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Bottom circulation in the abyssal Caroline Sea is an important component of the global meridional overturning circulation. By use of a high-resolution regional ocean model, the influence of tidal mixing processes on bottom water and circulation in the Caroline Sea is investigated. Based on different configurations for diapycnal diffusivities of tidal mixing, three numerical experiments are performed: one completely without tidal mixing, one only with local tidal mixing due to the locally dissipated tidal energy, and one considering tidal mixing processes induced by the total dissipated tidal energy. The results show that tidal mixing processes in the abyssal Caroline Sea could sustain a relatively high horizontal density gradient and hence baroclinic pressure gradient not only across the two deep-water passages connecting to the open ocean, but also within the abyssal West Caroline Basin (WCB) and East Caroline Basin (ECB). Therefore, tidal mixing processes could maintain the large amounts of bottom water inflow, intensify the bottom basin/subbasin-scale horizontal circulation, and drive a more vigorous meridional overturning circulation in the abyssal WCB and ECB. Moreover, simulations of bottom water transport in the experiment with tidal mixing processes are more consistent with previous observations and estimates. These results suggest that tidal mixing processes play a crucial dynamic role in the bottom circulation, and is essential for ocean modelling.
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1 Introduction

Meridional overturning circulation (MOC) plays a crucial role in sustaining the global transport of water, heat and substances (e.g., Talley, 2013), and its variability may affect the regional climate change in global warming period (e.g., Zhao et al., 2023). The upwelling of the relatively cold and saline deep water that occurred in the tropical Pacific Ocean is an important component of the global MOC. The Caroline Sea is located in the tropical western Pacific Ocean, with two semi-enclosed abyssal basins, namely the West Caroline Basin (WCB) and the East Caroline Basin (ECB). Below 4000 m depth, the WCB and ECB are isolated without direct water exchange with surrounding oceans. Yet, the bottom water in the East Mariana Basin (EMB), mainly composed of the Lower Circumpolar Deep Water (LCDW; Kawabe and Fujio, 2010), can flow into the WCB by passing through the Yap Trench (YT; Kaneko et al., 1998) and enter the ECB via the channel near the East Fayu (hereinafter referred to as EFC; Siedler et al., 2004). Thus, net upwelling must occur in the bottom water of the two basins to compensate the overflow. Kawabe and Fujio (2010) speculated that about 2 Sv (1 Sv = 106 m3 s-1) of LCDW upwells into the upper deep layer and ultimately into the surface/intermediate layer in the WCB and ECB, which contributes about one third of the total water (6 Sv) upwelling into the surface/intermediate layer in the North Pacific. It is therefore essential to investigate the bottom water and circulation as well as the potential thermodynamics mechanism in the Caroline Sea for better understanding of the global MOC.

However, there have been only limited studies on the bottom layer of the Caroline Sea over the past several decades, which were mainly based on quite sparse observations. Using the full-depth high-resolution hydrographic measurements along the WHP-P9 section (137°–142°E), Kaneko et al. (1998) showed that the bottom water properties over the YT and in the WCB were almost the same as that in the southern West Mariana Basin (WMB), and suspected that a part of EMB bottom water entered the WCB via the YT with a transport estimated to be 0.5–1.0 Sv. Kawabe et al. (2003) used several CTDO2 section observations to describe the near-bottom layers water in the ECB at 150°E and the WCB at 140°E, which were much warmer, fresher and less oxygenated than that in the WMB. By both geostrophic flow calculations and independent sill current measurements, Siedler et al. (2004) confirmed that the LCDW could enter not only the WMB but also the ECB, and obtained a geostrophic transport of 0.45 Sv below 4000 m at the EFC. Kawabe and Fujio (2010) proposed that the total LCDW inflow to the WCB and ECB was speculated to be about 2 Sv based on the diagnostic calculations from hydrographic data. The observations in the YT by Liu et al. (2018; 2020; 2022) indicated a northward geostrophic deep flow over the sill between the southern and northern trench, a southward (northward) flow in the western (eastern) region of the southern trench, and a southward overall transport. By analyzing the historical measurements from the World Ocean Database 2018, Germineaud et al. (2021) also showed the evidence for the existence of the LCDW in the ECB below 4000 m. Due to the difficulty of observation in the deep and bottom water, there is still a huge lack of sufficient observational hydrographic and current data in the bottom layer of Caroline Sea, thus the amount of water inflow and the detailed distributions of water properties and circulation in the abyssal WCB and ECB remain largely unclear.

Diapycnal mixing is thought to be one of the most important controlling factors of the global ocean stratification and MOC (Marshall and Speer, 2012; Talley, 2013). One of the energy sources for diapycnal mixing is the internal tides generated by the interaction of barotropic tides with rough seafloor topography, with a global energy conversion of about 1 TW in the deep ocean (Egbert and Ray, 2000; Jayne and St. Laurent, 2001; Niwa and Hibiya, 2014), which contributes about half of the total (2 TW) required to sustain the global MOC (Munk and Wunsch, 1998). The WCB and ECB are surrounded by numerous submarine ridges and seamounts, where energetic internal tides are generated (Niwa and Hibiya, 2001; Buijsman et al., 2017). Part of the internal tides would be dissipated locally near the generation sites, and the other part would propagate away and be dissipated somewhere else, including the WCB and ECB (Niwa and Hibiya, 2011; Zhao et al., 2016). Therefore, it is speculated that tidal mixing (diapycnal mixing induced by internal tides dissipation) could be an essential driving force for the bottom water transformation and overturning circulation in both the WCB and the ECB. However, the observations and estimates of diapycnal/tidal mixing in the two basins were hardly reported. Siedler et al. (2004) estimated the diapycnal mixing that is required to balance the LCDW inflow to the ECB as the order of O(10-3) m2 s-1. Some important issues remain unclear, such as how the three-dimensional spatial distribution of tidal mixing exhibits in the Caroline Sea, to what extent tidal mixing could influence the bottom water exchange between the basins, and whether tidal mixing contributes to the basin/subbasin-scale distributions of bottom water and circulation within the basins.

In this study, we will construct a regional ocean model, and carry out a series of numerical experiments by employing different diapycnal diffusivities of tidal mixing. The vertical resolution of our model is not fine enough to directly simulate diapycnal mixing induced by internal wave breaking. Thus, even if the barotropic tide is set as the direct driving force in the model, the tidal dissipation and mixing processes still cannot be actually resolved. Therefore, the parameterization of diapycnal diffusivities is needed in the model to represent the mixing processes more accurately. Moreover, because the abyssal observations available for model validation are rather sparse and the impacts of diapycnal mixing on simulation biases would depend largely on individual model configuration (Melet et al., 2013), we will not focus on the possible improvements of the model in this study. Instead, the sensitivity of the ocean state to tidal mixing are not expected to be model dependent. Thus, the purpose of this paper is to investigate the influence of tidal mixing on the bottom water properties and circulation in the Caroline Sea, as well as the potential dynamic mechanisms.

This paper is organized as follows: The estimate of tidal mixing and the configuration of regional ocean model are introduced in Section 2. The results of the numerical experiments are presented and analyzed in Section 3. Finally, summary and discussion are given in Section 4.




2 Methods



2.1 Tidal mixing estimate

Diapycnal diffusivities of tidal mixing are estimated by two methods with the same horizontal and vertical resolution in this study. One method is a semi-empirical parameterization scheme proposed by St. Laurent et al. (2002, hereinafter referred to as LSJ02):

	

This scheme first calculates the two-dimensional internal tides energy flux E (Jayne and St. Laurent, 2001):

	

Where   is the reference density,   is the buoyancy frequency at the seafloor, and both are calculated from the World Ocean Atlas 2013 version 2 (WOA13v2, Locarnini et al., 2013; Zweng et al., 2013). k is the wavenumber scale of the seafloor topographic roughness, set as a spatial constant of 2π/(5 km) throughout the domain. h2 is the amplitude scale of the seafloor topographic roughness, which is computed as the mean-square of height deviations from a polynomial sloping surface fit of the seafloor topography to a plane over a grid box, using the high resolution (1/120°) bathymetry data of the Gridded Bathymetric Chart of the Oceans (GEBCO) (http://www.gebco.net/).   is the tidal-period mean of squared barotropic tidal speed computed from the results of our internal tide model introduced below. Then, a local dissipation efficiency q = 0.3 is set according to the LSJ02, to obtain the portion that dissipated near the generation sites of internal tide.

After that, to obtain a three-dimensional distribution that satisfies energy conservation within an integrated vertical column, a vertical structure function   is adopted,

	

which assumes that local tidal dissipation are bottom intensified and exponentially decay away from the seafloor with a vertical e-folding decay scale ζ = 500 m and the total depth of water column D. Finally, the three-dimensional field of diapycnal diffusivities κ is derived by use of the relation of Osborn (1980), with the mixing efficiency Γ= 0.2, seawater density ρ, squared buoyancy frequency N2, and a background diffusivity κ0 = 1×10-5m2 s-1. Refer to St. Laurent et al. (2002) for detailed descriptions of this method. The LSJ02 scheme only takes into account the local part of tidal dissipation, while ignores the part that propagates and dissipates away from the generation sites.

The other method follows the work of Wang et al. (2016). Firstly, a three-dimensional high-resolution internal tide model is constructed to simulate the generation and propagation of internal tides. The model is based on the Massachusetts Institute of Technology General Circulation Model (MITgcm; Marshall et al., 1997), and its domain extends from 112°E to 165°E and from 25°S to 45°N, covering the entire of the Philippine Sea, the Indonesian Archipelago, the Caroline Sea and the EMB, as well as part of the northwest Pacific Basin (Figure 1A). The horizontal resolution is 1/20°×1/20°, and the vertical layers are 82 z-levels with the thickness of layers gradually increased from 5 m near surface to 200 m above the bottom. The model is initialized with horizontally homogeneous and vertically stratified temperature and salinity fields obtained from the WOA13v2 data, and forced by four primary tidal constituents (M2, S2, K1, and O1) at the open boundaries. Then, using the output of internal tide model, the depth-integrated barotropic-to-baroclinic energy conversion   and the divergence of depth-integrated baroclinic energy flux   are calculated. Assuming the tidal-period mean of internal energy density is constant at a fixed area and neglecting the advection of internal energy, the tidal-period mean of depth-integrated dissipation rate can be approximately estimated as:




Figure 1 | (A) Bathymetry (unit: m) of the model domain, and (B) zoomed‐in bathymetry (unit: m) of the Caroline Sea in the black dashed box in (A). Three red boxes in (B) indicate the regions used to calculate area-averaged potential density profiles, including the EMB (150°-152°E, 10°-12°N), WCB (136°-138°E, 3°-5°N) and ECB (150.5°-152.5°E, 3°-5°N), respectively. Two magenta lines in (B) represent the sections used to calculate water flux between upstream regions and the WCB/ECB, respectively. The grey contours represent the 4000-m isobaths. WMB, West Mariana Basin; EMB, East Mariana Basin; WCB, West Caroline Basin; ECB, East Caroline Basin; YT, Yap Trench; EFC, East Fayu Channel.



	

Finally, the three-dimensional field of diapycnal diffusivities is obtained by assuming the same vertical decay structure as in the LSJ02 scheme and the Osborn (1980) relation. Refer to Wang et al. (2016) for detailed descriptions of this method. Based on the internal tide simulation and the energy budget analysis (hereinafter referred to as ITSEBA), the total (both local and remote) tidal dissipation are taken into account in this method. Therefore, its estimates are relatively closer to the actual situation and thus more accurate for representing tidal mixing distributions, especially in abyssal basins where the energy of internal tides are mainly propagated from the surrounding rough topography. Note that in this study, the remote tidal dissipation/mixing at one site refers to the contribution from the internal tides which are generated at other far-field sites and finally broken to turbulence at this site, rather than the internal tides generated at this site and propagated away.

In this study, we will focus on the region of Caroline Sea and its surroundings (Figure 1B). Depth-integrated dissipation of internal tides is shown in Figure 2. The estimate from the LSJ02 scheme (Figure 2A) shows that the strong local dissipation mainly concentrates at some patches atop islands, submarine ridges and seamounts, with magnitude reaching O(10-2–10-1) W m-2; yet besides which, the local dissipation elsewhere is much weaker, with magnitude of O(10-4–10-3) W m-2 near ridges and above the Eauripik Rise, as well as O(10-6–10-5) W m-2 within the abyssal basins. The estimate from the ITSEBA method (Figure 2B) exhibits a significantly different pattern. Strong dissipation occurs extensively above submarine ridges and seamounts with dissipation rate of O(10-2) W m-2, while the dissipation within the abyssal basins is relatively weaker with magnitude of about O(10-3) W m-2. In general, the estimate from the ITSEBA method is one to three orders of magnitude stronger than that from the LSJ02 scheme. These discrepancies are due to the different tidal dissipation processes taken into account in these two methods.




Figure 2 | Depth-integrated dissipation (unit: W m-2) of internal tides estimated from (A) the LSJ02 scheme and (B) the ITSEBA method, respectively. The grey contours represent the 4000-m isobath.



Abyssal diapycnal diffusivities estimated from the two methods also show enormous differences on distribution patterns and magnitude (Figure 3). In the LSJ02 scheme (Figures 3A, C, E), strongest tidal mixing occurs only within some local narrow water columns, with magnitude of O(10-5–10-4) m2 s-1. Mixing in the ECB is much stronger than that in the WCB (Figure 3A), due to the much rougher bottom topography and hence more local dissipation occurred in the ECB. However, in the ITSEBA method (Figures 3B, D, F), strongest tidal mixing occurs throughout the bottom water of the two basins, as well as the two deep-water passages of YT and EFC. The elevated diapycnal diffusivity is about O(10-3–10-2) m2 s-1, and the thickness of bottom water exceeding O(10-3) m2 s-1 could reach 1000 m above the bottom. Compared to the estimate of LSJ02 scheme, the diapycnal diffusivities obtained from the ITSEBA method are increased not only in the deep basins of the Caroline Sea but also over the marine ridges and seamounts. The remotely-generated internal tides could impose a great impact on tidal mixing processes by multiple ways concurrently, such as providing enormous baroclinic tidal energy; modifying the local barotropic-to-baroclinic energy conversion, and interacting with the locally-generated internal tides (Wang et al., 2016). Tidal mixing estimated from the ITSEBA method is generally one to three orders of magnitude stronger than that from the LSJ02 scheme, and is more consistent with the estimate by Siedler et al. (2004).




Figure 3 | Cross-sectional distributions of diapycnal diffusivity (unit: m2 s-1) along (A, B) 4°N, (C, D) 138°E and (E, F) 150.75°E in the Caroline Sea, estimated from (A, C, E) the LSJ02 scheme and (B, D, F) the ITSEBA method, respectively. The white dashed lines represent contours of 1×10-3 m2 s-1.






2.2 Regional model configuration

A high resolution regional circulation model of the western Pacific Ocean is constructed based on the MITgcm, and the model domain is the same as the internal tide model (Figure 1A). The horizontal resolution is 1/10°×1/10°, and the vertical layers are the same as the internal tide model. Model bathymetry is obtained from the high resolution (1/120°) GEBCO data (http://www.gebco.net/). The initial temperature and salinity fields are monthly mean of January derived from the WOA13v2. The surface forcing of climatological monthly mean wind stress is calculated from the Cross-Calibrated Multiplatform (CCMP) datasets (Atlas et al., 2011). At the four open boundaries, the climatological monthly mean of potential temperature, salinity, as well as zonal and meridional velocities from the SODA version 2.2.4 (https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation) are applied, which is also used as the relaxations of sea surface temperature and salinity.

The horizontal viscosity coefficients are calculated with the Smagorinsky (1993) scheme, and the isopycnal diffusivity coefficients are set to be 500 m2 s-1. To eliminate spurious diapycnal mixing introduced by advection schemes, the Gent–McWilliams/Redi (GMRedi) subgrid-scale eddy parameterization (Redi, 1982; Gent and McWilliams, 1990; Gent et al., 1995) is adopted. The vertical viscosity coefficients and a portion of vertical diffusivity coefficients are calculated by the KPP scheme (Large et al., 1994), and the diapycnal diffusivities related to tidal mixing as estimated in section 2.1 are also added in the model. Three experiments are designed based on different tidal mixing configurations. The experiment NoTM only uses the KPP scheme with a uniform background diffusivity of 1×10-5 m2 s-1, that is, completely without consideration of tidal mixing. In experiment LSJ, diapycnal diffusivities calculated by the LSJ02 scheme are added, that is, only the local tidal mixing is considered. In experiment TM, diapycnal diffusivities estimated by the ITSEBA method are adopted, in which tidal mixing processes induced by the total dissipated tidal energy are taken into account.

All experiments start from rest and are integrated for 400 years. The total kinetic energy of all experiments at both the upper and deep layers reached quasi-equilibrium by the end of the 400-year simulation. In this study, we will focus on the results of Caroline Sea and its surroundings, and the average of model output in the last 10 model years are used for analysis.





3 Results



3.1 Bottom water properties

The potential density σ4 at 4000 m depth of the Caroline Sea is exhibited in Figure 4. The water properties are quite homogeneous both in NoTM (Figure 4A) and LSJ (Figure 4B), with σ4 of 45.860–45.862 kg m-3. In NoTM, σ4 of the WCB is a little lower than that of the ECB, and the contrary happens in LSJ. However in TM (Figure 4C), water properties are quite inhomogeneous both in the ECB and WCB, with the highest σ4 exceeding 45.855 kg m-3 near the north entrances and the lowest σ4 less than 45.840 kg m-3 along boundaries or at corners of both basins. The horizontal gradient of σ4 in TM is much higher than that in NoTM and LSJ, and gradually decreases from the entrance toward the interior of basins.




Figure 4 | Potential density σ4 (unit: kg m-3) at 4000 m of the Caroline Sea in the experiments (A) NoTM, (B) LSJ and (C) TM, respectively. The black contours intervals are 0.001 kg m-3. The grey contours represent the 4000-m isobaths.



To further examine the effect of tidal mixing on the deep water properties of the Caroline Sea, differences of potential temperature (Δθ) and salinity (ΔS) between LSJ/TM and NoTM are demonstrated through the cross-sectional distributions along 4°N in Figure 5 and the basin-averaged profiles in Figure 6. The Δθ and ΔS between LSJ and NoTM (Figures 5A, C) are both quite small in the two basins, with the basin-averaged differences less than ±0.02°C and ±0.002 psu (Figure 6), respectively. However, differences between TM and NoTM (Figures 5B, D) are distributed unevenly and significant, with a basin-averaged temperature increase of about 0.02–0.85°C and salinity decrease of 0.005–0.012 psu (Figure 6), respectively. In TM, the bottom water becomes warmer and fresher over the whole two basins, and relatively larger changes appear above the seafloor where the diapycnal diffusivities are also relatively higher (Figure 3B).




Figure 5 | Cross-sectional distributions along 4°N of the differences in potential temperature (Δθ, unit:°C) and salinity (ΔS, unit: psu) between (A, C) LSJ and NoTM, as well as between (B, D) TM and NoTM.






Figure 6 | Basin-averaged differences of (A) potential temperature (Δθ) and (B) salinity (ΔS) between LSJ/TM and NoTM, in the WCB and ECB, respectively.



In the abyss of WCB and ECB, the local tidal mixing is weak (Figure 3A), thus has rather little impact on the bottom water properties of the Caroline Sea as in LSJ. In contrast, the abyssal diapycnal mixing in the two basins is significantly enhanced by the total tidal dissipation (Figure 3B). Under large diapycnal diffusivities in TM, the simulated LCDW first gets strongly mixed with the overlying relatively warmer and fresher water while flowing through the YT and EFC, respectively, which results in the much lighter water intrusion into the abyssal WCB and ECB than in other two experiments. Then, the modified LCDW continuously experiences elevated diapycnal mixing while spreading throughout the basins, so that the horizontal gradients of potential density are strengthened and sustained (Figure 4C). These results suggest that tidal mixing processes could extremely enhance the bottom water transformation in the WCB and ECB at the basin scale.




3.2 Bottom water transport

At the entrances of the WCB and ECB along 7°N, one section near the YT and the other one near the EFC (Figure 1B) are used to explore the water exchange between the upstream regions and the two basins, respectively. The evolutions of water fluxes below 4000m in three experiments are shown in Figure 7, in which the positive (negative) value represents the outflow (inflow) for the WCB and ECB. In NoTM and LSJ, the bottom water fluxes are initially southward into the WCB through the YT (Figure 7A), and decrease gradually from the start of spin-up. A quasi-equilibrium inflow of about 0.02 Sv is obtained in LSJ, while in NoTM the water flux finally decreases from southward to an opposite direction of northward and thus becomes an outflow from the WCB of about 0.01 Sv. In contrast, the bottom water flux in TM increases rapidly during the first ~30 model years and finally achieves a quasi-equilibrium inflow at about 0.82 Sv. The comparisons of the transport among three experiments for the ECB (Figure 7B) are similar to that for the WCB (Figure 7A). The quasi-equilibrium bottom water inflow through the EFC into the ECB obtained in NoTM, LSJ and TM are about 0.09 Sv, 0.17 Sv and 1.02 Sv, respectively. Generally, the bottom water transports obtained in experiment TM are consistent with previous studies. The inflow to WCB in TM (0.82 Sv) is close to the upper bound (1.0 Sv) of Kaneko et al. (1998), both of which were calculated at sections of the same latitude (7°N). The inflow to ECB in TM (1.02 Sv) is more than twice that (0.45 Sv) of Siedler et al. (2004), the latter of which was calculated at a further north positon of 8°40′N. The total transport into two basins is 1.84 Sv in TM, which is quite close to the estimate of 2.0 Sv by Kawabe and Fujio (2010). In contrast, the bottom water transports in experiments NoTM and LSJ are seriously underestimated in comparison with previous studies, which are one order of magnitude and more than 40% weaker for the YT and the EFC, respectively.




Figure 7 | Time evolutions of water flux (unit: Sv) below 4000 m between upstream regions and the two basins, respectively: (A) WCB; (B) ECB.



To further explain the impact of tidal mixing processes on the bottom water transport, the differences of σ4 between the EMB and WCB (Figure 8A), as well as that between the EMB and ECB (Figure 8B) are illustrated with area-averaged profiles (The results are not sensitive in qualitative to the selection of areas, not shown). In NoTM and LSJ, either without tidal mixing or only with weak local tidal mixing, the gradient of σ4 and thus that of the horizontal pressure between the EMB and WCB/ECB cannot be sustained. In this circumstance, the bottom water transport into WCB/ECB cannot be driven continuously and thus decreases gradually. As a result, after sufficient long model integration, the bottom water fluxes finally reach a rather small inflow or even outflow state in NoTM and LSJ. In contrast, the bottom water transport in TM can reach a quasi-equilibrium state with a much higher magnitude. This is because that with the elevated tidal mixing in both the YT (EFC) and WCB (ECB), the consistent watermass transformation and hence the required horizontal pressure gradient force can be maintained. These results of our experiments reveal that tidal mixing processes play key roles in sustaining the bottom water transport into the abyssal WCB and ECB.




Figure 8 | Area-averaged profiles of potential density differences   between (A) the EMB and WCB, as well as (B) the EMB and ECB in different experiments. The areas are marked with three red boxes in Figure 1B.






3.3 Bottom circulation

The vertically averaged horizontal currents below 4000 m in the Caroline Sea in three numerical experiments are shown in Figure 9. In NoTM (Figure 9A) and LSJ (Figure 9B), bottom circulations are extremely weak in the whole two basins, as a result of the rather weak horizontal density gradients within basins (Figures 4A, B). In contrast, the simulated bottom circulation in TM is much stronger (Figure 9C) with complex subbasin-scale structures. After entering the WCB through the YT, the current bifurcates into two branches, one is an eastward flow, and the other flows southward along the western boundary. The latter turns eastward at the central of the basin, and bifurcates into two branches again, among which one continues eastward and turns southward at the eastern boundary, while the other turns southward and then westward to become a western boundary current in the southernmost region. In the ECB, a strong southward inflow is injected into the eastern subbasin via the EFC, and then turns westward across the central gap into the western subbasin. Then current bifurcates into a westward and a southward branches, which finally joint to form a strong western boundary current in the western subbasin. These results of our experiments reveal that tidal mixing processes could extremely strengthen the basin/subasin-scale bottom circulation and in the Caroline Sea. The bottom topography should also play a role in the formation of the subbasin-scale bottom circulation. However, in three experiments, the bottom topography is all the same, while the distributions of vertical diffusivity are different. Thus, the subbasin-scale distribution of bottom intensified tidal mixing probably plays a key role in driving the higher speed and the more complex subbasin-scale structure of the bottom circulation.




Figure 9 | Vertical-averaged currents (unit: cm s-1) below 4000 m in experiments (A) NoTM, (B) LSJ and (C) TM, respectively. The grey contours represent the 4000-m isobaths.



The WCB and ECB are closed below 4000 m, thus the meridional streamfunction   could be calculated to examine the bottom MOC in the two basins, which is defined as

	

where v is the meridional component of velocity, and xe and xw are the locations of the eastern and western boundaries respectively. Positive and negative streamlines indicate the counterclockwise and clockwise circulations, respectively. The bottom meridional streamfunction of the WCB and ECB in NoTM and LSJ are all extremely weak (Figures 10A–D), and structures of streamfunction in the same basin are quite similar between NoTM and LSJ. In contrast, the bottom meridional streamfunction in TM are clockwise and intensely enhanced in both the two basins. In the WCB (Figure 10E), the water inflows around 4000 m via the YT, then falls into the northern region of the abyssal basin and transports southward, and eventually upwells in the southern abyssal basin. In the ECB (Figure 10F), the water inflows to the eastern subbasin around 4000 m through the EFC, then one part transports southward and upwells at 3°–4°N. The other part overflows into the deeper western subbasin around 4500 m through the central gap, and then continue to transport southward and upwells in the southern region of the western subbasin, generating two cores of meridional streamfunction. These results indicate that tidal mixing processes could induce more vigorous MOC and upward water transport in the abyssal WCB and ECB, and therefore could significantly speed up the bottom water renewal in the Caroline Sea.




Figure 10 | Meridional overturning stream functions (unit: Sv) in the (A, C, E) WCB and (B, D, F) ECB from the experiments (A, B) NoTM, (C, D) LSJ and (E, F) TM, respectively. Negative and positive streamlines correspond to clockwise and counterclockwise circulations, respectively.







4 Summary and discussion

The influence of tidal mixing processes on the bottom water and circulation in the Caroline Sea is investigated in this study by a high-resolution regional model. Three numerical experiments are performed by applying different configurations of diapycnal diffusivity, which are completely without tidal mixing, only with mixing due to local tidal dissipation, and with tidal mixing induced by total (both local and remote) tidal dissipation, respectively. Our results reveal that tidal mixing processes are essential for sustaining a continuous density gradient and thus a persistent baroclinic pressure gradient across the deep-water passages (the YT and EFC) connecting to the open ocean, so as to maintain the large amounts of bottom water transport into the abyssal basins. Moreover, tidal mixing processes can also strengthen the bottom horizontal density gradient within the basins, and thus intensify the bottom basin/subbasin-scale horizontal circulation and MOC. Furthermore, the experiment with tidal mixing shows a more consistent simulation of bottom water transport with previous studies. We found that under the effect of tidal mixing, the LCDW transported into the bottom layer and expected to upwell inevitably to the upper deep layer in the Caroline Sea was about 1.84 Sv, which was very close to previous estimations based on observations. To our knowledge, it is the first time for the observations to be reconstructed by the numerical model. In contrast, the bottom water properties and circulation in both the WCB and the ECB are hardly influenced solely by the local tidal mixing. These results of this study would be useful for further understanding the bottom dynamic processes in the tropical Pacific basins and the detailed components of the global MOC, and could also provide some scientific evidences or references for improving the ocean models by the vertical mixing schemes.

Several uncertainties remain in the present study. First, the local dissipation efficiency (q) was assumed a uniform value of 0.3 in the LSJ02 scheme, while several studies have showed that q is probably heterogeneous in space (St Laurent and Nash, 2004; Falahat et al., 2014; Lefauve et al., 2015). The values of q in the ECB and WCB are in the range 0.1-0.8 estimated by Vic et al. (2019). Thus, the accurate distributions of locally dissipated energy of internal tides remain open to question. Second, the ocean state has a modest but robust and significant sensitivity to the vertical profile of tidal mixing (Melet et al., 2013). However, the current understanding on the spatial distribution of tidal mixing process, especially the vertical distribution of the remote dissipation, remains rather immaturity. Recent theoretical studies (Hibiya et al., 2017; Hibiya, 2022) have shown that, as the tidal advection parameter κUω increases (U is the amplitude of tidal flow; ω is the frequency of tidal flow; κ is the dominant horizontal wavenumber of the seafloor topography), the internal lee waves are generated over seafloor topography and then the vertical decay scale ζ becomes much larger than 500 m. Thus, there is some uncertainty in the vertical structure assumed in the two methods. Moreover, the diapycnal diffusivity of tidal mixing applied in our model is constant in time, which is a simplified statement of reality. It is necessary to embed a tidal mixing scheme into ocean circulation models, in which the completed tidal dissipation process is considered and the calculated diapycnal diffusivities are able to evolve both spatially and temporally with the model state. In addition, turbulent mixing, water properties and circulation structures over the abyssal WCB and ECB remain largely unknown. Therefore, more observations are needed to validate the tidal mixing estimation and improve the simulations in this study.

Under the effect of tidal mixing, the modified LCDW of about 2 Sv in the WCB and ECB could upwell to the upper deep layer of the Caroline Sea (Kawabe and Fujio, 2010). How this modified bottom water would distribute in the upper deep layer of the Pacific Ocean, and whether it could be further modified and continue to upwell somewhere into the intermediate and even the surface layers, are important for the global MOC and the accompanied heat redistribution and materials transport (Kawasaki et al., 2022). These are still open issues and worth investigating in future.
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