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Introduction: The impact of upper-ocean temperature on tropical cyclone (TC)
activity is an open issue. Compared to the attention devoted to the effect of sea-
surface temperature (SST) on TC activities, much less is known about the effect of
ocean mixed layer depth (OMLD) on TC activities, which is determined by the
ocean temperature below the surface.

Methods: In this study, a series of idealized numerical experiments were
conducted to investigate the possible responses of TC activities to OMLD.

Results: It was found that while OMLD exerts a minor influence on TC track, it
evidently affects TC intensity, size, and destructiveness before reaching a certain
OMLD threshold (approximately 15 m). Once the OMLD exceeds the threshold,
changes in TC intensity, size, and destructiveness become marginal with further
increase in OMLD. The threshold of OMLD is largely determined by TC intensity,
which in turn is dictated by surface wind speed.

Discussion: Specifically, before reaching the threshold of OMLD, the surface
wind, namely TC-related surface wind, may bring the cold water from below the
OMLD, and effectively decreases the upper ocean temperature (including the
SST). As OMLD increases, the effect of surface wind on SST cooling gradually
decreases, leading to an increase of SST below the TC. Subsequently, the SST
increase leads to more surface enthalpy flux (SEF) input into the TC by increasing
air-sea temperature and moisture differences. By altering TC's thermodynamic
and dynamic structures, the increase of SEF eventually results in the increase of
TC intensity and size, and thus its destructiveness.

KEYWORDS

tropical cyclone, sea-surface temperature, ocean mixed layer depth, cold wake, surface
enthalpy flux
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1 Introduction

Tropical cyclones (TCs) are among the most destructive natural
disasters on Earth (Pielke et al., 2008; Peduzzi et al., 2012). The ocean
serves as the primary energy source for TC intensification. During the
development of a TC, warmer sea-surface temperature (SST)
facilitates enhanced air-sea interactions, with increased sensible
heat flux (SHF) and latent heat fluxes (LHF) favoring the
strengthening and expansion of the TC (Emanuel, 1986; Rotunno
and Emanuel, 1987; Holland, 1997; Persing and Montgomery, 2005).
Concurrently, surface wind (e.g., TC wind) exerts a negative influence
on SST via air-sea interactions, with higher wind speeds accelerating
SST cooling. Wind drives horizontal dispersion of the sea-surface
layer, leading to the upwelling of colder water and subsequent SST
cooling. In fact, 75%-90% of SST cooling can be ascribed to
turbulence from wind-induced vertical shear in the upper ocean,
which transports colder water from deeper layers into the ocean
mixed layer (Cheng et al., 2015; Halliwell et al., 2015; Potter, 2018).
Thus, TC-induced SST cooling largely depends on the ocean mixed
layer depth (OMLD) prior to the passage of the TC. Analysis of
observational data suggested that the passages of consecutive TCs can
lead to a deepening of OMLD, which may subsequently affect the
activity of subsequent TCs (He et al., 2023; Zhang, 2023).
Additionally, research indicated that with global warming, there is
a trend toward an increase in ocean heat content in the future
(Rosenthal et al., 2013; Xiao et al.,, 2019; Xia et al., 2021). The change
in ocean heat content is largely determined by both SST and OMLD;
however, relatively little is known about the change of OMLD with
global warming.

Despite the weak impact of OMLD on TC track, OMLD
contributes greatly to TC intensity (Chan et al., 2001; Zhao and
Chan, 2017). Studies highlighted the role of ocean heat content in
the genesis, growth, and trajectories of TCs (Gray, 1979; Dowdy
etal, 2012); and OMLD is regarded as a crucial indicator for ocean
heat content that plays an important role in determining TC
intensity (Vissa et al., 2012; Sun et al, 2014a). Based on their
numerical simulations, Nigam et al. (2019) indicated that upper-
ocean temperature stratification, which is closely associated with
OMLD, plays a vital role in determining the magnitude of TC-
induced SST cooling, and thus affects TC intensity. This aligns with
the simulated results in Zhao and Chan (2017) and Li et al. (2020),
which collectively indicated a substantial contribution of OMLD to
TC intensity. Subsequent observational studies revealed that it is the
deepening of ocean mixed layer that contributes to the increased
proportion of intense typhoons during 1980-2015 over the western
North Pacific (Wu et al., 2018). Despite these studies concerning the
impact of OMLD on TC intensity, the mechanisms remain obscure.
Furthermore, relative to the impact on TC intensity, the impact of
OMLD on TC size and destructiveness has received less attention
and warrants thorough investigation. This study focuses on the
impact of OMLD on TC activities (including TC track, intensity,
size, and PDS (size-dependent destructive potential)) and the
underlying physical mechanisms by conducting a series of semi-
idealized, high-resolution, downscaled OMLD sensitivity
experiments with modified upper-ocean temperature structure.
The organization of this paper is as follows. In Section 2, we
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describe the data, model configuration, and experimental design.
In Section 3, we present the results of the model simulations.
Physical mechanisms are analyzed in Section 4, followed by
conclusions and discussion.

2 Data, model configuration, and
experimental design

2.1 Data

We use the historical scenario outputs from the EC-Earth3
model for the sixth phase of the Coupled Model Intercomparison
Project (CMIPG6; https://pcmdillnl.gov/CMIP6/), to establish the
initial atmospheric and lateral boundary conditions for the Weather
Research and Forecasting (WRF) model. The historical scenario run
(Historical) of the EC-Earth3 is a historical climate simulation
which started in the 19th century, from 1840 to 2014, and was
driven by various external forces based on observations (Feng et al.,
2023). The EC-Earth3 encompasses the modules of atmosphere,
land surface, ocean, and sea ice. Vidale et al. (2021) reported that the
EC-Earth3 for the CMIP6 is excellent in simulating TCs because of
its high horizontal resolution and stochastic physics schemes. Our
experiments primarily utilize the historical scenario outputs from
the EC-Earth3 model with a spatial resolution of 0.7°x0.7° and a
temporal resolution of once every six hours. Specifically, this study
utilizes the climatology mean state of 1985-2014 derived from the
historical scenario.

2.2 Model configuration

The WRF model is one of the mainstream models for studying
TCs; and its accuracy in simulating TCs in various regions has been
widely recognized (Rajeswari et al., 2020; Mahala et al., 2021; Calvo-
Sancho et al., 2023). Beginning in version 3.5, the WRF model
introduced atmosphere-ocean coupled models, including a simple
one-dimensional ocean mixed layer and the three-dimensional
Price-Weller-Pinkel (3DPWP; Price et al., 1986). The 3DPWP
model is widely used and performs fairly well in simulating
upper-ocean responses to TCs (Sanford et al., 2007, 2011; Lin
et al, 2023). The 3DPWP computes upper-ocean responses to a
moving TC by solving the momentum, heat, and salinity equations
as described in Srinivas et al. (2016). The ocean mixed layer model
merely alters the vertical distribution of ocean temperature, whereas
the 3DPWP model is more comprehensive, incorporating
important physical processes such as upwelling (Podeti et al,
2022). Yablonsky and Ginis (2009) noted that one-dimensional
ocean models neglect upwelling, consequently underestimating the
SST cooling induced by strong winds. Therefore, the adoption of a
three-dimensional ocean model is crucial for atmosphere-ocean
coupling in TC studies. Additionally, utilizing the integrated ocean
model in the WRF model can significantly boost the efficiency of
atmosphere-ocean coupling and reduce computational cost.

We utilize the advanced research WRF model (v.4.5.1) and
3DPWP model provided by the WRF for seven high-resolution
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downscaling experiments with different OMLDs (i.e., 2, 5, 10, 15, 20,
50, and 100 m). The modeling system was configured in a two-way
interactive mode with two nested domains, featuring horizontal
resolutions of 20 and 4 km, respectively. Figure 1 illustrates the
two-way nested domains of the experimental setup. The first domain
(20 km) encompasses 400 x 300 grid points, covering nearly the
entire western North Pacific. The second domain (4 km) contains
1000 x 650 grid points. The simulation duration is set for four days
covering most lifetimes of the TCs used in this study, with the D01
domain outputting data every six hours and the D02 domain every
three hours. The atmosphere model employs a hybrid-sigma
coordinate system, with both grids featuring 41 vertical levels. The
physical parameterization used in the experiments are as follows: the
Tiedtke cumulus parameterization (Tiedtke, 1989); the WSM 6-class
graupel scheme for cumulus (Hong and Lim, 2006); the Rapid
Radiative Transfer Model for shortwave and longwave physics
(Tacono et al,, 2008); the planetary boundary layer scheme of the
Yonsei University scheme (Hong et al., 2006); land surface physics
from the Unified Noah Land Surface model (Ek et al., 2003); and a
revised MM5 Monin-Obukhov scheme for the surface-layer physics
(Skamarock et al., 2021).

The ocean model used is the 3DPWP provided by the WREF. The
3DPWP was developed based on the formulations of Price et al (Price
et al, 1986, 1994). In the 3DPWP, we primarily consider the effect of
upper-level wind stress on the ocean, which induces advection, mixing,
and surface heat fluxes, altering the vertical structure of the upper-ocean
layer. The ocean model’s vertical resolution is set in the 3DPWP model.
Although the WRE-3DPWP model is three-dimensional, the initial
ocean temperature setting (ocean_t) is one-dimensional (vertical). In this
study, the ocean is segmented into 30 layers, with the vertical resolution
becoming lower with increasing depth (ie., 0.5, 1.0, 1.5, 2, 3, 4, 5, 10, 15,
20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 110, 130, 150, 170, 190, 210, 230,
250, 270, 290, and 310 m). The ocean temperature initialization uses the
temperature data provided in the WRF sample. (See ocean_t in
README.namelist file of the WRFV4.5.1 model).

10.3389/fmars.2024.1395492

2.3 Experimental design

We conduct a series of idealized experiments with different initial
OMLDs using the WRF model. The TC bogus scheme is used to build
the initial TC centered at (130°E, 20°N) (Skamarock et al., 2021), which
is within the main TC generation region in the Pacific. The initial TC
intensity is set to 16 m s}, which is moderate and allows the TCs with
different OMLDs to develop without rapid decline during the four-day
integration. During their lifetimes, these TCs are predominantly
resided within the D02 domain.

We conduct seven experiments with different OMLDs, namely at
2, 5, 10, 15, 20, 50, and 100 m, which are referred to as E;, Esms E1oms
E15ms E20ms Esom» and Ejoom, respectively. Figure 2 illustrates the initial
temperature profile setting for each experiment. The initial TC settings
for all seven experiments remain uniform. (e.g., location, intensity).
Within the OMLD for each experiment, the temperature is set to a
constant value; below the OMLD, a standard ocean temperature is
utilized. In other words, the ocean temperature within the OMLD is
adjusted to a constant value (28.20°C), while the temperature below the
OMLD is consistent for all the experiments. To avoid the influence of
salinity on the model’s calculation of density and thus OMLD, salinity
is uniformly assigned a value of 34.01 (a reasonable salinity value) in all
the experiments.

3 Simulation results
3.1 Upper-ocean temperature

Figure 3 illustrates the upper-ocean temperature 24 hours after
the integration starts. Compared to the initial upper-ocean
temperature profile, there are notable changes in the structure
after 24 hours. This is due to the strong stirring effect of the TC
on the upper ocean (Ma et al., 2013), which induces upwelling and
vertical shear-driven turbulence in the upper ocean, leading to the
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FIGURE 1
Domains of WRF: D01 and D02, two-way nested.
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FIGURE 2

Different depths with varying temperature (°C) configurations at initial time. Pink, yellow, blue, green, navy blue, forest green, and dark red lines
indicate the tracks from Ezm, Esm, E1om. Eism. E20m. Esom. @nd Eigom, respectively.

upwelling of colder water from deeper layers and a rapid SST
reduction (Wu et al,, 2005). In the experiments with initial OMLD
ranging from 2 to 15 m (i.e., Exm, Esmy Ejom> and Eqsp), the OMLD
remains relatively stable around 15 m after 24 hours, with the
overall upper-ocean temperature being warmer in experiments with
larger initial OMLDs. In the experiments with OMLD of 20 to 100
m (i.e., Exom> Esom> and Ejgom), the OMLD persists unchanged from
the initial state. This implies that the stirring depth of the TC is
approximately 15 m in this study. When the initial OMLD is set
above this threshold, the TC cannot effectively mix the cold water
below the OMLD with the water within the OMLD, and the effect of
causing a decrease in upper-ocean temperature becomes less
pronounced. Note that the OMLD is intricately linked to the
intensity of surface wind. As is shown, the closer to the area with
strong wind, e.g., TC eyewall region, the greater the OMLD
(Figure 3). Conversely, in the regions distant from the TC with
weak surface wind, the OMLD is largely reduced (Supplementary
Figure S1).

3.2 TC track

Figure 4 displays the simulated TC tracks with different initial
OMLDs. There is no substantial difference among the simulated TC
tracks. This aligns with prior research indicating that the simulated
TC track exhibits low sensitivity to the initial OMLD (Chan et al.,
2001; Zhao and Chan, 2017). This is because the initial changes in
OMLD do not substantially influence the large-scale environmental
steering winds at the 5880-m geopotential height (Supplementary
Figure S2), and consequently do not alter the direction of the TC.
Similar tracks help eliminate the interference of atmospheric
environmental differences between experiments, which is crucial
for analyzing the physical mechanisms in Section 4. Despite the
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patterns of TC tracks in these experiments are consistent, subtle
differences are observed, that is, the smaller the OMLD, the slower
the TC translation speed, resulting in a difference in TC center
positions among the sensitivity experiments; The difference is small
initially, but grows with time (Supplementary Figure S3;
Supplementary Table S1). As suggested by Gong et al. (2022), the
smaller the TC intensity, the slower the TC translation speed. Thus,
the difference in TC track may be partly attributed to the difference
in TC intensity among the OMLD sensitivity experiments. In
addition, the differences in TC track between E,,, and the other
experiments are pronounced stemming from the asymmetric
structure associated with the weaker TC intensity in E,,
(Supplementary Figure S4).

3.3 TC intensity

Figure 5 shows the time evolution of TC intensity in the seven
experiments, in terms of minimum sea-level pressure (MSLP) and
maximum wind speed (MWS) at 10-m height. All seven
experiments reach peak intensity within 72 to 84 hours following
the simulation onset, which can be considered the mature stage of
TC development. Figure 5 also compares the peak intensity during
the mature phase and the overall variation of TC intensity
throughout the simulation period.

First, we compare the TC intensity during the mature phase
across the seven experiments. As the OMLD increases from 2 to 5
m, the TC intensity increases notably, as lifetime MSLP deepens by
10.4 hPa and lifetime MWS increases by 10.2 m s™. As the OMLD
further increase from 5 to 10 m, the TC intensity also experiences a
notable increase in most of the TC lifetime despite of relatively little
change in lifetime MSLP (1.0 hPa) and MWS (0.5 m sh). More
importantly, when the OMLD increases from 10 to 15 m, there is a
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Upper-ocean temperature (°C) after 24-hour integration: (A) Exp; (B) Esm: (C) E1om; (D) Eism; (E) Exom; (F) Esgm: and (G) Ejgom. The horizontal axis
represents the radial distance from the TC center in kilometers (km), and the vertical axis indicates water depth in meters (m).

drastic surge in TC intensity in terms of both MSLP (about 9.4 hPa)
and MWS (about 12.6 m s™). However, the increase of TC intensity
becomes small when the OMLD increases further. When the
OMLD increases from 15 to 20 m, the MSLP decreases by 4.6
hPa, and the MWS increases by 0.8 m s™'. When the OMLD further
increases from 20 to 50 m (50 to 100 m), despite the notable change
in OMLD, the MSLPs of the two TCs differ by only 1.4 hPa (4.2
hPa), and the MWSs, by just 6.3 m s (3.1 ms™). Therefore, the TC
intensity increases notably (slightly) with the OMLD before (after)
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the OMLD reaching its threshold of 15 m. This indicates there is a
sensitive range for TC lifetime maximum intensity with OMLD;
and once the OMLD changes beyond a threshold, the variation of its
impact on TC lifetime maximum intensity will weaken.

Second, we compare the evolution of TC intensity among the
seven experiments. Throughout the entire simulation period, the
TC in E,,;, has a very short duration when MSLP is below 1000 hPa,
indicating a weak intensity. It implies that the initial oceanic
environment with OMLD<=2 m is unfavorable for TC
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development. In the experiments with OMLD<=10 m, the TC goes
through a complete life cycle of initial development, followed by
weakening, and eventual dissipation. From Ejo,, to E;sy, the TC
intensity shows a drastic enhancement. In the experiments with
OMLD>=15 m, the TC experiences an initial development phase of
about 70 hours, followed by a brief weakening phase of
approximately 10 hours, after which the TC intensity continues to
increase over time without dissipating within the simulation period
of four days. This indicates that OMLD not only affects TC intensity
but also has an impact on TC lifetime. Since our simulation time is
set to 96 hours, we did not extend the simulation for experiments
with OMLD>=15 m to fully simulate the TC life cycle. This is
because the TC merges with a mid-latitude cyclone in the later
stages, and is no longer classified as a TC.

e

1000

990

MSLP (hPa)

980

970

Time (hour)

FIGURE 5

3.4 TC size

To investigate the effect of OMLD on TC size, we pay attention
to the changes in 17 m s wind speed radius (R17) of TC in the
seven experiments (Figure 6). During the initial 20 hours of the
simulation, there is no evident difference in R17 across the
experiments. However, after 20 hours, the impact of OMLD on
TC size becomes obvious: As the OMLD increases, the TC size also
increases. When OMLD increases from 2 to 5 m, TC size increases
drastically in terms of both maximum value (43.9 km) and average
value (38.5 km), mainly due to the increase of TC intensity.
Comparing Es,, and E,o,, although the peak TC size in E;gn
does not show an evident advantage over that in Es,;,, the TC size
is clearly larger in the latter hours of the simulation period. When
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Temporal evolutions of MSLP (hPa; A) and MWS (m s™; B) for the seven experiments. Pink, yellow, blue, green, navy blue, forest green, and dark red
lines indicate the tracks from E,n, Esm, E1om. E1sm. E20m. Esom. @and Eigom, respectively.
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the OMLD increases from 10 to 15 m, there is a noticeable increase
in TC size, with a difference of 17.3 km in peak values (of 10.6 km in
average values). The average TC size in E,,,, exceeds that in E;5,, by
a mere 2.2 km; and the differences in peak TC size among E,s,,,,
E0m> Esom»> and Ejgom are relatively small. Moreover, the TC sizes in
Esom and Ejgon, exhibit negligible difference throughout the
simulation period. This aligns with the intensity results shown in
Figure 5, indicating that when OMLD<=15 m, there is a clear
tendency for TC size to increase with increasing OMLD; once
OMLD >15 m, the tendency weakens. This suggests there is a
sensitive range for the variation of TC size with OMLD. Once the
OMLD goes beyond a threshold, the impact on TC size will change
little. In this study, TC size is more sensitive to changes in OMLD
smaller than 15 m.

3.5 Destructiveness of TC

Compared to TC intensity and size, the public is more
concerned with the destructiveness of TC (Emanuel, 2005; Sun
et al,, 2017; Xu et al., 2020; Busireddy et al., 2022). Emanuel (2005)
defined the power dissipation index (PDI) as the sum of the cube of
MWS during the lifetime of the TC, which is widely used to assess
the destructive potential of TCs (Wolf, 2020; Zhang et al., 2020;
Mohapatra and Sharma, 2021). However, the PDI does not
adequately reflect the destructive potential of TCs as it neglects
TC size. In contrast, the destructive potential considering TC size
(PDS) is calculated over an area occupied by gale-force (>17 m sh
wind near the TC and over the TC lifetime. The PDS is given by
Equation 1:

PDS = [§f3° Cpp| V[ dAdt 1)

where p is surface air density, Cp, is surface drag coefficient, |V|
is the magnitude of 10-m wind, A, is the area of gale-force wind,

10.3389/fmars.2024.1395492

and 7 is the lifetime of TC. It reflects the total power of gale-force
wind dissipated by the TC over its lifetime.

Figure 7 presents the calculated TC PDS in the seven
experiments. Similar to the results of TC intensity and size, there
is also an OMLD threshold of 15 m as the PDS increases notably
(slightly) with OMLD when OMLD is < (>) 15 m. Specifically, when
the OMLD increases from 2 to 5 m, due to substantial changes in
TC intensity and size, the PDS in Es,,, experiences a sharp increase,
growing by 325.2% compared to that in E,,;,. The TC PDS in E;op,
(Eysm) is increased by 58.2% (50.0%) compared to that in Es,
(E1om)- As the OMLD increases beyond 20 m, the growth variation
is gradually saturated, with the PDS in Esgy,, (Esom) increasing by
only 14.9% (15.5%) compared to that in E,¢,, (E;s,). Moreover, the
PDS in E; g, increases by 6.9% compared to that in Esg,,,. Thereby,
the TC activities (i.e., TC intensity, size, and destructiveness) are
highly sensitive to changes in OMLD smaller than 15 m.

4 Physical mechanisms

4.1 Response of SST to OMLD in view of
“cold wake effect”

In this study, despite identical initial SST settings in all seven
experiments, the SST shows evident differences under different
OMLDs after several hours of integration due to the stirring effect
of the TC on the upper ocean. After 72 hours of integration, both SST
and SEF are the minimum (maximum) in E,, (E;gom)
(Supplementary Figure S5). SST and SEF gradually increase notably
with OMLD increasing from 2 to 15 m, but the increases in SST and
SEF become smaller when the OMLD exceeded 15 m, especially when
OMLD increases from 50 to 100 m (Supplementary Figure S5).
Results on SST radial distribution in TC mature period further
show that the SST increases with OMLD and is close to the initial
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FIGURE 6

Time evolutions of R17 (km) in the seven OMLD experiments. Pink, yellow, blue, green, navy blue, forest green, and dark red lines indicate the tracks

from Eam, Esm, E1om, E1sm. E20m, Esom. and Eioom, respectively.
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Calculated TC size-dependent destructive potential in the seven experiments with different initial OMLDs (102 kg m? 572). The annotated values

indicate the percentage increase of PDS with initial OMLD.

SST. Specifically, in the TC mature period, the SST's in Es,, and E; g
are close to the initial values, but the SSTs in the other five experiments
evidently decrease, especially in the experiments with small OMLDs
(e.g.» Eom and Esy,) (Supplementary Figure S5A).

Figure 8 illustrates the changes in SST after 72 hours of
integration in each experiment. A marked SST reduction is
observed in the TC’s wake, where ocean currents diverge, known as
the “cold wake effect” induced by the TC (Jaimes and Shay, 2009;
Jaimes and Shay, 2015). The “cold wake effect” in E,;, (Ejgom) is the
largest (smallest). Note that the “cold wake effect” does not decrease
monotonically with the increase of OMLD. The “cold wake effect”
changes notably with the decrease of initial OMLD when initial
OMLD is below 15m. However, as the OMLD increases from 15 to
100 m, the surface wind is not strong enough to upwell the water
below the thick OMLD. As a result, the “cold wake effect” is
imperceptible among the experiments with larger OMLDs (215 m),
and the decrease in SST diminishes. Since the TC in this study can stir
the seawater at a depth of 15 m (Figure 3), it becomes difficult for the
TC to affect the SST through stirring once the OMLD exceeds this
threshold. This is the critical reason for the existence of a sensitive
range for TC activity in relation to OMLD in this study. In addition,
the decrease of SST caused by “cold wake” contributes to the
decreases of TC intensity and size. This in turn decreases sea-
surface wind speed and leads to a weakening of the “cold wake
effect”. This will eventually reduce the magnitude of TC intensity and
size decreases, resulting in negative feedback between the change of
TC activities (i.e., TC intensity and size) and the change of SST (i.e.,
cold wake effect). In fact, this negative feedback can partly offset but
cannot inhibit the decreases of TC intensity and size caused by the
strong “cold wake effect” in the small OMLD experiments.

The SST of the surrounding region far away from the TC center
shows a large difference after a period of model integration (i.e.,
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Supplementary Figures S6; Figure 9). That is because weak surface
wind can stir the shallow water (Supplementary Figure SI).
Thereby, when the OMLD is small, weak surface wind can still
cause an obvious decrease in SST despite the environmental SST
being set up the same at the initial time as the other experiments. In
E,m> due to the small OMLD, the SST is strongly affected by weak
winds, and thus decreases notably in the nearly entire domain
including the “cold wake” behind the TC. As the OMLD increases
from 2 to 15 m, the weak wind outside the TC becomes weaker,
which is not strong enough to upwell the water from below the
OMLD; but the wind near the TC is still strong enough to upwell
the deeper water. Thus, the SST difference between “cold wake” and
its surrounding area is not the largest in E,,, compared with those in
the other experiments (e.g., Esm, E1oms E1sm> and Eypp). However,
the difference of environmental SST is not the reason why the TC
intensity in the small OMLD experiments is weaker than that in the
large OMLD experiments. As suggested by Xu and Wang (2010a)
and by Sun et al. (2014a), the environmental SST, which is far from
the TC center, has a negative impact on TC intensity, namely the
decrease of the environment SST contributes to the increase of TC
intensity. Thereby, the difference in TC intensity is mainly
attributed to the difference in SST near the TC (e.g., “cold wake”),
rather than the difference in environmental SST among the OMLD
sensitivity experiments.

4.2 Impact of OMLD in view of surface
enthalpy flux

Previous studies showed that underlying SST transfers energy to
TC through surface enthalpy flux (SEF) (Emanuel, 1986; Rotunno
and Emanuel, 1987; Xu and Wang, 2010a). Thus, the key to
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Simulated SST (contour; °C) and upper-ocean currents (vector, m s™%) after 72 hours of integration: (A) Eam; (B) Esm; (C) E1om; (D) E1sm; (E) Eoom:

(F) Esom: and (G) Eioom

understanding the impact of OMLD on SEF lies in comprehending
the underlying mechanisms on how OMLD affects SST.

SEF is closely associated with SST, as SEF is the sum of SHF and
LHEF. Specifically, SHF is determined by the air-sea temperature
difference (ASTD) and surface wind speed, and LHF is determined
by the air-sea humidity difference (ASMD) and surface wind speed.
ASTD is defined as the difference between the temperature at 2 m
above the sea surface and SST; and ASMD is defined as the
difference between the specific humidity at 2 m above the sea
surface and the saturation water vapor pressure at the sea surface.

Generally, LHF is an order of magnitude larger than SHF,
making ASMD the key in understanding the response of LHF and
thus of SEF to changes in SST. Figure 9 shows the differences in

Frontiers in Marine Science

ASTD and ASMD among the seven experiments. On one hand, in
each experiment, ASTD is stronger at the eyewall and tends to
expand outwardly over time; ASMD is stronger in the peripheral
regions and tends to expand inward over time. This radial
distribution difference of ASTD in various experiments is mainly
due to the relatively high wind speed near the TC eyewall, which
induces a strong evaporation effect, leading to a remarkable
decrease in air temperature at 2 m and resulting in a large ASTD
near the eyewall. The strong evaporation also leads to a remarkable
increase in humidity, resulting in a smaller ASMD near the eyewall.
As the TC develops, the growth rate of ASMD outside the eyewall
exceeds that near the eyewall, which further increases the LHF
outside the eyewall and causes the TC size to expand. On the other
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hand, ASTD and ASMD all increase with the increase in OMLD in
the seven experiments. ASTD mainly depends on the air-sea
temperature difference and surface wind speed, which are directly
affected by changes in SST. ASMD mainly depends on the air-sea
specific humidity difference, with SST being a direct determinant of
sea-surface saturation water-vapor pressure. This indicates that SST
is the direct cause of the differences in ASMD and ASTD among the
experiments. The increase in OMLD leads to an increase in SST,
which in turn leads to increases in both ASTD and ASMD. When
the OMLD > 15 m, the increase in SST with a thicker OMLD
decreases, and the increases of ASMD and ASTD also become
smaller (Figure 9).

Consistent with the changes in ASTD and ASMD, SEF
gradually increases with the increase of OMLD (Supplementary
Figures S5B; Figure 10). More SEF enters the TC eyewall, leading to
a stronger TC. As the OMLD increases, the overall enhancement of
SEF also tends to expand outward. Numerous studies showed that
changes in SEF radial distribution contribute to changes in
tangential wind, and thus TC intensity and size, namely the SEF
near (outside) the eyewall favors the tangential wind near (outside)
the eyewall, which contributes to the increase of TC intensity (size)
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(Miyamoto and Takemi, 2010; Xu and Wang, 2010a; Sun et al,,
2013; Sun et al., 2014b). This provides an essential theoretical basis
for explaining the increases in TC intensity and size as OMLD
increases. In other words, as OMLD increases, the SEF near the TC
eyewall gradually increases and expands outward, leading to
increases in TC intensity and size, ultimately resulting in an
increase in TC PDS.

4.3 Impact of SEF on TC activities in view
of TC thermodynamic structure

Previous studies suggested that energy exchange between the
ocean and atmosphere plays an important role in determining TC
thermodynamic structure (e.g., Chen et al., 2010; Lee and Chen,
2012). In Section 4.1, we analyzed the differences in SEF among the
seven experiments. These differences can lead to changes in TC
intensity and size by altering TC’s thermodynamic structure. TCs
gain most of their thermal energy through latent heat release (LHR)
during condensation. Yanai et al. (1973) pointed out that the LHR
near TC is proportional to the production of condensation. Here,
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we compare the differences in LHR among the seven experiments
by comparing the sum of their liquid and solid condensations.
Previous research demonstrated that besides the amount of LHR,
the location of LHR also contributes greatly to TC intensity and size
(Schubert and Hack, 1982; Hack and Schubert, 1986; Sun et al.,
2014a). The LHR near the eyewall (within the spiral-rainband
region) facilitates (hinders) TC intensification but hinders
(favors) TC expansion (Sun et al., 2014a; Wu et al.,, 2021). Note
that the spiral-rainband region is defined as the region outside the
eyewall and within a radius of 200 km from the TC center, which is
featured with spiral rainbands and strong wind. Figure 11 shows TC
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hydrometeor radial distributions during the mature period. Due to
the higher wind speeds near the TC eyewall where water-vapor flux
is also greater, the source of water vapor is relatively more
abundant, which is conducive to LHR. This process contributes to
the development of a warm core structure within the TC, thereby
amplifying TC intensity. Additionally, the LHR heats up the entire
atmospheric layer near the eyewall, causing a local decrease in
pressure and an increase in the radial pressure gradient near the
eyewall (Figure 12A), which in turn leads to an increase in TC wind
near the eyewall and establishes positive feedback between SEF and
TC wind near the eyewall. Moreover, the large differences in LHR
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among the seven experiments are primarily concentrated within a
200-km radius from the TC center (Figure 11); and the TC pressure
gradient and wind speeds also show evident differences within this
range (Figure 12). Namely as the OMLD increases, the LHR in TC
also gradually increases, leading to gradual enhancements of both
TC intensity in terms of TC wind near the eyewall and TC size in
terms of R17. Note that both TC eyewall and R17 are within a radius
of 200 km from the TC center in the seven experiments
(Figure 12B). Besides the thermodynamic structure of TC, SEF,
which is closely related to OMLD, can also affect TC activities
through its impact on TC’s dynamic structure.

10.3389/fmars.2024.1395492

4.4 Impact of SEF on TC activity in view of
TC dynamic structure

To analyze the impact of OMLD-induced SEF change on TC
dynamic structure and thus TC intensity and size, we perform
momentum budget analysis. As in Xu and Wang (Xu and Wang,
2010a, b), the budget equations for the azimuthally averaged radial
and tangential winds can be approximated by
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where t is time; z is height; r is radius; fis the Coriolis parameter;
%, V, and ware azimuthally averaged radial and tangential winds,
and vertical velocity, respectively; ¢, is azimuthally averaged
absolute vertical vorticity; pand P are air density and pressure,
respectively; u, V', w,and ¢ are the deviations of radial, tangential,
vertical winds, and vertical relative vorticity azimuthally averaged,
respectively; F, and F, are parameterized subgrid-scale vertical
diffusions of radial and tangential winds (including surface
fraction), respectively; D_u and D, horizontal diffusions of radial
and tangential winds, respectively.

We calculate momentum budget at the sea surface to investigate
the possible causes for the changes in surface radial and tangential
winds. Figure 13 shows the Hovmoller diagrams of azimuthally
averaged absolute vorticity and radial wind at 10 m. As mentioned
in Section 4.2, with the increase in OMLD, SEF and thus LHR of TC
also increase in these experiments. The stronger LHR near the TC
eyewall (in the spiral-rainbands region) heats up the lower
atmosphere, causing a sharp (additional) increase in SLP gradient
(-122
center (in the spiral-rainband region within a belt of 60-200 km
from the TC center) (Figure 12A). As suggested in Xu and Wang
(Xu and Wang, 2010a, b), it is the change in the pressure gradient
(- %% term) that leads to the gradient wind imbalance (% term)
and thus the change in the lower-level inflow, which further affects

term) near the eyewall within a radius of 60 km from the TC

the radial distribution of tangential wind through - 7c, (Equations
2 and 3). Equation (2) reflects the gradient wind imbalance. As
suggested by Xu and Wang (2010a), the terms on the right-hand
side in Equation (3) are contributions of radial advection ( - ug,),
vertical advections ( — @), verticﬂfusion (Fy), eddy radial and
vertical advections (- #'¢ and —w aa—‘;), and horizontal diffusion
(D,) to the local tendency of tangential wind (aa—?). Previous studies
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indicated that the contributions to the tangential momentum
budget by eddy transport and horizontal diffusion in Equation (3)
are negligible after the spin-up (Xu and Wang, 2010a, b; Yang et al.,
2022). Yang et al. (2022) further showed that —ug, contributes
positively to the tangential wind in the boundary layer, while -

s
w 0z

and ﬁ have negative contributions. Due to space limitation,
we do not provide systematic analysis of the budget analysis for
every term. Instead, we pay more attention to the terms associated
with SST. In Equation (3), OMLD-induced SEF change can
influence radial wind (%), and thus —7%g,, which results in the
change of TC intensity in terms of TC tangential winds (V). In
contrast, no significant relationship between vertical advection
(- W%) and SST was found.

The impact of LHR on the pressure gradient is not limited to the
surface; its influence can extend to the height of the boundary layer
containing the lower-level inflow (Sun et al, 2017). Following the
increase of OMLD, the LHR increase facilitates the increase of the
inward radial wind (i.e., inflow) within the boundary layer in Equation
(2). The inflow tends to increase with a gradual outward expansion
with the increase of OMLD (Figure 13). Moreover, the LHR is
conducive to the development of convection and thus absolute
vorticity. As the OMLD increases, the absolute vorticity within the
TC eyewall increases (Figure 13). Together with the increase of the
inflow, this can partly explain the increase of tangential wind near the
eyewall and thus the increase of TC intensity according to Equation
(3). However, the increase of absolute vorticity is less pronounced
outside the eyewall (Figure 13). According to Equation (3), as the
OMLD increases, despite of no evident absolute vorticity difference in
the TC spiral-rainband region, the radial pressure gradient and thus
the inward lower-level inflow increase, leading to an increase in
tangential wind outside the eyewall. The increase in tangential wind,
in turn, promotes the increase in spiral-rainband SEF, creating
positive feedback loop that causes the outward expansion of TC
wind and thus the increase of TC size. Therefore, due to the SEF
increase caused by the increase of OMLD, the TC dynamic structure
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changes favoring the increases of both TC intensity and size, which
eventually lead to an increase in TC PDS.

5 Conclusions and discussion

In this study, we conducted seven experiments using a high-
resolution WRF model to investigate sensitivity of TC activities to
OMLD change. Previous research focused more on the impact of
SST on TC activities. However, owing to the interaction between TC
and upper ocean, the ocean heat content related to OMLD is more
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important in affecting TC activities. Since most of the studies
focused on the impact of OMLD on TC intensity, we pay more
attention to the process and related physical mechanisms, namely
how OMLD affects TC size and PDS. We find that OMLD exerts
only a minor effect on TC track, aligning with previous findings.
The analogous TC tracks in these experiments allow us to examine
the sensitivity of simulated TC activities to OMLD changes in a
comparable environment. Our results show that there is a threshold
of OMLD (approximately 15 m) in terms of its impact on TC
activities. Below the threshold, TC intensity, size, and PDS increase
notably with the increase of OMLD; beyond this threshold, the
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increases of TC intensity, size, and PDS taper off, signifying a
diminished impact of OMLD on TC activities. The threshold of
OMLD can be considered as the maximum depth that TC wind can
effectively influence the upper ocean. Thus, the OMLD threshold is
largely determined by the surface wind speed and thus TC intensity,
namely the OMLD threshold of a stronger (weaker) TC with high
(low) surface wind speed is likely to be larger (smaller) than 15 m.

We systematically analyzed the mechanisms of OMLD impact
on TC intensity, size, and PDS from the perspectives of SEF,
thermodynamics, and dynamics. Figure 14 presents a schematic
diagram summarizing the possible mechanisms involved over the
western North Pacific. Despite of having the same initial SST,
evident differences in SST are observed shortly after the initial
time, due to the difference in “cold wake effect” among the
experiments. Following the increase of OMLD, the increase in
SST directly affects both ASMD and ASTD, leading to an increase
in SEF. The increase in SEF alters the thermodynamic and dynamic
structures of the TC, particularly LHR and tangential wind speed,

10.3389/fmars.2024.1395492

both contributing to the increase in tangential wind. Near the TC
eyewall, LHR is relatively strong and varies among the experiments,
causing a local decrease in pressure and an increase in SLP gradient
near the eyewall, which in turn strengthens the tangential wind and
enhances TC intensity. Within the TC spiral-rainband region, the
increase of SEF cannot be neglected, which directly affects the radial
convergence and leads to an increase in tangential wind. The
increase in spiral-rainband wind leads to an expansion of TC size.
Moreover, there is a positive feedback mechanism between the
tangential wind and SEF, which further strengthens the tangential
wind, resulting in an increase in TC intensity in terms of MWS and
TC size (measured by R17). Furthermore, the increases in TC
intensity and size, especially the surge in spiral-rainband wind
speed, also lead to an increase in PDS.

The results presented in this paper help our understanding of
the changes of TC activities under a changing ocean environment.
The western North Pacific, known for its frequent TC occurrences,
often experiences successive TC passages. This study sheds light on
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possible changes of TC activities when a new TC follows the passage
of a previous TC. Moreover, with ongoing global warming, the
ocean heat content related to OMLD may also undergo changes
(Xiao et al, 2019; Xia et al, 2021). This study also helps our
understanding of the impact of OMLD changes on TC activities
under global warming. Next, we will focus on consecutive TC
passages, to validate the results of the experiments against
observational data. We will further explore the impact of OMLD
changes on TC activities under the global warming scenarios from
the CMIP6.

It is important to note that the TC thermodynamic and
dynamic processes were analyzed to reveal the physical
mechanisms of the influence of OMLD, yet these processes
interdependent rather than isolated. Moreover, although this is a
case study, the derived conclusions may also be applicable to other
regions or other types of TCs. Further validation with more
observational data and simulated cases is required to substantiate
these conclusions.
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