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41 Abstract:

42  The North Pacific Intermediate Water (NPIW) is one of the most crucial water masses
43 in the global ocean, significantly impacting physical, biological, chemical, and
44 ecological processes. The challenges inherent in direct continuous observation of NPIW
45  have been limiting the understanding of its short-term variability. Utilizing 14 months
46 of data from three moorings (146°E, 25°N, M1; 122.6°E, 22.3°N, M2; 126°E, 18°N,
47 M3), this study reveals the characteristics of the NPIW and its consistent intraseasonal
48  variability from 60 to days across a range of latitudes and spatiotemporal scales. Direct
49  measurement show depth variations at 700 m, 600 m, and 550 m for M1, M2, and M3,
50 respectively. The analysis reveals a significant association between NPIW variation and
51  mesoscale eddies, evidenced by lead-lag coefficients of 0.6, 0.5, and 0.55 for SLA and
52  salinityat M1, M2, and M3. During anticyclonic (cyclonic) eddies, a positive (negative)
53  SLA corresponds to relatively warm (cooler) and saline (fresh) characteristics of NPIW.
54  Further analysis has shown that due to the inverse S-shaped structure of salinity in the
55  North Pacific region, the vertical movement of water masses within mesoscale eddies
56 leads to inverse phase changes between the NPIW and deeper water. Also the
57  circulation and water masses near the western boundary are relatively complex,
58  mesoscale eddies also induce mixing of the surrounding water masses and thus modify
59  the NPIW properties. The result found that under the influence of the eddy, the change
60 in salinity in the intermediate layer can reach to 0.3 psu, and the depth of the low-salt
61  core can vary by hundreds of meters. Therefor studying the variability of NPIW is
62  crucial for accurately predicting mesoscale eddy transport of heat and energy to ocean's
63  intermediate layer, and understanding its response to climate change, its role in the
64  global carbon cycle, and its impact on marine ecosystems.

65

66

67  Index Terms and Keywords

68 Intraseasonal variation of 60-80 days in the North Pacific intermediate water.

69  Anticyclonic (cyclonic) eddies induced warm (cooler) and saline (fresh) of NPIW.
70  Vertical and horizontal transport of eddies affects the NPIW

71

72 plain-language summary

73 North Pacific Intermediate Water (NPIW), is one of the most crucial water masses in
74 the global ocean, however, current studies of their variability have focused on seasonal,
75  interannual, or interdecadal scales, while studies of shorter-term variability are scarce
76 due to observational difficulties. Using direct measurement data from three moorings,
77  itreveals the intraseasonal variability of NPIW with a periods of 60-80 days at different
78  regions. It was found that the intraseasonal variation of NPIW is mainly caused by
79  mesoscale eddies, further studies show that anticyclonic (cyclonic) eddies induced a
80  positive (negative) SLA corresponds to relatively warm (cooler) and saline (fresh)
81  characteristics of NPIW. In addition, processes such as the upward and downward
82 movement of internal water masses caused by mesoscale eddies and the resulting
83  changes inlocal water masses and circulation can jointly influence changes in the NPIW.
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84  Understanding these dynamics is critical for assessing the NPIW's response to climate
85  change and its implications for the global carbon cycle and marine ecosystems.

s Introduction

87  The North Pacific Intermediate Water (NPIW) is a pivotal component of the North

88  Pacific's water mass and extensively studied due to its significant role in climate

89  dynamics and oceanic processes. This water mass, forming in the northwestern

90  subtropical gyre, specifically in the mixed region between the Kuroshio Extension and

91  Opyashio front, is characterized by its low salinity and relatively cooler temperatures at

92  depths of approximately 400 to 1200 meters, also its density is centered around 26.8

93  0y. (Talley, 1993, 1995; Yasuda et al., 1997; You et al., 2003; Masujima et al., 2009).

94  The distribution and transport pathways of NPIW have been a focal point of

95  oceanographic research, many studies have shown that the NPIW is widely distributed

96 in the North Pacific Ocean, and that it is transported by complex water masses and

97  circulation (Qiu, 1995; Ueno & Yasuda, 2004; You, 2003; Yasuda, 2004; Fujii et al.,

98  2013; Gordon and Fine, 1996; Kashino et al., 1996; Kashino et al., 1999).

99  Moreover, the NPIW is an important intermediate water mass connecting the upper and
100  deeper layers of the ocean, and furthermore its intra-seasonal scale of variability is one
101 of the most important links between high-frequency variability and medium- to long-
102  term cyclic variability, and the variability it produces has important implications for
103 physical, biological, chemical, and ecological processes such as dissolved oxygen,
104  nutrient distribution, and thermohaline transport (Nishioka et al., 2020; Talley et al.,
105 1993; Hansell et al., 2002; Auad et al., 2003; Tsunogai et al., 2002; Ohkushi et al., 2003).
106  Nishioka et al. (2020) highlight the critical role of NPIW in global carbon cycle by
107  connecting nutrients between deep and surface waters, particularly emphasizing the
108  nutrient enrichment in the subarctic Pacific. Talley (1993) describes the formation of
109  NPIW in the northwestern subtropical gyre and its modification, which affects salinity
110  and oxygen levels. Hansell et al. (2002) discuss the export of dissolved organic carbon
111 (DOC) with NPIW formation, indicating significant biogeochemical implications.
112 Auad et al. (2003) examine the response of NPIW to climate warming, showing how
113 changes in atmospheric forcing can alter its properties. NPIW also plays an important
114  role in global biogeochemical fluxes such as carbon and nutrient cycling (Tsunogai et
115  al., 2002; Ohkushi et al., 2003).

116 Since NPIW is one of the most important water masses in the global ocean, most of
117  studies focus on its seasonal, interannual or interdecadal variations in different regions,
118  and these variability is largely influenced by multi-scale ocean-atmosphere interactions
119  (Masuda et al., 2003; Ohshima et al., 2010; Bingham& Lukas., 1995; Solomon et al.,
120 2003; Qiu et al., 2011; Van et al., 1993). The seasonal cycles of water mass properties
121  in the North Pacific subtropical gyre were delved into, emphasizing distinct seasonal
122 patterns and their implications (Bingham & Lukas, 1995). Using a four-dimensional
123  variational data assimilation system, Masuda et al. (2003) highlighted the seasonal state

124  of the NPIW. Further investigations focused on the inflow and outflow variations
3
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125  between the Okhotsk Sea and the Pacific during winter seasons, revealing the
126 complexity of seasonal exchanges (Ohshima et al., 2010).In studies of longer time scale
127  variations, the significant interannual and decadal variabilities of the NPIW linked to
128  large-scale wind forcing is revealed by Nakano et al. (2005). Additionally, Wong et al.
129 (1999) and Oka et al. (2017) also report freshening of the NPIW. Also, Wang et al.
130  (2016) revealed that the semiannual variability of water masses at the northern and
131 southern hemispheric convergence near 8° N. It was found that the NPIW exhibits
132 positive (negative) salinity anomalies corresponding to an intense (weakened) and
133 zonally elongated (contracted) Kuroshio Extension (KE) jet, suggesting a close
134  relationship between oceanic currents and salinity patterns (Qiu et al., 2011). Salinity
135  decreases in the density surface above the NPIW salinity minimum and increases in the
136  density surface below the salinity minimum were observed, based on hydrographic
137  observations in the subtropical gyre of the North Pacific from the 1980s and 1990s to
138 the 2000s, indicating changes in the ocean's salinity structure over time (Kouketsu et
139  al., 2007).

140  However, the majority of the studies mentioned above focus on time scales exceeding
141  a few hundred days, and also the NPIW are located in the deep layers below the
142 subsurface, where direct and long-term observations are difficult. More than that, there
143  is often a large bias in the salinity representation of the water masses in the intermediate
144  layer of the model data, there are very few studies of less than 100-day scale variations
145  in the NPIW. In a localized area along the western boundary, Mensah et al. (2015)
146  examines the intraseasonal to seasonal variability of intermediate water east of Luzon
147  and Taiwan by hydrographic data from several cruises, and this study mainly focuses
148  on the influences of different water masses on the intermediate water east of Taiwan
149  and the transport variations of Kuroshio Intermediate Water. Ren et al. (2022) found an
150 intraseasonal variability of the intermediate water mass of ~80 days from direct
151  observations of the subsurface moorings east of Taiwan, and that this variability is
152  associated with mesoscale eddies. The research areas of these studies are only
153  concentrated in very small local areas, which is insufficient to demonstrate the
154  widespread and persistent existence of NPIW's variability characteristics of less than
155 100 days.

156 Mesoscale eddies are rotating eddies that are widely found in the oceans, with survival
157  periods ranging from a few days to several hundreds of days, and radii of up to several
158  hundreds of kilometers (Wyrtki et al., 1976; Richardson, 1983; Robinson, 1985;
159  Chelton et al., 2007; Chelton et al., 2011; Zhang et al., 2014; Wunsch et al., 2007;
160  Martinez-Moreno et al., 2021). Currently, there have been many studies on mesoscale
161  eddies, which have a clearer understanding of their generation mechanisms and
162  characteristics (Meredith et al., 2012; Frenger et al., 2013; Chelton., 2013; Busecke et
163 al., 2019; Wunsch &Ferrari, 2004; Qiu et al., 2005; Dong et al., 2014; Chaigneau et al.,
164  2008;Chaigneau et al., 2009). Some studies have shown that mesoscale eddies can
165  affect depths of up to thousands of meters, and in some cases even thousands of meters
166  of the seafloor (Zhang et al., 2015; Thoppil et al., 2011; Zhang et al., 2016; Zhang et
167  al., 2015; George et al., 2021; Waite et al., 2016; Hausmann et al., 2017). Within the
168  range of NPIW generation, propagation and distribution, there is also a high incidence
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169  of mesoscale eddies, and the depth at which NPIW is located is not consistent at
170  different latitudes. It is therefore of great interest to investigate whether mesoscale
171  eddies, as a nexus affecting ocean dynamical energy transport at depths of up to several
172 kilometers, have an impact on the NPIW in different regions and with different
173 thermohaline characteristics.

174  Nakanowatari et al. (2015) pointed out that there are currently many shortcomings in
175  relying on model data to study the characteristics and distribution of NPIW due to the
176  lack of observational data support. In this study, we utilize a long time series of high-
177  resolution observations of the NPIW from three subsurface mooring deployed at
178  different spatial and temporal scales in the North Pacific Ocean to study the
179  intraseasonal variability of the NPIW, is essential for understanding the intricate
180  relationship between ocean processes, climate change and marine ecosystems.

181

152 Data and Methods

183 1. Mooring data

184  To study the variation of North Pacific Intermediate Water (NPIW), we deployed three
185  mooring systems in the Northwest Pacific region, as shown in Fig. 1. The locations,
186  observation periods, and equipment setups of these three moorings, M1, M2, and M3,
187  are described as follows. The mooring M1 is located at 146°E and 25°N, with an
188  observation period from April 2017 to June 2018; M2 is located to the east of Taiwan
189  on the western boundary, at 122.67°E and 22.3°N, with an observation period from
190  August 2019 to December 2020; while M3 is located at 126°E and 18°N, with an
191  observation period from January 2016 to June 2017. All three moorings were equipped
192  with conductivity-temperature-depth measuring instruments (CTD, with type of Sea-
193  Bird Electronics SBE 37) at intervals of 100 m between depths of 400 and 1000 m. All
194  CTD setups were set to sample every 10 minutes. The data used in this paper were
195  processed for daily averages after deleted the abnormal value and smoothed with a 7-
196  day running mean to remove high frequency variations.
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199  Figure 1. Distribution of salinity (a) and depth (b) along the 26.8dy isopycnic at
200  Northwestern Pacific. The color shading and black line in (a) and (b) represent the
201  salinity and depth, respectively. The black triangle is the mooring location: Mooring 1
202 (Ml), Mooring 2 (M2) and Mooring 3 (M3). Salinity and depth in the Fig. 1 are taken
203  from climatological averaged data from World Ocean Atlas 13, and plot with Ocean
204  Data View.

205

206 2. World Ocean Atlas 2013

207  Inorder to see the distribution of NPIW in the Northwest Pacific, we chose the WOA13
208  data. The WOAI13 V2 produced by NOAA’s National Oceanographic Data Center -
209  Ocean Climate Laboratory (The data available online at:
210  https://www.ncei.noaa.gov/products/world-ocean-atlas), which contains processed
211  climate field data including in situ temperature, salinity, dissolved oxygen, apparent
212 oxygen utilisation (AOU), percent oxygen saturation, phosphate, silicate and nitrate
213 (Boyer et al., 2013). These data are annual, seasonal and monthly synoptic periods at
214  standard depths of the global ocean at a data resolution of 1°.

215

216 3. The Copernicus Marine Environment Monitoring Service (CMEMS) data.

217  Inthis article, we utilized satellite altimetry product data to track changes in sea surface
218  height and geostrophic current fields. The data used comes from the Archiving,
219  Validation and Interpretation of Satellite Oceanographic data (AVISO), provided by
220 The Copernicus Marine Environment Monitoring Service (CMEMS,
221 (http://www.marine.copernicus.cu). AVISO's data and products are employed not only
222 in ocean applications but also in hydrology, coastal areas, glaciology, and other fields.
223 The resolution of the sea surface height anomaly and current field data used in this
224 article is 1/4°, covering the observation periods of three sets of subsurface moorings.
225  Furthermore, to analyze changes in temperature and salinity around the subsurface
226 moorings, we also utilized the Multi Observation Global Ocean 3D Temperature
227  Salinity Height Geostrophic Current and Mixed Layer Depth (MLD) data product
228  provided by CMEMS. This data source integrates in-situ observations and satellite
229  observations globally. The time span of this data product extends from January 1993 to
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230 the present, with a time resolution of weekly or monthly. It provides global Level-4 (L4)

231  analyses of ocean 3D temperature, salinity, geopotential height and geostrophic current,
232 which vertical direction from surface to 5500-m depth is divided into 33 layers, as well

233 as 2D Mixed Layer Depth (MLD) on a 1/4° regular grid. This study has been conducted

234 using E.U. Copernicus Marine Service Information; insert all relevant DOIs links here:

235  https:/doi.org/10.48670/moi-00145; https://doi.org/10.48670/moi-00149;

26 Result

237  The time series of NPIW from different mooring site

238 It has been shown that NPIW can be widely distributed within the North Pacific Ocean
239  (Talley, 1993, 1995; Yasuda et al., 1997; You, 2003; Qiu, 1995), and follows a
240  dynamically consistent path through the eastern subtropical gyre to the Indonesian
241  Throughflow (Gordon and Fine, 1996; Kashino et al., 1996; Kashino et al., 1999; Fujii
242 et al., 2013). Further research revealed that NPIW circulation is related to diapycnal-
243  meridional overturning generated around the Okhotsk Sea, contributing to the cross-
244 gyre transport from the subarctic to subtropical gyres (Yasuda, 2004). The physical
245  processes that determine the density range of NPIW (00 = 26.7-26.9) were examined,
246  finding that the salinity/depth characteristic and the transport mechanism of NPIW are
247  impacted by regional precipitation over evaporation in the upper-layer subarctic North
248  Pacific (Qiu, 1995). More than that, the NPIW can carry by Mindanao Current to
249  western equatorial pacific (Bingham and Lukas, 1994). Based on the results of previous
250  studies, in this study, we determined the approximate distribution of the NPIW from the
251  WOAI3 showed in Fig. 1, and our subsurface observations are effective in capturing
252  changes in the NPIW

253  To gain an initial understanding of the NPIW characteristics at the locations of our three
254  deployed moorings, we employed the WOA database to create decadal average maps
255  of salinity and depth distribution on the 26.80y isopycnal, as illustrated in Fig. 1. The
256  NPIW shows significant local variability, with the NPIW showing lower salinity values
257  and its core depth of approximately 34.1 psu and 700 m near M1 mooring site,
258  respectively. As NPIW disperses southward and westward, the minimum salinity of
259  NPIW is increases and its depth becomes shallower. Near the M2 mooring location, the
260  low salinity value and depth adjust to about 34.25 psu and 600 meters, respectively. M3
261  near 18°N, which can be seen in Fig. 1 to be located close to the edge of the NPIW
262  distribution, has a salinity minimum value close to that at M2, but the depth of the low-
263  salinity core becomes further shallower to ~550 metres. Thus, the moorings utilized in
264  this study have effectively observed NPIW, capturing its significant spatial and
265  temporal variability across different regions.

266  Observations from the M1 mooring over more than a year, as shown in Fig. 2a, reveal
267  that the low salinity core of the NPIW has an average depth of approximately 700
268  meters, fluctuating within the isopycnal range of 26.4-27ay, with the minimum salinity
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269  value being around 34.15 psu. The observed salinity minima at M1 were also found to
270  be slightly higher compared to the climatological averaged data showed in Fig. la.
271  Additionally, significant temporal variations in salinity were observed at depths of 400-
272 900 meters by the M1 mooring. Although the changes in the minimum salinity values
273 of NPIW's core layer at approximately 600-800 meters were relatively minor,
274  significant fluctuations still occurred at the boundaries of the low salinity core and its
275  depth. The M2 mooring located east of Taiwan near the western boundary, observed
276  salinity below 400 meters as depicted in Fig. 2c. The low salinity core varied between
277  the isopycnals of 26.6-26.8 gy, showing more significant changes than those observed
278  at M1, with average minimum salinity values and depths of approximately 34.2 psu and
279 600 meters, respectively, which are higher than the minimum salinity values observed
280  at the M1 location. And it is interesting to note that the low-salt core of M2 exhibits
281  discontinuities, such as the salinity measured in April-May 2020 in Fig. 2¢, which is
282  close to 33.6 psu, splitting the low-salt core with a salinity value of around 34.2 psu. At
283  the more southerly M3 mooring, as illustrated in Fig. 2e, the low salinity core also
284  displayed a discontinuous distribution, with seven significant low salinity events
285  observed over a year. The average minimum salinity value between the isopycnals of
286  26.6-26.8 oy was 34.3 psu, with corresponding temperatures and depths of
287  approximately 8°C and 550 meters, respectively. A distinctive feature of M3 was that
288  the depth of the NPIW's low salinity core was shallower than that at M1 and M2, and
289  the minimum salinity was significantly higher than M1 and M2. The results of NPIW
290  observed by the three differently positioned subsurface mooring are basically consistent
291  with the spatial distribution characteristics of NPIW in the North Pacific Ocean in the
292 WOA data.

293  Upon comparing Fig. 2a, 2c, and 2e, it appears that the intermediate water masses at
294  the M2 location exhibit greater variability, while those at the M1 location show
295 relatively weaker variations. From the corresponding salinity standard deviation plots
296  (Fig. 2b, 2d, and 2f), it is observed that the M1 mooring displays the smallest standard
297  deviation at the NPIW core depth of approximately 700 meters, indicating higher
298  stability in intermediate layer salinity. Conversely, the salinity at the levels of NPIW for
299 M2 and M3 shows greater variability. The largest standard deviation in salinity at the
300 mooring M2 is 0.7 psu at around 600 meters, shown in Fig. 2d, while a significant
301  standard deviation in salinity around 0.3 psu is observed between 500-600 meters fro
302  mooring M3. This variability in salinity in intermediate layer is also depicted in the T-
303 S (Temperature-Salinity) plot in Fig. 3, where the range of salinity changes at the
304 mooring M2 is the largest among the three observed locations, ranging from 34.13 psu
305 to 34.35 psu, with M1 showing the smallest variation. Differences in standard
306  deviations also illustrate the variability of NPIW changes across regional locations,
307  with the least variability at 25°N, possibly related to its deeper depth. The greater
308 variability in intermediate layer salinity near the M2 location may be associated with
309 complex local circulations and water masses, where the influence of Kuroshio
310  Intermediate Water (KIW) and South China Sea Intermediate Water (SCSIW) under the
311  effect of the Kuroshio or eddies significantly impacts the area (Menash et al., 2015; Ren
312  etal., 2022).
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313 In addition to previous observations, an analysis of Fig. 2a, 2c, and 2e reveals a
314  consistent feature observed in the NPIW is that its salinity variations largely coincide
315  with the fluctuations of the isopycnal. For instance, during the period between May and
316  June 2017 as depicted in Fig. 2a, an increase in salinity was noted at times when the
317  isopycnal were concave downward, suggesting that the low salinity core tended to be
318  shift to deeper depths. Conversely, during periods when the isopycnal were convex
319 upward the overall salinity contours tended to rise as shown between July and
320  September 2017 in Fig. 2a,, resulting in a shallower depth of the low salinity core. These
321  observations suggest that the variations in NPIW may be governed by a unified
322  mechanism that correlates salinity changes with the vertical displacement of isopycnal.

(a) Daily mean Salinity from subsurface mooring M1 psu (b) Mean S (psu)
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326  Figure 2. The observation of salinity from subsurface mooring. (a), (c) and (e)
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327  represent time series plots of salinity measured at different observation times for the
328  three moorings, respectively. M1 is observed from April 2017-June 2018, M2 is
329  observed from August 2019-December 2020 and M3 is observed from January 2016-
330  June 2017. Color shading and the gray lines represent the salinity and isopycnic in (a),
331 (c) and (e),, respectively. In (b), (d) and (f), the red line and black line represent the
332  mean salinity and standard deviation of salinity over the observation period,
333  respectively.
334
(a) Scatter of T-S at M1 (b) Scatter of T-S at M2 (c) Scatter of T-S at M3
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336  Figure 3. The Temperature-Salinity plot from M1 (a), M2 (b) and M3 (c). The gray line
337 represents the isopycnic, and the bule line represent the average T-S curve at the
338  observation time.
339 Intraseasonal variations of NPIW
340 From the analysis of salinity time series in the previous section, discontinuous
341  characteristics of intermediate layer low salinity changes were identified, manifesting
342  as increases or decreases of salinity corresponding to the vertical fluctuations of
343  isopycnal. To understand the potential periodicity of these low salinity variations at
344  intermediate layer, we applied spectral analysis methods, specifically conducting
345  wavelet analyses on the intermediate layer salinity measurement by the three moorings.
346  The NPIW is defined as a water mass with salinity between 34.0 ~ 34.3 psu and depth
347  between 300 ~ 800 m according to You et al. (2003) and Tally et al. (1993), combined
348  with Fig. 2, we take the depth of the intermediate water mass at M1 as 500-800 m within
349  the isopycnals 0of 26.2-26.7 gy in this study. The wavelet analysis results of the salinity
350 averaged over 500-800 m at the M1 showed in Fig. 4a-b indicate an intraseasonal
351  variability periods of ~70-80 days. However, this intraseasonal variation cycle exhibits
352  temporal variability, it was more significant from May 2017 to April 2018, while the
353  signal strength of the cycle significantly decreased after April 2018. Fig. 4c-d represent
354  the results of the wavelet analysis of averaged salinity at 500 m to 700 m at M2, with a
355  similar ~80 days period as on the M1 result, the intraseasonal signals at M2 also exhibit
356  variability during different observation periods. The period from the beginning of the
357  observations in September 2019 to August 2020 seems to have a much larger range of
358  variability, with Fig. 4c showing ~80 days of variability, whereas the period around 60
359  days from September 2020 onwards becomes relatively faster. The observation results
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360 from mooring M3 averaged salinity at 450 m to 650 ma s shown in Fig. 4e-f, indicate
361 relatively stable intraseasonal variation periods of 70-80 days throughout the
362  observation period.

363  To more clearly observe the periodic variations in salinity, we calculated the anomalies
364  of the salinity at each depth for each mooring during the observation period and used a
365 40-100 day band-pass filter. Fig. 5a shows that intraseasonal signals are present across
366  the 400-900 m depth range for the M1 mooring, and we can clearly see the weakening
367  of these signals after April 2018, consistent with the wavelet analysis results from Fig.
368  4a. However, the filtering results also indicate significant differences in the strength of
369 the intraseasonal signals at different depths, with stronger signals above 700 m and
370  weaker signals below 700 m. Interestingly, there is an inverse correlation across the 700
371  m boundary on the M1 mooring, where positive anomalies in salinity between 500-700
372  m coincide with negative anomalies between 700-900 m.

373  The band-pass filtering results for the M2 mooring also showed the strongest
374  intraseasonal signal at the 700 m layer, with inverse phase changes observable after
375  May 2020, while the strongest signals from March to May 2020 exhibited consistent
376  changes throughout the all depth. For the M3 mooring, the strongest intraseasonal
377  signals were found around 550 m, corresponding to the core of the NPIW's low salinity.
378  The intra-seasonal variability signal significantly weakened below 750 m. Additionally
379  inFig. 5c, the larger intraseasonal signals are observed during two periods: April to July
380 2016 and January to April 2017, with weaker intraseasonal signals from August to
381  December 2016, as reflected in the wavelet spectrum in Fig. 4e.

382  Combining the wavelet analysis and the corresponding band-pass filtering results from
383  the three moorings reveals that within the extensive distribution range of the NPIW in
384  the Western Pacific, observations across different times and locations consistently
385 indicate a typical intraseasonal variation in the NPIW.
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(e) S Wavelet Power Spectrum at M3 (k) SLA at M3
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390  Figure 4. The wavelet power spectrum for salinity from 500 to 800 m at M1, from 500
391  to 700 m at M2 and from 500-700 m at M3 in (a), (c) and (e), respectively. (b), (d) and
392  (f) are the corresponding global spectrum of salinity in (a), (c) and (e), where the red
393  dashed line denotes the 95% confidence level. (g), (i) and (k) are the wavelet power
394  spectrum for Sea Level Anomaly at the mooring site M1, M2 and M3, also the (h), (j)
395 and (1) are the corresponding global spectrum of SLA. The thick black line represent

396  95% confidence level in Fig. 4.
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205 Disscussion

406  Relationship between salinity and SLAs

407  The previous study has clearly demonstrated significant intraseasonal variations in the
408  intermediate layer at different regions. Next, we analyze the potential sources of these
409  intraseasonal signals. Typically, in oceanic, the intraseasonal variations are primarily
410  associated with wind fields and eddies. In our study areas, mesoscale eddies are one of
411  the most typical features, and especially in the western boundary region is a high
412 activity of eddies. To ascertain the presence of similar periodic variations, we initially
413 conducted wavelet analysis on the Sea Level Anomalies (SLAs) at the three mooring
414  locations, derived from satellite altimetry. The results, depicted in Fig. 4g to 41, reveal
415  a 60-80 days period in the SLA across mooring locations M1 to M3. This period aligns
416  closely with the salinity variation cycles measured by the moorings, indicating a strong
417  correlation between SLA and salinity variations in this region.

418  To further clarify their relationship, we analyzed the average temperature and salinity
419  atintermediate layer after applying a 20-120 day band-pass filter to discuss the potential
420  correlation between the SLA and these parameters, with the results presented in Fig. 6.
421 At the M1 mooring location, we observed that the SLA was predominantly positive
422 during the observation period, with correlation coefficients of 0.55 and 0.45 with
423 temperature and salinity, respectively. Although these correlation coefficients are not
424  exceptionally high, it is still noticeable that higher temperatures and salinities
425  correspond to periods of positive SLA, whereas negative SLA tend to coincide with
426  lower temperatures and salinities in the intermediate layer. This pattern is further
427  supported by the T-S diagram at M1 shown in Fig. 7a, where water characteristics of
428  relatively lower temperature and salinity (or higher temperature and salinity)
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429  correspond to negative (or positive) SLA. For the mooring M2, Fig. 6b shows
430  correlation coefficients of 0.4 and 0.3 between SLA and temperature and salinity,
431  respectively, indicating a slightly weaker correlation compared to M1. Nonetheless,
432  both Fig. 6b and Fig. 7b demonstrate a positive correlation between SLA and
433 temperature-salinity variables. At the mooring M3, temperature-salinity variations and
434  their correlation with SLA are weaker during the observation period, with lower
435  correlation coefficients. However, similar to M1 and M2, Fig. 6¢ and Fig. 7c show that
436  periods with significant negative SLA, such as between April-May 2017, correspond to
437  relatively lower salinity and temperature, with salinity values reaching as low as 34.2
438  psu. Conversely, periods of significant positive SLA, such as between April 2016 and
439  May-June 2017 at M3, correspond to higher temperature and salinity, with salinity
440  reaching up to 34.3 psu. These findings in Fig. 6 and Fig. 7 indicate that moments of
441  significant temperature-salinity variability across the NPIW distribution can be
442  associated with positive (or negative) SLAs regardless of location and time, suggesting
443  that there is a relationship between temperature and salinity characteristics at
444  intermediate layer and sea surface height anomalies.
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(c) SLA, Salinity and Temperature at M3
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449  Figure 6. (a) The 20-100 day bandpass filtered time series of SLAs (blue curve),
450  averaged temperature (red curve) and salinity from 500-800 m (green curve) at M1. (b)
451  and (c) same as (a), but for M2 and M3.
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456  Figure 7. (a) The salinity and temperature data are shown a T-S scatter diagram at M1
457  where the color indicates SLAs. (b) and (c) are same as (a), but for M2 and M3. (d), (e)
458  and (f) are T-S plots of 500-800 m averaged temperature and salinity data from CMEMS
459  product in the intermediate layer corresponding to the locations of M1, M2, and M3,
460  respectively.
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461  The ISV of NPIW induced by mesoscale eddies

462  The presence of an ~80-day intraseasonal signals in the SLA that is consistent across
463  moorings M1 to M3, along with its positive correlation, indicates that surface signals
464  can significantly influence water mass changes at depths up to nearly 800 m in the
465  ocean. To investigate the origin of the SLA signal, we analyzed the propagation of SLA
466  over time along section at the same latitude as the moorings during the observation
467  period. The SLA variations for observation periods M1, M2, and M3 are depicted in
468  Fig. 8a, 8c and 8e, respectively, revealing westward-propagating alternating positive
469  and negative band-shaped signals consistent with mesoscale eddy characteristics. To
470  more precisely examine the link between the mesoscale eddies and variations in salinity
471 of intermediate layer, we analyzed the longitude-time lag correlations between them as
472  depicted in Fig. 8b, 8d and 8f. The correlation coefficients at all three locations reveal
473  significant band-shaped patterns, with variations periods approximately between 60 to
474 80 days. The highest correlation coefficients recorded were 0.61, 0.5 and 0.6 for M1,
475 M2 and M3, respectively. These findings indicate that the intraseasonal variability of
476  temperature and salinity within the intermediate layer are closely associated with the
477  westward propagation of mesoscale eddies. Considering existing research that has
478  shown the impact of mesoscale eddies can reach depths beyond 1000 m (Zhang et al.,
479  2015; Thoppil et al., 2011; Zhang et al., 2016; Zhang et al., 2015; George et al., 2021;
480  Waite et al., 2016; Hausmann et al., 2017), it can be inferred that the periodic changes
481  in water masses above 800 m observed at the three different mooring locations and
482  times in this study are significantly influenced by mesoscale eddies.

483  The above studies were based on analyses across entire time series, below we conduct
484  some case analyses by selecting moments of significant changes of temperature and
485  salinity at intermediate layer, also that is characterized by large positive or negative
486  anomalies of salinity, to investigate the presence of mesoscale eddies at the sea surface.
487  Atthe M1 mooring site, we identified two moments Event 1 and Event 2 corresponding
488  to higher salinity and lower salinity events, where time of Event 1 and Event 2 is
489  October 15,2017 in Fig. 6a and November 29, 2017 in Fig. 6a, respectively. Then the
490  SLAs and current field distributions are extracted for these moments shown in Fig. 9a
491  and 9b. Notably, during the high salinity event, an anticyclonic eddy was present at the
492  sea surface above the observation site, while during the low salinity event, the SLA and
493  current field exhibited characteristics of a cyclonic eddy. More consistently, a similar
494  phenomenon is observed at the positions of the M2 and M3 distributed along the
495  western boundary, shown in Fig. 9c to Fig. 9f. The changes in temperature and salinity
496  at intermediate water observed by these moorings, distributed at different times and
497  locations can be combined with the oceanographic process of mesoscale eddies. And at
498  least at the moments of high variability there is a relationship between the increase in
499  temperature and salinity caused by anticyclonic eddies and the decrease in temperature
500 and salinity caused by cyclonic eddies.

501
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506  Figure 8. (a) The longitude-time contours of the SLAs along 25 °N; (b) The correlation
507  coefficient between salinity at M1 and SLA at different time lags, the vertical
508  coordinates -100 to 100 days in (b) represent SLA lagging salinity for 100 days and
509  SLA exceeding salinity for 100 days, respectively. (c) and (e) are same as (a), but its
510 along 22.3°N and 18°N, respectively. (d) and (f) are same as (b), but for salinity from
511 M2 and M3, respectively. The black contours indicate the zero-line values. The green
512  dash line represent the location of M1, M2 and M3, respectively.

513
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516  Figure 9. (a) and (b) are selected SLAs and surface geostrophic current maps

517  corresponding to the moments of high salinity (Event 1) and low salinity (Event 2)
518  observed from M1, respectively, where time of Event 1 corresponds to October 15,
519 2017 in Fig. 6a, and Event 2 corresponds to November 29, 2017 in Fig. 6a. (c) and (d)
520 are same as (a) and (b), but for mooring site M2, where time of Event 1 and Event 2 at
521 M2 corresponding to April 20, 2020 and March 5, 2020 showed in Fig. 6b. (e) and (f)
522  are same as (a) and (b), but for mooring site M3, where time of Event 1 and Event 2 at
523 M3 corresponding to April 10, 2016 and April 15,2017 showed in Fig. 6¢c. The green
524  dots denotes the mooring site, the colors shading represent the SLAs and the arrows
525 indicate the surface geostrophic current.

526

527  The mechanism of NPIW variations influenced by mesoscale eddies

528  Direct observations from moorings are undoubtedly the most effective method for
529  research. Although the variations in temperature and salinity at several moorings are
530 correlated with mesoscale eddies, it is challenging to understand from a broader
531  perspective how mesoscale eddies influence intermediate layer temperature and salinity
532  changes in different regions. Therefore, we turned to reanalysis data to analyze the
533  mechanisms by which mesoscale eddies affect NPIW. We selected temperature, salinity,
534  and current field data from the Copernicus Marine Environment Monitoring Service
535 (CMEMYS) product, which has been described in detail in the Data and Methods section.
536  To ensure a rigorous analysis, we need to make a reasonableness judgment about the
537  data selected. Power spectral analyses were performed on the reanalysis data for the
538  same observation periods at the locations of the three moorings to verify the presence
539  of intraseasonal signals. The results well presented in Fig. 10 showed ~60-80 days
540  intraseasonal cycles in salinity at intermediate layer at all three locations, also this result
18
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541  generally consistent with mooring observations. Next, we compared scatter plots of
542  temperature and salinity with SLA, with the results displayed in Fig. 7d, Fig. 7e and
543  Fig. 71, corresponding to observations from moorings M1, M2, and M3 in Fig. 7a, Fig.
544  7band Fig. 7c, respectively. From these figures, we identified a consistent pattern from
545 ~CMEMS product data with the mooring observations: higher temperatures and
546  salinities were associated with positive SLA, and lower temperatures and salinities
547  corresponded to negative SLA. Thus, the intermediate layer temperature and salinity
548  characteristics from the reanalysis data showed results consistent with observations. As
549  this paper is a qualitative analysis of the relationship between temperature and salinity
550  variations and mesoscale eddies, these features obtained from reanalyzing data that are
551  consistent with the real measurements can be used in the discussion that follows.
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554  Figure 10. (a) The power spectrum density of 500-800 m averaged salinity at location
555  of M1 from CMEMS data. (b) and (c) are same as (a), but for location of M2 and M3,
556  respectively. The red dash line represent the 95% confidence level.

557

558

559  This study concentrates on the observation of low and high salinity events in the
560 intermediate layer at mooring M1, also prior analyses have identified an intraseasonal
561  signal with inverse phase characteristics at a depth of 700 m, as shown in Fig. 5.
562  Consequently, reanalysis data was employed to calculate the averages of the current
563  field and salinity distribution at depths ranging from 500 to 700 m and 700 to 900 m,
564  with results displayed in Fig. 11ato 11d. The composite current field distribution clearly
565  shows the presence of typical anticyclonic and cyclonic eddies during high salinity and
566  low salinity events, respectively. In high salinity events, anticyclonic eddies were found
567  to cause an increase in salinity (and correspondingly temperature increase) in the 500
568 mto700 m (Fig. 11a), while inducing lower salinity in the 700 to 900 m layer (Fig. 11c).
569  This suggests that around the core depth of the intermediate water, anticyclonic eddies
570 leadto increased salinity above it and lower salinity below it. During low salinity events
571  showed in Fig. 11b and 11d, the significant presence of cyclonic eddies results in lower
572  salinity characteristics at 500-700 m and relatively higher salinity at 700-900 m. Fig.
573 11 also shows that even away from the mooring points, nearby anticyclonic and
574  cyclonic eddies cause similar characteristics. These distinct salinity changes during
575 anticyclonic (cyclonic) eddy periods are related to the eddies' internal vertical transport.
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576  Inthe North Pacific region, the salinity profile structure is inversely S-shaped, with two
577  peaks indicating high salinity features in the subsurface layer and low salinity in the
578  intermediate layer. Thus, when anticyclonic eddies occur, the downward movement of
579  water masses within the eddy causes subsurface high temperature and high salinity
580  water to mix into the intermediate layer, leading to increased temperature and salinity
581 at intermediate layer. Similarly, this downward movement causes low salinity
582  intermediate layer water to mix downwards, resulting in relatively lower temperature
583  and salinity characteristics in the deeper layer. Conversely, when cyclonic eddies occur,
584 their internal upward movement causes low salinity water at intermediate layer to mix
585 upwards, resulting in low temperature and salinity characteristics above the
586  intermediate layer, while the upward mixing of deeper high salinity water masses leads
587  to increased temperature and salinity anomalies in the intermediate layer. These
588 phenomena demonstrate how the eddies' internal relative movements can alter local
589  temperature and salinity, causing thermohaline mixing.

590  For the observations near the western boundary at moorings M2 and M3, it is not only
591 the anomalies in temperature and salinity caused by the internal movements of
592  mesoscale eddies impact the intermediate water masses. Moreover, due to the relatively
593  complex surrounding water mass structure, the variations might differ from those at M1.
594  Near M2 mooring location, existing studies have indicated the influence of South China
595 Sea Intermediate Water (SCSIW) and Kuroshio Intermediate Water (KIW), with
596  Mensah et al., (2015) and Ren et al. (2022) providing a detailed analysis of the factors
597  affecting intermediate water changes at this location using servals cruise observation
598  data and nearby mooring data. Revisiting Fig. 12, we observe significant differences in
599  salinity caused by anticyclonic and cyclonic eddies. During anticyclonic eddies, higher
600  salinity SCSIW may flow out of the Luzon Strait under the influence of mesoscale
601  eddies, leading to increased intermediate layer salinity east of Taiwan. Conversely,
602  under cyclonic eddies, it seems less likely for SCSIW to flow out to the western pacific
603  through the Luzon Strait, resulting in relatively lower salinity. For M3 mooring location,
604  located at the southwestern edge of the NPIW distribution in the entire North Pacific
605  (Fig. la), the water masses to the south have relatively higher salinity. Therefore, during
606  anticyclonic eddy events, it appears that anticyclonic eddies can draw higher salinity
607  water masses from the south into northern positions (Fig. 13a), while during cyclonic
608 eddy events, the opposite occurs, with cyclonic eddies seemingly pushing relatively
609  lower salinity water masses southward (Fig. 13b). Wang et al. (2016) also demonstrated
610 at 8N that eddies can act as mixers when there are differences in water mass
611  characteristics between the Northern and Southern Hemispheres. Although M3
612  mooring location is further north than that studied by Wang et al., (2016), the
613  mechanism appears to share similar characteristics to some extent.

614  With the above analysis, despite the inconsistencies in the depth and characteristics of
615  the intermediate water masses, or the complexity and variability of certain localized
616  water masses, we find the property that anticyclonic eddies lead to higher temperatures
617  and salinities in the NPIW, while cyclonic eddies lead to lower temperatures and
618  salinities in the NPIW. Given the prevalence of mesoscale eddies in the ocean, this
619  continuous stirring process by mesoscale eddies enhances thermohaline mixing and
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620  energy exchange in the upper layers of the ocean.
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624  Figure 11. (a) Composite map of salinity (colors) and current (blue arrows) averaged
625  between 500 to 700 m at high salinity event around the M1. (b) Composite map of
626  salinity (colors) and current (blue arrows) averaged between 500 m to 700 m at low
627  salinity event. (c) same as (a), but for 700 m to 900 m at high salinity event. (d) same
628  as(c), but for low salinity event. The black triangle is the mooring site.
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631  Figure 12. (a) Composite map of salinity (colors) and current (blue arrows) averaged
632  between 500 to 700 m at high salinity event around M2. (b) Composite map of

633  salinity (colors) and current (blue arrows) averaged between 500 m to 700 m at low
634  salinity event around M2. The black triangle is the mooring site M2.
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639  Figure 13. (a) Composite map of salinity (colors) and current (blue arrows) averaged
640  between 500 to 700 m at high salinity event around M3. (b) Composite map of salinity
641  (colors) and current (blue arrows) averaged between 500 m to 700 m at low salinity
642  event around M3. The black triangle is the mooring site M3.

643

s«  Conclusion

645  In this study, we conducted direct observations of the temperature and salinity of the
646  North Pacific Intermediate Water (NPIW) over a period exceeding 14 months using
647  three moorings deployed at different locations and measuring times in the North Pacific.

648  The observations revealed that the core low salinity depths of NPIW at locations M1,
22
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649 M2, and M3 are approximately 700m, 600m, and 550m, respectively. The lowest
650  salinity minima observed was around 34.15 psu at M1, with M2 having slightly higher
651  salinity and M3 the highest. It was also noted that the intermediate water near the
652  western boundary at location M2 exhibited a larger range of variation between 34.1 psu
653  to 34.35 psu, and the isopycnal depths at 26.80y varied by more than 100 meters. While
654  the intermediate water at M1 having a deeper depth, showed relatively minor variations
655  of minimum salinity. Wavelet analysis revealed that NPIW exhibits a consistent
656  intraseasonal variability characteristic, with the cycles at locations M1, M2, and M3
657  estimated to be approximately 60~80 days.

658 By analyzing data from the AVISO satellite altimetry, we have discerned that the
659  intraseasonal variations of the NPIW are attributable to the westward propagating of
660 mesoscale eddies. This conclusion is supported by the computation of correlation
661  coefficients between SLA and intermediate layer salinity at three distinct locations,
662  designated M1, M2, and M3, which yielded values of 0.61, 0.5, and 0.6, respectively.
663  These findings suggest a significant relationship between SLA and salinity variations
664  in these regions. Further by case studies, we have elucidated the influence of mesoscale
665  eddies on the thermohaline properties of the intermediate layer. Specifically, during the
666  occurrence of anticyclonic eddy events, the NPIW exhibits characterized of higher
667  temperature and salinity, whereas cyclonic eddy periods are associated with a decrease
668  in both temperature and salinity in the NPIW.

669  Simultaneously, global observational three-dimensional temperature and salinity data
670  products were employed to analyze the mechanisms by which mesoscale eddies induce
671  changes in NPIW. Due to the variability in background circulation characteristics and
672  water mass properties across different regions, the mechanisms of variation of NPIW
673  at the locations of the three moorings exhibit some differences. At the M1 location, an
674  inverse phase change in temperature and salinity occurs above and below a depth of
675 700 m. The appearance of anticyclonic eddies induces downward transport, leading to
676  positive anomalies in temperature and salinity in the intermediate layer due to the
677 downward movement of higher salinity of subsurface waters, while the downward
678 movement of lower salinity intermediate layer waters results in negative anomalies
679  below 700m. At the M2 location, influenced by the Kuroshio, mesoscale eddies,
680  SCSIW and KIW, temperature and salinity changes are not only affected by the vertical
681  movement within eddies but may also be influenced by the outflow of SCSIW through
682  the Luzon Strait, as suggested by Mensah et al. (2015) and Ren et al. (2022). Their
683 research found that anticyclonic (cyclonic) eddies could enhance (weaken) the
684  Kuroshio and increase (reduce) the passage of SCSIW through the Luzon Strait,
685  resulting in relatively higher (lower) temperature and salinity changes near the M2
686  location. At M3, located at the edge of the NPIW distribution based on the 26.8
687  isopycnal distribution, the region is characterized by relatively higher salinity
688  intermediate water masses to its south. Thus during anticyclonic eddies, higher salinity
689  southern water masses are drawn into the northern positions, while during cyclonic
690  eddies, relatively lower salinity northern intermediate water masses are pushed
691  southward. Also the result found that under the influence of the eddy, the change in
692  salinity in the intermediate layer can reach to 0.3 psu, and the depth of the low-salt core
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693  can vary by hundreds of meters.

694  Therefore, NPIW demonstrates consistent intraseasonal variability across a range of
695 latitudes and spatiotemporal scales. This consistency is largely attributed to the NPIW's
696  location within zones frequently impacted by mesoscale eddies. These dynamic features
697  exert a continuous influence on the NPIW, modulating its properties and behavior.
698  Given the pivotal role of mesoscale eddies in shaping the characteristics of intermediate
699  waters, future research should prioritize the investigation of their contributions to heat
700  and energy fluxes within the ocean's intermediate layer. Such studies are crucial for
701  understanding the mechanisms underlying the NPIW's formation and evolution,
702  particularly in the context of ongoing climate change. Furthermore, elucidating the
703  interactions between the NPIW and the global carbon cycle will enhance our
704  comprehension of its significance within the marine carbon budget. Additionally,
705  exploring the NPIW's influence on marine ecosystems will provide valuable insights
706  into its ecological role, offering a more holistic understanding of its importance in the
707  broader context of oceanography and climate science.
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