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ABSTRACT

Given the significant damage that hurricanes can cause every year, accurate forecasts of these extreme weather
events are crucial. Ocean warming can substantially impact the intensity and track of hurricanes in the future.
Forecasting the track of hurricanes is typically more challenging than intensity predictions since tracks are
influenced not only by hurricane vortex dynamics but also by global and synoptic weather systems (i.e., envi-
ronmental flow). The dynamical mechanisms that modulate hurricane trajectories under changes in the surface
temperature and friction are not comprehensively established yet. The primary objective of this paper is to
address this knowledge gap by conducting six real hurricanes and some non-hurricane simulations using the
Weather Research and Forecasting (WRF) model. In total, 90 WRF simulations are carried out to characterize the
impacts of varying the surface temperature and drag on hurricane tracks and their relationship with environ-
mental flow patterns. It is found that ocean warming tends to intensify hurricanes by ~20 % and decrease their
azimuthal translational velocity, and vice versa when the surface is cooled. Hurricanes move more towards the
west over the Atlantic Ocean when the surface temperature is decreased and vice versa. This was shown to be due
to the changes in the average azimuthal speed of environmental flows. Increasing the surface temperature, de-
stabilizes the atmosphere, and increases the surface friction velocity. Hence, increased surface friction appears to
slow down the environmental flow and consequently hurricane track azimuthal translational speed. This finding
was confirmed by another suite of simulations in which only the surface roughness length of the low-wind
environmental flow regime was altered. It was shown that surface drag changes have a similar impact on hur-
ricane tracks as surface temperature variations. Decreasing the default surface drag for low-wind regimes tends
to further move the hurricanes toward the west and vice versa. This paper provides notable insights into future
hurricane track trends and the role of ocean temperature and momentum exchange coefficients in hurricane
track and environmental flow patterns. Moreover, the results of this study can be useful for advancing surface
layer parameterizations and their impacts on hurricane track forecasts in weather/climate models.

1. Introduction

Hence, given the unique dynamics of hurricane flows (Momen et al.,
2021), it is essential to better understand and characterize the primary
dynamical factors that influence hurricane tracks in order to enhance
their forecasts.

Hurricanes have been one of the most severe and expensive natural
disasters in the US that have caused billions of dollars in damage since
1970 (Cheikh and Momen, 2020; Marsooli et al., 2019). Accurate pre-
diction of hurricane tracks is typically challenging since global-scale and
synoptic weather systems influence their trajectories in addition to their
internal dynamics (Wang et al., 1998). Hurricane track predictions can
become even more difficult with ocean warming (Emanuel, 2017),
which is projected to modulate the synoptic weather systems (Stud-
holme et al., 2022) and intensity of hurricanes (Emanuel, 2005; IPCC,
2023; Knutson et al., 2020, 2019; Mei and Xie, 2016; Walsh et al., 2019).
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A tropical cyclone (TC) vortex is embedded in and steered by a basic
surrounding flow, aka environmental flow, which can theoretically be
demarcated by removing the TC vortex from the environmental circu-
lation field on the scale of a thousand kilometers. The environmental
flow is a major factor that affects the TC’s trajectory. This concept has
been well established and applied by modelers in the track prediction of
TCs (Kasahara, 1957; Miller and Moore, 1967; Roy and Kovordanyi,
2012). The definition of the environmental flow usually modulates the
empirical relationships between TC motion and surrounding large-scale
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Abbreviations

WRF Weather Research and Forecasting

ARW Advanced Research WRF
SST Sea-Surface Temperature
TSK Skin Temperature

TC Tropical Cyclone

PBL Planetary Boundary Layer

flows. Previous studies attempted to extract the environmental steering
flow from observational circulation flow by spatially removing
small-scale and large-scale disturbances using the Poisson equation for
stream function and velocity potential (Galarneau and Davis, 2013).
Prior studies hypothesized that the deep mean steering flow layer (be-
tween 1 000 and 100 hPa) typically approximates the actual TC motion
(Dong and Neumann, 1983; Franklin, 1990; Velden and Leslie, 1991).
These studies indicate that TC motion is mainly driven by the environ-
mental flow field.

The environmental flow direction is strongly influenced by the sea-
surface temperature (SST) and the surface layer characteristics. Ocean
warming can influence the dynamics of these environmental flows and
consequently the TC trajectories (Chu et al., 2023; Garner et al., 2021;
Hall et al., 2021; Kossin et al., 2010). Some recent studies have shown
that with global warming the translational speed of TCs has slowed
down (Kossin, 2018). Several other studies predicted a poleward
movement of TCs due to global warming (Fyfe et al., 1999; Kossin and
Camargo, 2009; Kushner et al., 2001; Miller et al., 2006; Wu et al.,
2011). This phenomenon can lead to a decrease in TC counts making
landfall in the US, particularly over the southern Gulf of Mexico and the
Caribbean (Colbert et al., 2013). These predictions were supported by
the observations of a poleward shift in the southern hemisphere
(Thompson and Solomon, 2002). The future TC tracks depend on the
processes that modulate the temperature gradients (Shaw et al., 2016).
Some numerical studies using idealized models showed a poleward shift
in the westerlies or jet streams in response to increases in SST gradients
(Son and Lee, 2005), stratospheric temperature gradients (Haigh et al.,
2005; Polvani and Kushner, 2002), and eddy length scales (Kidston
et al.,, 2011). Chen et al. (2007) studied the dynamical mechanisms
underlying the poleward shift by simply modifying the magnitude of the
surface friction, which according to Robinson (1997) drives the west-
erlies and the midlatitude jet poleward in response to altered surface
drag. Hence, it is vital to understand whether such changes on the sur-
face drag of environmental flows have any impacts on TC dynamics and
track.

Numerical weather prediction (NWP) models enable us to quantify
the impacts of surface temperature and drag on hurricane tracks. The
Weather Research and Forecasting (WRF) model is the state-of-the-art
NWP system that has been widely used in TC forecasts (Abarca and
Corbosiero, 2011; Chen et al., 2011; Davis et al., 2008; Nasrollahi et al.,
2012; Powers et al., 2017). Despite the recent progress in improving
turbulence models (Li et al., 2023; Romdhani et al., 2022) and planetary
boundary layer (PBL) parameterizations (Jiménez et al., 2012; Matak
and Momen, 2023; Nolan et al., 2009; Vaughan and Fovell, 2021; Zhang
et al., 2011) for hurricane flows, there has not been a thorough NWP
study that extensively determines the effects of ocean temperature and
surface friction variations on TC tracks.

The objective of this paper is to address this knowledge gap by
characterizing the impacts of surface temperature and drag on some
recent hurricane tracks and environmental flow patterns. This is
particularly important given that the mesoscale and microscale
dynamical factors that impact hurricane tracks have received less
attention compared to hurricane intensity studies (e.g., Balaguru et al.,
2018; Gopalakrishnan et al., 2013; Zhang et al., 2015). This goal will be
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achieved by conducting a comprehensive set of WRF simulations where
the surface temperature and drag are altered for hurricane and
non-hurricane scenarios. In particular, the research questions of the
present paper are:

1) What are the impacts of changing ocean temperature on hurricane
track and dynamics?

2) How do surface temperature variations influence the environmental
flow patterns, and do these affect hurricane tracks?

3) How does ocean warming modulate the surface friction, and does
altering the surface drag have a similar effect on hurricane tracks and
environmental flow patterns?

The current paper addresses these questions as follows. Section 2
describes the selected hurricanes, the numerical framework, and the
details of the surface layer scheme. Then, the section provides an
overview of the conducted WRF simulations. Section 3 presents the
simulation results of hurricane track and intensity under surface tem-
perature changes (question 1). The next part of the section analyzes the
response of the environmental flow and surface friction to altered sur-
face temperatures (question 2). Then, the response of the environmental
flow to surface drag parametrizations and its impacts on hurricane
tracks are discussed (question 3). Finally, Section 4 summarizes the key
findings of the paper.

2. Methods
2.1. Simulation cases and numerical domains

To characterize the impacts of the surface temperature and drag on
simulated TC tracks, historical hurricanes were chosen. These hurri-
canes were chosen based on their trajectory such that they become
category 4 or 5 (major TCs) as they move into the Atlantic basin.
Another criterion for the case selection was focusing on newer hurri-
canes after 2010 to include more recent data. Fig. 1 shows the track of
the chosen hurricanes and their simulation domain. In total, six TCs of
categories 4 or 5 between 2010 and 2020 were selected.

The first chosen hurricane, which occurred in 2020, is Teddy. It
originated from a strong tropical wave near the African west coast and
continued moving west and northwest around a strong subtropical ridge
in the central Atlantic (Blake, 2020). Similarly, Lorenzo moved initially
westward to northwestward steered by a subtropical ridge to its north.
By September 29th, 2019, Lorenzo became a category 5 hurricane when
its peak intensity reached 72 m s~ (Zelinsky, 2019). Earl, initially a
tropical wave, departed the West African coast on August 23rd before
acquiring sufficient convective organization to be considered a TC by
August 25th. Earl strengthened gradually as it was steered northwest-
ward and then rapidly weakened as it turned northward (Cangialosi,
2011). Florence, originated from a convectively tropical wave, and
made landfall near North Carolina on September 14, 2018 (Stewart and
Berg, 2019). The two other selected hurricanes are Maria (Hosannah
etal., 2021; Pasch et al., 2023) and Gonzalo (Brown, 2015). More details
about these hurricanes and their simulations period are provided in
Table 1.

To determine the impacts of ocean warming and surface drag on the
environmental flow patterns, we also conducted a suite of simulations
for 12 weeks during the Atlantic hurricane season spread over two years.
The objectives of running these non-hurricane cases were 1) to
comprehensively assess the patterns developed in the direction of the
environmental flow in the absence of hurricane vortex interactions, 2) to
determine whether changes in hurricane track are caused by the global
environmental flow patterns, and 3) to have a broader characterization
of the synoptic weather system across a larger range of latitudes. Hence,
we ran 7-day simulations for each month of the hurricane season
(June-November) for two years in a larger domain. The details about the
domain size and the timeframe of these simulations are provided in
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Fig. 1. Best-observed track of the six chosen hurricanes for this study. The solid lines represent the hurricane trajectory during the simulation timeframe, and the
dashed boxes display the size of the simulated domain for each hurricane. The markers indicate the hurricane’s eye, labeled with timestamps in day/hour format.
These timestamps correspond to the start and end times of the simulation for each case.

Table 1
List of investigated hurricanes and their simulation periods in WRF.
Hurricanes Year Category Formation to Dissipation Dates Simulation Running Hours Approximate Domain Size Observed Max Speed
Teddy 2020 4 Sept. 12 — Sept. 24 168 h, Sept. 17, 12 a.m. — Sept. 24, 12 a.m. 4 800 km x 6 400 km 62ms !
Maria 2017 5 Sept. 16 — Oct. 2 264 h, Sept. 21, 12 a.m. - Oct. 1, 12 a.m. 6 400 km x 6 400 km 77ms!
Lorenzo 2019 5 Sept. 23 — Oct. 4 168 h, Sept. 26, 12 a.m. — Oct. 3, 12 a.m. 4 800 km x 6 400 km 72ms !
Florence 2018 4 Aug. 31 - Sept. 18 96 h, Sept. 10, 12 a.m. — Sept. 14, 12 a.m. 3200 km x 3 200 km 67ms !
Gonzalo 2014 4 Oct. 12 - Oct. 20 96 h, Oct. 15, 12 a.m. - Oct. 19, 12 a.m. 3200 km x 3 200 km 64ms !
Earl 2010 4 Aug. 25 — Sept. 6 120 h, Aug. 31, 12 a.m. - Sept. 5, 12 a.m. 4 800 km x 6 400 km 64ms !
bl such as urban meteorology (e.g., Li et al., 2014; Olivo et al., 2017),
Table 2

List of simulated timeframes and their corresponding domain size for non-
hurricane cases. For all cases, the domain size is approximately 8 000 km x 8
000 km.

Month Years Simulation Running Hours

June 2019, 2020 168 h, Jun. 1, 12 a.m. — Jun. 8, 12 a.m.
July 168 h, Jul. 1, 12 a.m. — Jul. 8, 12 a.m.

August 168 h, Aug. 1, 12 a.m. — Aug. 8, 12 a.m.

September 168 h, Sept. 1, 12 a.m. — Sept. 8, 12 a.m.

October 168 h, Oct. 1, 12 a.m. — Oct. 8, 12 a.m.

November 168 h, Nov. 1, 12 a.m. — Nov. 8, 12 a.m.
Table 2.

2.2. Numerical Methodology

In this study, we employ the Advanced Research WRF (ARW) model
version 4.1.3 to conduct the simulations. This code is developed and
maintained by the National Center for Atmospheric Research (NCAR),
and solves fully compressible, non-hydrostatic Euler equations (Ska-
marock et al., 2019). In addition to different meteorological applications

hydrometeorology (e.g., Yang et al., 2015), and air quality (e.g.,
Cuchiara et al., 2014) the code has been extensively employed in hur-
ricane simulation studies (Cavallo et al., 2013; Davis et al., 2008; Fierro
etal., 2009; Romdhani et al., 2022). The ARW package contains multiple
options for the physics suite. The vertical diffusion in this code is
handled by the PBL scheme. In this paper, the non-local Yonsei Uni-
versity [YSU (Hong, 2010; Hong et al., 2006);] scheme is employed,
which is the recommended model for TC simulations by the ARW
guideline (Skamarock et al., 2019).

2.2.1. Changing the surface temperature

To characterize the impacts of ocean temperature on the TC track, we
conducted a suite of simulations by varying the default surface tem-
perature [i.e., the output variable surface skin temperature (TSK)] by 2
K. The selected value is consistent with the increase in ocean warming
that is projected to be ~1.3-2.4° K by year 2100 under moderate
emissions scenario of the sixth assessment report of the Intergovern-
mental Panel on Climate Change (IPCC, 2023; IPCC, 2013; Meinshausen
et al., 2020, 2011; Rogelj et al., 2018; Schleussner et al., 2016). Altering
the surface temperature will impact both the environmental flow and
hurricane vortex dynamics which will be discussed in Section 3. An
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example of Hurricane Florence runs is shown in Fig. 2, in which the
surface temperature is decreased (top panels) and increased (bottom
panels) compared to the default case (middle panels). The figure shows
how the surface temperature change is implemented in WRF (left
panels) and how this change affects the surface wind speed of the
simulated TCs (right panels). A similar result for Hurricane Teddy is
provided in supplementary Fig. Al. These impacts will be characterized
in the results section.

2.2.2. Changing the momentum roughness length

The ARW model employs three formulations to model the surface
fluxes: One formulation for regular weather prediction based on the PBL
scheme (Skamarock et al.,, 2019), and two formulations specifically
designed for TCs. The first TC-specific formulation implements Donelan
et al. (2004) formula for the momentum exchange coefficient Cp and a
constant thermal and moisture roughness length (zoq = 1074 m) for
temperature and moisture exchange coefficient Cx. We refer to this
parametrization as Isftcfix = 1 following the ARW’s notation. The second
TC-specific formulation is a modification of the Donelan parameteriza-
tion using Garratt’s formulation (Garratt, 1994), which hereafter is
referred to as Isftcfix = 2. In the current study, both parametrizations are
used for TC simulations. The performance of these two parameteriza-
tions has been previously tested by NCAR’s real-time hurricane runs in
2012 (NCAR, 2019).
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The surface momentum flux in ARW is defined as

T= —pCDUf. (€D}

In equation (1), 7 refers to the surface momentum and represents mo-
mentum exchange between the ocean and the overlaying atmosphere, p
is the air density, and Uy, is the wind speed at the model’s lowest level
(Ming et al., 2023). Finally, Cp is a dimensionless exchange coefficient
for the momentum (drag coefficient), which is defined as

K

= (m)

where « is the von Karman constant (=0.4), z is the height above the
surface, 2o is the momentum roughness length (Momen and Bou-Zeid,
2016) and y,, is an atmospheric stability correction term that is a
function of z and Obukhov length L (Momen, 2022). The stability
function y,, is positive for unstable conditions and negative for stable
conditions.

Determining the exact drag coefficient for strong TC winds is an
active research area (Jarosz et al., 2007; Li et al., 2023; Powell et al.,
2003; Soloviev et al., 2014), in which some studies indicate that Cp
reaches its maximum of 0.003 for TCs with wind speeds ~35 m s ™! and
then levels off as the wind speed further increases (Black et al., 2007;

(2)
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Fig. 2. Contour maps depicting the temperature at 2 m and the wind speed at 10 m for Hurricane Florence after 60 h of simulation. The left column shows tem-
perature contour maps for (top) TSK ok, (middle) default, and (bottom) TSK, ok cases, and the right column depicts the corresponding surface wind speed contours.
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Davis et al., 2008). Hence, Donelan’s momentum roughness length in
the ARW code is calculated as

2o =max[1.27 x 1077, min[z,2 + (1 — z,,)21,2.87 x 107°]], (3.2)
(1, [ ] 3.b
zw—mm( e ) (3.b)
uz
21 =0.011—=+41.59 x 107>, (3.0)
g
10 1.65 x 107¢
= X 3.4

max (u,,0.01)’
exp 9.5u*_%

where u- represents the friction velocity defined as

xU .
In (é) —y,(z/L)

Equation (4) shows that by increasing z,, we effectively increase u«
and vice versa. Similar impacts can be seen for changing the stability
correction function for which destabilizing surface heat fluxes (y,, > 0)
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increase u+ and vice versa.

In this study, we change the default 2y parameterization in WRF. This
is to determine if changing the surface friction has similar impacts as
varying the surface temperature on TC tracks and environmental flow
patterns. Since the focus of this study is on understanding the role of
environmental flows in modulating TC tracks, this change in the zp will
only be applied to low-wind environmental flow regions. To separate the
environmental flow from the TC vortex, we implemented the following
formula

CLz X 20 if V < Vipin
20=9 AX (V= V) +1) X 20if Viir <V < Vi, )
ZoifV>Vmax

where Cp; refers to a newly defined coefficient that controls the
magnitude of zy, V denotes the surface wind speed at 10 m, Vi, and
Vmax are the surface wind speed range over which we linearly change the
roughness length, and A = (1 — Ci;) /(Vinax — Vimin). For all the cases in
this paper, they were chosen to be Vi, =20 m s 'and Vpax =30 ms .
Hence, the changes in the roughness length will not be applied for
hurricane vortex winds greater than 30 m s~ *.

Fig. 3 depicts an example of the implemented 2, parametrization as a
function of the surface wind speed. Depending on the implemented
coefficient Cp,, the 2 is either increased (Cr; = 100, top panels) or
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Fig. 3. Contour maps depicting the roughness length and the surface wind speed for Hurricane Florence after 60 h of simulation for Isftcflx = 1. The left column
shows roughness length contours with C;, = (top) 100, (middle) 1, and (bottom) 0.0001, and the right column depicts their corresponding wind speed contours.
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decreased (Cr, = 0.0001, bottom panels) in the regions away from the
TC eyewall compared to the default case (C;, = 1, middle panels). Re-
gions where the surface wind speed surpasses Vo, remained unchanged
and in regions with wind speed lower than Vj;;, the 2y changes were in
full effect. For instance, the low-wind environmental flow regions (blue
colors in right panels of Fig. 3) experience a full zy change. In the case of
Cr, =100 (Fig. 3, top panels), the zj of these regions increased (more red
colors in the top left panel) compared to the default case (middle left
panel). Similarly, in the case of C;, = 0.0001, the 2 of these regions
decreased (more blue colors in the bottom left panel) compared to the
default case (middle left panel). A similar result was obtained for other
hurricanes such as Hurricane Teddy (please see supplementary Fig. A.2).
The impacts of these changes on TC tracks and environmental flow
patterns will be discussed in Section 3.3.

2.3. Suites of WRF simulations

Two sets of ARW simulations are conducted in this study to examine
how changes in surface temperature and drag affect TC tracks. First, we
assess the impacts of altering the surface temperature on hurricane
tracks and environmental flow patterns. To this end, six hurricanes of
category 4 or 5 (see Table 1) are simulated by increasing and decreasing
the default surface temperature by 2 K. Furthermore, to determine the
role of environmental flow patterns in TC tracks 12 non-hurricane cases
of Table 2 are also simulated under similar surface temperature changes.
A summary of the conducted WRF simulations along with their naming
convention is listed in Table 3. These simulations were carried out using
an 8 km grid resolution for six real hurricanes and a 32 km grid reso-
lution for 12 non-hurricane cases (due to their larger domain size),
resulting in 6 x 3 (hurricane) +12 x 3 (non-hurricane) = 54 ARW
simulations. In the second set of simulations, the impacts of altering
surface drag on TC tracks and environmental flow patterns and their
analogies with surface temperature are characterized. A similar set of
cases is carried out in this suite by keeping the default surface temper-
ature but varying the default momentum roughness lengths (bottom
rows of Table 3). These result in 36 new ARW cases, leading to a total of
90 simulations. Hereafter, we refer to the simulations in which no new
changes in the surface temperature (TSK+0 K) and friction (Cy, = 1) are
applied as the default cases (control runs). In these simulations, the
default WRF configurations are used to conduct historical hurricane
simulations.

3. Results and discussion

3.1. Impacts of surface temperature changes on hurricane track and
intensity

In this section, the results of the first set of hurricane simulations, in
which the surface temperature of TC cases is varied, are presented (6

Table 3

The suites of ARW simulations conducted for the analysis of the impacts of TSK
and 2y on hurricane track and environmental flow patterns. Each hurricane case
is named according to the following format X Rkm_V where X is a placeholder
for the hurricane name (“Ea” for Earl, “F1” for Florence, “Go” for Gonzalo, “Lo”
for Lorenzo, “Ma” for Maria, and “Te” for Teddy), R is the resolution, and V is the
varied variable (TSK for the first set of simulations or Cy, for the second suite).
Non-hurricane cases are named as M_Y_Rkm _V in which M denotes the month
and Y the year of the simulation according to Table 2.

Surface Variable ~ Value of change = Hurricane cases Non-Hurricane cases

TSK —2K X_8 km _TSK.z¢ M_Y_32 km_TSK 2
0 X8 km _TSKox M_Y_32 km_TSKox
+2K X8 km _TSK 2 M_Y_32 km_TSK , 2x
Crz 0.0001 X 8km_Cra=o0001 M._Y_32 km_Cr=0.0001
1 X_8 km_Cp,=1 M_Y_32 km_C,=;
100 X8 km_Crz=100 M_Y_32 km_Ci,=100
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hurricanes under three surface temperatures). First, the impacts of sur-
face temperature changes on atmospheric stability are examined. Fig. 4
shows the vertical profiles of potential temperature for the three
imposed surface temperature scenarios. These profiles are averaged over
a radius (R) band with respect to the radius of maximum wind (Ryy, as
shown in supplementary Fig. B1). This non-dimensional radius band
average ensures that the results represent the same dynamics in the
parameter space of different hurricanes, which can have various sizes.

In general, the potential temperature profiles for the default cases
(green lines) indicate neutral atmospheric stability in the hurricane
boundary layer (HBL), which extends to ~500 m on average. This is
consistent with the fact that shear production in hurricanes is the pri-
mary factor contributing to the turbulent kinetic energy and is much
larger than the buoyancy production term in the outer eyewall region
(Kepert, 2012; Sabet et al., 2022; Zhang et al., 2009). Hence, since the
wind shear in HBLs is remarkably high, the ratio of buoyancy to shear
production (i.e., the magnitude of the flux Richardson number) de-
creases and the HBL in the outer eyewall region tends to be in neutral
stability (Yu et al., 2008; Zhang et al., 2009). When we increase the
surface temperature by 2 K, the height where the inversion layer starts
increases (red lines) and when we decrease the surface temperature the
inversion layer elevation decreases (blue lines). In both scenarios, the
atmosphere maintains its neutral stability. This inversion layer and its
associated Richardson number have been a criterion for determining the
PBL height (referred to as the thermodynamic BL height) in some PBL
parameterizations such as the YSU scheme. The PBL height determines
the vertical mixing and diffusion in hurricanes and highly affects the
near surface wind speed (Momen et al., 2018, 2021; Momen and
Bou-Zeid, 2017). Similar results were found for non-hurricane cases
with the exception that the atmosphere in those cases is not necessarily
neutral as in hurricane cases (please refer to supplementary Fig. C1 for
more details).

These changes in surface temperature significantly impact the in-
tensity of hurricanes. Fig. 5 displays the hurricane wind intensity
timeseries versus the best observed near-surface maximum wind speed
data from the US National Hurricane Center (Blake, 2020; Brown, 2015;
Cangialosi, 2011; Pasch et al., 2023; Stewart and Berg, 2019; Zelinsky,
2019). In general, the results indicate that an increase of the surface
temperature (red lines) generates stronger winds near the surface. For
instance, Hurricane Gonzalo reached an intensity of ~47 m s~ after 66
h of simulation for the default case (green line). When the surface
temperature was increased by 2 K, the intensity increased to ~71 m s~!
(red line). Similarly, a decrease in the surface temperature reduces the
near surface wind intensity (blue lines in Fig. 5). This finding is
consistent with the hurricane’s maximum potential intensity (MPI)
theory (Emanuel, 1997) that predicts that TC’s maximum wind speed is
a function of the surface temperature minus the outflow temperature,
and as this difference increases the TC can be more intense. Warmer
ocean water increases the atmospheric heat uptake and provides an
extra energy source for the TC. Hence, by increasing the surface tem-
perature the energy content of the hurricane system rises and it can
generate stronger winds.

To quantify the impacts of the surface temperature on hurricane
intensity, the average near surface wind intensity over all hurricane
cases is calculated. Fig. 6 shows the average wind intensity of the 6
hurricanes listed in Table 1, and the black bar depicts the average of the
best observed data. As Fig. 6 indicates, the average wind intensity in-
creases by ~20.6 % when the surface temperature is increased by 2 K.
This result is consistent with recent evidence that TCs are becoming
stronger with global warming (Emanuel, 2020; IPCC, 2023; Knutson
et al., 2020, 2010; Walsh et al., 2019). On the other hand, the default
wind intensity in the considered TCs reduces by ~19.6 % when the
surface temperature is decreased by 2 K. Hence, the results indicate that
a 2 K ocean warming can further increase the wind intensity of the
considered category 4-5 hurricanes by ~20 %, making them an even
stronger TC.
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height output of WRF spatially averaged over the same region.

Altering the surface temperature also significantly impacts hurricane
tracks. Fig. 7 shows the track for the six simulated hurricanes under
different surface temperatures. At lower latitudes (below ~30°N), the
TCs tend to propagate more toward the west as the surface temperature
decreases (blue lines in Fig. 7). In contrast, when the default surface
temperature increases, the results indicate that TCs move with a lower
speed to the west (red lines in Fig. 7) compared to the default cases. This
trend appears to be consistent in most considered hurricanes demon-
strating that surface temperature can considerably modulate the TCs
track.

To quantify the response of the simulated TC tracks to changing the
surface temperature, we calculated the average longitudinal trans-
lational velocity of all considered hurricanes as a function of the surface
temperature variations. Fig. 8 depicts the mean longitudinal traveling
velocity of the hurricane vortex before and after its track recurves from
moving west to east. This track recurvature separation allows us to
distinguish the sign of TC motions. Fig. 8 shows that by decreasing the
default surface temperature the longitudinal velocity increases by ~0.3
m s~ ! toward the west before recurvature (left panel in Fig. 8). However,
when we increase the surface temperature (red bars), the longitudinal
velocity toward the west is decreased. After the recurvature (latitude >
35°), the trend for the magnitude of the translational velocity remains
the same but its sign is reversed. The longitudinal velocity is increased

for colder surface temperature (blue bars in the right panel of Fig. 8)
toward the east, and it is decreased for warmer surface temperatures.

3.2. Analysis of the impacts of surface temperature changes on
environmental flow patterns

In this section, the impacts of changing the surface temperature on
environmental flow patterns and its relationship with TC tracks are
discussed. To this end, the results of the conducted set of non-hurricane
simulations as defined by Table 2 are presented. First, the impacts of
surface temperature changes on the azimuthal velocity of the environ-
mental flow are described.

After conducting all 12 non-hurricane cases for each surface tem-
perature, the azimuthal wind velocity components are averaged at each
latitude in the entire simulation domain which includes the Atlantic
Ocean basin. The average azimuthal wind velocity is shown in Fig. 9 as a
function of latitude for three surface temperature scenarios. The figure
shows that increasing the surface temperature by 2 K (red line) tends to
decrease the average azimuthal wind velocity towards the west below
~35° of latitude and then decrease it towards the east above ~35°
compared to the default case (green line). A reverse trend can be
observed when decreasing the surface temperature (blue line in Fig. 9)
compared to the default case. This observed trend in the environmental
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flow pattern is consistent with hurricane motions in Fig. 8 and can
explain why such changes in TC tracks are observed as the surface
temperature is altered. Further analysis and discussion of this change in
the environmental flow patterns come as follows.

To assess the reason for this change in the environmental flow
pattern, we investigated the PBL dynamics in the considered cases. To
this end, the impacts of the surface temperature changes on eddy

diffusivity profiles are described. Fig. 10 depicts the vertical profiles of
the momentum exchange coefficient Kp,. These profiles are obtained by
averaging the largest 100 profiles over the ocean (sorted based on the
maximum value of each profile). As Fig. 10(a) indicates, increasing the
surface temperature (red line) increases the eddy diffusivity and vice
versa.

In the YSU PBL scheme, the momentum exchange coefficient K, is
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calculated as

Km(z)=,::':z(1 —%)p, (6)

where « is the von Kdrméan constant, z is the height above the surface, h is
the PBL height, p is an exponent for the profile shape (in YSU, p = 2), and
¢ is the atmospheric stability correction. The increase in K;, in Fig. 10
(a) is mainly due to the change in u. /¢,,. In fact, according to u, = xU/
[In(z) — In(z0) — wn(z/L)], we expect that by increasing the surface
temperature and destabilizing the PBL (i, (z /L) > 0), u. also increases.
We verified this increase in u, in the increased surface temperature cases
by calculating the average friction velocity in the conducted simulations
(see supplementary Fig. D1). Hence, it appears that increasing the sur-
face temperature increases mixing in the PBL and leads to higher surface
friction and vertical diffusion. This higher diffusion reduces the
azimuthal velocity in the environmental flows as shown in Fig. 9.

To corroborate this finding that friction and mixing variation is the
cause of changes in the environmental flow patterns, a similar set of
simulations were conducted in which only the surface drag is altered. As
Fig. 10(b) shows, higher roughness length z, (red line in Fig. 10(b)) also
yields a higher eddy diffusivity compared to the default run (green line
in Fig. 10(b)) and vice versa. This is again expected because higher

imposed 2, increases the friction velocity in a similar manner to
increasing the surface heat flux (see u, = «U/[In(z) — In(2o) — ¥,,(2 /L)),
and supplementary Fig. D1, right panel). Thus, according to Eq. (6), the
eddy viscosity is expected to increase when z; increases; and both
changing the surface temperature and drag appear to induce an analo-
gous impact on the vertical diffusion. Hence, to confirm if a similar trend
in the environmental flow patterns and TC tracks are observed for
changing the 2y, a similar suite of cases is presented in the next section.

3.3. Environmental flow and hurricane track alterations in terms of
roughness length changes

In the previous section, we assessed the impacts of surface temper-
ature changes on environmental flow patterns. In this section, we
examine if changing the roughness length induces a similar response of
hurricane tracks and environmental flows to surface temperature vari-
ations. A similar set of simulations for TC tracks were conducted by
changing the surface roughness length.

It has been well established that TC tracks are significantly impacted
by the environmental flows (Kasahara, 1957; Miller and Moore, 1967;
Roy and Kovordanyi, 2012). Hence, we will determine whether the
observed TC track trends are due to changes in the environmental flow
patterns. To this end, in this suite of simulations, only the 2, of low-wind
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environmental flow regimes were changed to isolate the impacts of
changing the surface friction to environmental flows (see Section 2.2.2).
Since the 2, of high hurricane winds is not changed in this new suite of
simulations, the intensity of the simulated TCs is not considerably
modulated (supplementary Fig. E1). However, for hurricane tracks a
similar trend to surface temperature changes are observed (supple-
mentary Fig. E2). When gz is increased, the simulated TCs move slower
to the west before the recurvature and to the east after the recurvature
analogous to when the surface temperature is increased.

We quantified hurricane track changes induced by altering the sur-
face drag. The top panels of Fig. 11 show the average longitudinal
translational velocities of hurricane vortex before and after recurvature.

10

As the figure indicates, when the imposed surface z, increases the
azimuthal translational speed of TCs decrease (red bar in Fig. 11)
compared to the default cases (green bar in Fig. 11) and vice versa (blue
bar in Fig. 11). This response is analogous to changing the surface
temperature, which is shown in Fig. 8. Similar results were also obtained
when a different surface layer parameterization (Isftcflx = 2) was used
(see supplementary Fig. F1) indicating the generality of this finding.
To examine if the observed TC track trends are due to changes in the
environmental flow patterns, we also conducted similar simulations for
non-hurricane cases under surface roughness variations for the periods
defined in Table 2. The bottom panel in Fig. 11 shows the results of the
azimuthally averaged wind speed as a function of latitude for the
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considered non-hurricane surface drag change cases. The figure in-
dicates that by increasing the surface drag the azimuthal wind speed in
environmental flows decreases (red line) and vice versa (blue line). This
trend is similar and consistent with the hurricane azimuthal trans-
lational speed (compare the top and bottom panels of Fig. 11). To
quantify whether altering the surface temperature or friction has a
higher impact on TC track and average longitudinal velocities in our
cases, we conducted a correlation analysis. Our results indicate that
changing the surface roughness length had a more significant effect than
varying the surface temperature on average longitudinal velocities in the
considered cases (see supplementary material Fig. G.1).

To further corroborate our simulations, we compared our results
with another shallow-water climate model based study which altered
the surface friction damping time scale (z) in their simulations (Chen
et al., 2007). Their results are shown as dashed lines in Fig. 11 (bottom
panel). They found that a decrease of the mean drag (cyan dashed line in
Fig. 11, bottom) yields an increase in the lower-layer westerlies and vice
versa (orange dashed line in Fig. 11, bottom). Note that the results of
Chen et al. (2007) are from a simple shallow-water global climate model
and thus their domain size is much larger than our considered domain.
Despite these differences in the domain and code, our results are in a
qualitative agreement with their climate model simulations.

As the results indicate, increasing the surface friction tends to slow
down the azimuthal wind speed in large-scale environmental flows and
vice versa. Fig. 12 shows the contours of azimuthal velocity for two of
the conducted non-hurricane cases. As the figure indicates, decreasing
the roughness length (right panels) strengthens the surface azimuthal
wind velocity (see the darker colors in the right panels) compared to the
default case (middle panels) and vice versa. All these different simula-
tions indicate that TC track trends appear to majorly root from the global
environmental flow changes rather than the mesoscale hurricane vortex-
environmental flow interactions. Therefore, TC tracks are considerably
impacted by global and synoptic environmental flow patterns and
characterizing them is vital to improve hurricane track forecasts.

4. Conclusion

This study characterizes the impacts of surface temperature and
friction changes on hurricane tracks and environmental flow patterns. In
total, 30 WRF hurricane simulations were conducted by varying the
surface temperature and roughness length for six category 4-5
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hurricanes (Earl, Gonzalo, Lorenzo, Florence, Teddy, and Maria). 60
more simulations were carried out to investigate the characteristics of
environmental non-hurricane flows subject to changing surface tem-
perature and drag, and determine their impacts on TC tracks. In sum-
mary, the key findings of this study are:

1. Increasing the surface temperature tends to intensify TCs while
decreasing it generates weaker hurricanes. It was found that the
average wind intensity increases by ~20 % in response to 2 K in-
crease in the default surface temperature and vice versa. These re-
sults were consistent with other studies that projected that global
warming would intensify the TCs. Note that this increase in the in-
tensity of hurricanes can occur for just a moderate emission scenario.
The hurricanes can be further intensified under a warmer climate for
higher emission scenarios. To corroborate this, we conducted
another set of simulations where we changed the surface tempera-
ture by 3 K (supplementary Figs. H.1 and H.2). We found that the
average maximum wind intensity of hurricanes increases by ~26 %
in this more extreme scenario compared to the default cases.

. Hurricane tracks were significantly sensitive to surface temperature
variations. Decreasing the surface temperature further moved the
hurricane trajectories towards the west and vice versa. Note that the
surface temperature variations might considerably affect the fore-
casting accuracy of future hurricanes that needs to be characterized
in a separate retrospective analysis of climatic trends in historical TC
events.

. This trend in hurricane tracks was associated with environmental
flow patterns. To show this, a set of non-hurricane cases was con-
ducted. It was found that azimuthally averaged winds exhibit a
similar trend for non-hurricane cases. Decreasing the surface tem-
perature for such cases, increases the magnitude of azimuthally
averaged winds. Increasing the surface temperature consistently
decreased the magnitude of azimuthally averaged winds, which can
be the case for global warming conditions under moderate and high
emission scenarios. It was shown that this change in the environ-
mental flow pattern is likely the reason behind the observed trends in
hurricane tracks as a result of varying the surface temperature.

. The surface temperature was shown to have a significant impact on
surface friction and mixing in the PBL. The vertical diffusion was
considerably influenced by changes in the surface temperature. It
was demonstrated that vertical mixing and surface friction variations
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are the cause of changes in the environmental flow patterns by
conducting a similar set of simulations in which only the surface drag
is altered.

. The surface drag changes were shown to have a similar impact on
hurricane tracks as surface temperature variations. Decreasing the
default surface drag for low-wind regimes tends to further move the
hurricanes towards the west and vice versa. Similarly, the TC track
alterations were shown to be due to the changes in the environmental
flow patterns. The outcomes of the non-hurricane simulations were
also in agreement with a separate shallow-water climate model study
verifying these results.

Our results underscore the significance of global warming on future
hurricane dynamics and tracks. Increased Ocean temperature appears to
significantly intensify hurricanes, and influence their tracks by
decreasing their azimuthal translational speed. This was associated with
the changes in the synoptic environmental flow patterns that are altered
due to friction and turbulent mixing. It is thus indispensable to char-
acterize and improve these impacts in weather/climate models to
enhance TC intensity and track projections in the future.
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