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Abstract
Rotation in hurricane flows can significantly impact the dynamics and structure of the tur-
bulent boundary layer. Despite this unique feature of hurricane boundary layers, the current
planetary boundary layer (PBL) schemes in weather models are neither specifically designed
nor comprehensively tested for intensifying hurricane flows. The objective of this paper is
to bridge this knowledge gap by characterizing the role of vertical diffusion depth and mag-
nitude in simulated hurricane intensity, size, and track. To this end, five major hurricane
cases undergoing an intensification period are simulated using two widely used local and
non-local PBL schemes in Weather Research and Forecasting (WRF) model. In total, eighty
WRF simulations are conducted by varying the grid resolution, PBL scheme, eddy diffusivity
depth and magnitude, and PBL height. By decreasing the existing vertical diffusion depth
and magnitude, on average, ~ 38 and ~ 24% improvements in hurricane intensity forecasts
were obtained compared to the default models. Hence, the results indicate that the current
PBL schemes in WRF are overly diffusive for simulating major hurricanes since they do not
account for turbulence suppression effects in rotating hurricane flows. The paper yields new
insights into the role of vertical diffusion in simulated hurricane dynamics and provides some
guidance to enhance the PBL schemes of NWPs for improved hurricane forecasts.

Keywords Eddy diffusivity · Hurricane simulations · Numerical weather prediction ·
Planetary boundary layer · Vertical diffusion

1 Introduction

Hurricanes have been the costliest weather disaster in US history by causing billions of
dollars in damage and thousands of human lives (Cheikh and Momen 2020; NOAA-NCEI
2021; Romdhani et al. 2022). Hurricanes are projected to become stronger and more destruc-
tive in the future (Emanuel 2005; U.S. Global Change Research Program 2017). Only five
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Hurricanes since 2005 (Katrina, Harvey, Maria, Sandy, and Ida) caused more than $600 bil-
lion inflation-adjusted estimated costs (NOAA-NCEI 2021). For instance, Hurricane Maria
(2017) resulted in more than $90 billion in unadjusted costs and left thousands of homes in
Puerto Rico uninhabitable, damaged, or destroyed (Pasch et al. 2019). It is thus crucial to
improve our understanding and modeling of hurricane flows to be able to accurately forecast
them and reduce their associated costs.

Numerical weather prediction (NWP) models provide a strong tool for forecasting hur-
ricanes’ intensity, size, and track. Despite the recent advances in the current NWP models
for hurricane simulations (Gopalakrishnan et al. 2012; Gall et al. 2013; Elsberry 2014; Can-
gialosi et al. 2020), they still face difficulties in predicting the rapid intensification (RI) of
major hurricanes (Krishnamurti et al. 2005; Ku et al. 2020; DeMaria et al. 2021), which
occurs in a growing number of storms (Bhatia et al. 2019). For example, over a 24 h period,
Hurricane Patricia intensified by over 90 kt, going from a category 1 hurricane to category
5 (Landsea and Franklin 2013). During that 24 h of the RI period, the National Hurricane
Center (NHC) predicted only 30 kt of its intensification. Some possible reasons for this poor
performance of NWPs include their coarse grid resolutions (1–30 km) that do not resolve
turbulence, particularly in their boundary layer, and their inaccurate physical parameteriza-
tions (Bhaskar Rao et al. 2009; Fierro et al. 2009; Jin et al. 2014; Shin and Dudhia 2016;
Alimohammadi and Malakooti 2018; Romdhani et al. 2022).

The planetary boundary layer (PBL) plays a central role in hurricane dynamics and sim-
ulations. Many factors impact PBL dynamics such as stratification (van de Wiel et al. 2010,
2012; Holtslag et al. 2013; Momen and Bou-Zeid 2017a, b), baroclinicity (Momen et al.
2018; Momen 2022), and unsteadiness (Momen and Bou-Zeid 2016, 2017b). These factors
can alter the conventional view of PBLs as an Ekman boundary layer (Stull 1988), e.g.,
by varying the eddy viscosity profiles due to stratification and baroclinicity, or by unsteady
effects caused by the changes in pressure gradient or buoyancy fluxes. Despite many consid-
erable studies of different PBLs (Beare et al. 2006; Ramamurthy et al. 2007; Li et al. 2012;
Pan et al. 2014; Momen and Bou-Zeid 2017a, b; Salesky et al. 2017; Salesky and Anderson
2018; Stoll et al. 2020), our understanding of the role of strong rotation in hurricanes in the
mean and turbulence dynamics of PBLs is still limited. PBL turbulence plays a vital role in
predicting wind shear, which is a major contributor to the overall intensification of hurricanes
(Kossin 2017; Zhang et al. 2017; Rios-Berrios and Torn 2017; Zhang and Rogers 2019).

The flow regimes in hurricanes can be characterized by defining the Rossby number (Ro),
which is a dimensionless number that describes the ratio of the centrifugal to the Coriolis
acceleration. Due to strong rotational effects in hurricanes, the Ro number in hurricane
boundary layers (HBLs) is high (Ro � 1) which makes them significantly different from
regular PBLs (Smith and Montgomery 2010; Zhang et al. 2011a; Momen et al. 2021) that
have a small Ro number (Ro ≈ 0). The rotation has been shown to suppress or enhance
turbulence production in rotating shear flows similar to stabilization or destabilization in
stratified flows (Tritton 1992; Cazalbou et al. 2005; Durbin 2011; Arolla and Durbin 2013).
Several previous large-eddy simulations (Worsnop et al. 2017;Momen et al. 2021; Sabet et al.
2022) and observational (Zhang 2010) studies have shown the shift of the energy-containing
eddies toward higherwave numbers inHBLs compared to regular PBLs.Despite this evidence
that rotation inHBLs can remarkably influence PBLs, the default versions of the currentNWP
models do not account for the role of rotation in PBL turbulence parameterizations that can
significantly impact their hurricane forecasts.

Hurricane simulations are sensitive to the choice of the PBL scheme and its parameters
(Kanada et al. 2012; Gopalakrishnan et al. 2013; Zhang et al. 2015, 2020; Li et al. 2023). The
storm structure and intensity (Kepert 2012) and hurricane RI (Zhang et al. 2017) are highly
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modulated by the selected PBL scheme. For instance, up to 15 m s−1 differences in hurri-
cane winds were found among four PBL closures in Pennsylvania State University–National
Center for Atmospheric Research Mesoscale Model [MM5; (Braun and Tao 2000)].

Two approaches are often used in NWPs to parameterize vertical turbulent fluxes, known
as local and non-local PBL schemes (Stull 1988). In local closures, turbulent fluxes depend
only on conditions at that level. In non-local closures, such fluxes depend on known quantities
elsewhere in the vertical direction. TheMellor–Yamada–Janjic (MYJ) is a common local PBL
scheme used in Weather Research and Forecasting (WRF) model (Janjić 1994). The Yonsei
University (YSU) and Medium-Range Forecast Model (MRF) are two common non-local
schemes (Hong et al. 2006; Hong 2010). This approach uses a prescribed eddy diffusivity
profile and is also known as the K-profile parameterization (KPP).

Several studies showed that the current PBL schemes inWRF overestimate the actual eddy
diffusivity in hurricane simulations (Zhang et al. 2011a, 2017; Kepert 2012; Gopalakrishnan
et al. 2013; Bu et al. 2017; Zhang and Rogers 2019). For instance, previous hurricane sim-
ulations indicated that the Global Forecasting System (GFS) PBL scheme, which is a KPP
non-local parameterization, produced eddy diffusivity which was four times greater than
the observed values (Gopalakrishnan et al. 2013). After introducing a tuning parameter for
the GFS PBL scheme, which reduced the estimated eddy diffusivity, the simulation results
improved and the forecasting error was notably reduced (Zhang et al. 2015, 2020). The MYJ
scheme was also shown to increase surface friction compared to the YSU in Hurricane Isabel
simulations (Nolan et al. 2009b). Observational evidence demonstrates that some of the cur-
rent conventional vertical diffusion schemes in NWPs overestimate the measured vertical
eddy diffusivity in hurricanes (Zhang et al. 2015).

Other than the eddy diffusivity profile, the PBL height in hurricanes can also significantly
impact their simulations. For instance, Ma et al. (2018) showed nonlinear effects of the
PBL height on the intensification of tropical cyclones (TCs). Furthermore, evidence from
observations (Zhang et al. 2011b) and numerical studies (Momen et al. 2021) indicate that
in hurricanes the kinematic BL height determined by Reynolds stress flux thresholds is
significantly higher than themixed-layer depth determined by the critical Richardson number
(referred to as the thermodynamicPBLheight used in theYSUscheme). These studies suggest
that the existing NWP models have not properly parameterized PBLs for simulating TCs.

Despite the significant impacts of the PBL schemes on hurricane simulations, the evalua-
tion and adjustment of these parameterizations have not been comprehensively performed for
multiple real hurricane forecasts. In particular, our understanding of the impacts of the ver-
tical eddy diffusivity and turbulent PBL height on the evolution and dynamics of real major
hurricane simulations is limited. Our objective in this study is to address these knowledge
gaps by conducting five different real hurricane simulations using two different types of PBL
schemes (one local and one non-local) in the Advanced Research WRF (ARW) model. This
goal will be achieved by characterizing the default WRF-ARWmodel’s performance as well
as new adjustments applied to its eddy diffusivity and PBL height estimations. Hence, our
main research questions are:

• How do the height and magnitude of the vertical diffusion influence the dynamics and
structure of real hurricane simulations?

• How can we improve the accuracy of major hurricane forecasts during their intensification
period by adjusting the existing PBL parameterizations in WRF-ARW?

The paper is organized as follows. Section 2 provides an overview of the study cases,
numericalmodel description, core formulations, and evaluationmetrics. Section3 answers the
aforementioned research questions by extensively discussing and characterizing the impacts
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of the PBL scheme adjustments on hurricane intensity, size, inflow layer, wind profiles, and
forecasting accuracies of real hurricane simulations. Finally, Sect. 4 provides a summary of
the key findings of this study.

2 Methods

2.1 Hurricane Case Selection

In view of the objective of this study, we focused on categories 4–5 hurricanes according
to the Saffir–Simpson scale (Simpson and Saffir 1974). Our subject group consists of five
major hurricanes. The selected hurricanes are Igor, Maria, Dorian, Lorenzo, and Iota. Table
1 provides a summary of the chosen hurricanes along with their formation/dissipation date,
our simulation period, and maximum observed intensity during the simulation period.

The selected TCs formed in the Atlantic Ocean. The track of the considered hurricanes is
shown in Fig. 1. In this figure, the dotted lines represent the observed best track, and bolded
parts of the lines display our simulation periods. Note that the simulation periods are chosen
based on the intensification of the hurricanes such that the wind intensities increase over

Table 1 Summary of the selected hurricanes in this study. The intensity data are extracted from the best-
observed values of the National Hurricane Center (NOAA-NHC 2021)

Hurricane [category] Formation–dissipation Simulation period Max intensity (ms−1)

Igor [4] Sep. 8–23, 2010 Sep. 11–14 67 m s−1

Maria [5] Sep. 16- Oct. 2, 2017 Sep. 17–19 72 m s−1

Dorian [5] Aug. 24- Sep. 10, 2019 Aug. 30- Sep. 2 82 m s−1

Lorenzo [5] Sep. 23- Oct. 7, 2019 Sep. 25–27 64 m s−1

Iota [4] Nov. 13–18, 2020 Nov. 15–16 69 m s−1

Fig. 1 The best-observed track of the five considered hurricanes in this study. Bolded portions of the track
represent the periods of conducted simulations
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17 m s−1 in 36 h. Furthermore, the starting date has been chosen such that the hurricanes are
at least category 1 and at the end of the simulation period, they become category 4 or 5.

2.2 Modeling Framework and Formulations

In this study, hurricane simulations were conducted using the WRF-ARWmesoscale model,
version 4.2.2, which is developed and maintained by the National Center for Atmospheric
Research (NCAR). The code solves fully compressible, non-hydrostatic Euler equations.
It is a finite difference model based on terrain-following hydrostatic vertical coordinates,
where the top of the model is defined by a constant pressure surface. In the horizontal
directions, the code uses the Arakawa-C type staggering method (Skamarock, et al. 2008).
The time integration is done using the time-split 3rd-order Runge–Kutta scheme, which
includes different time steps for acoustic and gravity waves. TheWRF-ARWmodel includes
multiple options for the physics suite. In our simulations, we used the WRF Single-Moment
6-class scheme for microphysics (Hong and Lim 2006), the Noah land Surface Model for
surface physics (Ek et al. 2003), and the Kain-Fritsch scheme for cumulus parameterization
(Kain 2004).

The vertical diffusion in mesoscale WRF-ARW simulations is handled by the PBL
schemes. When a PBL scheme is employed, all other vertical mixing is disabled. The PBL
is responsible for parameterizing the sub-grid scale unresolved vertical turbulent fluxes of
momentum, heat, and other scalars throughout the whole 1D vertical column, including both
the boundary layer as well as the free atmosphere.

We used a local and a non-local PBL scheme to conduct the simulations in WRF-ARW.
For the non-local PBL parameterization, the YSU scheme is used in this study, which is
the recommended model for TC simulations by the WRF-ARW guideline (Wei et al. 2019).
For the local PBL parameterization, we employed the MYJ scheme, which is a widely used
method for simulating hurricanes (Nolan et al. 2009b; Li et al. 2020; Rajeswari et al. 2020).
Note that we expect that any other PBL scheme that does not account for turbulence sup-
pression/enhancement effects due to strong rotation should have a similar performance in
predicting the major hurricane’s intensity as the selected schemes. In fact, we tested this by
comparing the results of the default MYJ scheme with another more sophisticated version,
i.e., Mellor–Yamada–Nakanishi–Niino (MYNN 3.0) PBL scheme (Chen 2022), and noticed
a small difference in intensity predictions of three simulated hurricanes (not shown).

To examine the performance of the default PBL schemes inWRF-ARWfor simulating real
major hurricanes, we will alter both the magnitude and depth of the vertical eddy diffusion.
YSU is known as a non-local PBL scheme because not only it considers contributions from
neighboring or adjacent grid cells, but also it has additional terms which represent deeper
vertical fluxes stretching from surface layers up to the top of the PBL. In the non-local YSU
scheme, the eddy diffusivity is prescribed as a polynomial function as:

Km(z) = Ckκws z
(
1 − z

h

)p
, (1)

where Km is the momentum eddy diffusivity, κ is the von Kármán constant (κ = 0.4), ws is
the mixed-layer velocity scale, p is an exponent for the profile shape (in YSU, p = 2), h is
the height of the PBL which in YSU is determined based on the critical Richardson number,
and z is the height above the ground. In this formula, Ck is our newly defined parameter that
we will use to control the vertical diffusion magnitude in the PBL.

On the other hand, MYJ is a 1.5-order local turbulence closure scheme that only considers
the contributions from adjacent cells, their mean values, and their gradients (Mellor and
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Yamada 1982; Janjić 1994; Janjic 2002). It belongs to the turbulent kinetic energy (TKE)
family of PBL schemes because it solves the prognostic TKE equations. In the local MYJ
PBL scheme, the eddy diffusivity is determined as:

Km = CkqlSM , (2)

where q denotes the TKE, l represents a master turbulent mixing length scale, and SM repre-
sents a function of the dimensionless shear. In our simulations, the vertical eddy diffusivity
for heat (Kh) is not assumed to be equal toKm. The PBL schemes handleKh separately either
based on the Prandtl number (for YSU) or the TKE prognostic equations (for MYJ). Some
of our hurricane simulation results show a similar trend to observational estimates (Zhang
and Drennan 2012) in which both Km and Kh are comparable, but Kh is smaller than Km for
the considered hurricanes.

For modulating the vertical diffusion height in these schemes, we eliminate the vertical
diffusion at higher elevations by setting it to zero above specific levels as Km

(
z ≥ zlvlx

) = 0,
where zlvlx denotes the elevation of level x above the surface. Based on the defined vertical
levels in this study, we cut off Km at and above two different heights zlvl4 ∼ 261 m and zlvl6
~ 536 m, which hereafter are referred to as Km_lvl4 and Km_lvl6, respectively. This has a
similar impact on the results as changing the PBL height which will be shown in the next
section. We also present another set of simulations where we directly alter the PBL height,
h in Eq. (1), in the YSU scheme.

These new adjustments will only be applied to strong wind regions where the Ro is high,
andwewill notmodify the environmental low-wind field regimeswhere the effects of rotation
are small. To this end, we confine the full application of the changes of the control parameter
Ck as well as the vertical diffusion depth to only regions where the surface wind speed is
larger than 10 m s−1. This will cover modifying the TC vortex region of the simulation
domain. As an example, our approach is formulated in Eq. (3), where we alter the height of
the PBL (h) using the following piece-wise linear function:

h(wspd10) =

⎧
⎪⎨
⎪⎩

h, wspd10 ≤ 5m s−1{
h +

[
wspd10−5

5

]
∗ (PBLH − h)

}
, 5 m s−1 < wspd10 < 10 m s−1

PBLH , wspd10 ≥ 10m s−1

(3)

where PBLH denotes the modified PBL height (= 250 or 1000 m). Satellite and Stepped
FrequencyMicrowave Radiometer (SFMR) observed values of surface wind speeds of major
hurricanes (not shown) indicate that hurricane vortex (where the Rossby number is consider-
able) extends ~ 500 km from the center where the winds become ~ 10m s−1. In order to avoid
sudden jumps in the vertical diffusion depth or magnitude, we defined a buffer transition zone
from 5 to 10 m s−1 in Eq. (3) where the changes are applied linearly. In this formula, the
PBL heights remain unchanged for low wind speeds smaller than 5 m s−1, and they linearly
increase or decrease to the specified PBLH such that the PBL height is entirely changed to
the PBLH for surface winds greater than 10 m s−1. The resulting changes to a PBL height
based on the magnitude of the surface wind speed for PBLH = 250 m are shown in Fig. 2. As
the figure indicates, the default PBL height (Fig. 2a) for hurricane vortex region (green and
red colors in Fig. 2b,d) is changed to 250 m height (see blue colors near the hurricane vortex
in Fig. 2c and compare with Fig. 2a) while the PBL height in low-wind environmental wind
field regimes remains unchanged. We employ a similar approach for applying the vertical
diffusion magnitude changes via the Ck parameter based on a piece-wise surface wind speed
function akin to Eq. (3). Note that the choices of the PBL height of 250 and 1000 m, and
the vertical diffusion limiter elevations of 263 and 536 m are consistent with the previous
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Fig. 2 The implementation of changing the PBL height of (top) the default YSU scheme case to (bottom)
PBLH = 250 m following Eq. (3), for Hurricane Iota, at a later stage of the simulation (~ 30 h)

observational and numerical estimations of the mixed layer depth in different hurricanes that
resulted in values between 250 and 1000 m (Nolan et al. 2009a; Zhang et al. 2009).

2.3 Suite of Simulations

First, we conducted a suite of simulations to examine the grid resolution sensitivity of the
default PBL schemes in WRF-ARW. Three different grid size simulations were carried out
for each of the hurricanes, and each of the PBL schemes. For this purpose, we ran [3 grid
sizes] × [5 hurricanes] × [2 PBLs] = 30 simulations. Table 2 provides detailed information
about our entire suite of simulations. We define a naming convention (last column in Table
2) for the conducted cases that will be used hereafter. For example, Iota_YSU_8km repre-
sents Hurricane Iota simulation conducted with the YSU scheme and 8 km horizontal grid
resolution.

The second suite of simulations characterizes the impacts of changing the height of the
vertical turbulent diffusion on hurricane dynamics. To this end, we constrained the eddy
diffusivity depth by varying the level at which the momentum exchange coefficient is set to
be zero (Km = 0) in themodel. This timewe ran [2Km height modifications]× [5 hurricanes]
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Table 2 The list of conducted suites of WRF-ARW simulations

HN is a placeholder for the hurricane name which can be either Igor, Maria, Dorian, Lorenzo, or Iota. The total
number of runs is [5 hurricanes]× { [2 PBLs]× [3 grid sensitivity]+ [2 PBLs]× [2Km height modifications]
+ [1 PBL] × [2 PBL heights] + [2 PBLs] × [2 momentum exchange variations]} which tallies to 80 runs

× [2 PBLs] = 20 simulations. In this set of simulations, the precise value of the height of the
HBL was not directly changed; nevertheless, by limiting the depth of the mixing processes,
we effectively controlled the height of the turbulent boundary layer. This will be shown by
the third suite of simulations in which we explicitly modify the PBL height defined in Eq. 1
of the YSU scheme. To this end, we altered the default PBL height to 250 and 1000 m which
led to 10 new simulations. For the naming convention, e.g., Iota_Km_lvl6_YSU represents
the Iota simulation with the YSU scheme in which Km is set to zero at vertical level 6 and
above.

The fourth suite of simulations determines the role of themagnitude of the eddy diffusivity
in hurricane simulations. To this end, we varied the values of the newly added control param-
eter Ck in Eqs. (1–2) by a factor of 5. Thus, we compare the default unmodified WRF-ARW
simulations with runs that had their momentum exchange coefficients increased or decreased
by a factor of 5. The number of simulations we ran was [2 momentum exchange variations]×
[5 hurricanes]× [2 PBLs]= 20. In total, we conducted 30+ 20+ 10+ 20= 80WRF-ARW
hurricane simulations in this study.

2.4 EvaluationMetrics

For calculating the accuracy of our simulations, we employed three metrics. For computing
the hurricane wind intensity, the mean absolute percentage error (MAPE) is used. This metric
normalizes the wind speed and, thus, we can compare different hurricane categories and
intensities with a unified dimensionless criterion (Romdhani et al. 2022). Hence, the wind
intensity error is calculated as follows:

MAPEintensity = 100%

n

n∑
i=1

∣∣∣∣∣
V i
For − V i

Obs

V i
Obs

∣∣∣∣∣, (4)

where V i
Obs denotes the best observed wind intensity at timestep ti, V i

For represents the
forecasted wind intensity (i.e., the maximum wind speed at 10 m height) at timestep i, and
n shows the number of available observation samples during the simulation period. For
observations, the U.S. NHC best track and intensities reported data are used, which have
been evaluated against a combination of aircraft, dropwindsonde, and satellite observations
(Kidder et al. 2000; Klotz and Uhlhorn 2014; Huffman et al. 2015). Hence, the values of
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V i
Obs are obtained from the NHC best track reports, which have a temporal resolution of 6 h

(i.e., ti+1-ti = 6 h). The intensities data of NHC are best maximum 1-min sustained 10 m
wind speed. The value of V i

For from the WRF model is a maximum instantaneous wind
speed at 10 m elevation outputted at the same time step of the NHC data. This comparison
is a common practice in hurricane forecasting studies (Nolan et al. 2009b; Green and Zhang
2015; Shen et al. 2016, 2020; Liu et al. 2017).

For track error, since there is no universal length scale for normalization, we used the
mean absolute error (MAE) between the forecasted and observed hurricane positions. When
calculating the MAE for track, the difference between the coordinate points was converted
into distance in kilometers by using the Haversine formulae (Choudhury and Das 2017).
The Haversine formula determines the distance between two points on a sphere in kilometers
if a pair of longitude and latitude values are given. Thus, the MAE for track is calculated as
follows:

MAEtrack = 1

n

n∑
i=1

Haversine
(
�i

For ,�
i
Obs

)
, (5)

where �(lon, lat) represents a function of longitude and latitude of the hurricane eye at a
given timestep i. �i

Obs in Eq. 5 represents the best observed hurricane position whereas
�i

For denotes the forecasted hurricane position. �i
For is obtained by finding the longitude

and latitude of the grid point with the lowest sea-level pressure (SLP) over the simulated
domain. The last employed metric is the MAE for minimum SLP, which is calculated as:

MAESLP = 1

n

n∑
i=1

∣∣∣min(SLPi
For ) − min(SLPi

Obs)

∣∣∣, (6)

where min(SLPi
Obs) is provided by the reported data from NHC. Note that using only these

three metrics may not reveal a thorough sensitivity of the simulation results to other param-
eters such as turbulence dynamics. However, measuring turbulent quantities in hurricanes
is challenging since TCs evolve rapidly over the Ocean where available observations are
limited. Hence, similar to other studies (Davis et al. 2010; Zhang et al. 2015) we use the
NHC reported data for calculating these error indices to evaluate the performance of WRF
in simulating hurricanes.

3 Results

3.1 Grid Sensitivity Test for the Chosen Hurricanes

First, we conducted a grid sensitivity test for both considered PBL schemes in their default
settings to determine their grid dependence and to maintain computational efficiency for
the next runs. The default model runs were carried out for all five hurricanes using three
different grid resolutions. Figure 3 shows the average statistics of the forecasting errors for
these five hurricanes compared to the best-observed data. As the figure indicates, an overall
improvement in the forecasting skill with increasing horizontal grid resolution can be noticed
consistent with previous studies (Hill and Lackmann 2009; Bhaskar Rao et al. 2009; Davis
et al. 2010; Alimohammadi and Malakooti 2018). In particular, ~ 34.9% improvement for
the intensity [(MAPE 32 km–MAPE8 km) × 100%/MAPE 32 km] and ~ 4.4% improvement
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Fig. 3 Grid sensitivity analysis of the default WRF runs for both YSU and MYJ PBL schemes. The left panel
shows normalized wind intensity errors along with their 20th and 80th percentile error bars. The right panel
shows absolute track errors along with their 20th and 80th percentile error bars. Errors are averaged over all
five hurricanes and the entire simulation period

for track [(MAE 32 km–MAE 8 km) × 100%/MAE 32 km] forecast of the YSU scheme is
achieved when increasing the grid resolution from 32 to 8 km.

As we further increase the grid resolution from 8 to 2 km, the improvement in intensity
forecasts becomes smaller (see Fig. 3). Fierro et al. (2009) showed that there is not a significant
change in wind intensities forecasts of TCs when increasing the horizontal grid resolution
from 5 to 1 km probably since these NWPs do not resolve turbulence. This is consistent with
our finding in Fig. 3 (left) that there is ~ 3.4% improvement in intensity errors of the YSU
scheme when going from 8 to 2 km horizontal grid resolution which is less than the achieved
improvement from 32 to 8 km. However, we note that the computational cost and required
disk storage of 2 km resolution simulations are substantially increased compared to 8 km
runs, and exceed our current capacities. Hence, we conducted the new modified simulations
with the 8 km grid resolution to save computational and storage resources while providing
sufficient accuracy for the main purpose of this study.

It is noteworthy to mention that we also conducted a vertical grid resolution sensitivity
by increasing the vertical resolution by ~ 50–80% and changing the distribution of the levels
within the PBL for 8 km horizontal grid sizes (not shown). We did not notice any significant
differences in the intensity predictions of the considered hurricanes.Hence, the defaultWRF’s
vertical levels based on the Hybrid Vertical Coordinate (HVC) system, which covers the
atmosphere from 0 to 50 hPa, were used in this paper’s runs.

In terms of the comparison between the local and non-local PBL schemes for hur-
ricane wind intensity forecast performance, our analysis indicates that the YSU scheme
(recommended by the WRF-ARW guidelines for TC simulations; Skamarock et al. 2021)
outperforms the MYJ for both 32 km and 8 km resolutions. This result is consistent with
prior studies (Srinivas et al. 2013; Alimohammadi andMalakooti 2018) where they show the
YSU scheme forecasts lower intensity errors. At 2 km grid resolution, the difference between
the forecasted error for wind intensity of both schemes is small. In terms of the track error,
MYJ slightly outperforms the YSU runs (Fig. 3, right panel).
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3.2 The Impacts of Changing theVertical Diffusion Depth on Simulated Hurricane
Intensity

To begin with, the effects of changing the Km depth on hurricane wind intensity will be
described. Figure 4 shows the vertical profile snapshots of Km for all five hurricanes. The
snapshots were taken in the middle of the run, and the values of Km are spatially averaged
over grids with high surface wind speeds. Black lines represent the simulation runs without
any modifications, and their vertical profiles agree with previous studies (e.g., Kepert 2012;
Bu et al. 2017). Blue lines are vertical profiles with the imposed vertical diffusion limiter at
height h ∼ 260m, or in our model configuration at the 4th vertical level (Km_lvl4). For the
green lines, the vertical diffusion limiter is imposed at level 6, Km_lvl6, which corresponds
to h ∼ 535m. By introducing the vertical diffusion limiter, we have effectively reduced
the vertical momentum mixing to zero after a certain height. Thus, the turbulent boundary
layer height is decreased since vertical mixing becomes zero above these levels. In the next
sections, we will show that this approach provides comparable results with another suite of
simulations where we directly change the PBL height for the YSU scheme. This approach
allows us to employ a similar method for controlling the turbulent PBL height both in local
and non-local PBL schemes.

The changes in Km profiles in the YSU runs show that, below the modulated level, Km

mostly follows the default case while above that it becomes zero as expected (see top panels
of Fig. 4). On the other hand, for the MYJ runs while above the modulated level Km becomes

Fig. 4 Vertical profiles of all five simulated hurricane eddy diffusivity for both (top) YSU and (bottom) MYJ
schemes. The profiles are extracted from the middle of simulations. The black lines represent the default
simulation runs without modifications. Blue and green lines are modified runs with the vertical diffusion
limiter set at vertical levels 4 and 6
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zero below that some divergence from the default unmodified runs is observed (compare the
blue/green lineswith the black line in bottom panels of Fig. 4). The reason for this is due to the
MYJ scheme being a TKE basedmethodwhich evolves nonlinearly in time as the simulations
progress while in YSU the Km employs a priori prescribed profile shape (see Eq. 1). In MYJ,
the Km profile is determined from solving the TKE prognostic equations. Hence, while at
the beginning of the simulations, the Km values of MYJ below the modulated level match
the default unmodified runs, as time evolves, they start diverging from the default cases (see
supplementary Fig. S1). This is because the imposed Km height limitation modulates the
TKEmagnitude and its temporal evolution which consequently impacts the turbulent mixing
and Km values in the MYJ scheme.

Altering the vertical diffusion depth can significantly impact the simulated hurricane inten-
sity. Figure 5 shows the horizontalwind speeds at z ∼ 500m (corresponding to the pressure of
950hPa). Figure 5 indicates how changing the depth ofKm can remarkably influence the wind
speedmagnitudes.Whenwe limit the depth of theKm to ~ 260m (Km_lvl4), thewind intensity
significantly increases compared to the default YSU runs (compare darker red colors in the
left panels of Fig. 5 to the right panels). For instance, Hurricane Maria simulations indicate
�VMax,Maria = Max

(
VMaria_Km_lvl4_Y SU

)−Max
(
VMaria_Def ault_Y SU

) = 27m s−1 max-
imum wind speed difference between the reduced vertical diffusion depth and default YSU
runs, and similarly for Hurricane Igor �VMax,Igor = 31m s−1. This is because decreasing
the vertical diffusion height reduces the overall turbulent friction and turbulent momentum
exchange in the HBL and intensifies the hurricanes (Gopalakrishnan et al. 2013).

The alterations in the vertical diffusion depth can also impact the minimum SLP values.
Figure 5 depicts the SLP isobars as thick black lines. A notable difference in pressure field can
be found inHurricane Iota runs, where the default case’sminimumSLP is SLPMin = 958hPa
compared to the Km_lvl4 run which results in SLPMin = 918hPa, leading to a difference
of �SLPMin,I ota = 40hPa. Having such a large difference in pressure gradients leads to
remarkably different wind intensities in hurricanes. This can be seen from the simplified
momentum equation ∂ p

/
∂r ∼ u2θ

/
r where p denotes the pressure, r represents the distance

from the hurricane eye, and uθ denotes the tangential wind velocity. Similar results for
changing the vertical diffusion depth on wind intensity and SLP of simulated hurricanes
were found for the MYJ runs. For more details about the MYJ cases, please refer to Fig. S2
in the supplementary material. Furthermore, a similar trend was observed when explicitly
changing the PBL height in the YSU scheme. Decreasing the default PBL height to 250 m,
intensifies the considered hurricanes akin to Km_lvl4 runs, while increasing the PBL height
to 1000 m increases turbulent friction and diminishes hurricane intensification (please refer
to supplementary Fig. S3 for more details).

3.3 The Impacts of Changing theVertical DiffusionMagnitude on Simulated
Hurricane Intensity

In the last suite of WRF-ARW simulations, we characterize the impacts of changing the
vertical diffusion magnitude on the intensity of simulated hurricanes. As previously noted,
in Table 1, we introduced a Ck parameter to control the magnitude of the vertical momentum
eddy mixing (see Eqs. 1, 2). These new modifications can be seen in Fig. 6, where the black
lines are for the default, unmodified runs, and the blue and red lines represent Ck = 0.2 and
Ck = 5.0 runs, respectively.

Modifying themomentum and heat exchange coefficients near the sea surface significantly
impacts the formation of TCs due to air-sea interactions. Altering the exchange coefficients
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Fig. 5 Wind contours of instantaneous horizontal wind speeds at z ~ 500 m for five YSU simulated hurricanes.
Columns from left to right: YSU vertical diffusion limiter set at Km_lvl4, vertical diffusion limiter set at
Km_lvl6 , and finally the default YSU runs. Black contour lines represent isobars of SLP

of thermal fluxes (e.g., reducing the thermal mixing in the eye region) could lead to a rapid
decay of the hurricane vortex. Therefore, to properly maintain the storm development while
changing the magnitude of the vertical diffusion, we kept the Km unchanged at the atmo-
spheric surface layer, which is approximately at z � 100 m (the first two vertical grid points
in our configuration), and modified it only above it at heights where z � 100 m. While
modifying the turbulent vertical mixing in the surface layer would not allow the TC to form
properly, modifying it above the surface layer allowed for the necessary convection of heat
and momentum to occur for TC’s inner structure to form.
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Fig. 6 The vertical profiles of all five simulated hurricane momentum exchange coefficients for (top) YSU and
(bottom) MYJ runs. The profiles are extracted from the middle of simulations. The black lines represent the
default simulations without modifications. The blue and red lines represent the simulation runs with modified
momentum exchange coefficient magnitude Ck = 0.2 and Ck = 5.0, respectively

TheCk parameter is thus adjusted to control themixing inside theHBLusing this approach
as shown in Fig. 6. Adding the Ck control parameter with this approach (Fig. 6) remarkably
influences TC’s intensity and structure, which will be shown later. Similarly, as in Fig. 4,
the MYJ runs slightly diverge from the unmodified runs at the surface layer (the first two
vertical nodes) for the same reason as explained earlier (i.e., the nonlinear evolution of the
TKE equation), while the YSU modified runs match the default runs at the first two vertical
nodes since a priori prescribed Km profile (Eq. 1) is used for these cases.

Altering the magnitude of the vertical diffusion can significantly impact hurricane vortex
intensity. Figure 7 shows the contours of radius-height cross sections of the tangential and
radial wind velocities for Hurricanes Lorenzo and Igor. The left columns are wind velocities
from reduced eddy diffusivity simulations (Ck = 0.2 in Eq. 1), the middle columns depict
the default simulation runs, and the right columns display the results obtained with increased
vertical diffusion (Ck_5.0 runs). Figure 7 indicates that as the magnitude of the imposed
eddy diffusivity is decreased, the tangential wind velocity (uθ ) contours intensify for both
YSU and MYJ runs (compare darker red colors of left columns with the lighter red colors
in the right columns). As such, Hurricane Lorenzo reaches a maximum tangential wind
velocity of max

(
uθ,Lorenzo_Ck_0.2

) = 77.3m s−1 which is higher than the maximum uθ of
the default run about �max(uθ,Lorenzo) = 19.6m s−1. Similarly in Hurricane Igor runs,
the maximum tangential wind velocity for Ck_0.2 modification is max

(
uθ,Igor_Ck_0.2

) =
81.3m s−1, resulting in a difference of ≈ 9.9 m s−1 when compared to the default run. On
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Fig. 7 Radius–height cross sections of the tangential and radial wind velocity contours for Hurricanes Lorenzo
(YSU PBL) and Igor (MYJ PBL) runs after 25 h of simulation. Columns from left to right depict decreased
eddy diffusivity Ck_0.2, default run, and increased eddy diffusivity Ck_5 simulations, respectively

the other hand, increasing the vertical momentum exchange magnitude (Ck_5.0) results in
lower maximum tangential wind intensities in both cases.

The radial wind velocity profiles, which represent the hurricane inflow near the surface,
yield a similar trend. As the vertical diffusion magnitude is decreased, the depth of the inflow
layer, which is caused by the surface friction, reduces while the magnitude of the inflow
increases (compare the darker blue contours of the left columns with lighter blue contours
of the middle and right columns in Fig. 7). In particular, the difference between the radial
velocity (ur) of the reduced eddy diffusivity and default runs for Hurricanes Lorenzo and Igor
simulations is≈ 17m s−1 and 20m s−1, respectively. This shallower but stronger inflow layer
intensifies the hurricane vortex for reduced vertical eddy diffusivity cases (Gopalakrishnan
et al. 2013, 2021). Similar results were found for other hurricane cases as well as with
changing the PBL height (see, e.g., supplementary material Figs. S4 and S5).

Decreasing the eddy diffusivity andmixing enhances spinup in theHBL and intensifies the
winds in a hurricane. This is analogous to stable stratification in the PBL where the reduced
viscosity can lead to low-level jets. This mechanism can be physically explained via a simple
single-column model as shown in supplementary Fig. S6. Moreover, previous studies have
shown that the maximum potential intensity (MPI) of a storm (Emanuel 1988) is related to
the ratio of the enthalpy and surface momentum exchange coefficients. Reducing the eddy
diffusivity, effectively decreases the momentum exchange coefficient, increases this ratio,
and intensifies hurricanes.
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3.4 The Impacts of Modifying theVertical Diffusion Depth andMagnitude
on Simulated Hurricane Size

In addition to TC intensity, vertical diffusion can remarkably modulate the size of hurricanes.
Reducing the vertical diffusion depth affects the TC size, as can be seen in the radial profiles
of the averagedwind speed in Fig. 8. As the figure indicates, by reducing the eddy diffusivity’s
effective depth, the radius of themaximumwind (RMW),which represents the eyewall region
in a TC, decreases compared to the default runs (compare blue and black lines in Fig. 8).
Hence, in addition to a higher maximum wind in reduced vertical diffusion height cases
(compare the wind speed peaks in Fig. 8), the size of the TC vortex seems to decrease in
such cases compared to the default simulations. This leads to TCs with overall smaller sizes
and stronger intensities in decreased eddy diffusivity depths for both considered local and
non-local PBL schemes. A similar trend is also observed when explicitly modulating the
PBL height of hurricanes in the YSU scheme (see supplementary Fig. S7 for further details).

Similar effects on TC sizes can be deduced from altering the magnitude of the eddy diffu-
sivity. Comparable results to Fig. 8 were found for changing the eddy diffusivity magnitude
that can be seen in supplementary Fig. S8. Furthermore, supplementary Fig. S10 depicts the
averaged wind profiles as a function of SLP for changing the magnitude of the vertical dif-
fusion by the introduced control parameter, Ck . Supplementary Fig. S10 (S11) indicates that
reducing the vertical diffusion magnitude (depth) decreases the minimum SLP and increases
the maximumwind intensity compared to the default runs. Thus, decreasing both the vertical

−
−

Fig. 8 Averaged wind speed (WSPD) over radius for five simulated hurricanes for (top) YSU, and (bottom)
MYJ runs at 500 m height around the middle of the simulations. Black lines represent the default simulation
runs without modifications. Blue and green lines are simulation runs with imposed eddy diffusivity depth
limiters set at 4th and 6th vertical levels, respectively
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diffusion magnitude and depth leads to a stronger and smaller TC vortex for the YSU and
MYJ PBL schemes.

To quantify the impacts of the vertical diffusion depth and magnitude on hurricane
intensity and size, we calculated the average statistics for the five considered hurricanes
from Figs. 8 and S8. These averages are shown as bar plots in Fig. 9 for the YSU (blue
bars) and the MYJ (coral bars) PBL schemes. This figure indicates a consistent trend for
modulating both the magnitude and depth of the vertical diffusion on TC intensity and
size. Both PBL schemes produce higher average maximum wind speeds when their verti-
cal momentum exchange depth (top left panel of Fig. 9) or magnitude (bottom left panel
of Fig. 9) is reduced. As such, the YSU runs with Km_lvl4 result in an average maxi-
mum wind intensity of V Km_lvl4_Y SU = 75.7m s−1, whereas the default runs, on average,
generate maximum wind intensity of V Def ault_Y SU = 57.8m s−1 which leads to a total
of �V Km_lvl4_Y SU ≈ 17.9 m s−1 difference. For the MYJ runs, a notable difference of
�V Km_lvl4_MY J = 11.5m s−1 is observed. By reducing the magnitude of the eddy diffusiv-
ity, the YSU runs produce an increased �VCk_0.2_Y SU = 11m s−1 compared to the default
runs, whereas the MYJ runs on average generate �VCk_0.2_MY J = 6.3m s−1 higher wind
intensities compared to the default runs. These results indicate that modulating the vertical
diffusion depth appears to result in a greater difference in maximum simulated hurricane
intensities using the considered approaches.

In addition to hurricane intensity, a consistent trend of hurricane RMW (which represents
the hurricane eyewall region), can be seen by altering the eddy diffusivity. As Fig. 9 demon-
strates, reducing the vertical diffusion depth (Fig. 9, top right panel) and magnitude (Fig. 9,
bottom right panel) leads to a decrease in the simulated hurricane RMW. The largest observed
difference is for the YSU runs with Km_lvl4 where the RMWKm_lvl4_Y SU = 16km which
is half of the unmodified default run’s simulated value of RMWDef ault_Y SU = 32km. For
the MYJ runs with Km_lvl4 modification, the difference in radii of maximum wind speed is
�RMWKm_lvl4_MY J = 12.8km. As for altering the eddy diffusivity magnitude, the results
are similar leading to �RMWCk_0.2_Y SU = 11.2km and �RMWCk_0.2_MY J = 14.4km for
the YSU and MYJ runs, respectively, when compared to their default unmodified runs. On

−

Fig. 9 (Left) The average maximum wind intensity, and (right) the radius of the maximum wind for the YSU
(blue) and MYJ (coral) runs with their 20th and 80th percentile error bars. The results are shown as a function
of changing the vertical diffusion (top) depth and (bottom) magnitude
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the other hand, when increasing the momentum exchange coefficient (Ck = 5), the mod-
ified simulated hurricanes become weaker (�VCk_5_Y SU = −6.5 m s−1, �VCk_5_MY J =
−6.1 m s−1), and slightly larger. These trends indicate that altering the vertical diffusion
depth and magnitude has a consistent impact on the intensity and size of the considered hur-
ricanes. Moreover, a similar trend was observed when directly modulating the PBL height in
the YSU scheme for the simulated hurricanes (see supplementary Fig. S9).

The relationship between the TC intensity and size can be explained using the gradient
wind balance. For a given pressure gradient �p, larger TCs must distribute it over a larger
radial distance which leads to a smaller ∂ p

/
∂r . Hence, the pressure gradient from the center

to location r = R decreases for larger TCs (smaller ∂ p
/

∂r |r=R), which according to the

gradient wind balance, 1/ρ∂ p
/

∂r |r=R = f Vg + V 2
g

/
R, implies a smaller gradient wind

Vg (Knaff and Zehr 2007). These results are consistent with prior studies that showed smaller
vertical diffusion leads to strongerwinds, shallowerHBLheight, and smaller size in simulated
TCs (Gopalakrishnan et al. 2013, 2021; Zhang et al. 2015).

3.5 Impacts on Hurricane Intensity, Track, and SLP Forecast Accuracy

In this section, we will characterize the impacts of vertical diffusion modifications on the
accuracy of real hurricane forecasts. Our primary focus is on wind intensity improvements;
nonetheless, we also provide the performance of the modified runs in terms of track and min-
imum SLP forecasts. Decreasing the magnitude and depth of the vertical diffusion intensifies
the simulated hurricanes. This can be seen in Fig. 10, which depicts the 10 m intensity time
series for the considered hurricanes. In the considered cases, decreasing the depth (dashed
blue lines in top two rows of Fig. 10) and magnitude (dash-dotted blue lines in bottom two
rows of Fig. 10) ofKm as well as the PBL height (dashed turquoise lines in Fig. 10) increased
the simulated intensities compared to the default unmodified runs (gray lines). This makes
the blue and turquoise lines closer to the black lines which represent the best track NHC
data in both considered local and non-local PBL schemes. In all the cases shown, each of the
hurricanes undergoes an intensification period, and the magnitude of its 10 m wind intensity
increases by at least 17 m s−1 in 36 h.

The reduced vertical diffusion cases show a remarkably higher rate of intensification
when compared to the unmodified runs. For example, Hurricane Igor (Km_lvl4_Y SU , blue
line in top right panel of Fig. 10) experiences an increase of �VIgor_Km_lvl4 ∼ 47 m s−1

over a period of 36 h, i.e., an average rate of change of �VIgor_Km_lvl4/�tsimulation ∼
1.31 m s−1 h−1 during the intensification period. When compared to the default run where
the average rate of change of intensity is �VIgor_Def ault/�tsimulation ∼ 0.78 m s−1 h−1,
the modified run (Km_lvl4, blue line) ends up with a significantly higher 10 mwind intensity
of VIgor_Km_lvl4 = 65 m s−1 in contrast to the VIgor_Def ault = 45.2 m s−1 after a period
of 36 h of simulation. Limiting the eddy diffusivity’s effective depth to a slightly higher
elevation (Km_lvl6, green lines in Fig. 10), also improves the intensity forecasts on average
albeit less than the Km_lvl4 simulations. This is because the average default PBL height in
the considered cases is ~ 550 m which is on the same order as in the Km_lvl6 cases ~ 536 m
and, hence, this change has a smaller impact on simulated TC intensities than Km_lvl4.

A similar trend of intensity time series can be seen for modulating the magnitude of the
vertical diffusion. Decreasing the vertical turbulent mixing magnitude (Ck = 0.2, blue lines
in two bottom rows of Fig. 10), produces stronger hurricanes and improves the intensity
forecasts compared to the best-observed data and vice versa. For instance, Hurricane Dorian
ends up with an increase of �VDorian_Ck_0.2_Y SU ∼ 34.5 m s−1 over a period of 36 h when
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Fig. 10 Time series of the maximum 10 m wind intensities for all hurricane cases with both YSU and MYJ
PBL schemes. Black lines represent the best-track observed data, gray lines represent the default simulation
runs without modifications. (Top two rows) blue and green dashed lines are simulations with the imposed
vertical diffusion depth limiter set at Km_lvl4 and Km_lvl6. (Middle row) turquoise and brown lines depict the
runs with the modified PBL height to h = 250 m and h = 1000 m, respectively. (Bottom two rows) blue and
red dashed-dotted lines represent simulations with modified vertical momentum exchange coefficients Ck_0.2
and Ck_5, respectively

simulated with the YSU PBL scheme and Ck = 0.2 (blue line). In terms of the average
rate of intensity change, decreasing the magnitude of eddy diffusivity causes ~ 0.96 m s−1

h−1 which is notably higher than the intensity rate of change for the default (gray line) run
~ 0.58 m s−1 h−1 and further higher than the one with an increased amount of turbulent
mixing (red line) ~ 0.43 m s−1 h−1. Therefore, decreasing vertical diffusion magnitude in
the considered hurricane simulations improves their intensification period forecasts both for
local and non-local PBL schemes.
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Unlike hurricane intensity forecasts, predicting track is more challenging since TC tracks
are influenced by synoptic and global weather systems and environmental flows that can
remarkably modulate them (Roy and Kovordányi 2012; Landsea and Cangialosi 2018; Hem-
ing et al. 2019). To examine the impacts of changes in vertical diffusion depth and magnitude
on TC track forecasts, we compared them with the best-observed track data provided by
NOAA (NOAA-NHC 2021). In general, it is found that the newly implemented vertical
diffusion modifications slightly improve track forecasts for considered strong hurricanes.
As an example, in Fig. 11 we show a comparison of the forecasted tracks for Hurricanes
Dorian and Lorenzo. The upper part of the figure is for the YSU runs with Km_lvlx
modifications. Hurricane Dorian’s forecasted track improves by �MAEtrack,Dorian_Y SU =
MAEtrack,Dorian_Def ault_Y SU −MAEtrack,Dorian_Km_lvl4_Y SU = 38.2 km, which yields an
improvement of 100%× �MAEtrack,Dorian_Y SU/MAEtrack,Dorian_Def ault_Y SU ∼ 58.5%
when compared to the default run. Hurricane Lorenzo’s forecasted track is enhanced by
�MAEtrack,Lorenzo_Y SU = 15km which is equivalent to ~ 12.6% improvement. Similar
improvements are observed for the MYJ simulation runs as shown in the bottom row of
Fig. 11. Furthermore, the traveling velocity of hurricanes is generally increased (e.g., com-
pare blue and gray lines in Fig. 11) and further aligns with the best-observed track. Note that
all cases do not have such significant improvements in track forecasts since predicting track
is challenging and is affected by many global parameters other than just the vertical turbulent
fluxes. The track forecasts of all other considered cases are shown in supplementary material
Figs. S12–S14. The average statistical analysis of the track error forecasts for all cases will
be shown in Sect. 3.6.

Decreasing the magnitude and depth of the vertical turbulent momentum transport also
impacts theminimumSLPof the simulatedTCs. Figure 12 shows that generally by decreasing

Fig. 11 Simulated and best-observed tracks of Hurricanes Dorian and Lorenzo for (top) the YSU and (bottom)
MYJ PBL schemes. The black lines represent the observed track, and the gray lines represent the default
simulation runs. Blue and green lines are simulations with vertical diffusion depth limiters set at Km_lvl4 and
Km_lvl6, respectively
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Fig. 12 Time series of the minimum sea-level pressures for five simulated hurricanes using (top) the YSU
and (bottom) MYJ PBL schemes. Black lines represent the best observed data and gray lines represent the
default simulations. The blue and red lines are runs with modified momentum exchange coefficients Ck_0.2
and Ck_5.0, respectively

the magnitude of the eddy diffusivity (blue lines), the minimum SLP decreases in the consid-
ered cases and vice versa. The default simulations overestimate the minimum SLP in some
cases (see, e.g., gray lines in Hurricane Iota) compared to the best-observed data (black lines
in Fig. 12). On average, the reduced diffusion magnitude cases agree more closely with the
best-observed values (see, e.g., blue lines for Hurricanes Iota and Maria runs). Similar trends
can be seen when decreasing the depth of the eddy diffusivity in both local and non-local
PBL schemes, as well as for reducing the PBL height (please refer to supplementary Figs.
S15–S16). On the other hand, when increasing the vertical momentum mixing (red dashed
lines in Fig. 12), the storms typically undergo a weaker intensification period, resulting in a
lower decrease of minimum SLP (see, e.g., red line in Hurricane Dorian in Fig. 12).

3.6 The Overall Statistics of Improved Hurricane Accuracy of all Considered Cases

To comprehensively assess the impacts of adjusting the vertical diffusion on real hur-
ricane forecasting accuracy, we calculated the intensity, track, and minimum SLP
errors of all considered cases. The ensemble average of the forecasting accuracy
errors of all vertical diffusion depth modification cases is shown in Fig. 13 for both
YSU and MYJ PBL schemes. For the intensity forecasts, on average, a significant
improvement of ~ 44.1% is achieved by reducing the vertical diffusion depth in
Km_lvl4_Y SU cases (blue bar in Fig. 13a) when compared to the default runs (gray
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Fig. 13 Ensemble average statistics of reducing the vertical eddy diffusivity depth at two different levels
Km_lvl4 (blue bars) and Km_lvl6 (green bars) for the five considered hurricanes using (a-c) YSU and (g-i)
MYJ PBL scheme. (d-f) Another suite of simulations where the PBL height in the YSU scheme is explicitly
decreased (turquoise) and increased (brown). From left to right columns represent (a,d,g) normalized wind
intensity errors,MAPEintensity, (b,e,h) absolute track errorsMAEtrack , and (c,f,i) absolute SLP errors,MAESLP

bar in Fig. 13a). The improvements are calculated by computing the normalized differ-
ence between the modified case performances with the default cases, e.g., as 100% ×[
MAPEintensity,Def ault_Y SU − MAPEintensity,Km_lvl4_Y SU

]
/MAPEintensity,Def ault_Y SU .

These can also be seen in Table 3, where we summarized the statistics of the forecasted error
improvements for intensity and track predictions. For the YSU runs, the highest intensity
forecast improvement was observed for Hurricane Dorian with ~ 47.7% improvement,
whereas the lowest improvement was observed for Hurricane Lorenzo with ~ 31.4%. As
for the MYJ PBL scheme (Fig. 13g), the average MAPEintensi ty for runs with (Km_lvl4)
was remarkably improved by ~ 31.8% when compared to the default cases. The highest
improvement of ~ 55.3% was noticed for Hurricane Maria, and the lowest improvement of
~ 17.5% was observed for Hurricane Igor.

The primary focus of this paper was on improving the intensity forecasts of strong hurri-
canes undergoing an intensification period. Nonetheless, by modifying the vertical diffusion
depth we also achieved some improvements in track and minimum SLP forecasts albeit
the track improvements were small. The middle column of Fig. 13 shows the statistics for
MAEtrack . For the YSU scheme, an average improvement of 12%was achieved for Km_lvl4
cases (blue bar in Fig. 13b), when compared to the default simulation runs (gray bar in
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Table 3 The summary of the average improvements of MAPEintensity and MAEtrack of five hurricane cases
for three considered PBL modifications

Method PBL Average MAPEintensity
improvement (%)

Average MAEtrack
improvement (%)

Eddy diffusivity depth,
Km_lvl4

YSU 44.1 12

MYJ 31.8 6.9

Eddy diffusivity
magnitude, Ck_0.2

YSU 24.9 9

MYJ 22.2 10.8

PBLheight = 250 m YSU 40.1 9.1

Fig. 13b) with the highest improvement for Hurricane Dorian which achieved ~ 58.5% track
error reduction. As for the MYJ PBL runs, the average improvement was ~ 6.9% with the
highest improvement forHurricaneDorian of ~ 42.5%. In terms of theminimumSLP forecast
improvements, for cases with the YSU PBL scheme (Fig. 13c), on average the improvement
was ~ 4% for Km_lvl4 cases with the maximum improvement found for Hurricane Iota by ~
56% when compared to the default runs. For cases with the MYJ PBL scheme (Fig. 13i), on
average there was an improvement of ~ 18.1% in minimum SLP forecasts when compared
with the default runs.

Modifying the eddy diffusivity effective depth by setting it to zero after a certain height
(e.g., Km = 0 after level 4 in Km_lvl4 cases) has a similar effect to directly modifying the
PBL height. This can be seen from another set of simulations where we explicitly changed
the PBL height in the YSU scheme. In this suite of simulations rather than thermodynami-
cally diagnosing the values of h, we set the PBL height to 250 m consistent with previous
measurements of HBLs (Zhang et al. 2011b). Note that the average PBL height in the default
YSU runs for the five considered hurricanes is ~ 409 m (see supplementary Fig. S17). Thus,
setting the PBL height to 250 m reduces the depth of the turbulent boundary layer and eddy
diffusivity. Similar results can be seen for the YSU runs when comparing Km_lvl4 (blue
colors in Fig. 13a–c) with PBLheight = 250 m (turquoise colors in Fig. 13d–f) simulations.
The vertical profiles of the momentum exchange in Fig. 4 show that in the Km_lvl4 cases
the effective turbulent boundary layer height is set to vertical level 4, or ≈ 261 m, which is
close to PBLheight = 250 m cases. Table 3 indicates that the difference in MAPEintensi ty

improvement is only ~ 4% and the difference in MAEtrack improvement is ~ 2.9% (see also
Fig. 13). Therefore, the impacts of modulating the Km depth and PBL height on TC intensity
and track seem to be similar in the considered cases as expected.

We also examined the impacts of increasing the PBL height on hurricane simulations by
setting h = 1000m. In Fig. 13(d–f), the brown columns represent the results from runs with
PBLheight = 1000 m. It can be seen that increasing the default PBL height in the current YSU
scheme exacerbates the hurricane forecasts and increases MAPEintensi ty,MAEtrack and
MAESLP errors. Hence, the results indicate that the current YSU PBL scheme overestimates
the vertical diffusion in hurricanes, and reducing it improves hurricane forecasts.

Our last suite of simulations focused on modifying the vertical diffusion magnitude
through the control parameter Ck in Eqs. 1–2. Figure 14 shows the overall ensemble average
of forecasting accuracy results of adjusting the eddy diffusivity magnitude in five considered
hurricanes. When decreasing the magnitude of the vertical diffusion, we observed significant
improvements in MAPEintensi ty for both PBL schemes (blue bars in Fig. 14a,d) compared
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Fig. 14 Ensemble average statistics of varying the momentum exchange coefficient, Ck , for five cases studied
in the paper using (top) YSU, and (bottom) MYJ PBL schemes. From left to right columns represent (a,
d) normalized wind intensity error, MAPEintensity, (b, e) absolute track errors, MAEtrack, and (c, f) absolute
minimum SLP errors, MAESLP

to the default unmodified runs (gray bars). For the YSU and MYJ PBL schemes, an aver-
age improvement of 24.9% (Fig. 14a) and 22.2% (Fig. 14d) with respect to the default runs
were achieved, respectively, when decreasing the eddy diffusivity magnitude (Ck_0.2). The
summary of error improvement results is also shown in Table 3. The largest improvement
for the YSU PBL scheme was for Hurricane Maria with an improved MAPEintensi ty of ~
39.1%, and the lowest intensity improvement was for Hurricane Igor with ~ 11.8%. For the
MYJ PBL scheme, the reduced diffusion magnitude improved the intensity forecasts of all
considered cases between ~ 12–45.5% when compared to their default runs.

The track forecasts were also generally improved by decreasing the default vertical dif-
fusion. As Fig. 14 indicates, on average, decreasing the magnitude of the eddy diffusivity
(blue bars in Fig. 14b,e) results in ~ 9% and ~ 10.8% improvements in MAEtrack compared
to the default YSU and MYJ PBL schemes, respectively. The highest track improvements
for the modified YSU and MYJ PBL schemes were observed in Hurricane Dorian with ~
46% and ~ 52.5% enhancements, respectively. Finally, Fig. 14c,f indicates that the minimum
SLP forecasts are also considerably improved when decreasing the magnitude of the eddy
diffusivity. For the YSU PBL scheme, the MAESLP was improved by ~ 17.1% on average
when compared with the default runs, whereas runs with the modified MYJ PBL scheme led
to an even better average improvement of ~ 30%. On the other hand, increasing the magni-
tude of the default eddy diffusivity (Ck_5.0, red bars in Fig. 14), exacerbated the accuracy of
intensity, track, and minimum SLP forecasts on average for the five considered hurricanes.

The results from these simulations demonstrate that the current YSU and MYJ PBL
schemes (aka two widely used non-local and local parameterizations in WRF) are overly
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diffusive in simulating strong intensifying hurricanes. The reason for this inaccurate PBL
parameterization for TCs lies in the fact that the current turbulence closures in WRF do not
account for the unique dynamics of hurricane flows. Onemajor overlooked factor in hurricane
dynamics is their strong rotation which has a much larger Rossby number (Ro� 1) compared
to regular PBLs (Ro ~ 0). Rotation can suppress turbulence production in hurricane flows
(Momen et al. 2021; Romdhani et al. 2022) while the effect of strong rotation in TCs has
not been considered in current PBL schemes. By adjusting the depth and magnitude of the
vertical diffusion, which improved hurricane forecasts, the paper demonstrates this deficiency
in current PBL schemes. Our results motivate further studies to comprehensively address this
issue in NWPs. One suggested approach is a spatially variable adjustment of eddy diffusivity
based on the local angular velocity magnitude following previous engineering applications
(Bradshaw 1973; Durbin 2011). This will be done in future work as the main focus of
this paper was to extensively establish the existing deficiencies of current PBL schemes in
WRF-ARW for forecasting strong hurricanes using systematic suites of simulations and error
analysis.

4 Summary

In this study, the impacts of vertical diffusion depth and magnitude on simulated major hurri-
cane dynamics and forecasting accuracy were comprehensively characterized in two widely
used local and non-local PBL schemes of theWRF-ARWmodel. In total, 80 simulationswere
conducted for five different category 4–5 hurricanes and two different PBL schemes (YSU
and MYJ). First, a grid sensitivity analysis was carried out to examine the grid dependence
of the default models and to maintain computational efficiency for the next runs. Following
the grid dependence test, three different types of analysis were performed by modifying the
vertical momentum eddy diffusivity and PBL height. In the first set of simulations (20 runs),
the depth of the vertical diffusivity was constrained at a certain vertical level (Km_lvl4 and
Km_lvl6).Another suite of simulationswas conducted inwhich the PBLheightwas explicitly
modified and prescribed in the YSU scheme. In the last batch of runs (20 simulations), the
magnitude of the default vertical eddy diffusivity was altered (via Ck = 0.2 and Ck = 5.0)
to determine the impacts of the vertical diffusion strength on hurricane simulations. The key
findings of this paper are as follows.

• Decreasing the depth and magnitude of the vertical diffusion in WRF-ARW simulations
increases the intensity of the TCs and decreases the size of the vortex. Furthermore, these
reductions in the vertical diffusion led to a lower minimum SLP, a shallower but stronger
inflow layer, and a smaller radius of maximum wind speed.

• Comparisons with best-observed data indicate that reducing the default depth and mag-
nitude of the eddy diffusivity and PBL height improves the accuracy of strong hurricane
forecasts. Decreasing the depth of the eddy diffusivity led to an overall improvement of
~ 44.1% (~ 31.8%) in the forecasted wind intensity and ~ 12% (~ 6.9%) in track fore-
casts when compared to the default unmodified runs for the YSU (MYJ) PBL scheme. On
average, decreasing the PBL height to 250 m (compared to the average ~ 410 m default
height in YSU) led to similar results to constraining the vertical eddy diffusivity depth to
~ 260 m.

• Decreasing themagnitude of the default eddy diffusivity (Ck_0.2) also improved the inten-
sity forecasts of the considered hurricanes by ~ 24.9% (~ 22.2%) and their track predictions
by ~ 9% (~ 10.8%) when compared to the default YSU (MYJ) PBL cases. Furthermore,
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the minimum SLP forecasts enhanced by ~ 17.1% (~ 30.0%) when compared to the default
runs in the YSU (MYJ) scheme. An opposite trend was observed when increasing the PBL
height and eddy diffusivity magnitude.

• These improvements indicate that both considered local and non-local PBL schemes (YSU
andMYJ) inWRF-ARWare overly dissipative for simulatingmajor hurricanes. The reason
for this is that strong rotation in hurricanes can suppress turbulence production and lead
to lower turbulent stresses and boundary layer heights. However, the impacts of rotation
on PBL schemes have not been considered in the current models. Thus, decreasing the
default magnitude and depth of the PBL schemes in WRF-ARW substantially improves
their forecasting skill for major hurricane flows.

Turbulent mixing in PBLs plays a significant role in determining the dynamics of atmo-
spheric simulations in any NWP model. The current PBL closures in NWPs are typically
designed for regular PBLs (Ro � 1) and do not consider many complexities that exist in
real-world PBLs. In this paper, we demonstrated that two frequently used local and non-
local PBL schemes in WRF-ARW are overly diffusive for simulating major hurricane flows,
and rotational corrections of these schemes need to be considered. These enhancements in
PBL parameterizations can lead to improved hurricane intensity and track forecasts in opera-
tional NWPs. Such enhanced TC forecasts can reduce some adverse effects of these extreme
weather events, e.g., by proper planning and preparation in hurricane-prone regions.
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