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Abstract: This study investigates the interannual variations in regional mean sea levels (MSLs) of
the northeast Asian marginal seas (NEAMS) during August, focusing on the role of typhoon activity
from 1993 to 2019. The NEAMS are connected to the Pacific through the East China Sea (ECS) and
narrow, shallow straits in the east, where inflow from the southern boundary (ECS), unless balanced
by eastern outflow, leads to significant convergence or divergence, as well as subsequent changes in
regional MSLs. Satellite altimetry and tide-gauge data reveal that typhoon-induced Ekman transport
plays a key role in MSL variability, with increased inflow raising MSLs during active typhoon seasons.
In contrast, weak typhoon activity reduces inflow, resulting in lower MSLs. This study’s findings
have significant implications for coastal management, as the projected changes in tropical cyclone
frequency and intensity due to climate change could exacerbate sea level rise and flooding risks.
Coastal communities in the NEAMS region will need to prioritize enhanced flood defenses, early
warning systems, and adaptive land use strategies to mitigate these risks. This is the first study to link
typhoon frequency directly to NEAMS MSL variability, highlighting the critical role of wind-driven
processes in regional sea level changes.

Keywords: sea level; typhoon; interannual variation; sea surface wind; Ekman transport; satellite
altimeter

1. Introduction

The rapid rise in mean sea levels (MSLs) globally [1] and regionally [2] has necessi-
tated the elucidation of changes in MSLs. To identify anthropogenic effects on climate and
adaptation strategies for coastal communities, the causal relationship between observed
sea level change (SLC) and underlying processes needs to be addressed. Also, reliable
projections of regional [3] and global MSLs should be provided [4]. Meyssignac et al. [5]
largely attribute the variability in observed regional sea levels over the past two decades to
steric effects, which are related to changes in water temperature and salinity that cause the
expansion or contraction of water columns. However, Pinardi et al. [6] emphasize that, in
the semi-enclosed Mediterranean Sea, in addition to almost periodic seasonal steric effects,
mass changes play a crucial role in regional MSL variability. They identified significant
stochastic-like mass effects that result from imbalances between inflow and outflow trans-
ports, leading to either convergence or divergence of water masses. These imbalances
generate variability in sea levels independent of steric changes. Similar processes are
expected in the northeast Asian marginal seas (NEAMS), which include the northern East
China Sea (ECS; 31.5◦ N north), Yellow Sea (YS), Bohai Sea (BS), and East Sea (ES; till west
of Tsugaru and Soya Strait, till south of 52.0◦ N). In this region, regional MSLs may vary
significantly, owing to mass convergence–divergence. The monitoring and analysis of
sea level fluctuations in the NEAMS have become critical, as damages caused by storm
surges pose a major risk of local flooding owing to climate change [7]. The SLCs driven by
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typhoon activities have significant implications for regional sea level fluctuations, which
are generally caused by tropical cyclones, e.g., hurricanes in the North Atlantic Ocean.
However, SLC issues associated with storm surges caused by tropical cyclones have not
been widely discussed in terms of regional MSLs, and only locally inverted barometric
responses to low atmospheric pressure systems have been studied [8]. Moreover, typhoon
intensity is expected to increase in the future, along with warming conditions [9], indicating
the increasing significance of SLC driven by typhoons.

In the western North Pacific Ocean, the average interannual variations in MSLs during
summer and winter across the NEAMS (Figure 1) are primarily induced by changes in hori-
zontal mass convergence and divergence owing to surface wind-induced Ekman transport
and the consequent imbalances between inflow and outflow transport [10,11]. Also, those
in summer and winter are caused by regional sea surface wind patterns related to western
Pacific summer atmospheric pressure and Asian winter monsoons, respectively [10,11].
The NEAMS MSLs are sensitive to regional wind forcing together with regional ocean
circulation and semi-enclosed marginal sea features [10–15]. The semi-enclosed NEAMS
has an inlet–outlet system consisting of inflow from the Pacific across the wide and shallow
ECS shelf along the southern boundary (Area B) and outflow into the Pacific through
narrow and shallow straits across the eastern boundary (Area C) (Figure 1). The imbalance
between inflow and outflow due to changes in wind-induced Ekman transport may cause
horizontal convergence or divergence, leading to changes in the NEAMS MSL. However,
although typhoon activities occasionally but significantly affect regional wind patterns,
particularly in the typhoon season in summer, the effects of typhoons on the NEAMS MSLs
have yet to be explored.

Several studies have investigated the responses of the local upper ocean to typhoons,
including sea surface cooling [16], coastal surges [17] and jets [18], oceanic internal waves [19],
and phytoplankton blooms [20]. However, only a few studies have focused on SLCs related
to strong winds associated with storms, and fewer studies on long-lasting storm-wind-
induced SLCs. For example, Wu et al. [21] reported a sea level rise (SLR) of up to 24 cm
resulting from typhoon wind-induced Ekman transport in the BS in June 2011. Ragone
et al. [22] recorded a sea level reduction of a few centimeters in the western Mediterranean
Sea due to divergence and enhanced Ekman transport associated with Medicanes, which
are hurricanes in the Mediterranean Sea. Liu et al. [23] indicated that the peripheral winds
of typhoon Mangkhut shifted the sea surface flow from the southeastern South China Sea
to the north in Beibu Gulf (BBG) and increased the sea surface height in most areas of BBG.
Therefore, the effects of typhoon activity on month-long regional MSLs in semi-enclosed
and/or marginal seas remain unclear. Despite these findings, the extent to which typhoons
contribute to regional MSL variability in semi-enclosed seas like the NEAMS remains
largely unexplored.

This study aims to fill this gap by investigating the impacts of typhoon-induced Ekman
transport on interannual MSL variations in the NEAMS during August, a peak period
for typhoon activity. The NEAMS, which includes the ES, ECS, YS, and BS, features a
unique inflow–outflow system where inflow occurs across the ECS shelf, and outflow
occurs through the Tsugaru and Soya Straits. Although the NEAMS includes regions of
varying depth, such as the deep ES (1700 m) and the shallow YS and ECS (44 m and 77 m, re-
spectively), we treat it as a single sea level system to better understand its overall dynamics.
This research addresses a critical gap in understanding the long-term impacts of tropical
cyclone-induced wind stress on regional MSLs, particularly in semi-enclosed marginal
seas. Building on existing literature enhances our knowledge of how extreme weather
events contribute to sea level variability. The findings of this study will improve projec-
tions of MSL changes under future climate conditions, especially for regions vulnerable to
the increasing frequency and intensity of tropical cyclones. Furthermore, by connecting
these insights to global concerns regarding tropical cyclones’ impact on SLR, this research
contributes to broader discussions on climate change and coastal vulnerability. The results
not only deepen our understanding of regional MSL variability in the NEAMS but also
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offer valuable perspectives on how tropical cyclone activity could influence sea levels in
other semi-enclosed seas around the world. Such knowledge is essential for refining sea
level projections and strengthening coastal resilience in the face of climate change.
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Figure 1. Domains of the NEAMS (gray shading), including Area A, where typhoon activity was
assessed; Areas B and C, where inflow and outflow occur, respectively (black arrows indicate basic
flow transport); and Areas D and E, which are related to time series of zonal and meridional winds.
Typhoon tracks are superimposed with symbol sizes and color scales according to maximum sustained
wind speeds of 17, 33, 43, 49, 58, and 70 m s−1 for the months of August from 1993 to 2019. ES, YS,
BS, ECS, SCS, SO, and PO denote the East Sea (Sea of Japan), Yellow Sea, Bohai Sea, East China Sea,
South China Sea, Sea of Okhotsk, and Pacific Ocean, respectively. KS, TAS, TSS, and SS represent the
Korea/Tsushima Strait, Taiwan Strait, Tsugaru Strait, and Soya Straits, respectively.

2. Materials and Methods

Daily absolute dynamic topography (ADT: sum of mean dynamic topography and sea
level anomaly) data were obtained from the Copernicus Marine Environment Monitoring
Service (CMEMS), with data from all satellite altimeter missions gridded at a horizontal
resolution of 0.25◦ [24,25]. We used Level 4 of the ADT data for the NEAMS (Figure 1),
e.g., dt_global_allsat_phy_l4_20190831_20200309.nc, downloaded from the CMEMS por-
tal [26,27] for 1993–2019. These data were accessed from the CMEMS portal on 30 November
2022. The ADT data were produced after applying geophysical range corrections, includ-
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ing dynamic atmospheric correction (DAC), as well as corrections for the dry and wet
troposphere, ionosphere, sea state bias, ocean tide, solid earth tide, and geocentric pole
tide [28].

For the geophysical range corrections, DAC can effectively simulate sea level responses
to atmospheric pressure force in the YS and ECS [29]. Along with recent improvements in
barotropic models, this has allowed for the reconstruction of maximum storm surge levels
over the past 60 years [30]. In addition, as we identified no visual effects of dynamic sea
level responses to strong atmospheric pressure force associated with typhoons in daily
ADT data, we examined the effects of typhoon-related winds on SLCs using ADT with
DAC in the NEAMS.

Daily ADT data were climatologically averaged for August of each year, and long-term
linear trends were removed at each grid point. The detrended August ADT anomalies
were spatially averaged across the NEAMS to investigate interannual variations in summer
MSLs [11]. Composite analyses were used to classify changes in the summer MSLs of the
NEAMS into the following two periods: Period H for high MSL (>2 cm) and Period L for
low MSL (<2 cm).

Typhoon track, storm grade, and maximum sustained wind speed data were obtained
from the International Best Track Archive for Climate Stewardship on 15 January 2024.
We used Version 4 with a temporal resolution of 3 h for the northwest Pacific Ocean over
a 27-year period [31]. In addition, we counted typhoons that passed through the ECS
shelf (Area A: 122.00–133.00◦ E and 22.00–32.50◦ N, Figure 1) every August within the
same period. In our initial study, typhoons were included in this study only when 1 min
maximum sustained wind speed exceeded 33 m s−1 [32]. However, in this study, we use
data from all typhoons, regardless of wind speed.

We obtained 6 h zonal (positive eastward) and meridional (positive northward) wind
stress data for the month of August and MSL atmospheric pressure data monthly from
the European Centre for Medium-Range Weather Forecasts Re-Analysis fifth generation
(ERA5) on 9 September 2021, and gridded these data at a horizontal resolution of 0.25◦

in the northwest Pacific Ocean (100.0–180.0◦ E and 0.0–63.0◦ N, Figure 1). In addition,
hourly zonal and meridional wind velocity data at 10 m above MSL were used only for
two Augusts (August 2001 and August 2002), Area D (129.00–131.00◦ E; 29.00–31.00◦ N;
Figure 1) in 2001 and Area E (128.00–129.00◦ E; 33.00–34.00◦ N, Figure 1) in 2002, to examine
the effect of typhoon wind on the MSLs in August 2001 and 2002, respectively. The monthly
surface net heat flux, water temperature, and salinity data from the Ocean Reanalysis
System 5 (ORAS5) were obtained on 15 November 2023 to calculate MSL by heat flux, heat
transport, and salt transport.

Zonal and meridional Ekman transports per unit lateral width (VTE_Ekman and VTN_Ekman,
m2 s−1) were calculated from the meridional and zonal surface wind stresses (τN and τE,
respectively, N m−2) using the following equations [10]:

VTE_Ekman =
∫ 0

DEkman
uEkman dz =

∫ 0
DEkman

1
f ρ

∂τN
∂z dz = 1

f ρ [τN ]
0
DEkman

= 1
f ρ{τN(z = 0)− τN(z = DEkman)} = τN(z=0)

f ρ

(1)

VTN_Ekman =
∫ 0

DEkman
vEkman dz = −

∫ 0
DEkman

1
f ρ

∂τE
∂z dz = − 1

f ρ [τE]
0
DEkman

= − 1
f ρ{τE(z = 0)− τE(z = DEkman)} = − τE(z=0)

f ρ

(2)

where uEkman, vEkman, DEkman, f (=2Ωsinφ), Ω (≈7.2921 × 10−5), φ, ρ, and z denote the zonal
(positive eastward) and meridional (positive northward) Ekman current velocities (m s−1),
Ekman depth (m), Coriolis parameter (rad s−1), rotation rate of the Earth (rad s−1), latitude,
density of seawater (1025 kg m−3), and vertical coordinate, respectively.

To examine the interannual variations in total inflow and outflow volume transport
anomalies (m3 s−1) through straits in Areas B and C, VTN_Ekman and VTE_Ekman values were
zonally integrated across the strait in Area B (120.75–130.50◦ E; 30.75–33.00◦ N, Figure 1),
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e.g., VTN_EkmanLNS (¯ is the area averaged and LNS is the width of Korea/Tsushima Strait),
and meridionally across the straits in Area C (139.50–142.50◦ E; 39.00–48.00◦ N, Figure 1),
e.g., VTE_EkmanLEW (LEW is sum of the widths of Tsugaru and Soya Straits). Hereafter, we
omit ¯ for convenience. Interannual anomalies of SLC owing to differences in Ekman
inflow and outflow, and the consequent convergence or divergence within the NEAMS,
were estimated as follows:

SLC = (VTN_EkmanLNS − VTE_EkmanLEW)
T
A

=
−τE(z = 0)LNS − τN(z = 0)LEW

f ρ

T
A

(3)

where T represents the monthly time scale of 31 days in seconds, and A is the total area of
the NEAMS

(
1.6 × 1012 m2).

Daily ADT and six-hourly wind stress data were averaged monthly to yield monthly
MSL, wind stress, and Ekman transport. Subsequently, the monthly MSL, wind stress, and
Ekman transport, and SLC were composited to Periods H and L to investigate the impact of
wind on the high and low NEAMS MSL in August.

Monthly MSL data from 1993 to 2019 were obtained from twenty tide-gauge stations,
provided by the Permanent Service for Mean Sea Level [33,34] on 13 June 2024. These
tide-gauge stations are distributed across three countries: Korea (nine stations: Incheon,
Anheung, Mokpo, Jeju, Yeosu, Busan, Mukho, Sokcho, Ulleung), China (two stations: Lusi
and Dalian), and Japan (nine stations: Hakata, Izuhara II, Hamada II, Saigo, Mikuni, Ogi,
Awa Shima, Oshoro II, Wakkanai). To ensure consistency across datasets, the inverted
barometer effect was removed from the tide-gauge sea level observations using atmospheric
pressure data from ERA5. This correction was based on the standard assumption that 1 hPa
change in atmospheric pressure corresponds to a 1 cm change in water level, following
established methods [8,35]. After applying the inverted barometer correction, the tide-
gauge data were adjusted to match the same MSL as the satellite altimetry data in August
over the 27-year period from 1993 to 2019 (Figure 2). This adjustment ensures that the
vertical reference datum of the tide-gauge data aligns with the satellite observations,
allowing for accurate comparison between the two independent datasets.
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Figure 2. Time series of the summer (August) MSLs in the NEAMS region from 1993 to 2019, based on
satellite altimetry (red open circles) and tide-gauge observations (black open squares), both adjusted
to exclude the inverted barometer effect. The tide-gauge data have been referenced to a common
vertical datum to match the MSL with satellite altimetry over the 27-year period. Dashed red and
black dotted lines indicate the respective trends for satellite and tide-gauge measurements.
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3. Results
3.1. MSL in August

To validate the satellite altimetry data and strengthen the overall conclusions, we
compared the sea level patterns observed from satellite altimetry with tide-gauge mea-
surements over a 27-year period. Both datasets exhibit similar up-and-down patterns,
reflecting consistent sea level variability during this time. The rising rates of MSLs in
August were derived from both satellite altimetry (3.4 mm·yr−1) and tide-gauge obser-
vations (3.5 mm·yr−1), after excluding the inverted barometer effect from 1993 to 2019.
This comparison is depicted in Figure 2, where the dashed red line presents the trend
from satellite altimetry, and the dotted black line shows the trend from tide-gauge obser-
vations. Despite potential discrepancies, such as the uneven distribution of tide-gauge
stations, the trends observed from both datasets are remarkably similar, with a difference
of 0.1 mm·yr−1 between the two. Notably, the variations in the two datasets, which are
independent of each other, demonstrate a strong positive correlation, with a correlation
coefficient of 0.93 for August data (p-value < 0.01). This high correlation indicates that both
satellite and tide-gauge measurements consistently capture the same SLR pattern in the
region during the summer months, reinforcing the reliability of the observed trends. This
similarity further suggests that both methods are effectively capturing the regional MSL
changes, supporting the robustness of the results. For clarity and ease of interpretation, the
remainder of this paper will focus primarily on satellite data.

3.2. SLC by Ekman Transport

The role of wind-induced Ekman transport in driving SLC within the NEAMS region
during August was analyzed using time series data. Specifically, anomalies in Ekman
transport across the southern boundary (Area B) were compared with the MSL anomalies in
the NEAMS to assess their correlation. Additionally, the differences between wind-induced
Ekman transport anomalies across the southern (Area B) and eastern (Area C) boundaries
were also considered to further refine the analysis of the inflow and outflow dynamics.

The results show a significant correlation between the anomalies in Ekman transport
and the observed sea level variations. Specifically, the time series of SLC by wind-induced
Ekman transport anomalies across the southern boundary of the NEAMS and those of
SLC by wind-induced Ekman transport anomaly difference between the southern and
eastern boundaries were significantly correlated with NEAMS MSL anomalies in August
(Figure 3). The correlation coefficients between the SLC by Ekman transport anomaly
in Area B and the MSL anomaly and between the SLC by Ekman transport anomaly
differences in Areas B and C and the MSL anomaly were both 0.65 (p-value < 0.01). The SLC
by Ekman transport anomaly in Area B was almost equal to the SLC by Ekman transport
anomaly differences in Areas B and C (Figure 3). This near equivalence implies that the
contribution of outflow through the eastern boundary (Area C) is minimal, meaning the
outflow did not significantly offset the inflow from the southern boundary. As a result, the
inflow driven by wind-induced Ekman transport across the southern boundary is largely
responsible for the rise in sea levels observed within the NEAMS. These findings highlight
the dominant role of wind-driven inflow from the south, particularly during the months
of active typhoon occurrence, in driving regional SLCs. The fact that the outflow through
the eastern boundary remains relatively negligible suggests that wind-induced processes
primarily affect the inflow of water into the NEAMS, creating an imbalance that leads to
elevated sea levels during these periods. The absence of compensatory outflow underscores
the importance of wind-induced inflow transport as a key driver of sea level variability
within this semi-enclosed marginal sea region.



J. Mar. Sci. Eng. 2024, 12, 1830 7 of 22

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  7  of  24 
 

 

induced Ekman transport anomalies across the southern (Area B) and eastern (Area C) 

boundaries were also considered to further refine the analysis of the inflow and outflow 

dynamics. 

The results show a significant correlation between the anomalies in Ekman transport 

and the observed sea level variations. Specifically, the time series of SLC by wind-induced 

Ekman  transport anomalies across  the southern boundary of  the NEAMS and  those of 

SLC by wind-induced Ekman  transport anomaly difference between  the  southern and 

eastern boundaries were significantly correlated with NEAMS MSL anomalies in August 

(Figure 3). The correlation coefficients between the SLC by Ekman transport anomaly in 

Area  B  and  the MSL  anomaly  and  between  the  SLC  by  Ekman  transport  anomaly 

differences in Areas B and C and the MSL anomaly were both 0.65 (p-value < 0.01). The 

SLC by Ekman  transport  anomaly  in Area B was  almost  equal  to  the  SLC by Ekman 

transport anomaly differences in Areas B and C (Figure 3). This near equivalence implies 

that  the  contribution  of  outflow  through  the  eastern  boundary  (Area  C)  is minimal, 

meaning the outflow did not significantly offset the inflow from the southern boundary. 

As  a  result,  the  inflow driven  by wind-induced Ekman  transport  across  the  southern 

boundary  is  largely  responsible  for  the  rise  in sea  levels observed within  the NEAMS. 

These  findings  highlight  the  dominant  role  of  wind-driven  inflow  from  the  south, 

particularly during the months of active typhoon occurrence,  in driving regional SLCs. 

The  fact  that  the  outflow  through  the  eastern  boundary  remains  relatively  negligible 

suggests  that  wind-induced  processes  primarily  affect  the  inflow  of  water  into  the 

NEAMS, creating an imbalance that leads to elevated sea levels during these periods. The 

absence of compensatory outflow underscores  the  importance of wind-induced  inflow 

transport as a key driver of sea level variability within this semi-enclosed marginal sea 

region. 

 

Figure 3. Time  series of  the detrended  summer NEAMS MSL anomalies  (black filled diamond) 

derived from satellite altimetry data, SLC by Ekman transport anomaly in Area B (red filled square), 

and  SLC  by Ekman  transport  anomaly differences  between Areas B  and C  (red  open  triangle), 

derived from ERA5 data from 1993 to 2019. The correlation coefficients between the NEAMS MSL 

and SLC by Ekman transport anomaly in Area B and between the NEAMS MSL and SLC by Ekman 

transport anomaly differences between Areas B and C are both 0.65 (p-value < 0.01). 

   

Figure 3. Time series of the detrended summer NEAMS MSL anomalies (black filled diamond)
derived from satellite altimetry data, SLC by Ekman transport anomaly in Area B (red filled square),
and SLC by Ekman transport anomaly differences between Areas B and C (red open triangle), derived
from ERA5 data from 1993 to 2019. The correlation coefficients between the NEAMS MSL and SLC
by Ekman transport anomaly in Area B and between the NEAMS MSL and SLC by Ekman transport
anomaly differences between Areas B and C are both 0.65 (p-value < 0.01).

3.3. Interannual Variations in MSL and Wind-Induced Inflow

The interannual variations in MSL anomalies for August in the NEAMS, ES, and
YS were analyzed over a 27-year period to understand the relationship between SLCs
and typhoon activity. Interannual variations in the detrended August NEAMS-, ES-, and
YS-MSL anomalies yielded standard deviations of 2.97, 2.92, and 3.63 cm, respectively,
indicating noticeable fluctuations in sea levels across these regions. A significant finding
from this analysis was the strong correlation between the number of typhoons passing
through Area A and the MSL anomalies in the NEAMS, ES, and YS. The correlation
coefficients were 0.59, 0.53, and 0.60 for the NEAMS, ES, and YS, respectively, all with
p-values of less than 0.01, suggesting a robust statistical relationship between typhoons
activity and MSL variations. This implies that the number of typhoons is a key factor in
driving the observed interannual variability in sea levels across the region. To further
investigate this relationship, two distinct periods were selected for composite analysis:
Period H, characterized by higher-than-normal MSL anomalies, and Period L, marked
by lower-than-normal MSL anomalies. Period H included years where the August MSL
anomaly exceeded 2 cm (1994, 1997, 1999, 2001, 2002, 2004, 2012, and 2018), while Period
L included years where the MSL anomaly fell below −2 cm (1993, 1995, 1998, 2005, and
2017). The composite analysis revealed that during Period H, the MSL anomalies for the
NEAMS, ES, and YS were significantly higher (+3.69, +3.35, and +4.47 cm, respectively)
compared with those during Period L, where the MSL anomalies were markedly lower
(−3.70, −3.50, and −3.56 cm, respectively) (black, green, and blue solid lines in Figure 4a–c,
respectively). Further analysis of the variability in MSL within these two periods indicated
different levels of standard deviation, reflecting the extent of sea level fluctuation during
these times. During Period H, the standard deviations from the August NEAMS-, ES-, and
YS-MSLs were 1.42, 1.38, and 2.57 cm, respectively, indicating a relatively consistent rise
in sea levels. In contrast, during Period L, the standard deviations were slightly lower for
NEAMS (1.35 cm) but higher for the ES (1.89 cm) and YS (1.91 cm), suggesting that the
magnitude of MSL changes was more variable during periods of lower sea level.
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Figure 4. (a) Time series of detrended summer NEAMS MSL anomalies (black solid line) derived
from satellite altimetry data and typhoon occurrence in the ECS (red dashed line) from 1993 to 2019.
Summers with relatively high MSL changes (Period H; >2 cm, black solid diamonds) are denoted by
orange and green shading, while summers with relatively low MSL changes (Period L; <−2 cm) are
denoted by black-filled diamonds. During each summer throughout Period H, three or more typhoons
passed through Area A (red solid circles), with the exception of the summers of 2001 and 2002 (green
shading,) while two or fewer typhoons occurred during each summer of Period L (red open circles)
(correlation coefficient = 0.54; p-value < 0.01). Error bar indicates the positive and negative standard
deviations of daily detrended summer NEAMS MSL. Time series of detrended summer (b) ES (green
triangle, correlation coefficient = 0.49; p = 0.01) and (c) YS (blue square, correlation coefficient = 0.55;
p-value < 0.01) MSL anomalies derived from satellite altimetry data from 1993 to 2019. Error bar
indicates the positive and negative standard deviations of daily detrended summer ES and YS MSLs.
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The frequency of typhoons passing through Area A varied significantly between
Period H and Period L, reflecting the impact of typhoon activity on SLCs in the region. The
number of typhoons that passed through Area A was higher during Period H (3.25) and
lower during Period L (1.60). Both of these values deviate from the long-term average of
2.41 typhoons per year over the 27-year study period, as shown by the red dashed lines
in Figure 4a–c. This indicates that years with more frequent typhoon activity (Period H)
tend to be associated with elevated sea levels, while years with fewer typhoons (Period L)
correspond to lower sea levels. The variability in typhoon occurrences during these periods
is also reflected in the standard deviations. The overall standard deviation of typhoon
occurrences over the 27-year period was 1.25, indicating a moderate level of fluctuation
in the number of typhoons passing through Area A. However, the standard deviation
during Period H was notably higher at 1.58, suggesting greater variability in typhoon
activity during years with elevated sea levels. In contrast, Period L had a lower standard
deviation of 0.55, indicating more consistent but reduced typhoon activity during years
with lower sea levels. Significantly higher (>2 cm) August NEAMS MSL anomalies in Period
H were recorded following the occurrence of three or more typhoons in Area A (pale red
shading in Figure 4a–c). This strong correlation between multiple typhoons and elevated
MSLs suggests that typhoon frequency plays a crucial role in driving short-term sea level
variability. However, there were notable exceptions to this pattern in August 2001 and
2002, where higher-than-normal MSLs were observed despite only one typhoon passing
through Area A. These exceptions, indicated by the green shading in Figure 4a–c, suggest
that other factors, such as wind-induced inflow or the intensity and path of the individual
typhoons, may also have contributed to the wind-driven Ekman transport associated with
these typhoons, even though their frequency was lower than in other high-activity years.

In Figure 5a, during Period H, the wind stress vectors show a prominent southeasterly
component over the ECS and YS, particularly along the southeastern coast of the Korean
Peninsula. These intensified wind patterns drive mass convergence in the ECS, enhancing
Ekman transport, which pushes surface waters toward the coast. As a result, a larger
volume of water accumulates in the shallow regions of the ECS, leading to a noticeable
regional SLR. In contrast, during Period L, weaker wind forcing results in less pronounced
Ekman transport and reduced water buildup. The strong southeasterly winds during Period
H increase inflow from the Pacific Ocean across the ECS shelf, disrupting the equilibrium
between inflow and outflow in the NEAMS. As a result, the imbalance becomes more
pronounced, leading to the elevated MSLs observed in Period H, which are notably higher
than those in Period L.

In addition, Figure 5a shows strong northwestward wind stress during Period H,
which is closely associated with an increased number of typhoons passing through Area A.
These cyclonic winds enhance northeastward Ekman transport, primarily occurring in the
northwestern quadrant of the typhoons, driving water masses toward the NEAMS. This
wind-induced transport contrasts sharply with the weaker northwestward winds observed
during Period L. The dominant northwestward, northward, and northeastward Ekman
transports during Period H increase inflow from the ECS to the ES or YS, and subsequently,
from the western Pacific into the NEAMS, amplifying the inflow/outflow imbalance and
contributing to higher regional sea levels (Figures 1 and 5a).

Although only one typhoon passed through Area A during both August 2001 and
August 2002, the inflow transport into the NEAMS effectively increased in both cases due
to wind-induced Ekman transport. This demonstrates the significant impact of typhoon-
related wind patterns on the regional ocean circulation and mass transport dynamics in
the NEAMS. During August 2001, as shown in Figure 6a, southwestward wind stress was
prevalent in Area A. This wind pattern was driven by the passage of typhoon Pabuk, which
traveled along the eastern boundary of Area A (Figures 6a and 7a). The southwestward
wind stress associated with the typhoon induced strong northwestward Ekman transport,
pushing surface waters toward the NEAMS. This wind-driven transport increased the
inflow of water from the Pacific Ocean into the ECS, contributing to the mass convergence
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in the region. As a result, the inflow transport into the NEAMS was enhanced, leading to
a regional rise in sea levels. During August 2002, as depicted in Figure 6b, typhoon Rusa
passed through the northeastern corner of Area A. This resulted in a markedly different
wind pattern, with strong northwestward wind stress along the northeastern boundary of
Area A (Figures 6b and 7b). The cyclonic winds generated by typhoon Rusa also induced
significant northeastward Ekman transport, which further contributed to increased inflow
into the NEAMS. Similar to August 2001, this wind-induced inflow from the Pacific Ocean
increased the overall water volume in the NEAMS, amplifying the imbalance between
inflow and outflow and contributing to regional sea level variability. Despite differences
in the exact wind patterns and the paths of the typhoons, both August 2001 and 2002
exhibited a clear enhancement of inflow transport due to wind-driven Ekman dynamics.
The prevailing wind stress in both cases played a crucial role in driving water from the ECS
into the NEAMS, further emphasizing the sensitivity of the region’s sea levels to typhoon
activity. These results highlight the importance of wind-induced Ekman transport in
controlling inflow transport into semi-enclosed marginal seas, particularly during extreme
weather events like typhoons.
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Figure 7. Time series of hourly zonal and meridional winds averaged over (a) Area D, summer 2001,
and (b) Area E, summer 2002, are plotted using blue squares and red circles, respectively. Monthly
mean zonal and meridional winds and zero wind speed lines are represented by the dotted blue and
red horizontal lines and solid black lines, respectively. Gray shading represents typhoons Pabuk and
Rusa during 19–20 August 2001 and 30–31 August 2002, respectively.

Looking forward, the long-term implications of these findings are substantial. Climate
change is expected to increase the sea level and the frequency and intensity of tropical
cyclones, particularly in the western Pacific region. Given the demonstrated impact of
typhoon-driven wind stress on the NEAMS, it is likely that future tropical cyclone activity
will further exacerbate MSL variability in the region. Stronger and more frequent typhoons
could lead to more sustained periods of mass convergence and elevated sea levels in the
NEAMS, increasing the risk of coastal flooding and other associated hazards. As tropical
cyclones intensify, the corresponding wind-induced Ekman transport could result in even
greater inflows of water into the NEAMS, amplifying the existing inflow/outflow imbal-
ances. This will have significant implications for coastal management and policy planning
in the region. Coastal areas along the ECS, YS, and ES, which are already vulnerable to SLR,
may experience heightened risks due to the compounding effects of both global SLR and
localized, wind-driven MSL variability. Proactive adaptation measures, such as improved
coastal defenses and strategic land use planning, will be essential to mitigate the impacts of
these future changes.

3.4. Wind-Induced Convergence and Divergence

The inflow and outflow dynamics driven by wind-induced Ekman transport play
a critical role in determining SLCs within the NEAMS. Generally, increased inflow into
the NEAMS due to wind-induced Ekman transport results in convergence within the
NEAMS unless balanced by increased outflow across the eastern boundary (Area C).
Within this context, the SLC induced by differences in Ekman inflow and outflow and
consequent convergence or divergence within the NEAMS during Period H and Period
L were quantified (Table 1). Despite significant changes in inflow across the southern
boundary in Area B (positive anomaly of +0.2350 m2s−1 during Period H compared with
the negative anomaly of −0.2428 m2s−1 during Period L in the detrended time series),
differences between outflows across the eastern boundary in Area C for the two composite
periods (−0.0103 and −0.0297 m2s−1 during Periods H and L, respectively) were markedly
small (Table 1). The imbalance between the substantial inflow across the southern boundary
and the negligible outflow across the eastern boundary led to a net accumulation of water
within the NEAMS, resulting in the observed SLR during Period H. On the other hand,
during Period L, the negative inflow anomaly across the southern boundary, coupled with a
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slight decrease in outflow across the eastern boundary, contributed to a net divergence of
water from the NEAMS. This divergence led to lower sea levels during Period L. The small
difference in outflow between the two periods emphasizes that wind-induced inflow across
the southern boundary is the dominant factor influencing SLCs in the NEAMS, particularly
during periods of significant typhoon activity.

Table 1. Wind-induced Ekman transport (VTEkman) and detrended VTEkman (DVTEkman) anomalies in
Areas B and C, horizontal convergence due to differences between DVTEkman anomalies for Areas B
and C, and SLC in the NEAMS induced by horizontal convergence during Period H and Period L. Det
means detrended and ± values in VTEkman are standard deviations of wind stress in the Periods H and
L. Positive (+) means flow or transport into the NEAMS, convergence, or higher-than-normal MSL in
the NEAMS.

Quantity Area Period H Period L

VTN_Ekman(
m2s−1 ) B − τE(z=0)

f ρ = 0.0370±0.0226
7.7×10−5×1025 − τE(z=0)

f ρ = −0.0016±0.0125
7.7×10−5×1025

VTE_Ekman(
m2s−1 ) C τN (z=0)

f ρ = 0.0185±0.0122
10.0×10−5×1025

τN (z=0)
f ρ = 0.0170±0.0089

10.0×10−5×1025

DVTN_Ekman(
m2s−1 )

anomaly
B − detτE(z=0)

f ρ = 0.0186
7.7×10−5×1025 = +0.2350 − detτE(z=0)

f ρ = −0.0192
7.7×10−5×1025 = −0.2428

DVTE_Ekman(
m2s−1 )

anomaly
C detτN (z=0)

f ρ = −0.0011
10.0×10−5×1025 = −0.0103 detτN (z=0)

f ρ = −0.0031
10.0×10−5×1025 = −0.0297

Horizontal
convergence (+)
or divergence (−)(
m3s−1 )

NEAMS
(

DVTNEkman LNS − DVTEEkman LEW
)

= +0.2350× 105 −
(
−0.0103 × 105) = 0.2453× 105

(
DVTNEkman LNS − DVTEEkman LEW

)
= −0.2428× 105 −

(
−0.0297 × 105) = −0.2131× 105

SLC (m) NEAMS

(
DVTNEkman LNS − DVTEEkman LEW

) T
A

= +0.2453 × 105 × 60×60×24×31
1.6×1012

= +0.0411

(
DVTNEkman LNS − DVTEEkman LEW

) T
A

= −0.2131 × 105 × 60×60×24×31
1.6×1012

= −0.0357

The estimated SLC was several centimeters higher during Period H than during Period
L, e.g., 4.1 cm higher than normal during Period H compared with 3.6 cm lower than normal
during Period L (Table 1). The difference in SLC of +7.7 cm induced by winds between the
two composite periods (4.1 cm minus −3.6 cm; Table 1) is comparable to the SLC difference
of +7.4 cm observed from satellite altimetry (3.7 cm minus −3.7 cm; black solid line in
Figure 4a), indicating that wind-induced Ekman transport may be a dominant player in the
observed interannual changes in August NEAMS MSL. The close alignment between these
two independent measurements—one from the estimated wind-induced transport and the
other from satellite altimetry—strongly suggests that wind-induced Ekman transport is a
key driver of the interannual variability in August MSL in the NEAMS region.

A correlation map between NEAMS MSL anomalies and MSL atmospheric pressure
changes during August for the 27-year period were highly negatively correlated in a
significant portion of Area A (primarily the western part) because the August NEAMS
MSLs increased with low atmospheric pressure accompanied by approaching typhoons
(Figure 8a). As typhoons are generally attenuated as moving poleward and/or landing,
strong wind-induced Ekman transport affects inflow transport in the south more than
outflow transport in the northeast. Cyclonic circulation of the atmosphere around the
typhoon center in Area A yielded northwestward, northward, or northeastward Ekman
transport that increased inflow into the NEAMS (Figure 8b), resulting in higher-than-normal
August NEAMS MSLs via horizontal convergence. This occurred through increased inflow,
without compensatory increase in outflow during the year of active typhoon activities
(Period H). This imbalance between inflow and outflow leads to an accumulation of water
within the NEAMS, resulting in higher-than-normal sea levels in August. The strong wind-
driven convergence associated with typhoon activity, combined with low atmospheric
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pressure, further amplifies these SLRs. The absence of compensatory outflow emphasizes
the dominance of wind-induced inflow in controlling SLCs during periods of active typhoon
events, as observed during Period H.

1 
 

 
Figure 8. (a) Correlation map of MSL atmospheric pressure changes related to NEAMS MSL changes
during August 1993–2019. In (a), contour intervals are 0.05, and correlations with confidence
levels < 90% are discarded. Schematics demonstrate the ocean inflow and outflow (black filled
arrows) of the NEAMS and NEAMS MSL anomalies (red and blue) in August driven by (b,c) conver-
gence and (d) divergence during Periods H and L, respectively, related to inflow Ekman transport
(black open arrows) induced by wind (blue shaded arrows). In (b), the large L represents the typhoon
center. Composite sea level (ADT) anomalies for (b) Period H, (c) summers of 2001 and 2002, and
(d) Period L in August obtained from satellite altimeters are indicated using colors.
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The higher-than-normal NEAMS MSLs in August during Period H, including August of
2001 and 2002, were attributed to horizontal convergence driven by a wind-induced increase
in inflow transport without a compensatory increase in outflow transport (Figure 8b,c).
During these periods of heightened typhoon activity, strong winds associated with the
cyclonic circulation of typhoons enhanced the inflow of water into the NEAMS, leading to
an accumulation of water in the region. The lack of a compensatory increase in outflow
resulted in a net rise in sea level, reflecting the significant role of wind-driven processes in
causing these elevated MSLs. Inversely, the lower-than-normal NEAMS MSLs in August
during Period L relate to horizontal divergence driven by wind-induced reductions in inflow
transport without compensatory reductions in outflow transport (Figure 8d). During Period
L, with fewer typhoons, the winds driving Ekman transport were weaker, resulting in a
decrease in the volume of water entering the NEAMS. However, the outflow remained
relatively stable, creating a divergence that led to lower sea levels. The reduced inflow
without compensatory changes in outflow highlighted the key role of inflow dynamics in
controlling sea level variability during periods of low typhoon activity.

4. Discussion
4.1. Typhoon Statistics in Periods H and L

In total, 27 typhoons were recorded in the ECS (Area A) during Period H from 1993 to
2019 (Figure 5a). Approximately half of them (13 typhoons) made landfall in China or Japan
or moved back to the Pacific, whereas the rest (14 typhoons) passed through the NEAMS.
However, typhoons that passed through the NEAMS or made landfall were significantly
attenuated in the northern NEAMS as they moved northward, and they subsequently lost
heat and momentum energy owing to vertically mixed cold sea surface water [36] and land
surface friction [37]. Thus, the strength of the westward wind stress when the northern part
of the typhoon is passing through Area B is stronger than that of the eastward wind stress
when the southern part of the typhoon is passing through Area B if the typhoon moves
northward. This means that strong westward wind stress in the north of the typhoon
center is mainly prevalent in the northern ECS, where the typhoon intensity in the southern
NEAMS is higher than that in the high latitude of the NEAMS (Figure 5a). Strong westward
wind stress in the northern ECS or southern boundary of the NEAMS, along with a lack of
significant wind stress near the eastern boundary of the NEAMS, increases Ekman inflow
without a compensatory increase in outflow transport, driving convergence and resulting
in higher NEAMS MSLs (Figure 8b,c). Therefore, this can raise the MSL in the NEAMS.

In total, nine typhoons were recorded in the ECS (Area A) during Period L from 1993
to 2019 (Figure 5b). In Period L, relatively few typhoons passed through the ECS, and only
two typhoons entered the NEAMS. Therefore, westward wind stress in the north of the
typhoon center was mostly prevalent in the southern ECS and the south of the NEAMS
(outside the NEAMS) but not in the NEAMS (Figure 8d). This likely was unable to increase
the lower-than-normal MSL in the NEAMS in Period L.

Although only one typhoon passed through Area A in both August 2001 and August
2002, the inflow transport into the NEAMS was effectively increased by wind-induced
Ekman transport for a few days. During the remainder of August in both 2001 and
2002, other factors, such as low-pressure-induced Ekman transport in the ECS, may have
contributed to an increase in the NEAMS MSL. The strengthening of East Korean Warm
Current and Tsushima Warm Current in Figure 8c and high atmospheric pressure gradient
between the Kuroshio Extension and around Taiwan (Figure 3 from [10]) could raise the
MSL in both 2001 and 2002 in the NEAMS, especially related to the East Asian summer
monsoon in 2001 (Figure 11a from [10]) and to the Oceanic Nino Index in 2002 (Figure 11b
from [10]).

4.2. SLC Due to Varying Typhoon Intensity

In addition to typhoon-induced storm surges, which cause short-time scale SLC,
convergence or divergence linked to imbalances in Ekman transport induced by strong
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typhoon winds can cause significant SLC [38]. Therefore, typhoon activity can affect
regional NEAMS MSL in areas influenced by typhoons, mainly limited to inflow. The
correlation coefficients between detrended MSL anomalies and the number of typhoons
passed through Area A according to maximum sustained wind speeds of 17, 33, 43, 49,
58, and 70 m s−1 monthly from 1993 to 2019 were calculated as shown in Table 2. The
correlation coefficients of typhoons that have maximum sustained wind speeds between 17
and 33 m s−1, between 33 and 43 m s−1, and between 43 and 49 m s−1 are 0.49, 0.69, and 0.56
(p-value < 0.05), respectively, in August. The other notably weak and strong typhoons did
not have high correlation coefficients, likely because there were few of them, and some did
not pass close enough to the borders of Area A. To elaborate further, this may be attributed
to the fact that weak typhoons did not significantly affect the sea levels, and only a few
strong typhoons passed directly through Area A. Additionally, some strong typhoons did
not approach its borders closely enough to have a substantial impact on the region’s sea
level dynamics. While stronger typhoons may intuitively seem to have a larger effect on
MSL due to their higher wind speeds, the data suggest that even moderate typhoons can
have significant impacts. This could be due to the broader spatial extent of wind-induced
Ekman transport, which is not necessarily proportional to the intensity of the storm but
rather to the duration and trajectory of the typhoon as it passes through Area A. Moderate
typhoons, which may linger over the area for longer periods, can still drive substantial
inflow through wind-driven processes, affecting the balance between inflow and outflow
in the NEAMS. The correlation coefficients were significant in August, and those in other
months except August were mostly insignificant. This may be because there were more
typhoons that came north and passed through the ECS (Area A) in August compared with
those that passed far from the ECS in July and September, including other months [39,40].
This typhoon-induced Ekman transport, and the low-pressure-induced Ekman transport
that leads typhoons into the ECS, may be two of the main factors controlling the NEAMS
MSL only in August. The correlation coefficients between the NEAMS sea level anomaly
and the number of typhoons at each maximum sustained wind speed level were not always
significant in August; therefore, strong typhoons do not always increase the NEAMS MSL
compared with weak typhoons. This may be because few strong typhoons passed through
Area A. Given these dynamics, we chose to focus on the number of typhoons rather than
their intensity in this study. The frequency of typhoons, regardless of their strength, appears
to be a more reliable indicator of MSL variability in the NEAMS, as even weak storms
can disrupt the regional water balance through wind-driven transport. By concentrating
on the number of typhoons, we aim to capture the cumulative effect of multiple storm
events, which may collectively exert a stronger influence on sea levels than the occasional
strong typhoon.

Table 2. Correlation coefficients between detrended sea level anomaly in the NEAMS and the number
of typhoons passed through Area A according to maximum sustained wind speeds of 17, 33, 43, 49,
58, and 70 m s−1 for July, August, and September from 1993 to 2019. The underlines represent that
the correlation coefficients are significant at the 5% significance level.

Maximum Sustained Wind Speed (m s−1) Jul. Aug. Sep.

Wind ≤ 17 0.33 −0.08 0.04
17 < Wind ≤ 33 0.36 0.46 −0.02
33 < Wind ≤ 43 0.19 0.68 −0.07
43 < Wind ≤ 49 −0.03 0.56 0.04
49 < Wind ≤ 58 0.14 0.36 0.19
58 < Wind ≤ 70 0.17 0.19 −0.06

Wind > 70 −0.17 −0.13 0.18
All Wind 0.27 0.62 0.05
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4.3. SLC Due to Regional Wind

The correlation between NEAMS MSL and MSL atmospheric pressure in August
(Figure 8a) explains the effect of low-pressure and low-pressure-induced wind on the
NEAMS MSL in August beyond the inverted barometer effects eliminated by the DAC
of the daily ADT data. The low-pressure-induced wind also causes Ekman transport into
the NEAMS, and it can contribute a certain fraction of the MSL in the NEAMS. Thus, the
distribution of MSL atmospheric pressures around the NEAMS, e.g., the high pressure in
the Kuroshio extension region and the low pressure around Taiwan [10], could affect the
NEAMS MSL in August. Typhoons pass through the NEAMS for a few days to several
days, and there are many typhoons in the NEAMS in August.

We selected dates when there were typhoons in Area A, and we calculated typhoon
wind-induced Ekman transports with mean wind stresses in Areas B and C, and days (time)
during the above dates using Equations (1)–(3). The SLCs, due to typhoon wind-induced
Ekman transports, which were calculated in the same way as Table 1, were 0.0217 m (52.8%
of 0.0411 m due to regional wind-induced Ekman transports) in Period H and −0.0084 m
(23.5% of −0.0357 m due to regional wind-induced Ekman transports) in Period L. Although
there were not always typhoons in Area A (ECS) in August, 52.8% and 23.5% of the SLCs
in Periods H and L, respectively, indicate that a typhoon was one of the main factors in
controlling the sea level in the NEAMS. Therefore, we calculated the regional wind-induced
Ekman transport in Periods H and L with the correlation (correlation coefficient = 0.54)
between the number of typhoons and the SLC in the NEAMS. We concluded that the Ekman
transport in the NEAMS was mainly controlled by typhoons in August, and we focused
on the monthly mean regional wind-induced Ekman transport, including the typhoon
wind-induced Ekman transport in this study.

4.4. SLC Due to Effects Other than Typhoon Wind

Regional MSL variations can be inferred using several factors beyond the horizontal
mass convergence–divergence due to wind-induced Ekman transport, including, but not
limited to, thermosteric and halosteric effects [41], melting ice [42], and river discharge [43].
NEAMS MSL anomalies in August caused by the imbalanced transport of heat (oceanic
thermosteric effect), salt (oceanic halosteric effect), and mass (oceanic mass effect) across the
ECS (Area B), Tsugaru Strait, and Soya Strait, as well as by net surface heat flux (atmospheric
thermosteric effect), were quantified based on the using ORAS5 data from 1993 to 2019,
and they were compared with the detrended NEAMS MSL anomaly (red, blue, magenta,
green, and black lines in Figure 9).

Moreover, SLC caused by freshwater (atmospheric halosteric effect) flux between the
ocean and atmosphere in the NEAMS was one order of magnitude smaller than that by
the thermosteric sea level [11,44]. As mentioned above, the thermo- and halosteric effects
on the NEAMS MSL in August were one order of magnitude less than those observed
from satellite altimetry for the NEAMS MSL in August. Therefore, the steric (thermo- and
halosteric) effect may not significantly affect the interannual variations in the NEAMS MSL
in August.

Ocean stratification is related to the thermosteric effect, which can be affected by
incoming and outgoing seawater characteristics and ocean-atmosphere heat exchange [45].
Ocean stratification [36] and mixed layer depth [46] are related to the vertical mixing and
sea surface cooling produced by typhoons, and they are two of the controlling factors
of typhoon intensity [47]. As shown in Table 2, the correlation coefficients between the
detrended NEAMS MSL and the intensity (maximum sustained wind speed) of typhoons
are not always significant in August, which means that stronger typhoons do not raise
the NEAMS MSL all the time than weaker ones. Thus, we can ignore the effect of ocean
stratification and mixed layer depth on the typhoon intensity, which may not be correlated
with SLC in the NEAMS in August in this study.

River discharges along the NEAMS coasts were calculated using the data from the
Global Flood Awareness System. Mean daily river discharge (m3 s−1) in a 0.1◦ × 0.1◦
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grid along the coasts in the NEAMS was combined and converted to total monthly river
discharge (m3) over the NEAMS

(
1.6 × 1012 m2). Their effects on the NEAMS MSL anomaly

were approximately −0.1 cm (Period H) and 0.5 cm (Period L). River discharges raised
the NEAMS MSL in Period L more than in Period H, and their difference was less than
1 cm. Therefore, the effect of total river discharges on the SLC in the NEAMS could
be disregarded.
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Figure 9. Time series of detrended summer NEAMS MSL anomalies derived from satellite altimetry
data (black open diamonds, NEAMS) by heat transport (red open circles, HT) and salt transport (blue
open squares, ST) differences in anomalies over the ESC (Area B) and the Tsugaru and Soya Straits,
by net surface heat flux (magenta asterisk, HF) derived from the Ocean Reanalysis System 5 (ORAS5),
and by subtracting MSL by HT, ST, and HF from altimetry MSL (green open triangle, mass transport
(MT)) from 1993 to 2019.

When Kuroshio is strong and inertially flows eastward through the Tokara Strait,
Tsushima Warm Current into the NEAMS is weak, and vice versa [48]. Using ORAS5 data
from August 1993–2019 revealed that the volume transports of Kuroshio (using positive
zonal velocity only at 129.98◦ E and 28.43–31.58◦ N) and inflow from the Pacific Ocean to
the NEAMS (using meridional velocity at 31.34◦ N from China to Japan) were negatively
correlated with a correlation coefficient of −0.51 (p-value = 0.01). Thus, the strengthening
and weakening of Kuroshio could affect the inflow from the Pacific Ocean into the NEAMS,
which affects the SLC in the NEAMS and is also related to the wind stress and wind stress
curl in the Pacific, such as Pacific Decadal Oscillation and El Niño/La Niña. This requires
further investigation and is beyond our study. Thus, we did not investigate it further here.

Although the correlation coefficient between the differences in Ekman transport
anomalies in Areas B and C and MSL anomaly is high and significant in Figure 3, there
are some differences between them. These differences can be from oceanic heat, mass,
and salt transports, and atmospheric heat and freshwater fluxes, as explained above. The
deconstruction of these differences should be performed in the near future.

Monthly MSLs of the NEAMS are assumed to be spatially uniform, which is reasonable
considering the fast propagating barotropic waves within the NEAMS [49]. The propagating
speed of the barotropic waves is estimated to O(100 m s−1), e.g.,

√
9.81 (m s−2)× 1000(m) =√

acceleration of gravity× depth), yielding the Rossby radius of deformation is an order of
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106 m, comparable to the size of NEAMS (106 m≈
√

1.6× 1012(m2) =
√

total area of the NEAMS).
Thus, the barotropic waves take less than a few days (much shorter period than a month)
to propagate across the whole NEAMS.

4.5. Implications for Coastal Management

The results of this study have significant implications for coastal management strate-
gies, especially in light of the projected increase in the frequency and intensity of tropical
cyclones due to climate change. The observed trends in sea level variability caused by
typhoons suggest that coastal communities in the NEAMS region, including areas sur-
rounding the ES, YS, and ECS, will face heightened risks from storm surges, flooding, and
long-term SLR. These risks are exacerbated by the recurring inflow of water during ty-
phoon seasons, driven by wind-induced transport, leading to prolonged periods of elevated
sea levels.

To mitigate the potential impacts of such events, coastal management strategies should
prioritize enhanced flood defenses and infrastructure resilience [50]. The results suggest
that even moderate typhoons can induce significant SLRs in the NEAMS. Therefore, flood
defenses in coastal cities and low-lying areas should be strengthened to withstand not
only the immediate impact of strong storms but also the cumulative effects of frequent,
moderate-intensity storms.

Coastal management strategies also prioritize early warning systems and monitor-
ing [51]. Given the importance of wind-induced processes in driving sea level variability,
real-time monitoring of wind stress patterns and typhoon trajectories will be essential for
predicting potential SLCs during typhoon seasons. Coastal communities can benefit from
enhanced early warning systems that integrate meteorological and oceanographic data to
provide timely alerts for potential flooding risks.

Furthermore, adaptive land use planning should be a key focus of coastal management
strategies [52]. The findings highlight the need for adaptive land use strategies that account
for the growing risk of SLR and flooding in the NEAMS. Coastal development should be
limited in the most vulnerable areas, particularly low-lying regions prone to storm surges
and water inflows from nearby seas. Relocating critical infrastructure away from high-risk
zones, creating buffer zones along coastlines, and promoting resilient building designs are
all essential components of forward-looking coastal management.

Finally, climate change adaptation and policy planning must also be prioritized [53].
The long-term implications of increasing typhoon activity, combined with the broader
effects of global SLR, call for robust climate adaptation policies. Governments and pol-
icymakers in the NEAMS region must integrate sea level projections and storm surge
risks into urban planning and disaster preparedness frameworks. In particular, future
infrastructure projects should be designed with higher sea levels in mind, incorporating
flexible adaptation measures that can evolve as climate conditions worsen.

4.6. Comparison with Other Regions

To place the findings of this study within a global context, it is useful to compare the
observed sea level variability in the NEAMS region with those in other regions impacted
by tropical cyclones. In the Western Pacific, for example, especially in the South China
Sea, studies have shown that the influence of tropical cyclones on sea level is similarly
exacerbated by wind-induced transport and storm surges, leading to significant short-term
SLCs, much like the findings in the NEAMS region [54].

In the Atlantic Basin, hurricanes contribute to sharp increases in coastal sea levels,
particularly in areas such as the Gulf of Mexico [55] and the southeastern United States [56].
These regions have implemented adaptive strategies, including flood defense enhance-
ments and early warning systems, similar to the recommendations for the NEAMS region.
However, there are notable differences in cyclone frequency, storm strength, and regional
topographies, which influence the specific impacts and management strategies required.
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5. Conclusions

This study has provided valuable insights into the regional MSL variability due to
tropical cyclones in the NEAMS region, particularly during the month of August. The
results highlight the significant role that typhoons play in driving short-term SLCs through
wind-induced transport and storm surges. The passing of more than the normal amount of
(three or more) typhoons in the ECS accounted for higher-than-normal NEAMS MSLs in
August (Period H), according to satellite altimetry observations. Wind-induced increases
in northward inflow Ekman transport from the Pacific into the NEAMS are responsible
for the regional SLR, without a compensatory increase in eastward outflow transport from
the NEAMS into the Pacific Ocean and the Sea of Okhotsk. In contrast, a decrease in
August NEAMS MSLs (Period L) is derived from the passing of fewer than the normal
amount (two or fewer) typhoons in the ECS, primarily owing to a decrease in inflow Ekman
transport without a corresponding decrease in outflow transport. As a result, there was a
divergence of water from the NEAMS, causing sea levels to drop. This study identified that
the imbalance between inflow and outflow mass transports—induced by the number of
typhoon passages—created horizontal convergence and divergence, which in turn caused
significant interannual variations in NEAMS MSL during August. Therefore, typhoon
activity significantly affects interannual variation in regional MSL, as well as local (primarily
coastal) and temporary SLCs, particularly in the midlatitudes and within semi-enclosed
marginal seas. The relationship between typhoon frequency and sea level variability has
significant implications for understanding how wind-driven processes affect regional ocean
circulation and MSL fluctuations. To our knowledge, this is the first study to report a direct
link between the number of typhoons passing through the ECS and regional MSL changes
in the NEAMS. Specifically, the results indicate that August typhoon passages are a major
driver of significant interannual MSL variability in this region, offering new insights into
the dynamic interactions between atmospheric forces and oceanographic responses.

This study has significantly advanced the understanding of sea level variability in-
duced by tropical cyclones in the NEAMS region. However, future research is required to
address several key aspects. In particular, further studies should investigate the relative
contributions of typhoon intensity on SLCs, which will aid in refining predictive models
and improving mitigation strategies. Additionally, the interaction of other climatic fac-
tors, such as the El Niño/La Niña phenomena, with typhoon-induced sea level variability
should be examined to achieve a more comprehensive understanding. Long-term studies
are also essential to evaluate the impact of climate change on typhoon characteristics—both
in terms of intensity and frequency—and their consequent influence on sea level variability,
with implications for the NEAMS and beyond.

The practical implications of this research are clear, especially for coastal infrastruc-
ture and urban planning. The findings reveal that even moderate typhoons can lead to
substantial sea level increases, highlighting the urgent need to reinforce flood defenses
and enhance the resilience of coastal infrastructure in vulnerable, low-lying regions. These
results should serve as a foundation for disaster preparedness policies, particularly in
regions exposed to frequent typhoon activity. Coastal management strategies should focus
on adaptive measures such as real-time early warning systems and the integration of sea
level projections into infrastructure design to mitigate the risks posed by both short-term
storm surges and long-term SLR.

Although this study centers on the NEAMS region, its findings have broader global
relevance. Similar challenges are faced by coastal areas in the Western Pacific, the Gulf of
Mexico, and the Southeastern United States, where tropical cyclones generate storm surges
and wind-driven sea level fluctuation. The shared nature of these challenges underscores
the importance of developing region-specific coastal management strategies, informed by
insights from diverse geographic areas, while recognizing the global necessity for adaptive
responses to tropical cyclone impacts.

Looking ahead, the intensifying effects of climate change on the frequency and strength
of tropical cyclones will likely exacerbate the risks identified in this study. Rising sea levels,
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coupled with stronger and more frequent storms, could result in increasing severe flooding
events and prolonged periods of elevated sea levels. Mitigating these future risks requires
incorporating climate change projections into coastal planning and policymaking. Proactive
adaptation measures that account for climate uncertainties will be essential to protect coastal
communities both in the NEAMS region and globally.
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