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ABSTRACT: Continuous development and evaluation of planetary boundary layer (PBL) parameterizations in hurricane
conditions are crucial for improving tropical cyclone (TC) forecasts. A turbulence kinetic energy (TKE)-based eddy-
diffusivity mass-flux (EDMF-TKE) PBL scheme, implemented in NOAA’s Hurricane Analysis and Forecast System
(HAFS), was recently improved in hurricane conditions using large-eddy simulations. This study evaluates the perfor-
mance of HAFS TC forecasts with the original (experiment HAFA) and modified EDMF-TKE (experiment HAFY)
based on a large sample of cases during the 2021 North Atlantic hurricane season. Results indicate that intensity and struc-
ture forecast skill was better overall in HAFY than in HAFA, including during rapid intensification. Composite analyses
demonstrate that HAFY produces shallower and stronger boundary layer inflow, especially within 1–3 times the radius of
maximum wind (RMW). Stronger inflow and more moisture in the boundary layer contribute to stronger moisture conver-
gence near the RMW. These boundary layer characteristics are consistent with stronger, deeper, and more compact TC
vortices in HAFY than in HAFA. Nevertheless, track skill in HAFY is slightly reduced, which is in part attributable to the
cross-track error from a few early cycles of Hurricane Henri that exhibited ;400 n mi (1 n mi 5 1.852 km) track error at
longer lead times. Sensitivity experiments based on HAFY demonstrate that turning off cumulus schemes notably reduces
the track errors of Henri while turning off the deep cumulus scheme reduces the intensity errors. This finding hints at the
necessity of unifying the mass fluxes in PBL and cumulus schemes in future model physics development.

KEYWORDS: Boundary layer; Hurricanes/typhoons; Tropical cyclones; Forecast verification/skill;
Numerical weather prediction/forecasting; Subgrid-scale processes

1. Introduction

Large sensitivities of modeled tropical cyclone (TC)’s inten-
sity and structure to planetary boundary layer (PBL) para-
meterizations have been frequently documented in numerical
modeling studies (e.g., Braun and Tao 2000; Smith and Thomsen
2010; Hill and Lackmann 2009; Nolan et al. 2009a,b; Bryan 2012;
Gopalakrishnan et al. 2013; Bu et al. 2017; Zhang and Pu 2017;
Chen et al. 2021b, 2022; Hazelton et al. 2022), which can be at-
tributable to the fact that PBL schemes are rarely designed for
hurricane conditions and parameterizations of vertical diffusion
notably differ between different PBL schemes (Kepert 2012;
Chen et al. 2021a; Chen 2022). Vertical diffusion of momen-
tum in TC boundary layers affects inflow layer depth and in-
flow strength, which tie closely to radial advection of
absolute angular momentum and, thereby, the inner-core
contraction and TC intensification (Zhang et al. 2015; Chen
and Bryan 2021). Vertical diffusion of water vapor in the
boundary layer affects outer-core convective activity by

modulating the transport of water vapor to the top of the bound-
ary layer and further impacts the forecasts of the radius of gale-
force wind (Bu et al. 2017). The intrinsic uncertainties of vertical
diffusion within PBL schemes result in biased forecasts of TC
structure and intensity, which further alters the way TCs inter-
act with large-scale environmental flow and contributes to
track errors. Thus, accurately representing boundary layer tur-
bulent mixing in PBL schemes, especially in hurricane condi-
tions, is highly desirable to improve TC forecasts.

Efforts have been made in recent years to improve PBL
schemes in hurricane conditions by using in situ observations
and large-eddy simulations (LES) (e.g., Chen and Bryan 2021;
Chen et al. 2022; Chen 2022). As PBL schemes are essentially
designed in a single-column fashion, assessing the vertical pro-
file of turbulence variables is key to revealing the deficiencies
of these schemes. However, observational profiles of turbu-
lence metrics such as eddy viscosity are entirely missing where
the surface wind speed is greater than 30 m s21. To fill in this
gap in the observations and to evaluate PBL schemes in hurri-
cane conditions, Chen et al. (2021a) developed a modeling
framework that can be used for a small-domain [O(5) km]
LES and also single-column modeling (SCM) using different
PBL schemes. This framework is built upon Bryan et al.
(2017), which uses a few input parameters to represent the
TC structure, and further includes a “large-scale” nudging
technique that can anchor the thermodynamic profiles derived
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from actual major hurricanes during the simulations. This spe-
cial setting warrants the same thermodynamic conditions in the
LES and SCM tests. Thus, the domain-averaged LES data can
provide valuable profile information of turbulence properties
under realistic hurricane conditions and also can be treated as
the benchmark to evaluate different types of PBL schemes,
ranging from K-profile parameterization schemes and a Louis-
type scheme (Chen et al. 2021a) to high-order closure PBL
schemes (Chen and Bryan 2021; Chen et al. 2022; Chen 2022)
including Mellor–Yamada–Nakanishi–Niino (MYNN) and a
turbulence kinetic energy (TKE)-based eddy-diffusivity mass-
flux (EDMF-TKE) scheme.

The EDMF-TKE scheme is a recently updated PBL
scheme in the Global Forecast System (GFS) version 16.0, a
key part of NOAA’s Unified Forecast System (UFS). As
NOAA’s next-generation hurricane application of the UFS,
the Hurricane Analysis and Forecast System (HAFS) uses the
same PBL scheme. The EDMF-TKE scheme includes special
parameterizations for moist processes, including enhanced
buoyancy in clouds and the interaction between TKE and cu-
mulus convection (Han and Bretherton 2019). Additionally,
TKE in EDMF-TKE is defined at the mass point or half layer
such that it can be advected by gridscale flows, which can rep-
resent the inhomogeneous boundary layer conditions like in
TCs (Chen and Bryan 2021). Nevertheless, the EDMF-TKE
scheme was mainly designed for low-wind, unstable boundary
layer conditions. Evaluation of EDMF-TKE in hurricane con-
ditions based on LES results revealed a substantial overesti-
mation of TKE below 500-m height (Chen 2022), and a
modified EDMF-TKE scheme was proposed to address this
issue (Chen et al. 2022). Three-dimensional idealized simula-
tions and ensemble HAFS forecasts of Hurricane Michael
(2018) consistently demonstrated that the modified EDMF-
TKE produces stronger boundary layer inflow within the
inner-core region that contributes to stronger TC intensity and
a smaller radius of maximum wind (RMW) (Chen et al. 2022).

To extend the work of Chen et al. (2022) and to systemati-
cally examine the performance of the modified EDMF-TKE
during the hurricane season, this study compares the perfor-
mance of the original and modified EDMF-TKE schemes from
a stand-alone version of HAFS during the 2021 North Atlantic
hurricane season. With a large sample size, we compare the
track, intensity, and structure forecast skill and examine the
composite thermodynamic and kinematic structures of TC vor-
tices. Results will guide the future development of PBL
schemes and other physics components in HAFS and UFS.

2. Data, method, and model setup

a. Model setup and a brief overview of the modified
EDMF-TKE

The 2021 baseline version of the stand-alone-regional
HAFS (hereafter, HAFS-SAR; Dong et al. 2020) is used in
this study. HAFS-SAR features a large static nest over the
North Atlantic, Gulf of Mexico, Caribbean Sea, and eastern
United States, with a horizontal grid spacing of ;3 km. Addi-
tionally, HAFS-SAR adopts a hybrid, sigma-pressure vertical

coordinate, and the version of HAFS-SAR analyzed here
uses 91 vertical levels spanning from the surface to 10 hPa.
There are 31 levels below 700 hPa, and the layer thickness be-
low the bottom model level is ;20 m. Key physics parameter-
izations used in HAFS-SAR include the GFDL 6-class
microphysics scheme (Chen and Lin 2013), scale-aware SAS
convective scheme (Han et al. 2017), and RRTMG shortwave
and longwave radiation schemes (Iacono et al. 2008). HAFS-
SAR is coupled to the Hybrid Coordinate Ocean Model
(HYCOM; Bleck 2002). Two sets of experiments are com-
pared in this study: one experiment (HAFA) uses the original
EDMF-TKE (Han and Bretherton 2019) and the other
(HAFY) uses the modified EDMF-TKE (Chen et al. 2022).

The modified EDMF-TKE scheme incorporates four major
changes based on boundary layer theories and LES results
(Chen et al. 2022): 1) determining values of two coefficients in
the TKE dissipation term and eddy viscosity to match the sur-
face layer and PBL parameterizations [see Eqs. (12)–(15) and
the related discussions in Chen et al. 2022], 2) reducing the max-
imum allowable mixing length from 300 to 40 m (which also
agrees with observational values, see Fig. 3 in Chen et al. 2022),
3) implementing a new definition of PBL height that performs
better in high-wind conditions [see Eq. (16) in Chen et al. 2022],
and 4) tapering and then turning offmass fluxes from the nonlocal
portion of the PBL scheme in high-wind conditions ($20 m s21).
These changes reduce the excessive vertical mixing in hurricane
conditions that occurs when using the original EDMF-TKE
scheme. Profiles of boundary layer tangential and radial winds as
well as eddy viscosity are thereby substantially improved and
match well with the LES results. Of note, the first two changes
were found to have the largest impact on the improvements
(see Fig. 6 and section 4a in Chen et al. 2022).

b. Case analyzed, verification methods, and
observational data

HAFA was run in near–real time by NOAA’s Environmen-
tal Modeling Center (EMC) during the 2021 North Atlantic
hurricane season. Four cycles were run each day at 0000,
0600, 1200, and 1800 UTC. In comparison, HAFY was a hind-
cast over the period from 2 July to 7 November 2021, with
two cycles each day at 0000 and 1200 UTC except for two
high-impact landfalling hurricanes (i.e., Ida and Nicholas,
https://www.ncei.noaa.gov/access/billions/) that had four cycles
each day. Table 1 shows the matched cases from HAFA and
HAFY that will be used in the following analysis. Following the
standard National Hurricane Center (NHC) verification rules
(Franklin 2008), only tropical and subtropical cyclones of at
least depression intensity at initialization and verification time
are included in the verification statistics. The total number of
cycles is 179, of which 120 cycles are weak storms (i.e., tropical
depressions or tropical storms) at the initial time. We started
the verifications at 12 h since both HAFA and HAFY were
cold-started using the GFS analysis. For 2022 and beyond, a
more sophisticated initialization and data assimilation scheme
has been developed.

Verification metrics used in this study include the mean ab-
solute error (MAE), mean error (i.e., bias), and forecast skill
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improvement of MAE (Rappaport et al. 2009; Sippel et al.
2022). The skill improvement is measured by Brier skill score
(BSS): BSS 5 1 2 (F/REF), where REF is the skill baseline
(i.e., MAE of HAFA) and F is the MAE of HAFY. To iden-
tify notable outliers that affect the statistics, the spatial distri-
bution of MAE of specific variables is examined. The
structure metrics, including the radius of hurricane-force wind
(R64), the radius of 50-kt (1 kt’ 0.51 m s21) wind (R50), and
the radius of gale-force wind (R34), are calculated as the
mean radius in all quadrants around the TC center.

To verify the inflow structure from HAFA and HAFY, we
used a radial profile of observed inflow angle at z 5 10 m
based on a composite of 1600 Global Positioning System
(GPS) dropsondes collected in 18 different hurricanes (Zhang
and Uhlhorn 2012). Additionally, we used a recently devel-
oped airborne Doppler radar database (referred to as
TC-RADAR; Fischer et al. 2022) to verify the TC structure
of Hurricane Ida in section 4a. TC-RADAR includes a post-
processed merged analysis of tail Doppler radar swaths, which
provides greater azimuthal coverage of observations than a
single swath and therefore is optimal for the evaluation of
model vortex structure.

3. Results

In this section, we will first compare the performance of
HAFA and HAFY in terms of track, intensity, and structure
forecast metrics. Then, the impact of PBL schemes on vortex
structure and thermodynamics as well as boundary layer
structure will be discussed.

a. Verification statistics

Figure 1a compares the track performance of HAFA and
HAFY. Track MAE is comparable between the two experi-
ments before 48 h, and then differences in track MAE gradu-
ally increase with time. At t 5 120 h, the track MAE of
HAFY is ;25 n mi (1 n mi 5 1.852 km) greater than that of
HAFA. Figure 1b shows the track forecast skill of HAFY rel-
ative to HAFA. Consistent with track MAE, HAFY has

degraded track skill compared to HAFA, with the extent of
degradation increasing with time and reaching the maximum
of 14%–15% over t 5 108–120 h. Decomposing the track
MAE into along-track and cross-track bias in Figs. 1c and 1d
shows that the larger track MAE in HAFY is mostly attribut-
able to a larger right-of-track bias, especially after t5 84 h.

Comparison of the intensity MAE in Fig. 1e indicates that
HAFY has a slightly smaller intensity error than HAFA be-
fore t 5 90 h and a slightly larger intensity error afterward.
This result is well supported by the improved intensity skill of
HAFY relative to HAFA before t 5 90 h (see Fig. 1f), with a
maximum improvement of ;17% at t 5 36 h. After t 5 90 h,
HAFY has reduced intensity skill relative to HAFA, and the
degradation increases with time. Figures 1g and 1h further
show that HAFY reduces the weak bias in terms of both max-
imum sustained 10-m wind speed (VMAX) and minimum sea
level pressure (PMIN) compared to HAFA.

The notable degradation in both intensity and track skill at
longer lead times motivates us to investigate the potential
causes. Figures 2a and 2b compare the spatial distribution of
track MAE for all cases from HAFA and HAFY, indicated
by their storm ID, at t 5 96 h, when degradation of track skill
in HAFY exceeds 9% relative to HAFA and for the first time
the relative intensity skill of HAFY becomes negative
(Figs. 1c,d). One important finding in Figs. 2a and 2b is that
the larger track MAE at longer lead times from HAFY is in
part driven by consistent track errors of.360 n mi from a few
forecast cycles of Henri (08L) (see circled purple storm ID in
Fig. 2b), as the track MAE of Henri in HAFA is generally
,320 n mi (Fig. 2a). The histogram of track errors for all
Henri cases at t 5 96 h in Figs. 2c and 2d support this finding
and further show that the maximum (mean) track error in
HAFY is ;85 (58) n mi greater than that in HAFA. Details
of the factors that contributed to the large track error in
HAFY will be discussed in section 4.

To quantify the contribution of these anomalies to the over-
all performance of forecast skill, we removed four cycles of
Henri circled in Fig. 2b or the rightmost four cycles in Fig. 2d

TABLE 1. List of matched cycle numbers and initialization periods between HAFA and HAFY.

Storm ID Storm name No. of cycles Initialization periods

AL05 Elsa 12 1200 UTC 2 Jul–1200 UTC 8 Jul
AL06 Fred 13 1200 UTC 11 Aug–0000 UTC 18 Aug
AL07 Grace 16 0000 UTC 14 Aug–1200 UTC 21 Aug
AL08 Henri 13 1200 UTC 16 Aug–1200 UTC 22 Aug
AL09 Ida 14 1200 UTC 26 Aug–0000 UTC 30 Aug
AL10 Kate 9 0600 UTC 28 Aug–1200 UTC 1 Sep
AL11 Julian 5 0000 UTC 29 Aug–0000 UTC 30 Aug
AL12 Larry 19 0000 UTC 1 Sep–0000 UTC 10 Sep
AL13 Mindy 3 0000 UTC 9 Sep–0000 UTC 10 Sep
AL14 Nicholas 10 1800 UTC 12 Sep–0000 UTC 15 Sep
AL16 Peter 8 1200 UTC 19 Sep–0000 UTC 23 Sep
AL17 Rose 8 1200 UTC 19 Sep–0000 UTC 23 Sep
AL18 Sam 23 0000 UTC 23 Sep–0000 UTC 4 Oct
AL19 Teresa 2 0000 UTC 25 Sep–1200 UTC 25 Sep
AL20 Victor 10 1200 UTC 29 Sep–0000 UTC 4 Oct
AL21 Wanda 14 1200 UTC 31 Oct–0000 UTC 7 Nov
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(a)

(c)

(d)

(e)

(g)

(b) (f)

(h)

FIG. 1. Intensity and track errors for HAFA (blue) and HAFY (red) experiments, showing (a) track MAE (n mi),
(b) relative track skill of HAFY, (c) along-track bias (n mi), (d) cross-track bias (n mi), (e) intensity MAE (kt),
(f) relative intensity skill of HAFY, (g) intensity bias (kt), and (h) pressure bias (mb). Bars in MAE and bias panels
indicate the 95% confidence intervals. Thick black dashed lines in the bias panels mark the zero value. The sample
size at each lead time and the legend are shown in (b).
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in the statistics and recomputed the track and intensity skill
with a homogeneous sample size. To differentiate from
HAFY, we term the HAFY experiment without the four
cycles of Henri as HAFYM (yellow line in Figs. 2e,f). Inter-
estingly, the trend of increasing degradation of track skill at
longer lead times in HAFY disappears after removing the
four cycles (Fig. 2e), and the mean degradation of track skill
in HAFYM is 5.5% relative to HAFA. For reference, the
mean degradation of track skill in HAFY is 8.1% relative to

HAFA. The reduced degradation of track skill in HAFYM is
associated with improved performance of intensity skill that
extends to a longer lead time (i.e., t 5 108 h, Fig. 2f). Com-
pared to HAFA, the mean improvement in intensity skill
before t 5 108 h is 7.3% (4.8%) for HAFYM (HAFY). These
results indicate that the mean error alone sometimes can be
biased because of a few anomalous cases; thus, careful exami-
nation of the anomaly cases is needed to better understand
the model performance and help to reduce future errors.

(e) (f)

(a) (b)

Mean: 157.4
Max:   314.8

Mean: 215.1
Max:   399.4

(c) (d) All Henri cases @ 96 hr  All Henri cases @ 96 hr

HAFA HAFY

HAFA HAFY

FIG. 2. (a) Spatial distribution of track MAE for all matched cycles at 96 h. Legend for the track MAE is shown at
the bottom of (a) and (b); the larger the storm ID, the larger the track MAE. (c),(d) Histogram of the track MAE dis-
tribution for all Henri cycles at 96 h for HAFA and HAFY, respectively. Mean and maximum track MAE are pro-
vided in each panel. The red arrow or dashed circle in (b) and (d) denote large track MAE (.360 n mi) for Hurricane
Henri (08L). (e) Track and (f) intensity skill of HAFY (red) and HAFYM (yellow, same as HAFY but excluding four
cycles of Henri that have larger track MAE relative to HAFA (blue). The sample size of HAFY and HAFYM at
each lead time is shown at the top of (e).
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Since rapid intensification (RI) remains one of the most
challenging TC intensity forecast issues (e.g., Fischer et al.
2019; Cangialosi et al. 2020), assessing the model performance
on RI forecasts is important. Typically, the definition of RI is
the increase of the VMAX exceeding 30 kt over 24 h, which
approximately represents the 95th percentile of all 24-h over-
water intensity changes for North Atlantic hurricanes (Kaplan
and DeMaria 2003). By leveraging the uncertainties of the
best track intensity noted by Torn and Snyder (2012), we use
a RI definition of 25 kt per 24 h instead in this study. Of note,
25 kt per 24 h is one of the RI thresholds used in the Statisti-
cal Hurricane Intensity Prediction Scheme (SHIPS; DeMaria
and Kaplan 1994; DeMaria et al. 2005). Figure 3 examines the
RI forecast skill from the two experiments using the perfor-
mance diagram introduced by Roebber (2009). Compared to
HAFA, HAFY has a higher probability of detection (POD)
and a slightly lower false alarm rate (FAR). Correspondingly,
HAFY has a slightly smaller low bias and a higher critical suc-
cess index than HAFA. Thus, it is safe to conclude that
HAFY has slightly better RI forecast skill than HAFA. These
findings together with Figs. 1e–h demonstrate the advantage
of HAFY in TC intensity forecasts.

The performance of TC intensity forecasts is closely related
to the structure forecasts. Figure 4 shows the MAE and bias of
different structure metrics from HAFA and HAFY. HAFY
generally has a smaller positive bias in RMW (Figs. 4a,b), R64
(Figs. 4c,d), and R34 (Figs. 4g,h) than HAFA. The behavior of
the bias of R50 is different between the two experiments, with
HAFA showing a marginally positive bias while HAFY show-
ing a negative bias (Fig. 4f). Nevertheless, the magnitude of

the R50 bias in HAFY is only ;2–3 n mi greater than that in
HAFA and the R50 MAE in HAFY remains smaller than in
HAFA (Fig. 4e). These findings demonstrate that HAFY has
better skill in predicting TC structure than HAFA overall.
The better TC structure in HAFY is an important contributor
to its smaller weak bias (Figs. 1g,h) and better RI forecast skill
(Fig. 3).

b. Comparison of vortex structure

To better understand the impact of PBL schemes on the
vortex intensity and structure, this section examines a few
more metrics for the two experiments. Figures 5a and 5b pre-
sent the histogram of TC intensity and vortex depth1 based on
all the cases in each experiment. These cases are from the
matched cycles documented in section 2b and have at least
tropical depression intensity. There are 4203 cases for HAFA
and 4000 cases for HAFY, and the differences in case number
are attributable to the differences in landfall timing between
the two experiments, as overland cases are excluded. Com-
pared to HAFA, HAFY generally produces more major hur-
ricanes ($96 kt), especially within the intensity range of
105–130 kt (Fig. 5a). This finding suggests that the larger
weak bias in HAFA (e.g., Fig. 1g) is associated with the poor
forecasts of major hurricanes in HAFA. Probably due to a
larger sample size of major hurricanes, HAFY produces more
TCs with the vortex depth exceeding 13 km (Fig. 5b). In com-
parison, HAFA produces more TCs with a relatively shal-
lower vortex depth (8–13 km). Figure 5c compares the
histogram of the RMW at 2-km height from the two experi-
ments. Both HAFY and HAFA have a peak of 35 km, and
HAFY has a notable second peak of 55 km. Overall, HAFY
has fewer cases with the 2-km RMW exceeding 90 km while
generally having more cases with the RMW less than 90 km.
This finding suggests that HAFY tends to produce a smaller
RMW than HAFA, which is consistent with HAFY’s smaller
high bias in RMW (see Fig. 4b).

The composite boundary layer structure from HAFA and
HAFY is examined in Fig. 6. In each panel, the radius is nor-
malized by the RMW at 2-km height. Figures 6a–c compare
the composite tangential wind (Vt) structure in the lowest
3 km between HAFA and HAFY. Consistent with previous
results (Figs. 1g and 5a), the composite TC in HAFY gener-
ally has stronger Vt than in HAFA, with the greatest differ-
ence of ;3 m s21 inside the RMW at 2-km height. In both
experiments, maximum Vt occurs inside the RMW at a similar
height. The HAFY TCs have shallower inflow layer depth, in-
dicated by the contour of Vr 5 21 m s21, with the greatest
difference of 200–300 m within 1–33 RMW (see red and blue
dashed lines in Fig. 6f). Figures 6d–f also show that TCs in
HAFY have stronger boundary layer inflow, especially radi-
ally inward of 3 3 RMW. Another insightful measure of in-
flow strength is the inflow angle, defined as tan21(Vr/Vt).
Figure 6g compares two experiment’s inflow angles averaged

FIG. 3. (a) Performance diagram for RI forecasts for HAFA
(blue) and HAFY (red) for the 25 kt per 24 h metric. The x axis de-
notes the success ratio (1 minus the false alarm ratio), and the
y axis denotes the probability of RI detection. The dashed lines are
the bias scores and the solid lines are the critical success index.

1 Vortex depth is defined as the height where the tangential
wind decays to 50% of its value at z 5 2 km along the RMW
(Hazelton et al. 2018).
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FIG. 4. Forecast MAE and bias of (a),(b) RMW; (c),(d) 64-kt wind radii; (e),(f) 50-kt wind radii; and
(g),(h) 34-kt wind radii for HAFA (blue) and HAFY (red) experiments. The bars show the 95% confidence
intervals. The gray numbers at the top of (a)–(d) show the uniform sample size between the two experiments at
each lead time. The sample size differs in (e)–(h) and the blue and red numbers denote the sample size for
HAFA and HAFY, respectively. Thick black dashed lines in the bias panels mark the zero value.
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within the 10–500-m layer. Consistent with Fig. 6f, the bound-
ary layer inflow is stronger in HAFY, especially within 1–3 3

RMW. Differences in boundary layer inflow between HAFA
and HAFY are in part attributed to the impact of reduced
eddy viscosity with the modified EDMF-TKE on lowering in-
flow layer depth and also accelerating boundary layer inflow
in the core region, which agrees well with the results from the
idealized three-dimensional tests and ensemble HAFS fore-
casts of Hurricane Michael (2018) documented in Chen et al.
(2022). Figures 6h and 6i further compare the radial profile of
moist static energy (MSE) and specific humidity averaged
within the boundary layer (,1 km). MSE is a useful variable
to indicate the thermodynamic state within the core region
(Chen et al. 2019; Fischer et al. 2023). Results demonstrate
that TCs in HAFY also have higher MSE inside of 3 3 RMW
(Fig. 6h), which is largely attributable to higher specific
humidity (Fig. 6i). The stronger boundary layer inflow with
higher specific humidity in HAFY will lead to stronger

moisture convergence in the eyewall region, which benefits
the sustainment of eyewall convection and thereby supports
stronger TC intensity, as seen in Fig. 5a.

To further understand the model performance compared to
observations, Fig. 7 examines the 10-m inflow angle from both
experiments and observations. The observed inflow angle is
based on a dropsonde composite of category-1–5 hurricanes
(Zhang and Uhlhorn 2012). To match the observations, only
cases with hurricane intensity from both experiments are in-
cluded, and they are normalized by the 10-m RMW (i.e., R∗).
To remove the impact of landfalling processes on the surface
inflow angle (Hlywiak and Nolan 2022), we exclude the cases
whose distance to land is less than 5 times the RMW at
z 5 2 km. The number of cases included as well as the mean
and median TC intensity from HAFA and HAFY are shown
in Table 2. Both the median and mean TC intensity of the
subset from HAFY are 2–4 m s21 stronger than those from
HAFA, and the differences are statistically significant at the
95% level based on a two-tailed Student’s t test (not shown).
The median TC intensity of the observations is 56.7 m s21,
which is ;7 (11) m s21 stronger than that in HAFY (HAFA).
The case number at each radius from each experiment is over
1600, which is approximately a factor of 5–10 greater than the
sample size of observations (see Fig. 2 in Zhang and Uhlhorn
2012).2 Regardless of the differences in sample size, the inflow
angle from both HAFA and HAFY are within 58 of the obser-
vations. Additionally, the 10-m inflow angle in HAFY re-
mains larger than that in HAFA, and the radial location of
the peak inflow angle in HAFY is closer to the observational
value.

In summary, HAFY produces stronger, deeper, and more
compact TC vortices than HAFA. This is closely related to
the stronger, shallower, and more humid boundary layer in-
flow in the core region as a response to the reduced vertical
turbulent mixing with the modified EDMF-TKE scheme.

4. Case studies for two hurricanes

The statistics and composite structure of TCs in section 3
provide an overview of the performance of the original and
modified EDMF-TKE PBL schemes during the 2021 hurri-
cane season. To illustrate how the impact of PBL schemes
manifests in specific storms, we analyze Hurricanes Ida and
Henri in this section. The former underwent a notable prel-
andfall RI and provides an excellent opportunity to examine
the impact of PBL schemes on RI forecasts, while the
latter significantly contributes to the larger track errors of
HAFY (compared to HAFA) as discussed in section 3a.

a. Hurricane Ida (2021)

To closely examine the impact of the modified EDMF-
TKE scheme on RI forecasts, we compare two sets of ensem-
ble forecasts of Hurricane Ida (2021) from HAFA and

(a)

(b)

(c)

TS HU12 HU345

FIG. 5. (a) Percentage of cases stratified by (a) TC intensity,
(b) vortex depth, and (c) RMW at z 5 2 km for HAFA (blue) and
HAFY (red). Percentage of cases is per bin widths of 5 kt in
(a), 0.5 km in (b), and 5 km in (c). Vertical dashed lines in (a) de-
limit tropical storms (TS), category-1–2 hurricanes (HU12), and ma-
jor hurricanes (HU345).

2 The large sample size of hurricanes from HAFA and HAFY
leads to a very small value of 95% confidence intervals (;0.18)
around the composite inflow angle, which are thereby not shown
in Fig. 7.
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HAFY. Each ensemble includes four members initialized at
212,26, 16, and 112 h relative to 1200 UTC 28 August.3 Of
note, the RI period of Ida lasted from 0600 UTC 28 August to
1200 UTC 29 August according to the NHC best track data
(gray line in Fig. 8b). Figure 8a shows that the track forecasts
between the ensemble members of the two experiments are
similar, with HAFA members initialized at 212 and 26 h rel-
ative to 1200 UTC 28 August having greater left-of-track

errors as Ida moves inland. The averaged maximum TC inten-
sity from HAFY ensemble members (red lines in Fig. 8b) is
;64 m s21, which is 4 m s21 stronger than that from HAFA
members (blue lines in Fig. 8b) and closer to the value of
67 m s21 from the best track data. Additionally, the contraction
of RMW is more notable in HAFY members, which accounts
for a smaller RMW before TC landfall (t ’ 41 h) that agrees
better with the best track data (Fig. 8c).

Additionally, we verify the TC structure before landfall by
selecting a representative ensemble member initialized at
0600 UTC 28 August (i.e., the time of RI onset according to
the NHC best track) from each experiment (thick lines in

Vr Vr Vr

Vt Vt Vt
(a) (b) (c)

(d) (e) (f)

HAFA HAFY HAFY-HAFA

(g) z = 10-500 m z = 10-1000 m z = 10-1000 m(h) (i)

HAFA HAFY HAFY-HAFA

FIG. 6. (a),(b) Composite radius–height distribution of azimuthal-mean tangential wind (Vt; m s21) for HAFA and HAFY, respectively.
(c) Differences in the distribution of Vt between the two experiments (i.e., HAFY 2 HAFA). (d)–(f) As in (a)–(c), but for radial wind
(Vr). The red dashed line in (a), (b), (d), and (e) shows Vr 5 21 m s21; red and blue dashed lines in (f) show Vr 5 21 m s21 from HAFY
and HAFA, respectively. The black plus in (a) and (b) denotes the location of the maximum Vt. Composite radial profile of (g) inflow angle
(8) averaged within the 10–500-m layer, and (h) MSE (kJ kg21) and (i) specific humidity (g kg21) averaged within 10–1000 m. Red and
blue lines denote HAFY and HAFA experiments, respectively. The radius in each panel is normalized by the RMW at 2-km height.

3 The cycle of 1200 UTC 28 August is not included due to a fore-
cast failure caused by unknown HPC issues in HAFY.
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Figs. 8b,c) and comparing the composite TC structure over
t 5 33–39 h against the tail Doppler radar (TDR) merged
analysis of the 20210829I1 mission in Ida (2021) (Fig. 9). The
period of the TDR merged analysis is from 0835 to 1455 UTC
29 August (i.e., t ’ 33–39 h). Comparison of the storm-
centered, Earth-relative horizontal wind speed at z 5 2 km in
Figs. 9a–c shows that both HAFA and HAFY encouragingly
reproduce the observed wavenumber-1 structure in the hori-
zontal wind speed (with stronger wind speeds to the right of
storm motion) and capture the observed radius of hurricane-
force wind (see yellow shading) in different quadrants. The
structure difference between HAFA and HAFY occurs
mostly in the inner-core region: while both experiments pro-
duce greater RMW than the TDR analysis, the high bias in
RMW is smaller in HAFY than in HAFA (see RMW values
in Figs. 9a–c); additionally, the smaller eye in HAFY is com-
parable to the TDR analysis. Comparison of the azimuthal-
mean tangential wind in Figs. 9d–f further shows that HAFY
produces stronger peak tangential wind (.60 m s21) in the
lower boundary layer of the eyewall and smaller RMW below
12-km height than HAFA, both of which match better to the
TDR analysis. HAFY also produces a deeper TC vortex than
HAFA, with strong tangential winds of .32 m s21 in HAFY
extending to a deeper layer, which is closer to the TDR analy-
sis too. The stronger, deeper, and more compact TCs in
HAFY members are closely related to boundary layer pro-
cesses, which will be discussed shortly. Overall, the structure-

based verification results demonstrate that HAFY produces
more realistic TC intensity and structure before Ida’s landfall.

Figure 10 compares the radial inflow structure averaged
over t5 18–24 h from the same ensemble member. The analy-
sis period immediately follows the bifurcation point for the
intensity evolution (see the coral arrow in Fig. 8b). The
boundary layer inflow in HAFY is much stronger than that in
HAFA, with the maximum difference of the inflow strength
being.6 m s21 inside of 43 RMW (where RMW is indicated
by the black line in Fig. 10). This finding is consistent with the
composite structure of inflow strength or inflow angle dis-
cussed in section 3b and supports the results from Chen et al.
(2022). The inflow layer depth is comparable between the two
members over the analysis period, which is seemingly differ-
ent from the composite results in Fig. 6f. The “unexpected”
deeper inflow near the core in HAFY is likely a response to the
stronger eyewall diabatic heating over the composite period,
which can be inferred from a broader annulus of eyewall up-
draft in HAFY than in HAFA (cf. red contours in Figs. 10a,b).
Outside the eyewall region, the inflow layer depth in both mem-
bers is within 1–1.5 km. In HAFY, the stronger boundary layer
inflow and the resulting enhanced boundary layer moisture con-
vergence beneath the eyewall can support stronger eyewall con-
vective updrafts. The stronger boundary layer inflow together
with more eyewall diabatic heating benefits the radial advection
of large absolute angular momentum (AAM) toward the TC
center, which is favorable to TC intensification and RMW con-
traction (e.g., Smith and Montgomery 2015; Chen and Bryan
2021) and accounts for the stronger TC intensity and smaller
RMW in HAFY than in HAFA. Meanwhile, stronger eyewall
updrafts in HAFY lead to stronger upward advection of large
AAM in the eyewall region (Chen et al. 2017), which accounts
for the deeper vortex structure in HAFY (Fig. 9f).

b. Hurricane Henri (2021)

We discussed earlier in section 3a that HAFY has notice-
ably larger track errors than HAFA for Henri, with the track
error of a few cycles in HAFY being greater than 360 n mi at
96 h. Examination of the track of all matched cycles of Henri
from HAFA and HAFY in Figs. 11a and 11b together with
the histogram of track errors in Figs. 2c and 2d indicates that 4
early cycles4 (blue and green lines in Figs. 11a,b) are the main
contributors to the larger track errors in HAFY. Figures 12a–c
examine the track MAE and bias for Henri from HAFA and
HAFY. Results show that track differences between HAFA
and HAFY rapidly increase after t 5 72 h (Fig. 12a), which is

TABLE 2. Mean and median TC intensity (m s21) as well as
case number for the composite of hurricanes from HAFA and
HAFY.

Mean value Median Case No.

HAFA 47.5 45.7 1717
HAFY 50.2 49.9 1667
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FIG. 7. The composite 10-m radial profile of inflow angle as a
function of normalized R∗ for hurricane cases from HAFA (blue)
and HAFY (red). Stars mark the location of the peak inflow angle.
The gray line denotes the 10-m radial profile of inflow angle based
on a dropsonde composite of category-1–5 hurricanes (Zhang and
Uhlhorn 2012). The gray bar denotes the 95% confidence intervals.
The R∗ from models is normalized by 10-m RMW to match the
observations.

4 These four early cycles of Henri were initialized over the pe-
riod from 0000 UTC 16 August to 1200 UTC 17 August 2021.
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mostly attributable to greater right-of-track bias in HAFY
(Fig. 12c), as track deflection in those early cycles of Henri in
HAFY occurs much earlier and the simulated storm subse-
quently moves much faster toward the northeast (Figs. 11a,b).
While there are potentially multiple factors causing the larger
track error of Henri in HAFY, one factor we focused on is the
cumulus scheme, which was motivated by two considerations.
First, PBL schemes affect boundary layer instability and indi-
rectly impact the mass-flux calculation within the cumulus
scheme, as the updraft in the SAS cumulus scheme starts from
the level of maximum MSE in the boundary layer. In addition,
an impact of the cumulus scheme on the TC track was noted
in previous studies (e.g., Ma and Tan 2009; Sun et al. 2014;
Bassill 2014).

To investigate the impact of the cumulus scheme on the
track forecasts of Henri, we ran additional two sets of experi-
ments for Henri based on HAFY, one turning off both SAS
shallow and deep cumulus schemes (experiment HFY2) and
the other only turning off the SAS shallow cumulus scheme
(experiment HFY3). Figures 11c and 11d show the tracks of
all cycles of Henri from HFY2 and HFY3, respectively. Com-
parison of Figs. 11c, 11d, and 11b indicates that the right-of-
track bias in the early cycles of Henri is substantially reduced
in both HFY2 and HFY3. This finding is supported by the
cross-track bias in Fig. 12c, as at t 5 120 h the cross-track bias
for HFY3 is reduced to half compared to HAFY and the
cross-track bias for HFY2 becomes minimal. A similar reduc-
tion of the along-track bias at longer lead times is found in
HFY2 and HFY3 (Fig. 12b), as the storm moves slower with-
out a shallow cumulus scheme or both cumulus schemes.
Since both cross-track and along-track biases are reduced, it is
not surprising to find that the track MAE is reduced in these

experiments (Fig. 12a). The track MAE for HFY3 is very sim-
ilar to HAFA, while the track MAE for HFY2 is the smallest
among the four experiments, which is ,100 n mi before
t 5 96 h. Importantly, the intensity forecasts are impacted by
cumulus schemes too (Figs. 12d–f). While the VMAX MAE is
similar between HFY3 and HAFY, the VMAX MAE for
HFY2 is reduced by 10 kt at longer lead times compared to
HAFY (Fig. 12d). In comparison, the weak bias in terms of
VMAX (PMIN) in both HFY2 and HFY3 is reduced by;10 kt
(;8 mb; 1 mb 5 1 hPa) over days 4–5 compared to HAFY
(Figs. 12e,f). The consistently reduced weak bias in HFY2 is
closely related to its improved track skill, as TCs in HFY2 have
notably reduced right-of-track bias and stay over the region
with relatively higher ocean heat content (OHC) (not shown).
Comparison of the results from HFY2 and HFY3 indicates
that the deep cumulus scheme affects both intensity and track
errors.

In summary, the above analysis demonstrates the significant
impact of cumulus schemes on Henri’s intensity and track
forecasts. Further examination of the cumulus schemes in-
cluding the parameterizations of different physical processes
and scale-aware effects is needed, which is beyond the scope
of this study and will be left for an upcoming study.

5. Conclusions and discussion

A new turbulence kinetic energy (TKE)-based moist eddy-
diffusivity mass-flux (EDMF-TKE) planetary boundary layer
scheme has been implemented in NOAA’s next-generation hur-
ricane forecast model, the Hurricane Analysis and Forecast
System (HAFS). Using a recently developed modeling frame-
work based on large-eddy simulation (LES) (Chen et al. 2021a),
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FIG. 8. Comparison of 4-member ensemble HAFA and HAFY forecasts of Hurricane Ida (2021) initialized at212,
26,16, and 112 h relative to 1200 UTC 28 Aug, respectively, showing the evolution of (a) TC track, (b) 10-m maxi-
mum wind (m s21), and (c) RMW (km). The dashed gray line denotes the best track; blue and red lines denote
HAFA and HAFY experiments, respectively. Thick red and blue lines in (b) and (c) denote the forecasts initialized
at 0600 UTC 28 Aug, and the coral arrow in (b) denotes the bifurcation point of the two forecasts.
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the EDMF-TKE scheme has been optimized for hurricane con-
ditions (Chen et al. 2022). This follow-up study evaluates the
performance of the modified EDMF-TKE PBL scheme during
2021 North Atlantic hurricane forecasts against the original
EDMF-TKE from the regional stand-alone HAFS. Based on a

large sample of cases, this study examines the impact of PBL
schemes on TC forecast metrics, inner-core structure, as well as
boundary layer structure and thermodynamics. The key findings
based on statistics, composite analyses, and case studies are
summarized below:
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FIG. 10. The radial–height plot of azimuthally averaged radial wind (shading; m s21) averaged over t 5 18–24 h for the (a) HAFA and
(b) HAFY forecasts of Hurricane Ida (2021) initialized at 0600 UTC 28 Aug. (c) The difference in radial winds (i.e., HAFY2HAFA). In
(a) and (b), the dashed blue line denotes Vr 5 21 m s21. The red contour in (a) and (b) denotes w5 0.3 m s21 and the black line denotes
the mean RMW. The RMW and the contour of Vr 521 m s21 in (c) are from HAFA.
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1) Compared to the original EDMF-TKE, the modified
EDMF-TKE improves the forecast skill of intensity and
structure overall; specifically, the modified EDMF-TKE has
better rapid intensification (RI) forecast skill due to a higher
probability of detection and a slightly lower false alarm rate.

2) The modified EDMF-TKE slightly reduces the track skill.
The slightly larger track error with the modified EDMF-
TKE mainly comes from the larger cross-track bias, which
is in part attributable to a few early cases of Hurricane
Henri.

3) The modified EDMF-TKE forecasts produce stronger,
deeper, and more compact TC vortices.

4) Consistent with the reduced eddy viscosity (see details in
Chen et al. 2022), the modified EDMF-TKE forecasts
produce accelerated boundary layer inflow outside the

radius of the maximum wind, as seen in the composite
analysis and the RI case of Hurricane Ida. The enhanced
boundary layer inflow and the associated enhanced mois-
ture convergence beneath the eyewall can support stron-
ger eyewall convection.

5) In both sets of forecasts, the magnitude of inflow angle
for hurricanes is comparable to the dropsonde composite
to within 58, and the inflow angle in the modified EDMF-
TKE forecasts peaks at a smaller radius that is closer to
observations.

These findings demonstrate encouraging improvements of
model forecast skill in TC intensity and structure due to the
improvement of the EDMF-TKE scheme. There is still room
for the improvement of track forecasts using this modified

(c) (d)

(a) (b)
HAFA HAFY

HFY2: turn off Cu schemes HFY3: turn off shallow Cu

Henri (08L) Henri (08L)

Henri (08L) Henri (08L)

FIG. 11. (a)–(d) Track plots of all matched cycles of Henri from HAFA, HAFY, and HAFY-based sensitivity ex-
periments HAY2 and HAY3, respectively. Different colors represent different forecast cycles. The early four cycles
are highlighted by blue and green colors.
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EDMF-TKE scheme. One identified key factor affecting track
forecasts is the cumulus scheme. Preliminary results in this
study demonstrate that the track error of Henri is linked
closely to both the shallow and deep cumulus schemes, as
turning off cumulus schemes leads to notably improved track
performance. Additionally, the intensity error for Henri is
also closely related to the deep cumulus scheme. Further in-
vestigation into the physics parameterizations within cumulus
schemes that affected the forecasts of Henri is ongoing.

The identified impact of cumulus schemes on the model
track performance is aligned with the findings in previous
studies (e.g., Ma and Tan 2009; Sun et al. 2014; Bassill 2014),
although those studies mainly focused on the horizontal grid
spacings of O(10) km that are well beyond the convective

gray zone (Hong and Dudhia 2012). The 3-km (HAFS v0.2 in
2021) and 2-km horizontal grid spacing (HAFS v0.3 in 2022)
are well within the convective gray zone, where explicit model
dynamics can only partly resolve convective features that are
parameterized at coarser scales. Given this, special attention
is needed to investigate the effect of cumulus schemes in the
gray zone. Additionally, mass-flux profiles in the SAS cumu-
lus schemes depend on the highest-MSE parcels within the
boundary layer, while in TCs these parcels are typically near
the surface; thus, cumulus mass flux becomes analogous to the
surface-driven mass flux in the EDMF-TKE PBL scheme un-
der TC conditions. Efforts to unify the mass-flux parameteriza-
tions between PBL and cumulus schemes are encouraged for
future model physics development for hurricane applications.

(b)

(d)(a)

(c)

(e)

(f)

FIG. 12. As in Fig. 1, but for all matched cycles of Henri only. The sample size at each lead time is shown at the top of (a).
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Last, the verification of inflow angle also highlights the need to
collect more boundary layer data in the future.
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