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Abstract

:

As a key component of meridional overturning circulation, mid-deep circulation plays a crucial role in the vertical and meridional distribution of heat. However, due to a lack of observation data, current knowledge of the dynamics of mid-deep circulation currents moving through basin boundaries and complicated seabed topographies is severely limited. In this study, we combined oceanic observation data, bathymetric data, and numerical modeling of the northwest continental margin of the South China Sea to investigate (i) the main features of mid-deep circulation currents traveling through the central depression belt and (ii) how atmospheric-forcing (winds) mesoscale oceanic processes such as eddies and current–topography interactions modulate the mid-deep circulation patterns. Comprehensive results suggest that the convergence of different water masses and current–topography interactions take primary responsibility for the generation of instability and enhanced mixing within the central depression belt. By contrast, winds and mesoscale eddies have limited influence on the development of local circulation patterns at mid-deep depths (>400 m). This study emphasizes that the intensification and bifurcation of mid-deep circulation; specifically, those induced by a large depression belt morphology determine the local material cycle (temperature, salinity, etc.) and energy distribution. These findings provide insights for a better understanding of mid-deep circulation structures on the western boundary of ocean basins such as the South China Sea.
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1. Introduction


Extensive research has demonstrated that continental slopes play a pivotal role in maintaining vorticity balance, facilitating energy cascades, promoting vertical mixing, and enabling cross-slope material exchange [1,2,3,4,5,6,7,8]. It is also widely acknowledged that continental slope morphology (such as slope orientation [9] and steepness [10]) is able to significantly regulate the mid-deep circulation pattern, especially well known as the western boundary intensification [11].



The seabed morphology on continental margins, including western and eastern boundaries, is diverse and exhibits intricate topographic features [12,13], including seamounts (raised), canyons (concave), terraces (wide), etc. Understanding how these topographic changes interact with multi-scale oceanic processes and, consequently, affect the structure and dynamics of mid-deep circulations has attracted considerable attention [14,15,16,17]. However, the scarcity of observational data has seriously impeded the advancement of our understanding [18].



Based on Conductivity–Temperature–Depth (CTD) and Lowered Acoustic Doppler Current Profiler (LADCP) observation conducted during the summer of 2022, and combined with bathymetric data and numerical simulation results of the Hybrid Coordinate Ocean Model (HYCOM), we confirm the summer circulation pattern and reveal the relationship between mid-deep circulation evolution and topography in the central depression belt.



This study investigates the mid-deep circulation dynamics when currents pass through a large depression (with a total length exceeding 500 km, named the central depression belt) along the northwest continental margin of the South China Sea (SCS) (Figure 1). We also explore how winds, eddies, and current–topography interactions modulate the local circulation. Our study reveals that the SCS mid-deep currents running through the central depression belt are evidently reinforcing and branching where diverse water masses coexist and interact with each other. Through the large depression belt, the degree of their mixing varies spatially and is closely related to current–topography interaction. These findings emphasize that, when passing through basin boundaries with complex seabed topographies (such as a larger depression at a scale up to hundreds of km), topographic effects are decisive for developing local mid-deep circulation patterns and associated energy cascades.




2. Data and Methods


2.1. Observation Data


Direct measurements of temperature, salinity, pressure, and sound velocity were conducted while on a cruise of the R/V Zhong Shan Da Xue from 22 June to 7 July 2022. Across the central depression belt and continental slope, a total of 53 stations were placed spanning over four regions (Figure 1b) from southwest to northeast: stations 15-26 in the upstream depression belt; stations 09-14, and 27-38 in the mid-upper stream; stations 07, 08, and 39-45 in the midstream; stations 01-06 and 46-53 in the mid-lower stream. To derive a comprehensive structure of the mid-deep circulation (>400 m) in this depression belt, we selected four cross-sections (NW–SE aligned) for description in detail: the upstream profile (I) with stations 25-22, the mid-upper stream profile (II) with stations 37-11, the midstream profile (III) with stations 40-08, and the mid-lower stream profile (IV) with stations 53-46 (note that there are no velocity data for station 47, thus, station 06 is used instead) (Figure 1b).



The SBE 911plus CTD (24 Hz; Sea-Bird Scientific, Bellevue, WA, USA) and RDI Workhorse LADCP (300 kHz; Teledyne Marine, Daytona Beach, FL, USA) systems were installed on the CTD frame and simultaneously lowered. The CTD system provided precise measurements of potential temperature, conductivity, and pressure, with an accuracy of 0.0002 °C, 0.00004 S/m, and 0.001% FS, respectively. The CTD data were processed according to standard procedures and bin averaged to 1 m resolution. Most CTD measurements can reach 50 m above the bottom. The LADCP system was equipped with a dual-frequency system, incorporating both 300 kHz downward- and upward-looking acoustic beam profilers. The vertical bin size of the LADCP was 10 m, and there were 20 bins for each LADCP. In conjunction with the CTD, shipborne GPS, and LADCP bottom tracking, LADCP data processing was conducted using standard LADCP LDEO software version IX_14 (https://www.ldeo.columbia.edu/cgi-bin/ladcp-cgi-bin/hgweb.cgi/LDEO_IX, accessed on 24 February 2022) [26].



Since the investigated depression belt is oriented SW–NE (Figure 1b), LADCP and tidal velocities were transformed into a custom coordinate system (counterclockwise rotation) to calculate the velocity component parallel to the central depression belt, with the x-axis along with the main depression belt’s elongation and the y-axis across cutting:


  U     Z   h   ,   t   i     =   u     Z   h   ,   t   i     −   u   t i d e       t   i       c o s   α   + [ v     Z   h   ,   t   i     −   v   t i d e       t   i     ] s i n ( α ) ]  



(1)







Here,   u (   Z   h   ,   t   i   )   and   v (   Z   h   ,   t   i   )   represent LADCP velocity components at various depths (h = 10 m, 20 m, 30 m, …) for each station (i = 1, 2, 3 … 53). Similarly,     u   t i d e       t   i       and     v   t i d e   (   t   i   )   denote the zonal and meridional tidal velocity components at the closest time of LADCP for each station (i = 1, 2, 3 … 53), respectively. The tidal velocity component was calculated using the TPXO9 model (https://www.tpxo.net/global/tpxo9-atlas, accessed on 24 February 2022) [27], employing the harmonic constants of the four major tides O1, K1, M2, and S2 as boundary forcing from 20 June to 10 July 2022, with a 5 min resolution. The angle of the counterclockwise rotation was set as   α   = 45°.   U (   Z   h   ,   t   i   )   was adjusted by subtracting the tidal velocities based on the TPXO9 model.




2.2. HYCOM Simulation


HYCOM (Hybrid Coordinate Ocean Model) is a numerical ocean circulation model that combines primitive equations of motion with hybrid vertical coordinates. It utilizes a hybrid vertical coordinate system that smoothly transitions from terrain-following coordinates. The numerical model data used in this study were derived from the HYCOM GLBu0.08 (https://www.hycom.org/dataserver/gofs-3pt0/reanalysis, accessed on 24 February 2022), which assimilated the satellite altimeter and sea surface temperature data together with available temperature and salinity profiles from Expendable Bathythermographs (XBTs), ARGO floats, and moored buoys [28]. The HYCOM GLBu0.08 offered a spatial resolution of approximately 10 km, which was specifically designed to capture circulation and eddy variability.



In the vertical plane, HYCOM GLBu0.08 interpolated the temperature, salinity, and velocity data to 40 levels. The climatological summer (MJJ) applied in this study used the 20-year average from May–July of 1993–2012.




2.3. Bathymetric Data


The General Bathymetric Chart of the Oceans (GEBCO) released the GEBCO_2023, a continuous global terrain model for ocean and land with a spatial resolution of 15 arc seconds (~0.5 km). This dataset is a fusion of land topography with measured and estimated seafloor topography and was derived from a website (https://www.gebco.net, accessed on 24 February 2022).




2.4. Richardson Number and Fine-Scale Parameterization


The degree of shear stress is applied to evaluate the flow stability. The Richardson number (Ri) space is used as a criterion:


  R i =     N   2       S   2     ,  



(2)







The velocity shear variance     S   2   =   ( ∂ U / ∂ z )   2   +   ( ∂ V / ∂ z )   2     was calculated with   ∂ z = 10   m  , where   U   and   V   represent the east–west components of the horizontal flow obtained from the LADCP, respectively.     N   2   = − ( g / ρ ) ∂ ρ / ∂ z  ,   N   is the buoyancy frequency, with   g   denoting the gravity acceleration and   ρ   representing the fluid density. When Ri < 0.25, mixing occurs due to shear; when Ri > 0.25, stratification suppresses mixing [29,30].



Fine-scale parameterizations to estimate the intensity and spatial distribution of turbulent diapycnal mixing in the ocean. The MacKinnon-Gregg model (    ε   M G    ) can be expressed in terms of fine-scale shear and stratification as [31]:


    ε   M G   =   ε   0   (   N     N   0     ) (   S     S   0     ) ,  



(3)




where     S   0     =     N   0     = 5.1 × 10−3 rad s−1 and     ε   0     is a background constant that adjusts the parameterized dissipation rate to the observational data.     ε   0     can vary significantly across different regions, typically ranging from 10−10 to 10−8 W/kg. In this study, we choose     ε   0     = 2.5 × 10−9 W/kg [32,33,34]. The     ε   M G     was estimated with the 10 m shear and buoyancy frequency; thus,     ε   M G     has a vertical resolution of 10 m. Diapycnal diffusivity (    K   ρ    ) was estimated by following the Osborn [35] formula     K   ρ   = ε Γ  , where   Γ   is the mixing efficiency, and   Γ   = 0.2 is typically adopted [36]. The estimated     ε   M G     and     K   ρ     values affected by the surface mixed layers (above 50 m) were excluded from the parameterizations.





3. Results


3.1. Geomorphology


In the Qiongdongnan Basin, the central depression belt contains the buried central canyon in the west and the Xisha Trough in the east [37], which extends over 500 km paralleling the regional slope/shelf break extension (in the SW–NE direction). It has concave-down widths ranging from 50 to 150 km, accompanied by secondary depressions and lower uplifts. From the southwestern upstream to the Xisha Trough, its average bottom depth increases from 1000 m to >3000 m (Figure 1 and Figure 2).



There are four regions in this depression belt from SW to NE: upstream, midstream (containing the Wanhu Seamount as a marker), downstream, and the exit (Figure 1a). Upstream is represented by profile (I), mid-upper stream by profile (II), mid-stream by profile (III), and mid-lower stream by profile (IV). The Wanhu Seamount occupies an area of around 20 × 10 km2 and stands ~500 m higher than the surrounding, representing the middle inflection point of the S-shaped central depression belt (Figure 1 and Figure 2a). The depression has a wider upstream (the distance between isobaths of 1000 m on the NW and SE flanks is ~100 km). It narrows in the midstream (~50–80 km) and widens again downstream (~150 km) (Figure 3).



Mass-wasting deposits (submarine landslides) and a number of slope-confined canyons develop on the NW slopes of the central depression belt (Figure 2b) [37,38,39]. They lie below the shelf break in the upstream and middle streams and have a deeper depth of over 1500 m downstream, where the average slope gradient is over 2° (locally over 5°). The latter case contains plastered drifts and terraces that are located at shallower depths at 1000–1500 m (~1° to 2° of slope) and 500 to 1000 m (~0.5° to 1° of slope), respectively (Figure 2b) [40].



A relatively gentle slope (~1° to 2° in general, over 2° locally) characterizes the SE flank of the central depression belt (Figure 2c), and it connects to the uplift zones to the east, such as the Xisha Uplift and Yongle Rise (Figure 2a), where multiple obstacle/seamount-related contourite drifts develop among the uplift area above 1000 m depth [41] (Figure 2b). Local mass-wasting deposits are reported in the upstream at ~1200–1500 m [37] and the rest slopes are known as plastered drifts [41,42,43].



In profile (I), this depression’s concave spans ~100 km in width, with a flat (slope < 0.5°) bottom at ~1500 m in depth. Both the NW and SE sides of depression belt walls, at depths from ~750 to ~250 m and ~2250 to ~600 m, respectively, exhibit steep slopes from 2° to over 10°, where the SE side refers to the Ganquan Plateau (Figure 3(a1)).



In profile (II), this depression spans ~50–80 km in width and has its thalweg depth at ~1900 m, and the base region is 0.5°–1° of slope. The vast majority of its NW flank presents slope gradients of >2° (~1700 to ~1200 m deep), where even steeper slopes (>5°) dominate depths above ~1200 to ~250 m. The overall SE flank, in comparison, has gentle slope gradients between 1° and 2°, with slopes greater than 2° recognized in local undulations (e.g., obstacles or hills). (Figure 3(b1)).



In profile (III), this depression spans ~180 km in width and has its thalweg depth at ~2300 m, where the slope is less than 1°. Its NW flank presents slope gradients of >1°, where steeper slopes (2° to >5°) dominate depths of ~1500 to ~250 m. The overall SE flank, again, has gentle slope gradients of 1°–2°, with slopes greater than 2° occurring only in local undulations (Figure 3(c1)).



After entering the lower part of this depression (on the east side), ~150 km in width, the NW side mainly presents slopes between 2° and 5°. Profile (IV) stands at the mid-lower stream, where the apparent concavity at the bottom corresponds to the Xisha Trough (with a flat base of 0.5° at ~2700 m deep, ~7 km wide; the slopes on both sides are 2° to >5°). The depression’s NW flank consists of three levels: the ~2200 to 2500 m terrace has slopes between 0.5° and 1°; the ~2100 to 1500 m slope is 2°–5°; even steeper slopes of >5° dominate depths of ~1500 to 500 m. The SE flank contains two levels: the ~2300 to 2200 m terrace has slopes between 1° to 2°; the ~2200 to 1500 m is generally 2°–5°, which belongs to the northeast foothill of the Zhaoshu Plateau (Figure 3(d1)).




3.2. Ocean Dynamics


3.2.1. Water Masses


The blue dots of the CTD observation data in the Potential temperature (θ)—Salinity (S) diagram show a vertically inverted S shape. Their tendency is consistent with that of the western SCS water mass (red curve) but deviates from the western Pacific water mass (black curve) (Figure 4a).



The SCS Intermediate Water (SIW) layer is defined as having the potential density (σθ) of 26.5–27.5 kg·m−3 with a pressure of 0 dbar (occupying ~500–1500 m deep in the Luzon Strait) [19,41,42] and corresponds to a depth range of ~400–1300 m in the central depression belt region. Within this scope, a ~600–700 m thick layer presents low average salinity (<34.5 psu), where θ ranges between 4 and 11 °C (Figure 3). A distinct low-salinity peak (~34.41 to 34.42 psu) occurs where θ is ~9 °C. In Figure 4b, the yellow curve corresponds to data at the NW side of the upstream central depression belt, with salinity of ~34.42 psu at the highest peak; the blue curve represents the NW side of the mid-lower stream depression belt, with salinity of ~34.41 psu at the lowest peak.



The SCS Deep Water (SDW) layer had a σθ of 27.5 kg·m−3 (over 1500 m deep in the Luzon Strait) [19,44,45] and corresponds to depths of >1300 m in the central depression belt region. In this scope, θ decreases to <5 °C, and salinity increases to >34.5 psu. Such a low-temperature, high-salinity property in the central depression belt deep water layer closely resembles that of the West Pacific water mass (Figure 4a).




3.2.2. Observational Currents Properties in the Central Depression Belt


Extending from the upstream central depression belt towards the NE, local currents (e.g., (i) the western branch of middle-layer anticyclonic circulation of SCS in the Xisha (SCSMACxw); (ii) the western branch of SCSMACxw in the mid-upper stream depression belt (SCSMACxw1); (iii) the eastern branch of SCSMACxw in the mid-upper stream depression belt (SCSMACxw2); (iv) the reversed branch of SCSMACxw in the upper-midstream depression belt (SCSMACxw3); (v) the middle-layer anticyclonic circulation of SCS in the Yitong slope (SCSMACy); (vi) the slope current (SC); (vii) the upper-layer western branch of deep-layer cyclonic circulation of SCS in the Xisha (SCSDCCxuw); (viii) the lower-layer western branch of deep-layer cyclonic circulation of SCS in the Xisha (SCSDCCxlw); (ix) the eddy-induced current (EC) is identified in the horizontal and vertical distributions (Figure 5(a1,b1) and Figure 6(a1,b1,c1,d1)). Their detailed features are listed (see Supplementary Table S2).



SCSMACxw flowing northeastward is recognized at station 24 in profile (I) and has a velocity of >10–20 cm/s at a depth of 300–1100 m (~40 km wide), with a positive θ anomaly of >+0.4 °C (Figure 6(a1) and Figure 7(a2)). Profile (II) shows that it bifurcates into two branches of SCSMACxw1 and SCSMACxw2 (Figure 6(b1)). Regarding station 22, in profile (I), SCSMACxw reverses and flows southwestward, developing as SCSMACxw3, with velocities <10 cm/s and a positive θ anomaly (Figure 6(a1) and Figure 7(a2)).



Passing station 36 in profile (II), SCSMACxw1 has a smaller velocity of <20 cm/s (~30 km wide) and thickness than those of SCSMACxw in profile (I) (Figure 6(b1)). It continues progressing northeastward and passing through station 41 in profile (III) and station 50 in profile (IV), with velocities reducing to <10 cm/s (~10 km wide) (Figure 6(c1,d1)). Synchronously, the θ anomaly of the upper SCSMACxw1 is >+0.4 °C at depths of 300–500 m, and its width gradually narrows from ~60 km in profile (II) to ~30 km in profile (III) and to ~10 km in profile (IV). Below 500 m, the θ anomaly of the lower SCSMACxw1 decreases from <+0.4 °C in profile (II) to −0.2 to +0.2 °C in profile (III) (Figure 7(b2,c2,d2)).



SCSMACxw2 has an eastward direction, passing through station 35 in profile (II), where its velocity exceeding 20 cm/s has a larger thickness (500–1500 m) than those of SCSMACxw in profile (I), with a vertical distribution of the θ anomaly that is similar to SCSMACxw1 (Figure 5(a1), Figure 6(b1) and Figure 7(b2)). Flowing eastward, SCSMACxw2 reaches station 43 in profile (III) and then turns direction towards the northeast (Figure 5(a1)). Its velocity core deepens to 800–1600 m and extends to ~50 km wide, with a θ anomaly of <−0.3 °C at 500–1100 m and ~+0.1 °C below 1100 m (Figure 6(c1) and Figure 7(c2)). At station 49 in profile (IV), the middle-layer anticyclonic circulation of SCS in the Yitong slope (SCSMACy) is observed flowing towards the northeast (Figure 5(a1) and Figure 6(d1)). Its core velocity exceeds 20 cm/s with a negative θ at a depth of 800–1500 m (Figure 6(d1) and Figure 7(d2)).



The slope current (SC) flows southwestwards, passing through station 50 in profile (IV), station 41 in profile (III), as well as station 36 in profile (II) (Table S2). Specifically, SC is observed partially turning backward southeast through stations 41 and 36 in Figure 5(a1). SC has a velocity of >10–20 cm/s in profiles (IV) and (III), where it is 100–600 m and 100–1000 m deep (interspersed with the SCSMACxw1), respectively (Figure 6(c1,d1)). In profile (II), its velocity and width reduce to <15 cm/s and to ~20–30 km at 400–600 m, respectively (within the scope of SCSMACxw1) (Figure 6(b1)). Below 500 m, θ anomaly of SC increases from a negative anomaly of <−0.3 °C in profiles (III and IV) to a positive anomaly of <+0.4 °C in profile (II) (Figure 7(b2,c2,d2)).



SCSDCCxuw is observed flowing northwestward at station 08 in profile (III), with a velocity of >10 cm/s at depths between 800 and 1300 m, accompanied by a positive θ anomaly of 0 to +0.1 °C (Figure 6(c1) and Figure 7(c2)). SCSDCCxlw is observed at station 46 in profile (IV). The upper 800–1500 m of SCSDCCxlw flows northwards/northwestwards, with a velocity and θ anomaly exceeding 10 cm/s and from−0.1 to +0.1 °C, respectively (Figure 5(a1,a2), Figure 6(d1) and Figure 7(d2)). Passing station 06, the lower 1300–2000 m of SCSDCCxlw partially flows southwestwards, with a velocity of <10 cm/s and a negative θ anomaly (Figure 6(c1) and Figure 7(c2)).



EC flows northeast passing through station 45 in profile (III). It has a velocity of >20 cm/s at 50–400 m, with a positive θ anomaly (Figure 6(d1), Figure 7(d2) and Figure S1a,b). In addition, WCs flow southwest passing through station 06 in profile (IV), station 43 in profile (III), and 35 in profile (II), with a velocity of >20 cm/s at 0–400 m (Figure 6(b1,c1,d1) and Figure S1a,b).





3.3. Modeling of Currents around the Central Depression Belt


Model results show that the middle layer currents (400–1300 m deep) in the central depression belt connect to the middle-layer anticyclonic circulation of SCS (SCSMAC) [19,46] (Figure 5(a2)), whereas the deep-layer currents (>1300 m deep) link to the deep-layer cyclonic circulation of SCS (SCSDCC) [22,23,24,25,47] (Figure 5(b2)). SCSMAC flows northwards along the western continental margin of SCS, encountering the Qiongdongnan Basin and Xisha Uplift at the SCS northwestern corner. On the south side of the Xisha Uplift, SCSMAC bifurcates into two branches of SCSMACxe (as the eastern one) and SCSMACxw (as the western one, flowing north into the central cayon). The slope current (SC) (200–1000 m deep) [20,21,48] traveling from the northwest generates the southwestward SC at the northwest flank of the depression belt (Figure 5(a2)). SCSDCC flows southwards, crossing the Northwest Sub-Basin along the eastern side of the Xisha Uplift (Figure 5(b2)).



The climatological summer (MJJ) results from HYCOM reveal the features of currents in the horizontal and vertical distributions as follows (Figure 5(a2,b2), and Figure 6(a2,b2,c2,d2)) and are listed (see Supplementary Table S3):



SCSMACxe flows eastwards with a velocity of ~1.5–5 cm/s at 600–1400 m along the Xisha Uplift southern flank, which turns northward at the southeast of Xisha Uplift (Figure S3(a1)). Passing through the channel between the Zhongjian Terrace and Xisha Uplift (around station 19), SCSMACxw, with a velocity of >5 cm/s at 400–1000 m, flows northwestwards into the central depression belt and reaches station 16 (Figure 5(a2)). On the NW flank of the upstream depression belt, SCSMACxw has a velocity of ~5–10 cm/s at a depth of 500–1000 m and turns its direction northeast. It flows along the depression belt’s NW flank to the mid-upper stream (around stations 12 and 35), where it maintains velocity but bifurcates into a western branch (SCSMACxw1) and an eastern branch (SCSMACxw2). Along the SE flank of the upstream depression belt, the reversed branch SCSMACxw flows southwestwards (stations 30, 31, and 22), developing as SCSMACxw3 with a velocity of ~1–3 cm/s. In further, SCSMACxw1 and SCSMACxw3 jointly develop a local anticyclonic circulation in the upstream depression belt (Figure 5(a2.1)).



SCSMACxw1 keeps flowing northeastward to station 36 in profile (II) and reaches station 41 in profile (III) along the NW flank of the midstream depression belt, with a velocity of ~1–4 cm/s at a 500–1400 m depth (Figure 6(b2,c2)).



SCSMACxw2 turns eastwards at stations 35 and 11 in profile (II) and across the depression belt, whereas its mainstream with a velocity of ~1–3 cm/s at 500–1000 m passes through station 45 in profile (III) along the depression belt’s SE flank (Figure 5(a2.1) and Figure 6(b2,c2)).



The southwestward SC enters the NW flank of the depression belt through the Yitong slope (Figure 5(a2.1)). Passing by stations 49 and 50 in profile (IV), SC has a velocity of ~5–20 cm at a depth of 0–600 m and encounters SCSMACxw1, with the interface occurring at ~500–600 m (Figure 6(d2)). From the midstream to upstream, the velocity and scope of SC decrease from ~5–15 cm/s at 0–500 m in profile (III) to ~0.5 cm/s at 100–200 m in profile (I) (Figure 6(a2,b2,c2)).



The southward-flowing SCSDCC bifurcates at the eastern flank of Yongxing Island (Figure 5(b2.1)). The mainstream branch of SCSDCC (1300–2500 m deep) continues processing towards the east flank of Xisha Uplift in the south. The rest of the currents turn southwestwards, as SCSDCCxw, with a velocity of ~1–1.5 cm/s at 1000–2500 m (Figure 5(b2.1) and Figure S3(b1,c1)). On its way through the southern margins of Yongxing Island and Zhaoshu Plateau, SCSDCCxw encounters the north-flowing SCSMACxe and develops into a northwestward-flowing SCSDCCxuw and a northward SCSDCCxlw (Figure 5(a2.1,b2.1) and Figure S3(d1,e1)).



SCSDCCxuw has a velocity of ~1–2 cm/s at a depth of 1000–1500 m and passes through the southwestern flank of the Zhaoshu plateau and enters northwestwards into the midstream depression belt (around stations 07, 08). SCSDCCxlw, at a depth of 1000–2000 m, initially flows northwards between Zhaoshu Plateau and Yongxing Island, then partially deflects westwards and continues flowing along the northern margin of Zhaoshu Plateau (between stations 47/06 and 46) (Figure 5(b2.1) and Figure S3(e1)).



Note that, when SCSMACxw2 flows northeast along the SE flank of the mid-downstream depression belt, it encounters first with the northwestward SCSDCCxuw around stations 44 and 45 in profile (III) and then with SCSDCCxlw around station 06 in profile (IV). Then, their currents flow northwards, crossing the downstream depression belt, and encounter the northeast-flowing SCSMACxw1 and develop a merger flow of SCSMACy. Around stations 48 and 49 in profile (IV) and station 05, SCSMACy has a velocity of ~5 cm/s at 800–1500 m, flowing eastward along the Yitong slope (Figure 5(b2.1) and Figure 6(d2)). In further, the westwards SCSDCCxlw flows along the SE flank of the mid-lower stream (station 06 in profile (IV)) and passes through the midstream (station 44 in profile (III)), where it has a velocity of ~1–4 cm/s (Figure 6(c2,d2)). Reaching the mid-upper stream (station 11 in profile (II)), its velocity decreases to 0–2 cm/s (Figure 5(b2.1) and Figure 6(b2)).



The upper EC flows northeastward, passing through stations 07, 08, 45, and 46, sweeping along the Xisha Uplift, Zhaoshu Plateau, and Yongxing Island from west to east. It has a velocity of ~5–25 cm/s at depths of 0–300 m (Figure 6(c2,d2) and Figure S1c).




3.4. Horizontal and Vertical Distributions of Turbulence Parameterizations in the Central Depression Belt


The layer-averaged dissipation rate (    ε   M G    ) and diapycnal diffusivity (    K   ρ    ) are calculated to study the horizontal distributions of turbulence.



Figure 8 reveals that the dissipation rate changes with depth, with the magnitude of     ε   M G     ranging from 10−10 to 10−9 W/kg. In the upper layer (50 to 400 m), the layer-averaged dissipation rate (    ε   M G u p    ) of the upstream depression belt is approximately 1.2 × 10−9 W/kg. The     ε   M G u p     of the mid-downstream depression belt is approximately 2.5 × 10−9 W/kg (Figure 7a). In the middle layer (400 to 1300 m), the layer-averaged dissipation rate (    ε   M G m i d    ) of the middle stream depression belt is approximately 7 × 10−10 W/kg. Areas with relatively high dissipation rates are at the depression belt’s NW and SE flank of the mid-downstream, where dissipation rates are approximately 5 × 10−10 W/kg (Figure 8b). A similar spatial pattern of dissipation rates in the deep layer (    ε   M G d e e p    ; >1300 m to 500 m above the bottom) was observed, with an     ε   M G d e e p     of approximately 2.5 × 10−10 W/kg (Figure 8c). In the bottom layer (within 500 m above the bottom), the layer-averaged dissipation rate (    ε   M G b o t    ) of the upstream depression belt is approximately 3 × 10−10 W/kg, while that of the mid-downstream depression belt is weak, except for the slope on the depression belt’s NW and SE flank, with a value of ~1.2 × 10−10 W/kg (Figure 8d). The average dissipation rate of the different layers is shown in Figure 8e to evaluate the different regions of the depression belt, including the NW flank, SE flank, and central area. The average dissipation rate in the upper layer of the depression belt’s NW flank, SE flank, and central area is one order of magnitude larger than those in the middle layer, deep layer, and bottom layers, with dissipation exceeding 10−9 W/kg. The dissipation rate in the middle layer, deep, and bottom layers of the depression belt’s NW flank is relatively high compared with those in the depression belt’s SE flank and central area.



Figure 9 reveals variations in diapycnal diffusivity with depth, with a magnitude of     K   ρ     ranging from 10−6 to 10−5 m2/s. In the upper layer, the layer-averaged diapycnal diffusivity (    K   ρ u p    ) of the upstream depression belt is 10−6 m2/s. The     K   ρ u p     reaches 10−5 m2/s in the midstream depression belt (Figure 9a). In the middle layer, the layer-averaged diapycnal diffusivity (    K   ρ m i d    ) is larger than     K   ρ u p    . Elevated diffusivity in the midstream depression belt exceeds 10−5 m2/s. An area with relatively high diffusivity is located along the depression belt’s NW flank of the downstream, where diffusivity increases to 10−5 m2/s (Figure 9b). In the deep layer, the layer-averaged diapycnal diffusivity (    K   ρ d e e p    ) is significantly increased and larger than in the middle layer. The mid-downstream of the depression belt is characterized by enhanced diffusivity exceeding 10−5 m2/s (Figure 9c). In the bottom layer, the layer-averaged diapycnal diffusivity (    K   ρ b o t    ) is elevated near the seamounts and Yitong slope, with values of 10−5 m2/s (Figure 9d). The average diffusivity of different layers is shown in Figure 9e to evaluate the different regions of the depression belt. The diffusivity in the upper and middle layers of the depression belt’s NW flank, SE flank, and central area have values of 10−6 m2/s. Enhanced diffusivity is observed in the deep and bottom layers of the depression belt’s different regions, with diffusivity exceeding 10−5 m2/s. The diffusivity in the deep layer is relatively high compared with those in the bottom layer. In addition, the diffusivity in the bottom layers of the depression belt’s central area is slightly larger than that in the depression belt’s NW flank and SE flank (Figure 9e).



The     ε   M G u p     is higher than     ε   M G m i d    ,     ε   M G d e e p    , and     ε   M G b o t    , with an average value of 2.5 × 10−9 W/kg. The average values of     ε   M G d e e p     and     ε   M G b o t     are ~2.5–3.9 × 10−10 W/kg (Figure 10a). The     K   ρ d e e p     and     K   ρ b o t     are ~1–1.5 × 10−5 m2/s, which are larger than the     K   ρ u p     and     K   ρ m i d     values of ~5.6–6.3 × 10−6 m2/s (Figure 10b). The     N   2     exists in the upper, middle, deep, and bottom layers, with averaged values of 8 × 10−5 s−2, 1.2 × 10−5 s−2, 2.8 × 10−6 s−2, and 3.9 × 10−6 s−2 (Figure 10c). The average     S   2     exists in the upper, middle, deep, and bottom layers, with averaged values of 5 × 10−6 m2/s, 1 × 10−6 m2/s, 1.4 × 10−6 m2/s, and 1 × 10−6 m2/s (Figure 10d).



On the NW flank of the mid-downstream depression belt, turbulence was relatively active at 300–1000 m in the middle layer (stations 36, 41, and 50), with the maximum dissipation rate reaching 10−8 W/kg and the maximum diapycnal diffusivity exceeding 10−4 m2/s (Figure 10a,b). Additionally, weak stratification and strong shear are observed (Figure 10c,d), leading to most of the water column in this region being characterized by Ri between 0.25 and 1, even Ri < 0.25 at 300–500 m (Figure 11a). On the SE flank of the mid-downstream depression belt, turbulence was relatively active at 800–1500 m (stations 09, 44, 45, and 46), with the elevated dissipation rate (>10−9 W/kg) and diffusivity (>10−5 m2/s) (Figure 10a,b). In addition, the enhanced shear and Ri between 0.25 and 1 were observed in this region (Figure 11a).



In the center of the mid-downstream depression belt, however, the shear variance exceeds the buoyancy frequency below 1000–1300 m (stations 06, 35, 43, and 48), pushing Ri below 0.5 (even < 0.25) in most of the water column (Figure 11a). The dissipation rate at corresponding depths was enhanced, with the diffusivity reaching 10−4 m2/s (Figure 9b and Figure 10a). Turbulence was more activated in the bottom and topographic obstacles (stations 07, 11, 19, 34, 42, and 49), with the high diffusivity exceeding 10−4 m2/s (Figure 10b). The near-bottom Ri values vertically reduce to 0.5, even <0.25 (Figure 11a).





4. Discussion


4.1. Mid-Deep Circulation Pattern in the Central Depression Belt


The observation and model results of the circulation pattern in the central depression belt show that (i) SCSMACxw flows northeastwards along the NW flank of the upstream central depression belt and bifurcates into the SCSMACxw1 and SCSMACxw2, reversing to form the southwestward-flowing SCSMACxw3; (ii) the northwestward-flowing SCSMACxw1 meets head-on with the southwestward-flowing SC on the NW flank of the midstream depression belt; (iii) SCSMACxw2 flows eastwards through the center of mid-upper stream depression belt; (iv) SCSDCCxuw flows northwestwards through the SE flank of midstream; SCSDCCxlw flows mainly northwards and deflects partially westwards on the SE flank of the mid-lower stream depression belt; (v) at the terminus of SCSMACxw2 and SCSMACxw1, SCSMACy flows northeastward at the NW flank of the mid-lower stream depression belt (Figure 5(a1,a2.1) and Figure 12).



4.1.1. SCSMACxw1 Converges with SC at 300–1000 m


After converging, both the SCSMACxw1 and SC experience reduced speed along their original directions (Table S2). Meanwhile, SCSMACxw1 shrinks the positive θ anomaly scope of >+0.4 °C both in thickness (from 300–500 m at a depth of 500 m) and in width (from ~60 km wide to less than 10 km); SC shifts the initially high negative θ anomaly to positive. The above demonstrates that SCSMACxw1 and SC interact strongly enough to significantly change their original properties. In the Mar del Plata submarine canyon on the Argentine margin, where the Malvinas Current converges with the Brazil Current at ~500–2000 m in depth, a similar situation occurs [49].



Observations reveal that SC enters the central depression belt from the northeast and sinks from an average depth of ~400 m in profile (VI) to ~600 m in profile (III), where its velocity core (>20 cm/s, southwestward) converges with SCSMACxw1 (<20 cm/s, northeastward). The model results further present that SCSMACxw1 and SC converge at an interface at ~500–600 m. Thus, observational and numerical data consistently show that this is a direct result of the converging interaction of SCSMACxw1 and SC (Figure 6c,d).



In profile (III), the core velocity and corresponding scope thickness/width of SC are apparently smaller in model results (5–15 cm/s, 0–500 m deep/~60 km wide) than those obtained from observations (>10–20 cm/s, 100–1000 m deep/~70 km wide). This indicates that the vertical intensity of SC as well as the hydrodynamic enhancement over the northern flank of the central depression belt are underestimated by the model results. This may be partly due to the fact that the analysis is based on the climatological summer of the 20-year simulation average from May–July of 1993–2012, which smooths the seasonal variation of the currents such as the SC [48,50,51,52,53].




4.1.2. SCSMACxw2 Converges with SCSDCCxuw and SCSDCCxlw at 1000–2000 m


Observations reveal that SCSMACxw2 flows eastward and reaches profile (III), where its core (800–1600 m deep) meets SCSDCCxuw (northwestward, 800–1300 m deep) at around stations 44 and 45. After converging, SCSMACxw2 has a northward core velocity of <20 cm/s in profile (IV), where it meets SCSDCCxlw (northwards/westwards, 1000–2000 m deep) at around stations 06 and 46. The model results are synchronized in response to the interface between SCSMACxw2 and the westward SCSDCCxlw at a depth of 800–1300 m (Figure 6(b2,c2)). After converging, the westward SCSDCCxlw gradually weakens (reducing both velocity and scope) and the northward SCSMACxw2 catches up to the northeastward SCSMACxw1 (that has interacted with SC), which develops SCSMACy at a depth of 500–1500 m, around station 49 (Figure 5(a2.1)).





4.2. Factors Affecting the Central Depression Belt Circulation Pattern


4.2.1. Local Wind and Eddies


During the observation period (i.e., summer), east winds prevail over the northwest edge of the SCS, the direction of which is opposite that of the summer monsoon (Figure S1a). Upper-surface layer currents in the central depression belt are dominated by the easterly/northeasterly wind [54] (Figure S1b), e.g., the west/southwest flowing WCs. Despite their fast velocities of >20 cm/s, they are restricted to water depths above 500 m. Currents in the mid-deep layer at ~500–1500 m water depth flow predominantly in a northeasterly direction in the same region, such as SCSMACxw1 and SCSMACxw2, which have velocities exceeding 20 cm/s and directions opposite of WCs. Thus, local winds substantially affect upper currents, while mid-deep currents remain relatively untouched.



Based on sea-level anomalies (SLAs), our summer observations detected a warm eddy on the eastern flank of the Xisha Uplift (Figure S1a). This eddy is presented in the climatological summer HYCOM results as a weak anticyclonic circulation in the upper layers (see AC in Figure S1c). In the vicinity of stations 07, 08, 44, 45, and 46 around the Zhaoshu Plateau, EC are northeasterly, which is more consistent with the anticyclonic eddy flow tendency than with that of the easterly winds. In comparison, the upper (0–400 m deep) currents on the NW flank of the central depression belt prevail in the southwest direction, which may indicate limited influence from the eddy in this region (Figure S1b).




4.2.2. Seabed Topography Changes


Topographic changes can modify the properties of mid-deep currents, such as shifting directions/scope depths and amplifying velocities and core fields. The location where SCSMACxw bifurcates and reverses in profile (II) belongs to the transition zone on the NW flank of the depression belt that connects its up- and midstream. Between profiles (I) and (II), the NW side steep slopes of >2° are found only in 750–250 m water depths, while their depth range doubles in profile (II) (1700–200 m deep, specifically, >5° in 1200–250 m depths) (Figure 3a,b). Meanwhile, the central depression belt tightens in width by half between both flanks of the 1000 m isobaths (from ~100 to ~50 km) (Figure 2; Table S1). On the other hand, the location where the southwestward SC sinks between profiles (VI) and (III) roughly divides the mid- and downstream depression belt (i.e., around the Wanhu Seamount) (Figure 1a). The NW flank of this depression belt generally has slopes from 2° to 5°, while, on the NW side of the Wanhu Seamount the slopes at 250/500–1500 m deep, they are > 5° (Figure 2c and Figure 3c). We believe that such extensive increases in narrowness and steep slopes can directly induce shear instability, manipulating currents to meander and/or bifurcate [55,56,57].



In profile (II), the core velocity and corresponding scope thickness/width of SCSMACxw2 are less than half in the model results (1–3 cm/s, 600–1000 m deep) than those from observations (>20 cm/s, 500–1500 m deep); the velocity cores of SCSMACxw2 and SCSMACxw1 are located ~20 km closer to the SE flank of the central depression belt in the model results (Figure 5(b2)). In profile (III), from observations, SCSMACxw2 doubles the width and sinks ~200 m deep (Table S2), and the changed vertical structure is scarcely shown in the model results (Figure 6(c2)). The above demonstrates that SCSMACxw2 is significantly more intensified both horizontally and vertically in observations. The low-resolution bathymetry of 10 km in HYCOM smoothed out small-scale changes in topography, which would explain such differences in both the flow intensification and watershed between the HYCOM results and observations. Small-scale topographic changes within 10 km prevail all over the seamounts (e.g., the channel between Zhaoshu Plateau and Yongxing Island, numerous local mounds, or depressions), which are able to critically manipulate the intensity of energy radiation and the velocity/direction of mean currents [4,9,10,58], triggering baroclinic instability and inducing local eddies [59]. Their effects should be particularly pronounced in mountainous regions where the topography changes dramatically [17]. We believe a similar situation occurs for SCSMACy in profile (VI) (Figure 6(d2)), where the NW flank of the mid-downstream depression belt slope of the model topography is limited within 2° after the 10 km smoothing (Figure S4).



Although the direction of SCSMACxw2 is consistent with that of the surface eddy, there is a clear boundary between their velocity cores in profile (III). Relevant blocking may also come from the SE side seamounts (Figure 6(c1)). Thus, we suggest that it is the seabed topography that changes instead of local winds and mesoscale eddies that directly manipulate the development of local circulation patterns in the mid-deep central depression belt.





4.3. Enhanced Mixing in the Central Depression Belt


The results indicate that turbulent mixing in the middle layer of the depression belt exhibits spatially non-uniformity. Enhanced mixing on the NW flank of the midstream depression belt (near stations 36 and 41) is more active than in other regions, with diffusivity exceeding 10−5 m2/s (Figure 9b and Figure 10b). The turbulent mixing shear variance and stratification made significant contributions. The elevated vertical shear was larger than stratification at the middle layer in this region (Figure 10c,d), where the intensification and bifurcation of SCSMACxw, and the convergence of SCSMACxw1 and SC, are evident (Figure 5a and Figure 6). The low Ri (Figure 11a) implies that shear instability [30,60,61,62] occurs in these conditions and produces enhanced dissipation and diapycnal diffusivity. There are some factors in the region that can contribute to turbulent mixing, such as near-inertial internal waves and internal tides. The wind-forced, near-inertial waves are a small contribution to the turbulent mixing below the upper layer [63]. Alternatively, the steep slope and Wanhu seamount exist on the NW flank of the midstream depression belt (Figure S4b). Thus, local mixing is considered to be related to the breaking of internal tides over critical slopes [64], as well as the generation of lee waves trapped over the seamount [65,66].



Below 1000–1300 m, enhanced mixing occurs where the strengthened SCSMACxw2 converges with SCSDCCxuw and SCSDCCxlw in the central area of the mid-downstream depression belt away from the flank (stations 06, 43, 48) (Figure 5). The mixing level increases, with diffusivity exceeding the order of 10−5 m2/s (Figure 9c and Figure 10b), accompanied by low Ri (Figure 11a). These findings suggest that shear instability plays a relatively important role in driving local mixing at the mid-deep layer in this region.



In the bottom layer, elevated dissipation rate and diffusivity can be identified, with the maximum     ε   M G     and     K   ρ     values exceeding  10−9 W/kg and 10−4 m2/s, respectively (Figure 8d,e and Figure 9d,e). The dissipation rate on the NW and SE flank of the depression belt is higher than that in the center of the depression belt away from slope criticality (Figure 8e). High diapycnal diffusivity (~10−3 m2/s) and very low Ri (<0.25) at station 49, near the bottom of the Yitong slope (Figure 9d and Figure 11e), may be related to the breaking internal tides and the intensified geostrophic shear. We believe enhanced mixing near the bottom should also be associated with deep eddies and topographic Rossby waves, besides the breaking internal tides [15,16,17,67]. The observations presented in this paper, however, fail to directly address these processes, which warrant intensive attention in future studies.





5. Conclusions


	(1)

	
Observation and model results consistently reveal the mid-deep circulation structure in the central depression belt (Figure 11 and Figure 12) as follows:







Directly derived from SCSMACxw, mid-deep currents named SCSMACxw1 and SCSMACxw2 in the central depression belt are highlighted in this article. Since entering the central depression belt from the most SW upstream, the mainstream currents of the northeastward SCSMACxw (average core depth = ~700 m) run along the NW flank of the upstream depression belt and bifurcates into the SCSMACxw1 and SCSMACxw2 in the mid-upper stream.



SCSMACxw1 (average core depth = ~500–600 m) converges with the southwestward-flowing SC (average core depth = 400–600 m) on the NW flank of the midstream depression belt and continues the NE movement.



SCSMACxw2 (average core depth = 1000–1200 m) turns eastwards first across the depression belt to the SE side of its midstream. Flowing northeast along the SE flank, the SCSMACxw2 converges with the flow (SCSDCCxuw and SCSDCCxlw, average core depth = 1000–1600 m). After converging, SCSMACxw2 turns northeastward and reunites with SCSMACxw1 at the NW side of the mid-lower stream depression belt, developing SCSMACy (average core depth = ~1000 m), which flows eastwards along the Yitong slope.



	(2)

	
Over the central depression belt region, seabed topography changes have a decisive impact on developing a local mid-deep circulation pattern, where current intensification is promoted by current–topography interactions. In comparison, winds and mesoscale eddies can substantially affect upper-surface currents while having limited influence in the mid-deep layers.




	(3)

	
Inconsistencies between model results and observations correspond to both the apparent lack of intensifications (i.e., velocities, core scopes) for SC and SCSMACxw2. The former is due to the fact that the model underestimates the seasonal variations in the strength and vertical structure of the slope currents along the northwestern margin of the SCS. The latter is because the topographic resolution used in the model (~10 km) is too low to capture the forcing signals of the real seabed topography in the mid-downstream.




	(4)

	
Prominent convergence of SCSMACxw1 and SC from ~300 to 1000 m deep and of SCSMACxw2, SCSDCCxuw, and SCSDCCxlw from ~1000 to 2000 m deep significantly change the properties of the relevant currents and water masses (Figure 12). Enhanced local mixing is assigned to the relevant regions above, pointing out the convergence as a dominant mechanism for generating instability.
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Figure 1. (a) Bathymetry of the northern South China Sea (SCS) margin derived from General Bathymetric Chart of the Oceans (GEBCO). Red dots represent the locations of observation stations (CTD and LADCP). The black vectors represent climatological summer (May–June–July/MJJ) currents at 1000 m depth derived from HYCOM GLBu0.08. The orange arrow is the eastern branch of the middle-layer anticyclonic circulation of SCS (SCSMAC) in the Xisha (SCSMACxe). The red arrow is the western branch of SCSMAC in the Xisha (SCSMACxw), data from [19]. The blue dashed arrow is the slope current (SC), data from [20,21]. The purple arrow is the deep-layer cyclonic circulation of SCS (SCSDCC), data from [22,23,24,25]. (b) Topographic map from Atlas of Geology and Geophysics of the SCS (1:2,000,000), with its location shown in a black box (a). The black vectors represent the MJJ depth-averaged currents in the Xisha region (400–1300 m), derived from the HYCOM result. The arrows represent currents that are the same as (a). The green dashed lines are uplift areas. The magenta dashed line is the shlelf break. The brown lines represent the locations of selected sections showing seabed morphologies in Figure 2 and Figure 3, including the upstream, the mid-upper stream, the midstream, and the mid-lower stream. 
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Figure 2. Map of structural zone (a), geomorphology (b), and slope (c) in the central depression belt derived from GEBCO.The orange dashed lines: uplift areas. In (a), YBS: Yabei Sag; SXS: Songxi Sag; SDS: Songdong Sag; High. LDS: Ledong Sag; LNH: Lingnan High; LSS: Lingshui Sag; BJS: Beijiao Sag; SNH: Songnan High; SNS: Songnan Sag; BDS: Baodao Sag; CCS: Changchang Sag. In (c), CCA 1, 2, and 3: currents convergence areas. 
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Figure 3. Potential temperature (θ), salinity (S), and topography features on multiple profiles through the central depression belt. (a) Profile (I) with stations 25-22 (from NW to SE) in the upstream depression belt ((a1) = θ, (a2) = S). (b) Profile (II) with stations 37-11 in the mid-upper stream depression belt ((b1) = θ, (b2) = S). (c) Profile (III) with stations 40-08 in the midstream depression belt ((c1) = θ, (c2) = S). (d) Profile (IV) with stations 53-46 in the mid-lower stream depression belt ((d1) = θ, (d2) = S). The thick black dashed line represents the potential density (σθ) = 26.5–27.5 kg·m−3. 
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Figure 4. Potential temperature–salinity (θ–S) diagram. (a) The black curve represents the average θ–S profile of the Western Pacific, and the red curve corresponds to that of the Western South China Sea (obtained from WOA18, https://www.ncei.noaa.gov/products/world-ocean-atlas, accessed on 24 February 2022). The blue dots represent observation data in this study. The thick black dashed line represents σθ = 26.5–27.5 kg·m−3. The red dashed line (σθ = 27.36 kg·m−3) represents depth = 1000 m. (b) Average θ–S diagram over the central depression belt. The yellow curve, magenta curve, green curve, blue curve, and cyan curve indicate regions of the NW flank of the upstream, the SE flank of the upstream, at the mid-upper stream, the NW flank of the midstream to mid-lower stream, and the SE flank of the midstream to mid-lower stream, respectively. (c) σθ–depth diagram. (d) θ–depth diagram. (e) Salinity–depth diagram. In (c–e), the magenta, green, and cyan represent data from the upstream, the mid-upper stream, and the midstream to mid-lower stream. 
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Figure 5. (a) Depth-averaged velocity distribution for the middle layer (400–1300 m) in the central depression belt. Orange arrows = SCSMACxe; red dashed arrows = SCSMACxw and SCSMACxw1; magenta arrows = SCSMACxw2; cyan arrow = SCSMACxw3; gray arrows = SCSMACy; blue dashed arrows = SC; purple arrows = SCSDCCxuw. (a1) LADCP velocity from various stations. The red vectors represent the eastward component, while the blue vectors correspond to the westward component. Bathymetry derived from GEBCO_2023 (~0.5 km). (a2) Climatological summer (MJJ) velocity from HYCOM results. Bathymetry derived from HYCOM GLBu0.08 (~10 km). (a2.1) The local zoom is shown in the black box in (a2). (b) Depth-averaged velocity distribution for the deep layer (below 1300 m). Magenta arrows = SCSMACxw2; purple arrows = SCSDCC, SCSDCCxuw, and SCSDCCxlw; green arrows = local anticyclonic circulation. (b1) LADCP velocity. (b2) Climatological summer (MJJ) velocity from HYCOM results. (b2.1) The local zoom is shown in the black box in (b2). 
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Figure 6. Profiles showing vertical velocity components (U) (positive/red: flowing northeast, negative/blue: flowing southwest) and seabed morphologies (LADCP velocity with a high-resolution bathymetry (~0.5 km); MJJ velocity with a low-resolution bathymetry (~10 km)). (a1,b1,c1,d1) LADCP velocity in the upstream, mid-upper stream, midstream, and mid-lower stream depression belt, respectively. (a2,b2,c2,d2) Climatological summer (MJJ) velocity from HYCOM results in the upstream, mid-upper stream, midstream, and mid-lower stream depression belt, respectively. 
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Figure 7. Profiles showing σθ anomaly (a1,b1,c1,d1), θ anomaly (a2,b2,c2,d2), and S anomaly (a3,b3,c3,d3) and seabed morphologies. The red oval curves include θ anomaly scope of SCSMACxw1. The blue oval curves indicate θ anomaly scope of SCSDCCxuw and SCSDCCxlw. (a1,a2,a3) Profile from the upstream depression belt; (b1,b2,b3) Profiler from the mid-upper stream depression belt. (c1,c2,c3) Profiler from the midstream depression belt. (d1,d2,d3) Profiler from the mid-lower stream depression belt. Thick black dashed lines outline σθ = 26.5–27.5 kg·m−3. 
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Figure 8. Maps of the layer-averaged dissipation rate (    ε   M G    ) for the upper layer (a), middle layer (b), deep layer (c), and bottom layer (d). (e) Comparison of averaged dissipation rate (    ε   M G    ) for the depression belt’s different regions in each layer. 
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Figure 9. Maps of the layer-averaged diapycnal diffusivity (    K   ρ    ) for the upper layer (a), middle layer (b), deep layer (c), and bottom layer (d). (e) Comparison of averaged diapycnal diffusivity (    K   ρ    ) for the depression belt’s different regions in each layer. 
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Figure 10. (a) Dissipation rate (    ε   M G    ). (b) Diapycnal diffusivity (    K   ρ    ). (c) Buoyancy frequency squared (    N   2    ). (d) Shear variance (    S   2    ). Gray shading indicates the bathymetry. The vertical dashed lines divide the stations into three regions representing the depression belt’s NW flank, the depression belt’s SE flank, and the depression belt’s central area, respectively. 
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Figure 11. Spatial distribution of Richardson number. The orange arrow represents SCSMACxe. The red arrows include SCSMACxw and SCSMACxw1. The magenta arrow indicates SCSMACxw2. The gray arrow is SCSMACy. The cyan arrow indicates SCSMACxw3. The blue arrows represent SC. The purple arrows include SCSDCC, SCSDCCxuw, and SCSDCCxlw. The black arrows represent the enhanced local mixing. (a) Three regions divided the central depression belt’s NW flank (a1), SE flank (a2), and central area (a3), respectively. The magenta dashed line indicates ~100 m above the bottom. (b–e) Ri in Profile I, II, III, and IV, respectively. 
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Figure 12. Schematic diagram of the vertical structure of summer circulation in the central depression belt. The red vectors are SCSMACxw, SCSMACxw1, and SCSMACxw2. The blue vectors are SC. The orange vectors are SCSDCCxuw. The purple vectors are SCSDCCxlw. The green area is middle layer depth. The gray area is seafloor topography. 
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