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Introduction 
Text S1 in this supporting information provides extended description of long-term variabilities in physical properties in the North Pacific Subtropical Gyre. Figures in this supporting information are additional results of long-term variabilities in biogeochemical properties and observed concentrations of particulate organic carbon (POC) in the North Pacific Subtropical Gyre.



Text S1. Long-term variabilities in physical properties in the North Pacific Subtropical Gyre (NPSG)
Sea Surface Temperature
The average SST in the global ocean (excluding perennial sea ice regions) has a warming trend of 0.011°C yr-1 between 1981 and 2018 (Bulgin et al., 2020), which has been shown to be accelerating (Bâki Iz, 2018; Cheng et al., 2019; Cox et al., 2000; Koven et al., 2011). The warming is also spatially inhomogeneous with a faster rate at higher latitudes (Deser et al., 2010). SST in the NPSG was reported to increase at 0.012℃ yr-1 between 1998 and 2013 (Signorini et al., 2015), which is higher (0.021℃ yr-1) when we extend the analysis period to 1998 – 2021 (Fig. 19a). The rate is even higher (0.027℃ yr-1) if we focus on the later period (2004 – 2021) using Argo float measurements (Fig. 19a). We note that the rate estimates are likely affected by the global warming hiatus in 1998 – 2012 (Medhaug et al., 2017) and the warming anomalies in the northeastern Pacific in 2014–2016 and later on (Fig. 19c) (Bulgin et al., 2020; Gentemann et al., 2017).
Sea Surface Salinity
Salinity changes have more complex spatial variability than temperature changes. Based on the Simple Ocean Data Assimilation reanalysis dataset(Carton and Giese, 2008), the averaged SSS increases by 0.12 psu in the global subtropical gyres over 1950 – 2010 (Melzer and Subrahmanyam, 2015). In the North Pacific, SSS increased in the central NPSG (evaporation-dominated region), whereas decreased in the western Pacific Warm Pool and the North Pacific subpolar region (precipitation-dominated regions) (Durack et al., 2012; Skliris et al., 2014). At Station ALOHA in the eastern NPSG, SSS exhibited a relatively strong increasing trend (0.008±0.001 psu yr-1) from 1989 to 2016 (Kavanaugh et al., 2018). For the whole NPSG region, SSS has a negative trend based on either remote sensing data over 1998 – 2021 or Argo float data over 2004 – 2021 (Fig. 19d).
Stratification and Mixed Layer Depth
With changing ocean temperature and salinity, long-term changes in stratification and mixed layer depth (MLD) are expected. Recent observational studies have shown that vertical stratification has been enhanced globally (Li et al., 2020; Sallée et al., 2021). Increased vertical stratification in the upper ocean was shown to be clearer in the central and eastern NPSG (Dave and Lozier, 2013; Sallée et al., 2021). In the northwestern NPSG, however, Kim et al. (2022) suggested that the observed warming trend at 300 – 500 m would result in decreased stratification and enhanced vertical mixing in the upper ocean. Enhanced ocean stratification can lead to shoaling of the mixed layer, which can result in greater warming during the warm summer months relative to the winter (Jo et al., 2022). Using the Argo float records, we find a shoaling trend of MLD (−0.265 m yr-1) accompanied by a trend of enhanced thermocline stratification (8.4×10-3 s-2 yr-1) in the NPSG (Fig. 19g, j). Our correlation analyses indicate that the shoaling MLD and increased thermocline stratification trends are likely determined by trends in both SST and SSS (Table 6). However, several recent studies suggest that these trends are seasonally specific. For example, Sallée et al. (2021) described that summertime MLD increased globally, while (S. Sugimoto, 2022) indicated a decreasing wintertime MLD in the northwestern NPSG, as MLD could be further modulated by wind-driven processes in addition to warming.
The time-series of the parameters are subtracted by the climatological monthly mean values before being analyzed (see text). Values of significant trends are marked by * (p < 0.05) or ** (p < 0.01). SST: sea surface temperature; SSS: sea surface salinity; MLD: mixed layer depth; N2: squared buoyancy frequency.
Water Masses
In the western NPSG, observations along 165°E showed that the North Pacific Tropical Water (NPTW) demonstrated an interannual or longer-timescale variation with significant warming and salinification (~0.005 psu yr-1) (Kawakami et al., 2020). The North Pacific Subtropical Mode Water (STMW), which forms in the Kuroshio Extension recirculation gyre region, has warmed at twice the rate of surface warming averaged over the global ocean (Shusaku Sugimoto et al., 2017) and has freshened, particularly over the last 20 years (Oka et al., 2017). The STMW formation rate appears to have decreased in recent decades, due to the contracted ventilation area and the decreased MLD (B Wu et al., 2021). Such long‐term trends in the STMW may lead to warming and freshening in the main thermocline/halocline below the NPTW (Nakano et al., 2007; Oka et al., 2017) through its subduction and advection to the NPSG.
Circulation
Increased vertical stratification due to surface warming has been shown to accelerate circulation in the upper ocean of subtropical gyres (Peng et al., 2022). Additionally, poleward shift of subtropical WBCs due to changes of atmospheric circulation in a warming climate (L Wu et al., 2012; Yang et al., 2016) appear to be linked with the poleward expansion of subtropical gyres (Meng et al., 2021; Yang et al., 2020). In the North Pacific, both the subtropical front and the Kuroshio Extension front have shifted poleward (L Wu et al., 2012; Xu et al., 2022), likely affecting the properties and distributions of STMW in the central gyre. Numerical models also predict significant changes in WBCs and subtropical gyres due to warming. For example, the Coupled Model Intercomparison Project Phase 3 models show warming-related poleward expansion of subtropical gyres in both the North and South Pacific (Zhang et al., 2014). The poleward shift of the Kuroshio extension front is projected to be up to 2° in latitude within the late twenty-first century in the extreme climate warming case, the representative concentration pathway (RCP) 8.5 (Nishikawa et al., 2020). Under the moderate warming case RCP 4.5, Wang et al. (2015) showed an intensified gyre circulation in the upper layer of the NPSG and suggested that the strengthened stratification due to surface warming was the dominant driver. Sea surface warming was further shown to cause an intensified upper-layer Kuroshio current in RCP 4.5 (Chen et al., 2019). In a low warming scenario (RCP 2.6), Ju et al. (2020) also reported a strengthened NPSG circulation from the surface layer down to the main thermocline driven by changes in both surface wind and stratification.
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Figure. S1. The anomalies of average concentrations of nitrate (a), phosphate (b) and silicate (c) in North Pacific Subtropical Gyre to their monthly climatology.
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Figure S2. The ranges of North Pacific Subtropical Gyre based on 6-year mean chlorophyll remote sensing. Ranges defined by the Chl-a contour at (a) 0.07 mg m-3 and (b) 0.1 mg m-3. Black, blue, magenta, and red contours indicate ranges over 1998–2003, 2004–2009, 2010–2015, and 2016–2021, respectively.
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Figure S3. Observed particulate organic carbon (POC) concentrations (a) integrated in upper 150 m and (b) in surface waters.
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Figure S4. Long-term trend (p<0.01) of depth at potential density (σθ) of 24.5 kg m-3 at Station ALOHA. 
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Surface nutrients anomalies from 1962 to 2020
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