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Abstract:  41 
The North Pacific Intermediate Water (NPIW) plays an important role in regulating 42 
thermohaline structure and biogeochemical distributions in the North Pacific. However, 43 
limited continuous observations have hindered our understanding of its short-term 44 
variability and structural response to mesoscale processes. Based on 1 year mooring 45 
observations from three sites (M1–M3) in the western North Pacific, this study 46 
investigates the intraseasonal structural variability of the NPIW and its modulation by 47 
mesoscale eddies. The NPIW thickness exhibits pronounced intraseasonal variability, 48 
with a dominant period of approximately 60-80 days that is coherent among the three 49 
mooring sites. Unlike previous studies that mainly focused on temperature and salinity 50 
anomalies, this study introduces NPIW thickness as a structural diagnostic parameter 51 
to characterize the vertical compression and expansion of the intermediate layer 52 
associated with mesoscale variability. The results reveal a clear inverse relationship 53 
between NPIW thickness and salinity, indicating that anticyclonic conditions are 54 
generally associated with thinner and more saline intermediate layers, whereas cyclonic 55 
conditions correspond to thicker and relatively fresher layers. Spatial composite 56 
analyses further show that thickness and salinity responses exhibit clear regional 57 
differences, with stronger variability near the western boundary, likely related to 58 
complex water-mass redistribution and possible mixing processes. These findings 59 
provide quantitative observational evidence for intraseasonal variability in NPIW 60 
thickness and highlight its usefulness as a diagnostic indicator for mesoscale–61 
intermediate water interactions in the North Pacific. 62 
 63 

Index Terms and Keywords 64 
Mesoscale eddies drive intraseasonal variability of NPIW 65 
Thickness and salinity reveals structural responses of NPIW 66 
Eddy-induced mixing reshapes NPIW properties along the western boundary. 67 
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1 Introduction 82 

The North Pacific Intermediate Water (NPIW) is a pivotal component of the North 83 
Pacific's water mass and extensively studied due to its significant role in climate 84 
dynamics and oceanic processes (Talley, 1993; Masuda et al., 2003; You et al., 2003; 85 
Gong et al., 2019; Nishioka et al., 2020). This water mass originates in the northwestern 86 
subtropical gyre, within the transition zone between the Kuroshio Extension and the 87 
Oyashio front (Fig. 1). The NPIW is characterized by a salinity minimum of about 34.1–88 
34.3 and relatively cool temperatures at depths of approximately 400–1200 m, with its 89 
core density centered around the 26.8 𝜎ఏ isopycnal. (Talley, 1993, 1995; Yasuda et al., 90 
1997; You et al., 2003; Masujima et al., 2009). NPIW is a key component of the 91 
intermediate circulation in the North Pacific and plays an important role in ventilating 92 
the thermocline and intermediate layers (Talley, 1997; You, 2003). It forms the 93 
prominent salinity minimum layer and contributes to the redistribution of heat, 94 
freshwater, and dissolved substances such as oxygen and nutrients (Talley et al., 1993; 95 
Hansell et al., 2002; Auad et al., 2003; Zhou et al., 2022). Variability in NPIW can 96 
therefore influence both physical circulation and biogeochemical processes in the mid-97 
depth ocean (Tsunogai et al., 2002; Ohkushi et al., 2003). 98 
The distribution and transport pathways of the NPIW have been a focal point of 99 
oceanographic research. Many studies have shown that the NPIW is widely distributed 100 
in the North Pacific and is transported through complex water-mass pathways and 101 
circulation systems (Qiu, 1995; Ueno & Yasuda, 2004; Yasuda, 2004; Gordon and Fine, 102 
1996; Kashino et al., 1996; Kashino et al., 1999; Yuan et al., 2022). You (2003) found 103 
that NPIW originates from the subpolar regions of the North Pacific and propagates 104 
through the eastern subtropical gyre towards the Indonesian Through flow. As a result, 105 
NPIW can be found in eastern Japan, eastern Taiwan, the West Philippine Basin, and 106 
the intermediate region of the North Pacific Ocean, and exhibits clear regional 107 
differences in its vertical distribution (You. 2003; Fujii et al., 2013). To provide 108 
hydrographic background for the present mooring observations, we used WOA data to 109 
illustrate the climatological distribution of NPIW in the study region (Fig. 1). The 110 
resulting distribution is generally consistent with previous studies, showing that NPIW 111 
is relatively shallow near the western boundary and deeper in the interior North Pacific. 112 
Since NPIW is one of the most important water masses in the global ocean, most of 113 
studies focus on its seasonal, interannual or interdecadal variations in different regions, 114 
and this variability is largely influenced by multi-scale ocean-atmosphere interactions 115 
(Masuda et al., 2003; Ohshima et al., 2010; Bingham& Lukas., 1995; Solomon et al., 116 
2003; Qiu et al., 2011; Van et al., 1993; Sugimoto et al., 2022; Li et al., 2023). However, 117 
most previous studies have focused on variability over seasonal to interannual or longer 118 
timescales, using hydrographic observations, climatological datasets, Argo profiles, 119 
reanalysis products, or numerical models. In contrast, direct long-term observations 120 
with sufficiently high temporal resolution remain limited in the intermediate ocean, 121 
where the NPIW is located. Moreover, salinity structures in the intermediate layer are 122 
not always accurately represented in gridded or model-based products, which may limit 123 
their ability to resolve short-term water-mass variability. Therefore, the intraseasonal 124 
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variability of the NPIW and its structural response to mesoscale processes remain 125 
insufficiently understood. 126 
Mesoscale eddies are widely found in the oceans, with lifetime ranging from a few days 127 
to several hundreds of days, and radii of up to several hundreds of kilometers in the mid 128 
latitude (Wyrtki et al., 1976; Richardson, 1983; Robinson, 1985; Chelton et al., 2007; 129 
Chelton et al., 2011; Zhang et al., 2014; Wunsch et al., 2007; Martínez-Moreno et al., 130 
2021). A large number of observational studies have shown that eddies can affect depths 131 
of up to kilometers, that there are significant differences in the three-dimensional 132 
structural features within anticyclonic and cyclonic eddies, and that mesoscale eddies 133 
produce different temperature and salinity anomalies by causing uplift or subsidence of 134 
the isopycnals (Zhang et al., 2015; Thoppil et al., 2011; Zhang et al., 2016; Zhang et al., 135 
2015; George et al., 2021; Waite et al., 2016; Hausmann et al., 2017). Within the range 136 
of NPIW generation, propagation and distribution, there is also a high incidence of 137 
mesoscale eddies, it is therefore of great interest to investigate whether mesoscale 138 
eddies have an impact on the NPIW in different regions and with different thermohaline 139 
characteristics. In a localized area along the western boundary, Mensah et al. (2015) 140 
examines the intraseasonal to seasonal variability of intermediate water east of Luzon 141 
and Taiwan by hydrographic data from several cruises, it deduced a possible 142 
relationship between the eddies and the intermediate water from SLA data. Also, Wang 143 
et al. (2016) revealed that the semiannual variability of water masses at the northern 144 
and southern hemispheric convergence near 8° N related to mesoscale eddies. Next, 145 
Ren et al. (2022) found an intraseasonal variability of the intermediate water of ∼80 146 
days from direct observations of the subsurface moorings east of Taiwan, and that this 147 
variability is associated with mesoscale eddies. These studies reveal the complex 148 
variability of NPIW in the western boundary region, which may be extensively 149 
influenced by local water masses such as the South China Sea Intermediate Water Mass 150 
and the Kuroshio Intermediate water mass. Also these studies can illustrate some of the 151 
effects of eddies on intermediate water, but they are insufficient to demonstrate the 152 
widespread and persistent existence of NPIW's intraseasonal variability characteristics, 153 
which is one of the most important links between high-frequency variability and 154 
climate-scale cycles of change. 155 
Previous studies have significantly advanced the understanding of the formation, 156 
distribution, and variability of the NPIW. However, most of these studies have primarily 157 
focused on temperature and salinity anomalies, offering limited insight into the 158 
structural response of NPIW to dynamic processes such as mesoscale eddies. As noted 159 
by Nakanowatari et al. (2015), model-based analyses often exhibit large uncertainties 160 
due to the scarcity of long-term in situ data, constraining their ability to accurately 161 
represent the vertical structure and temporal evolution of NPIW. These limitations 162 
highlight the necessity of direct, continuous mooring observations to resolve 163 
intraseasonal processes that can strongly influence the intermediate-layer structure and 164 
mixing. To address these gaps, the present study introduces intermediate water 165 
thickness as a structural diagnostic parameter to characterize the physical adjustment 166 
of NPIW under mesoscale eddy forcing. Thickness, defined as the vertical extent of the 167 
low-salinity core, serves as an integrated indicator of baroclinic adjustment, isopycnal 168 
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displacement, and mixing intensity. Moreover, variations in NPIW thickness can 169 
directly influence the vertical distribution of nutrients and dissolved oxygen, linking 170 
physical dynamics with mid-depth biogeochemical and ecological processes. Changes 171 
in the structural extent of NPIW may also modulate carbon storage and ventilation 172 
pathways, highlighting the broader climatic and ecological implications of mesoscale-173 
driven structural variability in the intermediate ocean. 174 
By combining long-term mooring observations from three distinct sites (M1–M3) 175 
across the western Pacific, this study provides the first quantitative evidence of 176 
intraseasonal variability in NPIW thickness and its strong inverse relationship with 177 
salinity. This structural perspective complements traditional thermohaline analyses and 178 
enables a more comprehensive understanding of how mesoscale eddies reshape the 179 
hydrographic properties and vertical structure of the NPIW. 180 
 181 

2 Data and Methods 182 

2.1 Mooring data 183 

To investigate NPIW variability, three mooring systems were deployed in the 184 
northwestern Pacific (Fig. 1). The locations, observation periods, and equipment setups 185 
of these three moorings, M1, M2, and M3, are described as follows. The mooring M1 186 
is located at 146°E and 25°N, with an observation period from April 2017 to June 2018; 187 
M2 is located to the east of Taiwan on the western boundary, at 122.67°E and 22.3°N, 188 
with an observation period from August 2019 to December 2020; while M3 is located 189 
at 126°E and 18°N, with an observation period from January 2016 to June 2017. Each 190 
mooring was instrumented with conductivity–temperature–depth sensors (Sea-Bird 191 
Electronics SBE 37) installed at 100 m vertical spacing between depths of 400 and 1000 192 
m, with all instruments programmed to record data at 10-minute intervals.  193 
The deployment depths were carefully designed to span the upper and lower boundaries 194 
of the NPIW, ensuring adequate vertical coverage of its structure. The CTD data were 195 
first quality controlled before further analysis. Obvious abnormal values and isolated 196 
spikes were removed based on instrument records and physically reasonable ranges of 197 
temperature, salinity, and pressure. Because slight vertical movement of the mooring 198 
line may occur under strong currents, the recorded pressure data were used to determine 199 
the actual sampling depths of each CTD at each time step. To obtain uniformly gridded 200 
vertical profiles for subsequent analyses including contour plots and depth-dependent 201 
temperature and salinity, the observations were linearly interpolated between vertically 202 
adjacent CTD measurements on the same mooring line onto a common set of standard 203 
depth levels. 204 
In addition, local linear interpolation was applied between vertically adjacent CTD 205 
sensors on the same mooring line that bracketed the 34.3 psu value to estimate the 206 
depths of the upper and lower isohalines used for NPIW thickness calculation. The 207 
thickness was then defined as the vertical distance between these two interpolated 208 
isohaline depths. After quality control and interpolation, the 10-min observations were 209 
averaged into daily means for all subsequent analyses. 210 
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 212 

 213 
Figure 1. Distribution of salinity (a) and depth (b) along the 26.8𝜎ఏ  isopycnals at 214 
Northwestern Pacific. The T-S scatter plot in the lower-right corner of (a) illustrates the 215 
vertical distribution of NPIW. The color shading and black line in (a) and (b) represent 216 
the salinity and depth, respectively. The right-hand side of (b) shows a schematic 217 
diagram of the CTD deployment with mooring. The red contours of 34.3 psu is 218 
represent the NPIW range from Talley et al. (1993) and You et al. (2003). The black 219 
triangle is the mooring location: Mooring 1 (M1), Mooring 2 (M2) and Mooring 3 (M3). 220 
Salinity and depth in the Fig. 1 are taken from climatological averaged data from World 221 
Ocean Atlas 23, and plot with Ocean Data View. 222 
 223 

2.2 World Ocean Atlas 2023 224 

The spatial distribution of NPIW in the northwestern Pacific was examined using the 225 
World Ocean Atlas 2023 (WOA23). Produced by NOAA’s National Oceanographic 226 
Data Center–Ocean Climate Laboratory (The data available online at:   227 
https://www.ncei.noaa.gov/products/world-ocean-atlas), this dataset consists of 228 
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objectively analyzed climatological fields derived from in situ observations, including 229 
temperature, salinity, dissolved oxygen, and inorganic nutrients at 102 standard depth 230 
levels in the global ocean (Reagan et al., 2024). Despite its broad distribution of NPIW, 231 
the definition of NPIW is not entirely uniform in previous studies. It has been identified 232 
using different criteria, including the salinity minimum, density ranges (typically 26.4–233 
26.9 𝜎ఏ), and characteristic isohalines (Talley, 1993; You et al., 2000). These definitions 234 
emphasize different aspects of the same water mass, namely its core properties, 235 
dynamical layer, and vertical structure. Based on these previous studies, we use the 236 
WOA data to illustrate the climatological distribution of NPIW, as shown in Fig. 1. The 237 
spatial pattern is consistent with earlier findings (e.g., You, 2003), showing that the 238 
NPIW exhibits significant regional variability in its vertical structure. Specifically, the 239 
NPIW layer is relatively shallow in the western boundary region, while it deepens 240 
toward the interior of the North Pacific. This spatial variability provides an important 241 
background for interpreting the mooring observations in this study. In this study, these 242 
criteria are used in a complementary manner: the salinity minimum is used to describe 243 
the core property of the NPIW, the density range is used to characterize the intermediate 244 
dynamical layer, and the 34.3 psu isohaline is adopted to estimate the structural 245 
thickness of the low-salinity NPIW layer. 246 
 247 

2.3 The Copernicus Marine Environment Monitoring Service (CMEMS) data. 248 

In this study, two Copernicus Marine Environment Monitoring Service (CMEMS) 249 
products were utilized. 250 
(1) Sea Level Anomaly (SLA) and Geostrophic Currents data 251 
We used the Global Ocean Gridded L4 Sea Surface Heights and Derived Variables 252 
Reprocessed Dataset (SEALEVEL_GLO_PHY_CLIMATE_L4_MY_008_057, 253 
https://doi.org/10.48670/moi-00145), provided by CMEMS 254 
(https://marine.copernicus.eu/). This altimetry product merges multi-mission satellite 255 
observations and provides global gridded fields of sea level anomaly (SLA), absolute 256 
dynamic topography, and geostrophic currents. The data have a spatial resolution of 1/4° 257 
and daily temporal resolution, covering the observation periods of all three subsurface 258 
moorings.  259 
(2) Temperature and Salinity Reanalysis Data 260 
To analyze subsurface temperature and salinity variability around the mooring sites, we 261 
employed the Global Ocean Physics Reanalysis Product 262 
(MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012,https://doi.org/10.48670/m263 
oi-00052), a Level-4 global reanalysis distributed by CMEMS. This product provides 264 
three-dimensional fields of temperature, salinity, potential density, and geostrophic 265 
currents on a regular 1/8° grid, spanning from the surface to 5500 m with 50 vertical 266 
levels. The product is generated by combining in situ and satellite observations on a 267 
global scale. The available record covers the period from January 1993 to the present, 268 
with temporal resolutions of weekly and monthly (Guinehut et al., 2012; Mulet et al., 269 
2012).  270 
 271 



8 
 

3 Result 272 

3.1 Hydrographic and temporal characteristics of NPIW 273 

To gain an initial understanding of the NPIW characteristics at the locations of our three 274 
deployed moorings, we employed the WOA database to create decadal average maps 275 
of salinity and depth distribution on the 26.8 𝜎ఏ isopycnal, as illustrated in Fig. 1. The 276 
NPIW shows significant local variability, with the NPIW showing lower salinity values 277 
and its core depth of approximately 34.1 psu and 700 m near M1 mooring site, 278 
respectively. NPIW in the western and southern parts of the distribution, the minimum 279 
salinity of the NPIW increases and its depth is relatively shallow. Near the M2 mooring 280 
location, the low salinity value and depth adjust to about 34.25 psu and 600 meters, 281 
respectively. Based on the NPIW range determined by the 34.3 psu contour of the 282 
salinity definition, M3 near 18°N, which can be seen in Fig. 1 to be located close to the 283 
south edge of the NPIW distribution, has a salinity minimum value close to that at M2, 284 
but the depth of the low salinity core becomes further shallower to ~550 meters. Thus, 285 
the moorings utilized in this study have effectively observed NPIW, capturing its 286 
significant spatial and temporal variability across different regions.  287 
Observations from the M1 mooring over more than a year, as shown in Fig. 2a, reveal 288 
that the low salinity core of the NPIW has an average depth of approximately 700 289 
meters, fluctuating within the range of 26.4 to 27𝜎ఏ  isopycnal, with the minimum 290 
salinity value being around 34.15 psu. The observed salinity minima at M1 were also 291 
found to be slightly higher compared to the climatological averaged data showed in Fig. 292 
1a. Additionally, significant temporal variations in salinity were observed at depths of 293 
400-900 meters by the M1 mooring. The M2 mooring located east of Taiwan near the 294 
western boundary, observed salinity below 400 meters as depicted in Fig. 2c. The low 295 
salinity core varied between the 26.6-26.8 𝜎ఏ  isopycnals showing more significant 296 
changes than those observed at M1, with average minimum salinity values and depths 297 
of approximately 34.2 psu and 600 meters, respectively, which are higher than the 298 
minimum salinity values observed at the M1 location. And it is interesting to note that 299 
the low salinity core of M2 is apart, such as the salinity measured in April-May 2020 in 300 
Fig. 2c, which is close to 33.6 psu, splitting the low salinity core with a salinity value 301 
of around 34.2 psu. At the more southerly M3 mooring, as illustrated in Fig. 2e, the low 302 
salinity core also apart with seven significant low salinity events observed over a year. 303 
The average minimum salinity value between the 26.6-26.8 𝜎ఏ isopycnals was 34.3 304 
psu, with corresponding temperatures and depths of approximately 8°C and 550 meters, 305 
respectively. A distinctive feature of M3 was that the depth of the NPIW's low salinity 306 
core was shallower than that at M1 and M2, and the minimum salinity was significantly 307 
higher than M1 and M2. The results of NPIW observed by the three differently 308 
positioned subsurface mooring are basically consistent with the spatial distribution 309 
characteristics of NPIW in the North Pacific Ocean in the WOA data.  310 
Upon comparing Fig. 2a, 2c, and 2e, it appears that the intermediate water masses at 311 
the M2 location exhibit greater variability, while those at the M1 location show 312 
relatively weaker variations. From the corresponding salinity standard deviation plots 313 



9 
 

(Fig. 2b, 2d, and 2f), it is observed that the M1 mooring displays the smallest standard 314 
deviation at the NPIW core depth of approximately 700 meters, indicating higher 315 
stability in intermediate layer salinity. Conversely, the salinity at the levels of NPIW for 316 
M2 and M3 shows greater variability. The largest standard deviation in salinity at the 317 
mooring M2 is 0.06 psu at around 600 meters, shown in Fig. 2d, while a significant 318 
standard deviation in salinity around 0.03 psu is observed between 500-600 meters from 319 
mooring M3. This variability in salinity in intermediate layer is also depicted in the T-320 
S (Temperature-Salinity) plot in Fig. 3, where the range of salinity changes at the 321 
mooring M2 is the largest among the three observed locations, ranging from 34.13 psu 322 
to 34.35 psu, with M1 showing the smallest variation. Differences in standard 323 
deviations also illustrate the variability of NPIW changes across regional locations, 324 
with the least variability at 25°N, possibly related to its deeper depth. The relatively 325 
strong intermediate-layer salinity variability near M2 is likely associated with complex 326 
local circulation, where intermittent influences of South China Sea Intermediate Water 327 
(SCSIW), a salinity-minimum water mass (~34.4 psu at ~500 m) are modulated by the 328 
Kuroshio and mesoscale eddies (Menash et al., 2015; Ren et al., 2022). Overall, the 329 
measurements from the subsurface moorings show a change in the minimum salinity in 330 
the mid-ocean region, which also corresponds to a salinity within the range defined by 331 
the NPIW, and this change also reflects the fluctuations in low salinity core of the NPIW.   332 

 333 

 334 
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 335 

Figure 2. The observation of salinity from subsurface mooring. (a), (c) and (e) 336 
represent time series plots of salinity measured at different observation times for the 337 
three moorings, respectively. M1 is observed from April 2017-June 2018, M2 is 338 
observed from August 2019-December 2020 and M3 is observed from January 2016-339 
June 2017. Color shading and the black lines represent the salinity and 26.2 to 27.0 340 
𝜎ఏ isopycnal, and also red line represent the 34.3 psu in (a), (c) and (e), respectively. 341 
In (b), (d) and (f), the red line and black line represent the mean salinity and standard 342 
deviation of salinity over the observation period, respectively. The black circle in (b), 343 
(d) and (f) are represents the average depth of deployed CTDs in subsurface 344 
moorings.  345 

 346 
Figure 3. (a) The Temperature-Salinity plot from mooring CTDs. The black, green and 347 
red points are represent the M1, M2 and M3 measurements temperature and salinity, 348 
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respectively.  349 
 350 

3.2 Intraseasonal Variations of NPIW Thickness and Salinity 351 

Given that salinity alone cannot fully capture the structural variability of the NPIW, this 352 
section examines the variations in both layer thickness and isopycnal-averaged salinity 353 
to better characterize its dynamic evolution. The mean salinity within the 26.4–26.9 𝜎ఏ 354 
density range was used to characterize the intermediate-layer salinity variability 355 
associated with the NPIW. This density interval has been widely adopted in previous 356 
studies to represent the dynamical layer occupied by the NPIW and its surrounding 357 
transition waters (Talley, 1993; You et al., 2000; Yasuda, 2004). The NPIW thickness 358 
was defined as the vertical distance between the depths where salinity equals 34.3 psu, 359 
a threshold corresponding to the upper limit of the NPIW core in the western North 360 
Pacific. Here, the 34.3 psu isohaline is not intended to define the entirety of the NPIW 361 
water mass, but rather serves as a practical structural boundary for quantifying 362 
variations in the vertical extent of the low-salinity intermediate layer. Using the 34.3 363 
psu isohaline as a tracer-based boundary provides a consistent, physically meaningful 364 
measure of the intermediate layer’s volumetric extent, enabling comparative analysis 365 
of thickness variations across time and mooring sites. At mooring site M1, a threshold 366 
of 34.2 psu was used instead of 34.3 psu because the NPIW layer at this site is 367 
substantially thicker and extends deeper than at M2 and M3. During some periods, the 368 
lower 34.3 psu isohaline was located below the deepest CTD observations, making it 369 
difficult to continuously resolve the full vertical extent of the low-salinity layer using 370 
the 34.3 psu criterion alone. Therefore, the slightly lower 34.2 psu isohaline at M1 was 371 
adopted to ensure stable and continuous representation of the intermediate low-salinity 372 
structure within the available observational range. Although the absolute thickness 373 
estimated using the 34.2 psu isohaline may differ slightly from that based on 34.3 psu, 374 
the 34.2 psu boundary remains within the low-salinity NPIW layer and can still 375 
effectively capture the relative compression and expansion of the intermediate-water 376 
structure associated with mesoscale variability. 377 
Figure 4 presents the time series of NPIW thickness (red line) and average salinity 378 
between isopycnal surfaces (blue line) at three mooring sites (M1, M2, and M3). At M1 379 
(Fig. 4a), during 2017–2018, the NPIW thickness generally fluctuated between 250 and 380 
400 m, with an average around 300 m. The corresponding average salinity remained 381 
consistently below 34.2 psu, closely matching the classical NPIW characteristics. A 382 
pronounced minimum in salinity was observed in October–November 2017, coinciding 383 
with a local maximum in thickness exceeding 350 m. Compared with M2 and M3, the 384 
salinity variability at M1 was substantially weaker. This difference is likely related to 385 
the distinct hydrographic and dynamical environment at M1, where the NPIW layer is 386 
generally deeper and thicker. In this region, mesoscale variability mainly manifests as 387 
vertical displacement of isopycnals, while the surrounding horizontal salinity gradients 388 
are relatively weak compared with those near the western boundary. As a result, lateral 389 
redistribution and possible mixing of higher-salinity waters are less pronounced, 390 
leading to smaller salinity anomalies at M1.  391 
At M2 (Fig. 4b, 2019–2020), the NPIW thickness exhibited more dramatic fluctuations, 392 
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varying abruptly between 0 and 350 m. Notably, in October 2019, and February and 393 
September 2020, the thickness dropped from around 300 m to nearly zero, accompanied 394 
by a sharp increase in salinity exceeding 34.35 psu. This suggests a rapid erosion or 395 
replacement of intermediate water properties, likely driven by more active eddy activity 396 
or local mixing processes. At M3 (Fig. 4c) showed generally thinner NPIW, mostly 397 
between 100 and 250 m, with an average thickness of around 200 m. Similar to M2, the 398 
thickness at M3 was also marked by strong short-term fluctuations. Although the 399 
absolute thickness and salinity values varied across the three sites, all stations 400 
demonstrated consistent a clear and persistent inverse relationship between thickness 401 
and salinity. Periods of increased NPIW thickness were generally associated with 402 
decreased salinity. This structural variability implies that intermediate water changes 403 
may be modulated by local mesoscale eddies or mixing between water masses. 404 
 405 

 406 

 407 
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 408 

Figure 4. Time series of thickness and averaged salinity of NPIW at M1 (a), M2 (b) and 409 
M3 (c). The NPIW thickness was defined as the vertical distance between the depths 410 
where salinity equals 34.3 psu. The average salinity between the 26.4 and 26.9 𝜎ఏ 411 
isopycnal was used to represent the salinity characteristics of the NPIW. 412 
 413 

To further investigate the temporal characteristics underlying the observed thickness 414 
and salinity fluctuations, particularly their dominant time scales, a wavelet analysis was 415 
performed on both salinity and thickness at each mooring site. As described in the 416 
previous section, the relationship between NPIW thickness and isopycnal-averaged 417 
salinity effectively captured the internal structural response of the intermediate layer. 418 
However, when examining temporal variability and dominant periodicities, a fixed-419 
depth averaged salinity was used instead of isopycnal averaging. This approach allows 420 
the salinity signal to incorporate the vertical displacement of isopycnals induced by 421 
mesoscale eddies, thereby enabling a more direct comparison with the SLA time series 422 
and identification of intraseasonal oscillations. Different averaging definitions were 423 
adopted in this study according to the specific physical quantity being analyzed. The 424 
26.4–26.9𝜎ఏ density range was used to characterize the dynamical intermediate-water 425 
layer associated with the NPIW and to reduce the influence of vertical isopycnal 426 
displacement. In contrast, fixed-depth averages were used to describe local salinity 427 
variability within the observational range at individual mooring sites. For fixed-depth 428 
salinity analyses, different averaging ranges were adopted according to the local 429 
vertical distribution of the NPIW at each mooring site. The NPIW at M1 and M2 is 430 
generally deeper and thicker than at M3; therefore, the 500–800 m layer was used at 431 
M1 and M2, while the 500–700 m layer was used at M3. Initially, a unified depth range 432 
was considered for all sites. However, if the same depth range (e.g., 500–800 m) were 433 
applied to M3, the averaged salinity would include a larger contribution from deeper 434 
surrounding waters beneath the principal NPIW layer, thereby weakening the 435 
representativeness of the NPIW signal. The selected depth ranges were therefore 436 
adjusted to better capture the dominant low-salinity intermediate layer at each site. 437 
Although the wavelet spectra were also calculated for NPIW thickness, the results 438 
exhibited nearly identical dominant periods and spectral power to those of salinity, 439 
confirming the tight coupling between thickness and salinity variations. Therefore, only 440 
the wavelet spectra of salinity are shown for brevity. The results at site M1 (Fig. 5a–b) 441 
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indicate a pronounced intraseasonal variability with a dominant period of 442 
approximately 70–80 days, consistent with the SLA fluctuations observed in the same 443 
region. While this intraseasonal variation cycle exhibits temporal variability, it was 444 
more significant from May 2017 to April 2018, while the signal strength of the cycle 445 
significantly decreased after April 2018. Fig.5c-d represent the results of the wavelet 446 
analysis of averaged salinity at 500 m to 800 m at M2, with a similar ~80 days period 447 
as on the M1, the intraseasonal signals at M2 also exhibit variability during different 448 
observation periods. During the observation period from September 2019 to August 449 
2020, the variability period appears to be longer about 80 days showing in Fig. 5c. The 450 
observation results from mooring M3 shown in Fig. 5e-f, indicate relatively stable 451 
intraseasonal variation periods of 70-80 days throughout the observation period. 452 
These results collectively demonstrate that the structure and properties of the NPIW 453 
exhibit robust intraseasonal variability across different locations, reflecting a common 454 
intraseasonal signal that may be linked to regional mesoscale dynamics or other oceanic 455 
processes. 456 

   457 

  458 

  459 
Figure 5. The wavelet power spectrum for salinity from 500 to 800 m at M1, from 500 460 
to 800 m at M2 and from 500-700 m at M3 in (a), (c) and (e), respectively. (b), (d) and 461 
(f) are the corresponding global spectrum of salinity in (a), (c) and (e), with the red 462 
dashed line indicating the critical value at the 95% confidence level. (g), (i) and (k) are 463 
the wavelet power spectrum for Sea Level Anomaly at the mooring site M1, M2 and 464 
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M3, also the (h), (j) and (l) are the corresponding global spectrum of SLA.  465 

3.3 Influence of SLA on the Salinity Structure of NPIW 466 

In the previous section, a strong inverse relationship between NPIW layer thickness and 467 
isopycnal-averaged salinity was identified. This suggests that salinity can serve as an 468 
effective proxy for structural changes in the intermediate water layer. Therefore, in this 469 
section, we focus on the relationship between salinity and SLA, to indirectly assess the 470 
influence of mesoscale eddies on the structural variability of the NPIW. In the western 471 
North Pacific, mesoscale eddies are recognized as a major source of intraseasonal 472 
signals (Zhou et al., 2021). To establish a possible link, we first examined whether SLA, 473 
as a surface manifestation of mesoscale eddies, exhibits a dominant intraseasonal period. 474 
As shown in Fig. 5g–l, wavelet analysis reveals a dominant 60–80-day periodicity in 475 
SLA across all three mooring sites (M1–M3), which aligns closely with the 476 
intraseasonal salinity variations previously identified. This temporal coherence 477 
suggests a potential coupling between SLA and NPIW variability. 478 
To further clarify their relationship, we applied a 20–120-day band-pass filter to the 479 
salinity and temperature data in the intermediate layer and calculated correlation 480 
coefficients with SLA (Fig. 6). At the M1 mooring location, SLA shows moderate 481 
positive correlations of 0.55 with temperature and 0.45 with salinity, correlation 482 
coefficients line within the 95% confidence bounds indicating that the estimated 483 
correlations are statistically robust. The corresponding T–S diagram (Fig. 7a) supports 484 
this pattern, indicating that relatively low temperature and salinity (or high temperature 485 
and salinity) correspond to negative (or positive) SLA events. Given the strong salinity–486 
thickness relationship established earlier, these findings suggest that mesoscale eddies 487 
are closely linked to variations in both thermohaline properties and NPIW structural 488 
variability. At M2, the correlation coefficients of SLA with temperature and salinity are 489 
slightly weaker (0.4 and 0.3, respectively; Fig. 6b), although both correlations remain 490 
significant at the 95% confidence level. Nevertheless, the positive relationship is still 491 
evident and is further supported by the T–S diagram shown in Fig. 7b. At the M3 site, 492 
both temperature and salinity show a moderate positive correlation with the 493 
corresponding SLA, where the correlations were found to be 0.47 and 0.45, respectively, 494 
indicating that variations in the thermal–haline structure at this location are likewise 495 
modulated by sea level anomalies. For example, periods of strongly negative SLA (e.g., 496 
April–May 2017) coincide with relatively fresh and cold intermediate waters (salinity 497 
down to 34.2 psu), while periods of positive SLA (e.g., April 2016 and May–June 2017) 498 
are associated with warmer and saltier conditions (salinity up to 34.3 psu).  499 
Although the correlations between temperature, salinity, and SLA at these stations are 500 
only moderate, the figures clearly show that when SLA reaches relatively large values, 501 
the variations in temperature and salinity tend to become more coherent. These findings 502 
collectively indicate that SLA most likely reflecting the presence and evolution of 503 
mesoscale eddies, also is linked to intraseasonal variations in intermediate water 504 
properties across all mooring sites. Coupled with the observed salinity–thickness 505 
relationship, this suggests that the influence of SLA likely extends beyond simple 506 
thermohaline anomalies and plays an important role in shaping the structural variability 507 
of the NPIW as well. 508 
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 509 

 510 

 511 

Figure 6. (a) The bandpass-filtered time series (20–120 days) of sea level anomalies 512 
(SLAs; blue curve), vertically averaged temperature (red curve), and salinity between 513 
500–800 m (green curve) at station M1. (b) and (c) same as (a), but for M2 and M3. 514 
The filtering procedure was applied consistently to SLA, salinity, temperature time 515 
series prior to correlation analysis. Correlation coefficients were calculated using the 516 
filtered time series only, and only correlations significant at the 95% confidence level 517 
(p < 0.05) are reported in this study. 518 

 519 
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 520 

 521 
Figure 7．(a) The salinity and temperature data at M1 are displayed in a T–S scatter 522 
diagram with colors denoting the associated sea level anomalies (SLAs). (b) and (c) are 523 
same as (a), but for M2 and M3. (d), (e) and (f) are T-S plots of 500-800 m averaged 524 
temperature and salinity data from CMEMS product in the intermediate layer 525 
corresponding to the locations of M1, M2, and M3, respectively. 526 
 527 
 528 

4 Disscussion 529 

4.1 Structural Relationship Between Thickness and Salinity of NPIW 530 

To further quantify the internal structure of the NPIW, linear regressions were 531 
performed between the thickness of the intermediate layer and the isopycnal-averaged 532 
salinity (between 26.4 and 26.9 𝜎ఏ) at the three mooring sites. The derived regression 533 
equations are as show in Fig.8, where H represents the NPIW thickness (in meters) and 534 
salinity is the isopycnal-averaged salinity (in psu). The corresponding correlation 535 
coefficients between layer thickness and salinity are –0.63, –0.91, and –0.90 for M1, 536 
M2, and M3, respectively, indicating a strong and statistically significant inverse 537 
relationship at M2 and M3, and a weaker but still evident negative correlation at M1. 538 
All confidence intervals fall within the 95% confidence level, confirming the statistical 539 
robustness of these relationships. The thickness–salinity relationship shown here is 540 
based on simultaneous daily observations and is intended to represent the overall 541 
structural covariability between the vertical extent of the low-salinity NPIW layer and 542 
its salinity characteristics, rather than a frequency-specific temporal correlation. 543 
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The relatively lower thickness–salinity correlation at M1 may be attributed to multiple 544 
factors. First, the NPIW core at M1 is located at greater depths, typically deeper than 545 
600 m, and the salinity remained consistently below 34.2 psu throughout most of the 546 
observation period, exhibiting limited temporal variability. Such weak salinity 547 
fluctuations reduce the sensitivity of the thickness–salinity relationship and therefore 548 
weaken the linear correlation. In addition, because the lower 34.3 psu boundary was 549 
not continuously captured by the deepest CTD observations at M1, the NPIW thickness 550 
there was estimated using the 34.2 psu isohaline. This threshold lies closer to the low-551 
salinity core, where the vertical salinity gradient is weaker, and may therefore be less 552 
sensitive to layer compression and expansion than the 34.3 psu boundary used at M2 553 
and M3. 554 
This weaker thickness–salinity correlation does not contradict the stronger SLA–555 
salinity relationship at M1. SLA is used here as a surface indicator of mesoscale eddy 556 
activity, and the SLA–salinity correlation mainly reflects the linkage between eddy 557 
activity and intermediate-layer thermohaline variability. In contrast, the thickness–558 
salinity correlation describes the structural covariability between the vertical extent of 559 
the low-salinity layer and its mean salinity. Thus, although M1 shows a relatively strong 560 
association between SLA and salinity, the salinity variations are not always 561 
accompanied by proportional changes in the thickness estimated from the 34.2 psu 562 
isohaline. Nevertheless, salinity and NPIW thickness at M1 still show a clear 563 
relationship, with thicker layers corresponding to lower salinity and thinner layers 564 
corresponding to higher salinity. In contrast, M2 and M3 are located in regions 565 
characterized by more dynamic water-mass interactions, including the influence of the 566 
Kuroshio, South China Sea Intermediate Water (SCSIW) (Menash et al., 2015). The 567 
stronger thermohaline variability in these regions enhances the responsiveness of NPIW 568 
structure to salinity changes, thereby strengthening the statistical coupling between 569 
thickness and salinity. 570 
These regression relationships reinforce the potential of using isopycnal-averaged 571 
salinity as a structural proxy for intermediate water thickness, especially in regions or 572 
datasets where direct thickness estimates are unavailable. This proxy relationship 573 
provides a valuable way for reconstructing historical thickness changes or interpreting 574 
reanalysis products in structural terms. More importantly, since mesoscale eddies 575 
actively modulate both salinity and vertical structure in the intermediate layer, the 576 
strong salinity–thickness coupling offers an indirect yet effective framework for linking 577 
eddy-induced thermohaline variability to volumetric changes in the NPIW. 578 
Although the water mass structure at M2 and M3 is more complex, the enhanced 579 
salinity variability in these regions yields a more stable and robust relationship with 580 
NPIW thickness. This suggests that the intermediate water structure is highly sensitive 581 
to salinity perturbations and may respond coherently to mesoscale dynamical processes. 582 
 583 
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 584 

Figure 8. Scatterplots showing the relationship between NPIW layer thickness and 585 
isopycnal-averaged salinity (26.4–26.9 𝜎ఏ) at mooring sites M1, M2, and M3. Each 586 
point represents a daily-averaged value. Linear regression fits are shown in red line. 587 
The correlation coefficients are –0.63, –0.91, and –0.90 for M1, M2, and M3, 588 
respectively.  589 
 590 

4.2 Eddy-associated Intraseasonal Variability of NPIW 591 

The observed ~80-day intraseasonal signal in sea level anomalies (SLA), consistently 592 
identified at moorings M1–M3, suggests that mesoscale variability may exert an 593 
important influence on NPIW properties. Wavelet analysis further reveals that SLA, 594 
salinity, and NPIW thickness variations share similar dominant periodicities within the 595 
60–80 day band, which is broadly consistent with the typical timescales of westward-596 
propagating mesoscale eddies reported in the western North Pacific (Qiu et al., 2005; 597 
Ren et al., 2020). 598 
Time series analysis further demonstrates that the salinity within the isopycnal layer 599 
(26.4–26.9 𝜎ఏ ) exhibits clear intraseasonal oscillations, which are strongly anti-600 
correlated with variations in the thickness of the NPIW layer. This inverse relationship, 601 
with correlation coefficients exceeding –0.9 at M2 and M3, indicates that salinity is not 602 
only a tracer but also a reliable structural proxy for thickness variability in the 603 
intermediate layer. The westward propagation of SLA bands during eddy events was 604 
evident in longitude-time plots across all mooring latitudes (Fig. 9a, c, e), and lagged 605 
correlations between SLA and salinity (Fig. 9b, d, f) confirmed the 60–80 day 606 
propagation signals, with maximum correlation coefficients of 0.61, 0.5, and 0.6 at M1, 607 
M2, and M3, respectively. The observed eddy signatures were further supported by case 608 
analyses, in which anticyclonic (cyclonic) eddies were associated with increased 609 
(decreased) salinity and NPIW thickness. 610 
To further illustrate these patterns, we selected characteristic events exhibiting 611 
significant salinity and temperature changes. At mooring M1, for instance, two 612 
representative events were identified: a high-salinity episode on October 15, 2017 613 
(Event 1), and a low-salinity episode on November 29, 2017 (Event 2). Satellite 614 
observations during these periods revealed the presence of an anticyclonic eddy during 615 
Event 1 and a cyclonic eddy during Event 2 (Fig. 10a, 10b). At both M2 and M3, similar 616 
associations between eddy polarity and salinity/thickness anomalies were observed (Fig. 617 
10c–f), reinforcing the notion that eddy polarity (cyclonic vs. anticyclonic) plays a 618 
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significant role in driving both hydrographic and structural variability in the NPIW. 619 
These results indicate that mesoscale eddies are a dominant source of intraseasonal 620 
variability in the intermediate layer, influencing both the hydrographic properties 621 
(salinity) and vertical structure (thickness) of the NPIW. The coupled response 622 
highlights the necessity of considering both parameters when diagnosing water mass 623 
evolution under eddy forcing. 624 

 625 

 626 

 627 

Figure 9. (a) Temporal evolution of sea level anomalies (SLAs) across longitudes at 628 
25°N, as illustrated by the contour plots.; (b) The correlation coefficient between 629 
salinity at M1 and SLA at different time lags, the vertical coordinates -100 to 100 days 630 
in (b) represent SLA lagging salinity for 100 days and SLA exceeding salinity for 100 631 
days, respectively. (c) and (e) are same as (a), but its along 22.3°N and 18°N, 632 
respectively. (d) and (f) are same as (b), but for salinity from M2 and M3, respectively. 633 
Black contours in Fig. 9b, 9d, and 9f represent the zero isolines. The black dash line 634 
represent the location of M1, M2 and M3, respectively. The SLA data shown in this 635 
figure were obtained from the CMEMS dataset introduced in the Methods section. 636 
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 637 
 638 
Figure 10. (a) and (b) are selected SLAs and surface geostrophic current maps 639 
corresponding to the moments of Event 1 and Event 2 observed from M1, respectively, 640 
where time of Event 1 corresponds to October 15, 2017 in Fig. 6a, and Event 2 641 
corresponds to November 29, 2017 in Fig. 6a. (c) and (d) are same as (a) and (b), but 642 
for mooring site M2, where time of Event 1 and Event 2 at M2 corresponding to April 643 
20, 2020 and March 5, 2020 showed in Fig. 6b. (e) and (f) are same as (a) and (b), but 644 
for mooring site M3, where time of Event 1 and Event 2 at M3 corresponding to April 645 
10, 2016 and April 15, 2017 showed in Fig. 6c. The green dots denotes the mooring site, 646 
the colors shading represent the SLAs and the arrows indicate the surface geostrophic 647 
current. 648 
 649 

4.3 Mechanisms of Structural Modulation of NPIW by Mesoscale Eddies 650 

4.3.1 Evaluation of CMEMS and Intraseasonal Eddy Signals 651 
Although the variations in temperature and salinity at several moorings are correlated 652 
with mesoscale eddies, it is challenging to understand from a broader perspective how 653 
mesoscale eddies influence temperature and salinity changes in intermediate layer at 654 
different regions. To further investigate the mechanisms by which mesoscale eddies 655 
modulate the intraseasonal variability of NPIW, we employed CMEMS reanalysis data 656 
as a complementary dataset to verify the robustness of our observational findings. 657 
Power spectral analyses of 500–800 m averaged salinity at the mooring locations (Fig. 658 
11a–c) revealed significant intraseasonal signals with dominant periods of 60–80 days, 659 
consistent with those derived from mooring data. This confirms that the intraseasonal 660 
variability of salinity in the intermediate layer is a robust signal and is well captured by 661 
both in situ observations and reanalysis data. Furthermore, we compared scatter plots 662 
of SLA against temperature and salinity derived from both mooring observations (Fig. 663 
8a–c) and CMEMS reanalysis data (Fig. 8d–f). The CMEMS results exhibit similar 664 
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positive correlations between SLA and temperature/salinity, reinforcing the reliability 665 
of the dataset for representing the hydrographic properties and eddy-induced variations 666 
in NPIW.  667 
To quantitatively evaluate the ability of CMEMS to represent intermediate-layer 668 
salinity variability, we compared the salinity amplitude and standard deviation between 669 
CMEMS and the mooring observations at M2 and M3. Here, the salinity amplitude is 670 
defined as the difference between the maximum and minimum salinity at each depth, 671 
whereas the standard deviation describes the temporal variability around the mean state. 672 
The corresponding CMEMS-derived max standard deviations are 0.04 psu at M2 and 673 
0.04 psu at M3. At M2, the CMEMS-derived salinity amplitude ranges from 0.10 to 674 
0.22 psu, which is smaller than the mooring-derived amplitude of 0.15–0.30 psu. At 675 
M3, the CMEMS-derived amplitude ranges from 0.09 to 0.17 psu, generally 676 
comparable to the mooring-derived amplitude of 0.05–0.25 psu. These results indicate 677 
that CMEMS reproduces the observed intermediate-layer salinity variability at the same 678 
order of magnitude, although it tends to underestimate the amplitude at M2. This 679 
underestimation may be related to the 7-day temporal resolution of CMEMS and the 680 
smoothing effect of gridded reanalysis products. Therefore, its representation of the 681 
intraseasonal signals and variability amplitudes provides useful support for the 682 
subsequent analysis of the spatial structure and eddy-related mechanisms.  683 
 684 

 685 

Figure 11. (a) The power spectrum density of 500-800 m averaged salinity at location 686 
of M1 from CMEMS data. (b) and (c) are same as (a), but for location of M2 and M3, 687 
respectively. The red dash line represent the 95% confidence level. 688 
 689 

4.3.2 Horizontal and Vertical Responses of NPIW to Mesoscale Eddies 690 

To further illustrate the spatial structure, we used CMEMS data to calculate the 691 
horizontal distributions of salinity and NPIW thickness. The anticyclonic eddy (AE) 692 
and cyclonic eddy (CE) events shown in Fig.12 to Fig. 14 were identified based on the 693 
sign of the SLA near each mooring station, with positive SLA corresponding to AE 694 
conditions and negative SLA corresponding to CE conditions. A composite field was 695 
constructed by averaging all identified AE and CE events at each station. The thickness 696 
was defined as the vertical distance between the upper and lower boundaries of the 34.3 697 
psu isohaline, representing the volumetric extent of the low-salinity core. Fig.12 to 698 
Fig.14 present the composite spatial distributions of intermediate-layer salinity and 699 
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NPIW thickness at the three mooring sites. These maps demonstrate that mesoscale 700 
eddies not only modify the thermohaline characteristics of the NPIW but also 701 
significantly reshape its vertical structure. It should be noted that the salinity variations 702 
discussed here mainly represent changes within a fixed-depth intermediate layer, rather 703 
than intrinsic properties of the eddy cores themselves. Under anticyclonic eddy 704 
conditions associated with positive SLA, the intermediate-layer isopycnals are 705 
generally displaced downward, compressing the low-salinity NPIW layer and 706 
increasing the relative contribution of surrounding higher-salinity waters within the 707 
observed depth range. As a result, anticyclonic eddies are associated with relatively 708 
elevated salinity and reduced NPIW thickness. In contrast, cyclonic eddies induce 709 
upward displacement of isopycnals and expansion of the low-salinity layer, which helps 710 
preserve the fresher characteristics of the NPIW and results in a thicker intermediate 711 
layer. The spatial distribution of layer thickness differs notably among M1–M3, 712 
consistent with the mooring-derived thickness variations, where M1 exhibits a 713 
generally thicker intermediate layer than the other sites. This spatial correspondence 714 
aligns with the strong inverse correlation between salinity and thickness identified in 715 
the time series, further confirming that layer thickness also as an effective indicator of 716 
the eddy-induced modulation of NPIW structure. 717 
 718 

719 

 720 
Figure 12. (a) Composite distribution of salinity (color shading) and current vectors 721 
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(blue arrows) averaged over the 500–800 m layer during high-salinity events 722 
generally associated with anticyclonic conditions near the M1 mooring site. (b) Same 723 
as (a), but for low-salinity events generally associated with cyclonic conditions. (c) 724 
Composite thickness of the NPIW layer during high-salinity events, calculated from 725 
the 34.3 psu isohaline boundaries. (d) Same as (c), but for low-salinity events. Black 726 
triangles indicate the mooring locations. 727 
 728 

 729 

 730 
Figure 13. (a) Composite distribution of salinity (color shading) and current vectors 731 
(blue arrows) averaged over the 500–800 m layer during high-salinity events 732 
generally associated with anticyclonic conditions near the M2 mooring site. (b) Same 733 
as (a), but for low-salinity events generally associated with cyclonic conditions. (c) 734 
Composite thickness of the NPIW layer during high-salinity events, calculated from 735 
the 34.3 psu isohaline boundaries. (d) Same as (c), but for low-salinity events. Black 736 
triangles indicate the mooring locations. 737 
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 738 

 739 

Figure 14. (a) Composite distribution of salinity (color shading) and current vectors 740 
(blue arrows) averaged over the 500–700 m layer during high-salinity events generally 741 
associated with anticyclonic conditions near the M3 mooring site. (b) Same as (a), but 742 
for low-salinity events generally associated with cyclonic conditions. (c) Composite 743 
thickness of the NPIW layer during high-salinity events, calculated from the 34.3 psu 744 
isohaline boundaries. (d) Same as (c), but for low-salinity events. Black triangles 745 
indicate the mooring locations. 746 
 747 
To further examine the three-dimensional structure of the eddy-related NPIW response, 748 
CMEMS-based composite vertical sections of temperature and salinity were 749 
constructed along the M2 transect under anticyclonic and cyclonic eddy conditions (Fig. 750 
15). The sections show clear differences in the vertical structure of the intermediate 751 
layer between the two eddy states. During anticyclonic eddy conditions, the 752 
intermediate-layer isopycnals are displaced downward, and the 34.3 psu isohaline 753 
encloses a relatively thinner low-salinity layer near the M2 mooring. This compressed 754 
structure is accompanied by higher salinity within the intermediate layer, especially on 755 
the western side of the section. This feature is consistent with the horizontal salinity 756 
composite, which shows a high-salinity band extending toward the M2 region. 757 
Therefore, the elevated salinity at M2 may be associated not only with vertical 758 
compression of the low-salinity NPIW layer, but also with lateral redistribution of 759 



26 
 

surrounding higher-salinity intermediate waters, possibly related to regional water-760 
mass exchange involving the South China Sea Intermediate Water (SCSIW). In contrast, 761 
during cyclonic eddy conditions, the 34.3 psu isohaline extends over a thicker vertical 762 
range near M2, indicating expansion of the low-salinity NPIW layer, with relatively 763 
lower salinity. These vertical composite structures provide additional evidence that the 764 
inverse relationship between NPIW thickness and salinity is closely related to eddy-765 
induced vertical displacement and compression or expansion of the intermediate low-766 
salinity layer. Similar vertical compression and expansion characteristics are also found 767 
at the other mooring sites, but M2 is shown here as a representative example because 768 
the western-boundary water-mass interaction is most evident at this site. 769 
The modulation of NPIW by mesoscale eddies exhibits clear spatial heterogeneity 770 
among the three sites. At M1, the intermediate water responds relatively weakly to 771 
anticyclonic eddies, showing smaller salinity variations. This weaker response is 772 
primarily attributed to the deeper position of the NPIW core at this site, where 773 
anticyclonic eddies mainly induce vertical displacement of isopycnals. Owing to the 774 
absence of nearby high-salinity water sources, the resulting thermohaline changes 775 
remain relatively limited. Nevertheless, the observed downward displacement of 776 
isopycnals during anticyclonic periods still indicates a clear vertical adjustment of the 777 
intermediate layer, suggesting that mesoscale eddies participate in the structural 778 
evolution of the NPIW in a relatively stable. 779 
In contrast, the M2 and M3 sites near the western boundary exhibit much stronger 780 
salinity and thickness variability. Compared with M1, these regions are influenced by 781 
more complex intermediate-water interactions involving the SCSIW, Kuroshio 782 
Intermediate Water (KIW), and saline subtropical waters from the western tropical 783 
Pacific. Such a background favors stronger lateral exchange and water-mass 784 
redistribution. Under anticyclonic eddy conditions, the downward displacement of 785 
isopycnals compresses the low-salinity NPIW layer, while the surrounding higher-786 
salinity waters may be laterally redistributed into the intermediate layer, particularly 787 
near the western boundary. As a result, the NPIW at M2 and M3 tends to exhibit 788 
elevated salinity and reduced thickness, with a temporarily weakened low-salinity 789 
signature. These features suggest that mesoscale eddies near the western boundary 790 
modulate the NPIW through both vertical compression and lateral water-mass 791 
redistribution. At M2, the composite thickness field does not exhibit a well-defined 792 
eddy-like structure as clearly as at the other sites. This may be related to the complex 793 
dynamical environment east of Taiwan, where westward-propagating mesoscale eddies 794 
interact strongly with the Kuroshio and the western boundary circulation. Previous 795 
studies have shown that such eddy–Kuroshio interactions can deform, weaken, or 796 
reorganize mesoscale eddy structures in this region (Zhang et al., 2001; Yin et al., 2017). 797 
As a result, the composite horizontal structure may not retain an idealized cyclonic or 798 
anticyclonic eddy pattern in Fig.13. Nevertheless, significant differences in NPIW 799 
thickness and salinity are still observed between the two composite states, indicating 800 
that mesoscale variability continues to modulate the intermediate-water structure in this 801 
region.  802 
Although the present results suggest a close association between mesoscale eddies and 803 
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the observed intraseasonal variability of the NPIW, other processes may also contribute 804 
to variability on similar timescales. For example, remotely forced baroclinic Rossby 805 
waves may influence sea level and subsurface isopycnal displacement in the western 806 
North Pacific. However, the coherent variability observed among SLA, salinity, and 807 
NPIW thickness, together with the contrasting responses under anticyclonic and 808 
cyclonic conditions, suggests that mesoscale variability is likely the dominant 809 
contributor in the present observations. Overall, these results suggest that mesoscale 810 
eddies modulate the NPIW through both vertical isopycnal displacement and lateral 811 
water-mass redistribution. The former mainly controls the compression and expansion 812 
of the low-salinity NPIW layer, whereas the latter may further enhance salinity 813 
anomalies near the western boundary, particularly at M2 and M3. At M1, the weaker 814 
salinity anomalies indicate a relatively stronger role of vertical displacement, while the 815 
more complex hydrographic background near M2 and M3 favors additional lateral 816 
exchange of surrounding higher-salinity intermediate waters. 817 
It should be noted that the three mooring observations analyzed in this study do not 818 
fully represent the entire North Pacific basin. Instead, the moorings were strategically 819 
deployed across different hydrographic environments in the western North Pacific, 820 
including the open-ocean NPIW core region and the western boundary mixing region. 821 
In addition, the three mooring records were obtained during different periods, with M3 822 
during 2016–2017, M1 during 2017–2018, and M2 during 2019–2020. Therefore, the 823 
differences among the three mooring sites should not be interpreted as purely spatial 824 
contrasts. Interannual variability in the background hydrographic state, regional eddy 825 
activity, and large-scale circulation may also contribute to the observed site-to-site 826 
differences. Previous studies have shown that the salinity minimum of the NPIW, water-827 
mass properties in the western North Pacific, and eddy activity in the Kuroshio 828 
Extension region can vary on interannual to decadal timescales. 829 
Nevertheless, the main focus of this study is the intraseasonal variability within each 830 
mooring record and its relationship with mesoscale eddy signals. The inverse 831 
relationship between NPIW thickness and salinity, together with the coherent 832 
association among SLA, salinity, and thickness at individual sites, remains evident 833 
within each observational period. Therefore, the non-overlapping observation periods 834 
do not alter the conclusion that mesoscale eddies modulate the NPIW structure, but they 835 
do imply that the cross-site comparison reflects both regional hydrographic differences 836 
and possible interannual modulation. This limitation has been considered in the 837 
interpretation of the spatial heterogeneity discussed above. 838 
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 839 

Figure 15. Composite vertical sections of temperature and salinity along the M2 transect 840 
during anticyclonic and cyclonic eddy form CMEMS data. (a, b) Temperature and 841 
salinity sections during anticyclonic eddy, respectively. (c, d) Same as (a, b), but for 842 
cyclonic eddy. Color shading represents temperature in (a, c) and salinity in (b, d). Black 843 
contours indicate potential density, and red contours in (b, d) denote the 34.3 psu 844 
isohaline. The black triangle indicates the location of the M2 mooring. 845 

 846 

 847 
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5 Conclusion 848 

This study based on three long-term mooring observations (M1–M3) and reanalysis 849 
data in the western Pacific, systematically investigates the intraseasonal variability of 850 
the NPIW and its modulation by mesoscale eddies. Wavelet analysis reveals a consistent 851 
~80 days periodicity across all sites, and satellite altimetry confirms that these 852 
intraseasonal signals are primarily induced by westward-propagating mesoscale eddies. 853 
A major innovation of this study is the introduction of NPIW layer thickness as a 854 
structural diagnostic index, it quantitatively characterizes the compression and 855 
expansion of the NPIW under eddy forcing. All three moorings show a strong inverse 856 
correlation between layer thickness and salinity, indicating a tight coupling between 857 
thermohaline anomalies and structural variations. This new metric provides a more 858 
comprehensive framework for describing NPIW evolution beyond temperature–salinity 859 
anomalies alone. 860 
Composite maps further show that anticyclonic eddies correspond to higher salinity and 861 
thinner intermediate layers, whereas cyclonic eddies produce lower salinity and thicker 862 
layers. This spatial coherence highlights the role of eddy-induced vertical compression 863 
and uplift in modulating NPIW structure. In the core of NPIW region, the eddy impact 864 
is mainly vertical and moderate, while in the western boundary region, where multiple 865 
water masses (SCSIW, KIW) interact, stronger eddies not only alter NPIW thickness 866 
but also introduce high-salinity waters through horizontal advection and mixing, 867 
occasionally leading to the weakening of the low-salinity NPIW signature. 868 
In summary, by integrating multi-site observations with a new structural diagnostic 869 
approach, this study reveals how mesoscale eddies control the structure and property 870 
variability of NPIW. The inclusion of layer thickness provides a novel and physically 871 
grounded perspective, extending beyond previous single-site analyses and enhancing 872 
our understanding of intermediate-water dynamics in the western Pacific. 873 
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