frontogenetic nature of the TC eyewall-eye
transition was previously suggested by Eliassen (1959) p. 286
and Palmén and Newton (1969) p. 486 but more rigorously
shown by Emanuel (1997). In the inner eyewall, we find that
turbulent eddies act to diffuse momentum. We show, unam-
biguously, that turbulence acts to weaken the frontal gradient
(eyewall), enhancing mixing into the eye, while simulta-
neously weakening the strength of radial inflow. The diver-
gence of the turbulent momentum fluxes is more pronounced
in the eyewall but is notable in the inflowing boundary layer
as well. The complex distribution of effective eddy viscosity in
the eyewall re-emphasizes the need for a more complete pa-
rameterization of turbulent momentum fluxes in this region
for mesoscale forecast models (Rotunno et al. 2009), which
should account for horizontal gradients and associated turbu-
lent fluxes [e.g., (u'v'), (w'u’), and (v'v)].

Understanding the magnitude and distribution of turbulent
fluxes in the eyewall region and the HBL in general is the sub-
ject of ongoing research and remains highly relevant for a bet-
ter understanding of intensity changes in hurricanes. The
recent use of small uncrewed aircraft systems (sUAS) in the
inner core of intense storms shows great potential in comple-
menting the use of manned-aircraft missions (Cione et al.
2020). Although this study presents results for a single intense
TC, we have shown that turbulence (which remains largely
parameterized in current weather forecast models) plays a
nonnegligible role in the modification of the TC mean wind
fields. The role of turbulence on temporarily evolving (i.e., in-
tensifying/weakening) storms remains to be clarified. Possible
future research opportunities thus lie in the investigation of



1362

the evolution of TC turbulence under moderate to strong ver-
tical wind shear.
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APPENDIX

Mean-Field Budget Analyses

Figure A1l shows the plot for other terms (mean advection
terms, centripetal, pressure gradient, and Coriolis force) in the
azimuthally and time-averaged budget [(1) and (2)]. For (v),
the combined effect of the mean advection terms (first two
rows) is to transport tangential velocity from the outer eyewall
into the inner eyewall V., and aloft to the eyewall. Compar-
ing this to the centripetal tendency directly below (third row),
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it is seen that the advective tendencies play an opposing
role to the centripetal. For (u), it is seen that the combined
effect of the mean advective tendencies (first two rows) is to
transport the radial wind speed from outside the maximum
inflow region (>15 km) toward the inner eyewall and aloft to
the eyewall region. The combined centripetal and pressure gra-
dient tendencies make nearly (but not exactly) compensating op-
posite contributions, with the net effect of positively contributing
to the radial inflow in most regions slightly outside of the eye-
wall (r = 17 km) and also within the eyewall (but only beneath
the height of maximum radial inflow). In both the (v) and (u)
budgets, the azimuthally and time-averaged Coriolis tendencies
contribute insignificantly to the mean budget equation.

For Fig. A2, we see generally that the turbulent tenden-
cies make a comparatively spatially smaller (but significant
in magnitude) contribution to the mean budget [(1) and (2)]. In
both (v) and (u), we note that the contributions from the verti-
cal tendencies are comparatively more significant in magnitude,
as opposed to radial tendencies. Furthermore, we note that the
parameterized vertical tendencies for (v) and (u) are only sig-
nificant at the lowest few model levels, with the standard sub-
grid parameterization term being larger than the two-part
term. In the rest of the boundary layer, the resolved turbulence
dominates. Comparing Figs. A1 and A2, it is seen that the role
of the turbulent eddies is most significant in the eyewall, cor-
ner-flow region, and close to the surface.

Figure A3 shows plots of the mean and turbulent eddy
tendencies in the azimuthally and time-averaged budget for
vertical velocity [(3)]. Overall, the mean advective tenden-
cies in the (w) budget make small contributions. The verti-
cal turbulent tendency in Fig. A3 (third row, right) makes
the largest turbulent contribution to the mean budget equa-
tion, opposing the sum of the buoyancy contribution and
the vertical gradient of the normalized pressure term (third
row, left).
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