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Abstract: Tropical cyclones (TCs) induce intense mixing in the upper ocean, which signifi-
cantly impacts sea surface temperature (55T) and marine environment. Previous studies
have shown that TCs can cause a decrease in sea surface temperature (DSST), while further
research is required to elucidate the factors influencing SST changes. This study employs
satellite observations and reanalysis data from the western North Pacific during 2002-2020
to investigate the relationship between DSST and the ocean background state (BG). In
addition, by incorporating TC characteristics, we construct indices to explore the syn-
ergistic effects of TCs and BG on DSST, enabling a more comprehensive understanding
of the mechanisms governing DSST variability. The results indicate that DSST exhibits
significant monthly variations, with the maximum DSST in September for coastal regions
and in August for offshore regions. Regardless of TC characteristics, when the mixed layer
depth (MLD) exceeds 60 m or thermocline depth (TD) exceeds 115 m, it is difficult for the
DSST to exceed 1 °C. In both coastal and offshore regions, MLD and TD exhibit moderate
negative correlations with DSST, with values around —0.3. When TC characteristics are
incorporated, these correlations rise to approximately 0.6, highlighting the importance of
jointly considering BG and TC effects in characterizing DSST. The findings of this study
provide theoretical support for improving the capability to predict DSST changes before
the TC approaches the coast.

Keywords: Western North Pacific; tropical cyclones; sea surface cooling; ocean background
state

1. Introduction

Tropical cyclones (TCs) are frequent natural hazards in the Western North Pacific
(WNP) during the summer [1], causing widespread destruction in coastal regions through
intense winds and large waves [2]. TCs are closely coupled with oceanic conditions,
exhibiting strong interactions [3-6]. A sea surface temperature (SST) above 26 °C provides
the energy required for TC intensification [7-9], and SST largely determines the maximum
potential intensity a TC can reach. Conversely, stronger TCs induce a greater decrease in
sea surface temperature (DSST) along their tracks [1,10-12]. In addition to TCs, the ocean
background state (BG) can also affect DSST; therefore, studying the synergistic effects of TCs
and BG on DSST is essential [13-18]. Furthermore, since coastal and offshore regions exhibit
different ocean structures, it is necessary to investigate DSST in each region separately.

During the passage period of TCs, DSST is primarily driven by dynamic processes, in-
cluding strong wind-driven vertical mixing of cold subsurface water and upwelling [19-23].
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In offshore regions, vertical mixing plays a dominant role, whereas in coastal regions, ad-
vection processes play a primary role [24,25]. In contrast, thermal processes such as heat
exchange contribute less than 20% to DSST [26-28]. The dynamic and thermal factors induc-
ing DSST are both influenced by the TCs and BG characteristics. For instance, slow-moving,
intense TCs generally cause greater DSST than fast-moving, weaker TCs [29-34]. Addi-
tionally, Pun et al. [32] demonstrated that when TCs curve northward along their tracks,
both TC size and the average radius of maximum wind increase significantly, thereby
sustaining the intensity of DSST. Previous studies have emphasized the importance of
TC characteristics in influencing DSST. For example, Pun et al. [35] reported moderate
correlations between DSST and parameters such as TC size, intensity, and translation speed.
Vincent et al. [12] proposed the Wind Power Index to quantify DSST based on TC forcing,
while Cui et al. [36] applied machine learning to identify intensity, size, and speed as key
predictors. In addition to TC characteristics, the upper ocean vertical structure also plays a
key role in TC-induced mixing [37].

Since vertical mixing depends strongly on the vertical temperature structure, the
degree of DSST is closely linked to pre-existing stratification [11,38]. Moreover, when
TCs are weaker, faster-moving, or smaller, they induce less intense and shallower mixing,
allowing the stratified temperature profile to exert an increasingly dominant influence on
DSST [35,39-44]. Mixed layer depth (MLD) and thermocline depth (TD) are key indicators
of the vertical temperature profile. MLD refers to the depth of the upper ocean layer with
relatively uniform temperature and salinity, while TD represents the depth at which the
ocean temperature decreases most rapidly with depth. Previous studies have indicated that
shallow MLD and TD facilitate the entrainment of colder subsurface waters by wind-driven
mixing and upwelling, resulting in a significant DSST. Conversely, when the entrainment is
limited, DSST is substantially suppressed [45-50]. Furthermore, freshwater enhances the
ocean’s salinity stratification, which fosters the formation of a barrier layer at the base of
the mixed layer. When TCs pass through the barrier layer region, this layer suppresses the
vertical mixing and DSST induced by TCs [51-53]. Moreover, research by Miles et al. [54]
shows that the suppression of DSST can reach up to 57%. Additionally, in the Bay of
Bengal, the DSST during the pre-monsoon season is approximately three times that after
the monsoon season. This difference is essentially related to seasonal changes in oceanic
stratification rather than to differences in TC wind energy input. During the post-monsoon
season, stronger thermal stratification and significant upper-ocean freshening strongly
inhibit DSST induced by vertical mixing beneath TCs. On average, thermal stratification
contributes to 60% of this cooling reduction during postmonsoon season, while haline
stratification contributes to the remaining 40% [55,56]. Previous studies have highlighted
the role of ocean background conditions in DSST. For instance, Da et al. [24] and Vincent
et al. [56] demonstrated the importance of stratification metrics like MLD and SST-T100,
while Oey [57] proposed a nonlinear model capturing upper-ocean structure. However,
these parameters are often examined in isolation from TC characteristics, limiting an
integrated understanding.

Many studies have investigated TC-induced DSST in both coastal and offshore regions.
Observational and numerical simulation research has revealed significant differences in
the characteristics of BG between these areas, resulting in distinct oceanic responses to
TCs [15,17,25,33,58]. To further explore how the distinct structural characteristics of coastal
and offshore regions influence TC-induced DSST, this study divided the WNP into these
two regions to examine the spatial and temporal distribution of the BG and DSST, as well
as their correlation, and further explore the synergistic effects of the TC and BG on DSST,
proposing indices to better characterize DSST. This study provides an understanding of TC-
induced ocean cooling, offering both new perspectives on ocean—atmosphere interactions
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and a theoretical foundation for improving TC forecasts and early warning systems in
coastal regions.

2. Materials and Methods
2.1. Data

TC data are obtained from Version 4 [59] of the International Best Track Archive for
Climate Stewardship (IBTrACS), accessed through the NOAA National Centers for Envi-
ronmental Information. This dataset includes a range of TC characteristic parameters with
3-h temporal resolution, where each interval represents a distinct observation. Hereafter,
the term ‘observation’ refers to a record in the IBTrACS dataset corresponding to a specific
3-h interval. The dataset includes the TCs’ geographic coordinates, maximum sustained
wind speed (usa_wind in the dataset, MW hereafter for short), translation speed of the TC
(storm_speed in the dataset, Trans hereafter for short), radius of 34-knot winds (usa_r34
in the dataset, R34 hereafter for short), and other relevant parameters used to represent
the characteristics of TCs. Da et al. [24] demonstrated notable variations in TC and BG
within and beyond 500 km from the coastlines. The vertical temperature gradient remains
stable in regions within 500 km from the coastline before declining, while the salinity
gradient (MLD) decreases (increases) rapidly, and then changes at a slower rate. Beyond
500 km offshore, MW gradually decreases, Trans gradually increases, and R34 remains
steady, while these parameters show pronounced variability within 500 km. Building on
this finding, this study partitions the WNP into coastal and offshore regions using a 500 km
threshold from continental and major island coastlines. Specifically, any TC observations
with a distance-to-land (dist2land) value < 500 km are classified as coastal regions, while
those > 500 km are designated offshore regions.

For the computation of DSST, we use the satellite sea surface temperature dataset
(MW_IR), which integrates microwave and infrared remote sensing data provided by
Remote Sensing Systems. The spatial resolution of the dataset is 0.25° x 0.25° from June
2002 to now and this daily dataset is less affected by clouds [60].

Subsurface temperature is derived from the GLORYS12V1 [61] reanalysis product
(GLOBAL_MULTIYEAR_PHY_001_030), obtained through the Copernicus Marine Envi-
ronment Monitoring Service (CMEMS). This eddy-resolving dataset provides daily 3D
temperature fields from 1993 to present, spanning 50 vertical levels (0-5500 m) with 1/12°
horizontal resolution, thus fully meeting the requirements of this study to calculate rel-
evant parameters of the vertical temperature structure in the BG. In addition, previous
studies have shown that GLORYS12V1 is consistent with observed ocean temperatures,
as it assimilates Argo float data and exhibits good agreement with Argo profiles, with a
maximum difference of less than 0.2 °C and a root mean square (RMS) error of 0.02 °C [62].
All data used cover the period from June 2002 to the end of 2020.

2.2. Methods

After the passage of a TC, more than 40% of the DSST recovers to the climatological
SST within 5 days [8]. In addition, the average R34 of a TC is approximately 300 km [35],
and Yu et al. [63] found that SST decreases were observed at 86% of locations within a
300 km radius from the TC center. Based on these considerations, for each TC observation
in this study, DSST is defined as the difference between the SST for the post-TC period
(averaged over 1-5 days after the TC) and the pre-TC period (averaged over 1-5 days before
the TC). The regional mean SST difference is calculated within a 6° x 6° area centered on
the TC location.

For the BG, this study calculates the vertical temperature structure of a 6° x 6° sea area
centered on the TC location 5 days prior to the TC. Given that strong TCs typically induce
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mixing within the upper 100 m, this study adopts the temperature at 100 m (T100) as a key
parameter. It also utilizes temperature difference between the SST and T100, denoted as
SST-T100 [56], which effectively captures the extent of DSST associated with upper mixing
processes.

To comprehensively explain the effect of the BG on DSST and considering the vertical
mixing-induced cooling, this study defines the MLD using a temperature threshold method
that captures the vertical temperature structure. A threshold of 0.8 °C is adopted, as it is
applicable across global oceans and in all seasons. Compared with other thresholds, 0.8 °C
can accurately represent the penetration depth of turbulent mixing [64]. In addition to
mixed layer, we also consider the thermocline. To characterize the ocean vertical thermal
structure and its influence on DSST, this study adopts thermocline parameters—including
thermocline thickness (T Thickness), TD, and thermocline strength (TS)—following the
definitions and calculation methods proposed by Fiedler [65]. These parameters provide a
physically meaningful description of the thermocline based on established stratification
metrics, ensuring consistency with previous studies.

The first parameter, T Thickness is defined as the vertical distance between the ther-
mocline bottom (TB) and MLD:

T Thickness = TB — MLD (1)

where TB is defined as the depth at which temperature equals the midpoint between the
mixed layer temperature (MLT) and T400. T400 is the temperature at 400 m [65]. The region
beneath 400 m exhibits a relatively steady vertical temperature gradient largely insensitive
to seasonal or regional variability, whereas the MLD shows pronounced seasonal variation.
Since the thermocline lies between a seasonally variable upper layer and a relatively stable
deep layer, this stratification-based approach provides a consistent and adaptable method
for identifying TB across different oceanic regions and seasons.

The second parameter, TD, is defined as the midpoint between the MLD and the TB,
approximating the location of the steepest temperature gradient within the thermocline.
Compared with previous studies that adopted a fixed isotherm (e.g., 20 °C or 12 °C)
to represent thermocline depth, we follow Fiedler’s [65] approach by using a location-
dependent definition of TD. This method better captures spatial and temporal variability
in thermocline structure, and reflects the physical transition zone between the seasonally
varying upper ocean and the more stable deep layer. TD is calculated as follows:

TD = (MLD + TB) x 0.5 )

The third parameter, TS, is defined to quantify the intensity of the thermocline, repre-
senting the temperature gradient between the thermocline temperature (TT) and the MLT
over the depth range between the TD and MLD, calculated as follows:

TT — MLT
5= TD — MLD )
where MLT represents the temperature at the MLD, and TT is calculated as follows:
TT = MLT — 0.25 x (MLT — T400) 4)

TT is the temperature at the midpoint between MLT and TB temperature, which can
be approximated as the temperature at the location of the steepest decline. Equation (4)
presents its simplified form.
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Six ocean thermal parameters (T100, SST-T100, MLD, T Thickness, TD and TS) are
calculated to describe the spatial and temporal differences in the BG and to analyze the
impact of the BG on the magnitude of the DSST in the WNP. Additionally, for each TC
observation, a 6° x 6° grid was interpolated centered on the TC center. After gridding, only
grid cells with at least five TC observations were retained for analysis to ensure statistical
robustness. In addition, months with insufficient TC occurrences were excluded from the
annual analysis. The main abbreviations used in this study are listed in Table 1.

Table 1. List of abbreviations and their corresponding full terms used throughout this study.

Abbreviation Full Term Abbreviation Full Term
BG Ocean Background State B Thermocline Bottom
DSST Decrease in Sea Surface Temperature TC Tropical Cyclone
MLD Mixed Layer Depth TD Thermocline Depth
MLT Mix Layer Temperature Trans Translation Speed of TC
MW Maximum Sustained Wind Speed TS Thermocline Strength
R34 Radius of 34-knot Winds 1T Thermocline Temperature
SST Sea Surface Temperature T Thickness Thermocline Thickness
T100 Temperature at 100 m WNP Western North Pacific

Overall, this study uses the GLORYS12V1 dataset to calculate the vertical thermal
structure of the BG and the MW_IR dataset to calculate DSST. This study then statistically
analyzes the spatiotemporal distributions of BG and DSST. TC characteristics are derived
from the IBTrACS dataset to study the synergistic effects of TCs and BG on DSST. Addition-
ally, the distance-to-land from the IBTrACS dataset is used to distinguish between coastal
and offshore TCs, with a 500 km threshold from the coastline (Figure 1).

Coastal and
Offshore

]
] L]

‘ GLORYS12V1 ’ MW_IR ’ ‘ IBTrACS ’

. .

‘ Vertical Thermal ’

A

Structure of BG
Spatiotemporal

Distribution of BG and
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Characteristics of
TCs

Effects of the BG on
DSST

!

Synergistic Effects of
TCs and BG on DSST

Figure 1. Flowchart of the study.

3. Results
3.1. Spatial and Temporal Distribution of BG and DSST in the WNP

This study compiles the number of TCs and the number of TC observations in the
WNP. Figure 2a reveals pronounced TC clustering in the WNP, mainly concentrated to the
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west of 140° E between 15° N and 30° N. The highest concentration is near Luzon Island
(16° N, 121° E) and decreases outward. During the study period, a total of 376 TCs are
recorded. The total number of TC observations in the coastal regions amounted to 6271,
while the offshore regions accounted for 7657. The monthly distribution demonstrates
strong seasonality, with 73% of coastal region and 74% of offshore region TC occurrences
concentrated in July-October, and the highest concentration observed in August. Con-
versely, January-March accounts for <3% of annual activity, which may have a certain
impact on the results of the subsequent analysis (Figure 2b).

50°N 60
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30°N 30 §
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0 0
105°E  120°E  135°E  150°E  165°E 180°W
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Figure 2. Spatial and temporal distribution of 3-h TC observations in the WNP. (a) Spatial distribu-
tion of TC observations (2002-2020), calculated on a 1° x 1° grid; (b) Monthly distribution of TC
observations among coastal (blue) and offshore (red) regions. The black dashed line indicates the
500 km boundary.

The number of TCs exhibits a pronounced seasonal variability. Therefore, this study
analyzes the monthly variations of different BG parameters in the WNP. As shown in
Figure 3, the climatological monthly variations reveal significant coastal-offshore contrasts
in the BG parameters. During the months with a large number of TCs (July-October), the
DSST exceeds 0.6 °C, with the maximum exceeding 0.85 °C in September for coastal regions
and in August for offshore regions (Figures 2b and 3a). T100 reaches its minimum in
August, with the coastal minimum approaching 21 °C and offshore minimum approaching
23 °C, which is even comparable to the coastal maximum in April (Figure 3b). SST-T100
reaches its annual maximum in August, indicating that the vertical temperature gradient
between the surface and 100 m depth is conducive to amplifying the DSST induced by TCs
(Figure 3c). The MLD and TD generally exhibit a V-shaped distribution, with minimum
values occurring in summer, and offshore regions are consistently higher than those in
coastal regions across all months. Specifically, the MLD (TD) minimum value is about 25 m
(80 m) in coastal regions and about 38 m (90 m) in offshore regions (Figure 3d,g). TS and T
Thickness exhibit opposite temporal trends from April to December, with TS demonstrating
an increasing trend while T Thickness shows a decreasing trend (Figure 3e,f).
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Figure 3. Climatological monthly variations of BG parameters in the WNP. (a) DSST; (b) T100;
(c) SST-T100; (d) MLD; (e) TS; (f) T Thickness; (g) TD.

Additionally, this study focuses on the climatological spatial distribution of various
BG parameters in the WNP. As shown in Figure 4, the spatial pattern of the DSST exhibits a
latitudinal gradient, with stronger cooling in the northern regions and lower cooling in the
southern regions. This pattern corresponds to the distribution of SST-T100, which generally
decreases toward the south, whereas T100 exhibits the opposite trend (Figure 4a—c). In the
north of 20° N, shallower MLD and TD enhance cooling, whereas deeper MLD and TD in
the south of 20° N are associated with weaker cooling (Figure 4a,d,e). Both T Thickness
and TS reach their maximum and minimum values between 10° N and 20° N, and their
distribution patterns exhibit some differences compared to DSST (Figure 4a,f,g).

3.2. Effects of the BG on DSST

To further investigate the relationship between DSST and various BG parameters, this
study conducts a Spearman correlation analysis between them. Due to the limited amount
of data in the first three months, they will be excluded from the overall statistical analysis
as well as from the subsequent correlation discussions.

In Table 2, the monthly correlation represents the Spearman correlation between the
time series of BG parameters and DSST, both spatially averaged. T100, MLD, T Thickness,
and TD exhibit significant negative correlations with DSST, while SST-T100 and TS exhibit
positive correlations. Additionally, offshore correlations generally exceed coastal values
during the same months. In terms of correlation coefficients, SST-T100 is more significant
than T100. Furthermore, T Thickness and TS generally show lower correlations than the
other parameters in each month, with more data failing the significance test. Moreover,
the correlations of BG parameters tend to be weaker during the summer months. When T
Thickness, TD, and TS exhibit a strong correlation with DSST, SST-T100 exhibits a similar
correlation, and vice versa. For example, in May for coastal regions (September for offshore
regions), the correlation coefficients of T Thickness, TD, and TS with DSST are —0.38 (—0.35),
—0.51 (—0.45), and 0.46 (0.22), respectively, while the correlation for SST-T100 is 0.57 (0.47).
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Despite the fact that SST-T100, MLD, and TD exhibit the most substantial correlations in
the BG parameters, they nevertheless demonstrate relatively weak correlations.
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Figure 4. The climatological spatial distribution of the DSST and BG parameters: (a) DSST; (b) T100;
(c) SST-T100; (d) MLD; (e) TD; (f) T Thickness; and (g) TS. The black dashed line indicates the 500 km
boundary.

Building on the above analysis, this study further presents statistical scatter plots
of DSST against various BG parameters to examine their correspondence and compare
their respective regression fits. Figure 5 illustrates these scatter plots, showing the overall
Spearman correlation between the time series of each BG parameter and DSST. The results
indicate that T100, MLD, TD, and T Thickness exhibit negative correlations with DSST,
whereas SST-T100 and TS demonstrate positive correlations. In addition, the ranges of
key BG parameters in coastal and offshore regions show notable differences. For instance,
T100, SST-T100, and TS are generally wider in coastal regions than in offshore regions,
while MLD, TD, and T Thickness exhibit similar distribution ranges across both regions.
However, the MLD and TD in offshore regions are concentrated in deeper depth ranges.
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Table 2. Monthly Spearman correlation between BG parameters and DSST (C represents coastal
regions, O represents offshore regions, and values marked with an asterisk denote correlations that
pass the 95% confidence interval; All excludes data from January to March).

T100 SST—-T100 MLD T Thickness TD TS
Month
C (@] C (@) C (@) C (@) C O C (@]
1 —0.31* 0.63 0.33 —0.83 —0.73 0.83 —0.50 0.70 —0.48 0.84 0.34 * —0.83
2 —0.94 0.06 * 0.94 0.16 * —1.00 —0.21 0.94 —0.34 —-0.83* —-0.27 -0.83* 0.42
3 —0.35* —0.18 0.92 0.18 —0.49 —035 —0.88 0.42 —0.47 —0.19 0.92 —0.44
4 —0.38 —0.46 0.42 0.40 —0.39 —0.60 —0.21 0.20 —0.47 —0.30 0.31 —0.14
5 —0.13 —-0.19 0.57 0.31 —0.31 —043 —0.38 —0.06 * —0.51 —0.39 0.46 —0.05*
6 0.35 —0.09 * 0.16 0.43 —0.17 —039 0.05* 0.16 —0.08* —0.27 0.11 —0.23
7 0.08 —0.32 0.13 0.48 —-0.02* —-053 —-0.12 —0.22 —0.14 —0.41 0.11 0.15
8 —0.07 —0.16 0.13 0.23 —0.31 —024 0.04* —0.18 —0.10 —-0.22 —0.08 0.15
9 —0.25 —0.39 0.30 0.47 —0.37 —0.50 —0.18 —0.35 —0.32 —0.45 0.16 0.22
10 —0.18 —0.23 0.27 0.24 —0.34 —-0.23 —-0.19 —0.19 —0.30 —0.23 0.12 0.03 *
11 —0.08 —-0.01* 0.20 —0.14 —0.25 0.15 —0.08 0.05* —0.20 0.10 0.16 —0.26
12 —0.45 —0.31 0.40 0.21 —0.44 —-0.17 —-0.20 —0.11* —0.39 —022 0.02* 0.09 *
All —0.13 —0.27 0.28 0.37 —0.27 —040 —0.11 —0.18 —0.25 —0.35 0.08 0.06
2.5 [ 0
(b) ¢ 44 7. Rc=0.28
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Figure 5. Correlation of the DSST with (a) T100; (b) SST-T100; (c) MLD; (d) TD; (e) T Thickness; and
(f) TS. The lines in the figure represent the regression fits (Rc represents coastal regions, blue; Rg
represents offshore regions, yellow).
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To further investigate the relationship between DSST and various BG parameters, this
study presents the spatial distribution of the Spearman temporal correlation between BG
parameters and DSST, as shown in Figure 6. The results demonstrate that SST-T100 exhibits
a stronger correlation with DSST than T100, with a generally positive correlation across the
field. In contrast, MLD and TD show a distinct negative correlation throughout most of the
field. Additionally, the Spearman correlations of TS and T Thickness with DSST display
an intricate spatial pattern with opposite trends, suggesting that a single variable cannot
adequately describe the DSST. To better understand the relationship between BG and DSST,
it is necessary to conduct a comprehensive analysis incorporating multiple parameters

(Figure 6e,f).
50°N 1.0
40°N 0.3
30°N '
20°N 0.6
10°N
0° 0.4
50°N
40°N 10-2
30°N 10.0
20°N
10°N 4-02
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20°N % —0.8
10°N 70 o
0 H & .I\I/E;x/.& \\ _l 0

0 ;
105°E 120°E 135°E 150°E 165°E180°W 105°E 120°E 135°E 150°E 165°E180°W

Figure 6. Spatial distribution of the Spearman temporal correlation between BG parameters and
DSST. (a) T100; (b) SST-T100; (c) MLD; (d) TD; (e) T Thickness; (f) TS. Black dots represent regions
passing the 95% confidence level. The black dashed line indicates the 500 km boundary.

The preceding discussion outlined the relationship between DSST and various BG
parameters. To further investigate DSST, this study incorporates TC characteristics (R34,
Trans, MW) to assess their influence. Therefore, Figures 7 and 8 illustrate the relationships
between TC characteristics (R34, Trans, and MW) and BG parameters (MLD and TD) in
relation to DSST. In general, TCs with a large radius, slow movement, and strong maximum
sustained winds, along with a shallower MLD and TD, are more likely to induce intense
DSST.
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Figure 7. Relationship between coastal DSST and MLD (left panel) or TD (right panel) under
different conditions of (a,b) R34, (c,d) Trans and (e,f) MW. The black solid and dashed lines are
contour lines.

In coastal regions, when MLD < 40 m, DSST can exceed 1.5 °C and when TD < 95 m,
DSST can easily surpass 1 °C. This suggests that shallow MLD and TD create favorable
conditions for stronger DSST. When MLD > 60 m, DSST generally remains below 0.5 °C,
regardless of changes in TC characteristics, and when TD > 115 m, DSST rarely exceeds
0.5 °C. This indicates that BG plays a decisive role in limiting DSST. In addition, when
R34 > 305 km, DSST can exceed 0.5 °C regardless of MLD variations.

In offshore regions, when MLD > 90 m or TD > 145 m, DSST generally remains
below 0.5 °C regardless of TC characteristics, signifying that a deep MLD or TD effectively
inhibits DSST. When MLD < 70 m or TD < 115 m, DSST can exceed 1 °C, indicating that
shallow MLD and TD create a favorable environment for intense DSST. In addition, when
R34 > 320 km, DSST can exceed 0.5 °C, largely independent of MLD or TD variations.

It is clear that both TC characteristics and BG are essential. When the MLD or TD
is shallow, even unfavorable TC conditions can induce significant DSST, highlighting the
important influence of BG in those conditions. Conversely, large R34 and MW and slow
Trans can drive a notable DSST regardless of changes in MLD or TD, reflecting the critical
role of TC factors. Hence, no single factor uniformly dominates; rather, the interplay
between BG and TC ultimately determines the magnitude of DSST.
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Figure 8. Relationship between offshore DSST and MLD (left panel) or TD (right panel) under
different conditions of (a,b) R34, (c,d) Trans, and (e,f) MW. The black solid and dashed lines are
contour lines.

3.3. Synergistic Effects of the BG and TC on DSST

Based on the above analysis, the parameters related to the BG and the characteristics
of TC both influence DSST. Larger values of R34 and MW indicate TC characteristics
that are favorable for DSST, while larger values of Trans, MLD, and TD reflect TC and BG
characteristics that are unfavorable for DSST (Figures 7 and 8). To account for the synergistic
effects of TC and BG on DSST, this study introduces the dimensionless parameters R4
and Ry.

First, for the TC, a larger MW indicates stronger energy input from the TC into
the ocean, while a larger R34 signifies a broader spatial extent of TC-induced energy
input. Additionally, a slower Trans implies a prolonged duration of TC influence which
allows the TC’s wind energy input to the same area for a longer time, leading to more
pronounced DSST. To comprehensively account for the influence of TC, the TC index (TCI)

was formulated,
MW x Ray

Trans ©)

Next, MLD and TD characterize the influence of the BG on DSST, as they regulate
vertical mixing efficiency. Deeper MLD and TD reduce the intensity of DSST, highlighting
the constraining effect of the BG on DSST. In contrast, the TCI represents the TC's capacity to

TCI =
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enhance DSST [31]. To capture the synergistic effects of TC and BG on DSST, dimensionless
indices R4 and Ry are formulated as follows:

TCI

Rpig = MLD (6)
TCI
th = ﬁ (7)

The indices Ryq and Ry represent the synergistic effects of the TC and the BG on
DSST. These dimensionless metrics quantify the synergistic effects of TC-driven forcing
(enhancing cooling through energy input) and oceanic suppression (inhibiting cooling via
stratification) in promoting a DSST.

To analyze R4 and Ry, this study presents their climatological spatial distribution
and monthly variations, as illustrated in Figure 9 for both coastal and offshore regions.
Rmiq and Ryg exhibit similar spatial and temporal distribution. The climatological spatial
distribution reveals that in coastal regions, Ry,jq and R4 reach their maximum values at
20° N-30° N, gradually decreasing toward both sides of the latitude.
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Figure 9. Climatological spatial and temporal distribution of (a,c) Ryjq and (b,d) Ryg. Values are
shown as lg. The black dashed line indicates the 500 km boundary.

From the climatological monthly temporal distribution of Ry, and Ry, it can be
observed that in coastal regions, Ryq and Ry reach their maximum values in April,
whereas in offshore regions, their peaks occur in August. The peak values of Ry;;14 exceed
10.5 in both regions, while Ryy peaks are above 9.5, with R4 generally larger than Ry
during the same period. R4 and R4 exhibit a similar spatial and temporal distribution
to DSST in both coastal and offshore regions. This indicates that the magnitudes of R,1q
and R4 can be used to characterize the intensity of DSST. Therefore, Ry,jq and Ry values
exhibit a positive correlation with DSST (Figures 3a, 4a and 9).

To explore and evaluate the representational capability of the R4 and Ryg for DSST,
this study conducts a correlation analysis between Ry, and Ryq with DSST. Table 3 shows
the results of the monthly Spearman correlation analysis. From April to December, R;,1q
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and Ry both show a stable positive correlation with DSST, generally showing a more
significant correlation in offshore regions compared to coastal regions. In coastal regions,
the correlation coefficients of Ry, 14 and Ryq peak in May at 0.77 and 0.80, respectively, while
in offshore regions, they peak in April at 0.84 and 0.77. Additionally, almost all data pass
significance tests. Quantitative comparison in Table 2 reveals that Rp;j4 and Ry exhibit
stronger correlations with DSST than MLD and TD, indicating that the incorporation of the
TC characteristics alongside the BG parameters provides a more comprehensive description
of the DSST.

Table 3. Monthly Spearman correlation analysis between R4 and Ryy with DSST (C represents
coastal regions, O represents offshore regions, values marked with an asterisk denote correlations
that pass the 95% confidence interval; All excludes data from January to March).

Month Rmid Riq
C () C (@)

1 0.58 —0.50 0.55 —0.50
2 —0.09* —0.07 * —0.60* —0.06 *
3 0.67 0.43 0.70 0.40
4 0.43 0.84 0.53 0.77
5 0.77 0.59 0.80 0.52
6 0.46 0.48 0.49 0.36
7 0.54 0.65 0.61 0.60
8 0.60 0.73 0.52 0.70
9 0.37 0.63 0.34 0.62
10 0.53 0.68 0.53 0.68
11 0.43 0.59 0.41 0.60
12 0.44 0.56 0.41 0.57
All 0.53 0.66 0.50 0.63

Although more intense TCs generally lead to larger DSST, the increased correlations
between R, 1q and DSST, as well as Riq and DSST, indicate that these indices offer a more
effective representation of the complex interplay between TC and BG. Specifically, they
help capture cases where relatively weak TCs—when occurring under favorable oceanic
backgrounds—can induce greater surface cooling than stronger TCs under less favorable
conditions. By integrating both TC and BG into unified indices, Ry,jq and Ryq provide a
more comprehensive and physically grounded framework for analyzing DSST responses.

Building on the above analysis, Figure 10 presents scatter plots of DSST against Ry 14
and R4, showing their overall Spearman correlation and demonstrating that both metrics
generally exhibit a more pronounced positive correlation with DSST. The values of the R4
are concentrated between seven and thirteen, while Ryy values range from six to twelve,
with a similar distribution in both coastal and offshore regions. The correlation coefficients
of the MLD and TD with DSST are —0.27 (—0.40) and —0.25 (—0.35) for coastal (offshore)
regions, respectively. When further considering the TC characteristics, the correlation
coefficients of Ry,;q and Ry with DSST increase to 0.53 (0.66) and 0.50 (0.63).

To further investigate the relationship between DSST and these two dimensionless
metrics, this study also presents the spatial distribution of their Spearman temporal cor-
relation coefficients with DSST, as shown in Figure 11. Both R4 and Ry exhibit more
consistent and significant correlations with DSST than MLD and TD, and show a broader
spatial extent that passes the significance test (Figures 6 and 11).
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Figure 10. Same as Figure 5 but for (a) Ry, ,q and (b) Ry (Rc represents coastal regions, blue; Ro
represents offshore regions, yellow).
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Figure 11. Same as Figure 6. But for (a) Rp,14 and (b) Ryg. The black dashed line indicates the 500 km
boundary.

Rpig and Ryy comprehensively consider the maximum sustained wind speed, the
translation speed, the 34-kt wind radius of the TC, and the BG conditions. Consequently, in
describing DSST, Ry, 14 and Ryq provide more stable and robust representation compared to
solely using BG parameters.

4. Discussion

DSST is defined as the SST difference between 1-5 days before and after the passage
of each TC. This time window is supported by previous studies showing that SST typically
recovers to its climatological state within 5 days, and that the most significant cooling
occurs during this period [8]. A spatial domain of 6° x 6° centered on the TC location
is used, which encompasses the typical wind radius (~300 km) where SST responses are
most pronounced. Jin et al. [66] have shown that while the magnitude of DSST may vary
with different temporal and spatial scales, the overall seasonal and spatial patterns remain
consistent, supporting the robustness of this approach.

Da et al. [24] analyzed TC parameters (Vmax, Vtrans, and R34) and BG parameters
(Grad-T, Grad-S, and MLD) across individual ocean basins. The spatial distributions of the
MLD and DSST, as well as their correlations in the WNP, are similar to those presented in
this study (Figures 4 and 6). Beyond MLD, our findings demonstrate that the correlation
between SST-T100 and DSST was also higher than that of T100 (Table 2), which is consistent
with Vincent et al. [56], who pointed out that SST-T100 actually improved the ability
to predict TC. In addition, this study primarily investigates the correlations between
BG parameters (T100, SST-T100, MLD, TD, T Thickness, and TS) and DSST (Figure 5).
In contrast, Pun et al. [35] focused on the correlations of R34, Vmax, translation speed
(Uh), and upper ocean heat content (UOHC) with DSST, presenting values of 0.49, 0.46,
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—0.38, and —0.37, respectively. Consequently, whether considering BG or TC parameters
individually, their correlations with DSST rarely exceed 0.5. However, when BG and
TC parameters are combined, as demonstrated in this study, the correlation increases
(Figure 11). Furthermore, compared to MLD and TD, the Rj4 and Ryq exhibit more stable
correlations with DSST across both spatial and temporal scales (Figure 12).
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Figure 12. Comparative analysis of the correlation between the BG parameters (red line) and the
metrics (Rpy1g and Ryq, blue line) with DSST. (The symbol x denotes a failure to achieve the 95%
significance level). The upper panel shows coastal regions and the lower panel shows offshore

regions.

Our results show that coastal regions correlation between R4 and Ry with DSST
exceed 0.75 in May, maintaining values around 0.5 in other months with small seasonal
variation (Table 3, Figure 12). In offshore regions, the maximum correlation reaches above
0.75 in April, remaining near 0.5 during most other months. In contrast, Spearman cor-
relations involving MLD and TD exhibit substantial monthly variability in both coastal
and offshore regions, even switching between positive and negative values. These findings
indicate that R1q and Ry to some extent enhance correlations with DSST.

In this study, we construct dimensionless parameters R4 and R4 to characterize
DSST. In addition, there are also many other excellent approaches to describe it. Oey [57]
proposed a dimensionless (nonlinear) function ¥ representing DSST, determined by both
TC parameters and upper-layer BG characteristics, and the explained variance in their
results is r> & 0.6. Cui et al. [36] built a model using an efficient and robust machine
learning-based method with 12 predictors related to TC characteristics and pre-storm ocean
states. Their findings indicate that TC intensity, translation speed, size, pre-storm MLD, and
SST are the dominant factors in determining the magnitude of the SST response. Moreover,
Vincent et al. [12] introduced the Wind Power Index (WPi) and Cooling Inhibition Index
(CI). WPi primarily considered DSST impacts from TC parameters such as MW, translation
speed, and size, while CI explained the pre-TC upper-ocean stratification resistance to
DSST. Therefore, WPi and CI describe DSST variability from TC and BG perspectives. The
Rmig and Ryg proposed in this study systematically incorporates the synergistic effects of
BG and TC, achieving a more comprehensive analysis of DSST.
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5. Conclusions

Based on the satellite observation data and reanalysis data, this study analyzes the
distribution characteristics of the DSST under TC conditions in the WNP as well as the
impacts of the TC characteristics and BG structure on the DSST. Further, combining the TC
and BG parameters, this study proposes the dimensionless metrics Ry,1q and Ry to better
characterize the spatial and temporal distribution of the DSST.

In the WNP, the magnitude of DSST exhibits significant temporal and spatial variation.
The majority of the TC occurrences are concentrated from July to October in both coastal and
offshore regions, with the DSST amplitude exceeding 0.6 °C. DSST reaches its maximum
in September for coastal regions and in August for offshore regions, with both exceeding
0.85 °C (Figures 2b and 3a).

In terms of the BG parameters, MLD and TD are effective in representing DSST.
The correlations of MLD and TD with DSST in offshore regions are —0.40 and —0.35,
respectively, which is more significant than the correlations of —0.27 and —0.25 in coastal
regions (Figure 5¢,d). However, it is insufficient to only consider BG factors; therefore, we
also take the impact of TCs into account. In coastal regions, when MLD > 60 m, DSST
generally remains below 0.5 °C, regardless of changes in TC characteristics, and when
TD > 115 m, DSST rarely exceeds 1 °C. In addition, when R34 > 305 km, DSST can exceed
0.5 °C regardless of MLD variations. In offshore regions, when MLD > 90 m or TD > 145 m,
DSST generally remains below 0.5 °C regardless of TC characteristics. In addition, when
R34 > 320 km, DSST can exceed 0.5 °C, largely independent of MLD or TD variations. It is
clear that the interplay between BG and TC ultimately determines the magnitude of DSST.
Based on the above analysis, larger values of R34 and MW are favorable for DSST, while
larger values of Trans, MLD, and TD are unfavorable for DSST (Figures 7 and 8). To account
for the synergistic effects of TC and BG on DSST, this study introduces the dimensionless
parameters R;jq and Ryg.

In both temporal and spatial dimensions, Ryjq and R4 can better characterize DSST
than MLD and TD. The Spearman correlations of R4 and R4 with coastal DSST can reach
0.53 and 0.50, respectively, while in offshore regions, the correlations are up to 0.66 and
0.63. Moreover, the correlations exhibit greater spatial consistency and better pass the test
of significance (Figures 5, 6 and 10-12). Since Ry1q and R4 incorporate TC parameters
such as MW, Trans, R34, and the BG conditions, the R4 and R;q are more stable across
different seasons, making them more representative than the solely BG parameters. Indeed,
more intense TCs tend to produce a larger DSST, which is consistent with existing literature.
However, the novel contribution of this study lies in its comprehensive approach. The
key innovation here is not just the expected correlation between TC or BG and DSST, but
the ability to capture cases where relatively weak TCs—when occurring under favorable
oceanic backgrounds—can induce greater surface cooling than stronger TCs under less
favorable conditions. This insight improves our understanding of the complex interaction
between TCs and BG, enabling better forecasting of DSST and related phenomena in
different TC scenarios.

This study specifically focuses on the oceanic conditions prior to the arrival of TCs.
Incorporating parameters such as Ry,jq and Ry captures the synergistic effects of BG and
TC on DSST. This approach enables us to estimate and provide early warnings for areas
that will soon be affected by the TCs. Specifically, by predicting the changes in DSST before
the TC reaches the coast, we improve our ability to forecast TC intensity and anticipate
potential impacts, which is critical for disaster preparedness and mitigation in coastal
regions. But in constructing the indices, only the more significant temporal and spatial
correlations of MLD and TD are considered, and the more complex TS and T Thickness
are not considered. Future studies should systematically explore the synergistic effects of
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various BG and TC parameters on the DSST. Moreover, while investigating the ocean’s
response to TCs, it is also crucial to analyze the ocean’s impact on the TCs.
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