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Abstract

:

This study aims to investigate the interconnection between the southern South China Sea (SSCS) and Java Sea (JS) by simulating seasonal circulations and associated transports using the Regional Ocean Modelling System (ROMS). The seasonal circulation was predominantly driven by monsoonal wind stress and water exchanges between the SSCS and the JS. During the boreal winter, cooler and saltier waters from the SSCS were advected into the JS, while during the boreal summer, cooler waters from the JS were advected into the SSCS, with the advection of fresher water onto the Peninsular Malaysia’s east coast in the SSCS being the new finding provided by this study. The various water transports were driven southward into the JS during the boreal winter and northward into the SSCS during the boreal summer. The various water transports estimated by ROMS peaked in May during the inflow months from the JS into the SSCS, which was attributed to the simulated anticyclonic eddy in the SSCS, which differed from previous studies that peaked between June and August. The annual mean volume, freshwater, heat, and salt transports were 0.96 Sv, 0.04 Sv, 0.10 PW, and 0.03 × 109 kg s−1, respectively, directed from the SSCS into the JS.
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1. Introduction


The southern South China Sea (SSCS) and the Java Sea (JS) are water bodies of the Southeast Asia Maritime Continent, located at the confluence of the tropical Pacific and Indian Oceans (Figure 1). The South China Sea (SCS) is one of the largest marginal seas in the western Pacific, positioned between 0–25° N and 99–122° E with an average depth of approximately 2000 m. The SCS is influenced by the East Asian monsoon [1,2]. In the boreal summer, the SCS is influenced by the southwest monsoon, where the southwesterly wind prevails over the SCS, while in the boreal winter, the SCS is influenced by the northeast monsoon, where the northeasterly wind prevails over the SCS [3,4]. The SSCS is connected to the JS via the shallow Karimata Strait, with a sill depth of about 45 m. The JS is located between 2.5–8.5° S and 105.5–120.5° E, with an average depth of about 40 m. The JS is affected by the Asian–Australian monsoon system, known as the southeast and northwest monsoons. During the southeast monsoon, the southeasterly wind prevails over the JS throughout the boreal summer, while during the northwest monsoon, the winds are reversed to the northwesterly and prevail throughout the boreal winter [5,6].



The surface circulation of the SSCS and the JS is predominately influenced by the monsoon winds. The surface circulation in the SSCS is directed southward during the boreal winter, and northward during the boreal summer [2,7]. In addition, many studies have revealed that the general circulation of the SSCS is cyclonic during the boreal winter and anticyclonic during the boreal summer [8,9,10,11,12,13]. In the JS, the prevailing winds drive the surface circulation eastward during the boreal winter and westward during the boreal summer [5,14]. In the SSCS, the strong wind stress during the boreal winter introduces cooler and denser waters into the mixed layer, resulting in a cooler sea surface temperature (SST), whereas the decline in wind stress and the trapping of heat in the mixed layer resulted in an increase of SST during the boreal summer [15]. The seasonal variation of SST in the JS is relatively small in comparison with the SSCS; however, the sea surface salinity (SSS) in the JS is subject to a wide range of variation depending on the seasonal movement of water mass from adjacent seas. The monsoon wind engulfs fresher water from the SCS into the JS in boreal winter, while the monsoon wind in the boreal summer shifts saltier water from the eastern part of the JS into the JS, resulting in lower and higher SSS, respectively [5,16].



There is an important mean circulation system between the SSCS and the JS, which is the existence of the Karimata Strait throughflow (KSTF). The KSTF is characterized as the efflux seepage of the South China Sea throughflow (SCSTF) and a branch of the Indonesian throughflow (ITF). The KSTF is notable for transporting buoyant and fresher waters from the SCS into the Makassar Strait, resulting in a northward pressure gradient that restricts the ITF from transporting surface Pacific waters southward into the Indian Ocean [17,18,19,20]. Although the strength of the KSTF is weaker than the ITF by about half an order, it plays a significant role in maintaining the heat and salt balance of the SCS [17]. The strength of the KSTF is determined by estimating the Karimata Strait transport (KST). The estimation of the KST has been subjected to many investigations. Based on field measurements, Wyrtki [2], Fang et al. [21], and Susanto et al. [22] estimated that various KSTs (volume, heat, freshwater, and salt transports) are directed southward from the SSCS towards the JS with stronger intensity during the boreal winter, and in the opposite direction during the boreal summer with weaker intensity. In recent years, several ocean models have been conducted to estimate various KSTs on either a seasonal [8,23] or annual timescale [13,24,25,26]. Nevertheless, the estimated various transports are fraught with significant uncertainty, owning to differences in model configurations and resolutions, particularly when the shallow areas and pathways are linked to the channels and adjacent seas [27].



Even though the SSCS and the JS are interconnected, most of the cited studies focus on surface circulation in the SSCS and the JS separately; thus, comprehensive knowledge of the interconnection between these two water bodies and the associated various transports through the Karimata Strait remains ambiguous. Furthermore, the bathymetry and circulation patterns between the SSCS and the JS are complex, and observational data in this region are sparse; thus, a higher resolution ocean model, as proposed by this study, is required for a better understanding of the interconnection between these water bodies and a better estimation of various transports.



According to the above assertions, the objectives of this study are specified to investigate the seasonal interconnection between the SCS and the JS, as well as the related dynamics of various transports through the Karimata Strait using a finer resolution ocean model. The rest of this paper is organized as follows. Section 2 describes the data and methods employed in this study, while Section 3 contains the results and discussion of the physical characteristics between the SCS and the JS through the Karimata Strait as well as the various KSTs. Section 4 presents the summary and conclusion.




2. Data and Methods


2.1. Model Description and Configuration


This study employed a free-surface, split-explicit, and terrain-following coordinate regional ocean model, i.e., Regional Ocean Modelling System (ROMS) [28], developed collaboratively by Rutgers University, University of California Los Angeles, and worldwide researchers, https://www.myroms.org/, accessed on 8 September 2021 [29].



The model domain encompassed between 23.65° S–25.97° N and 98.82° E–142.22° E (Figure 1a), with a horizontal resolution of 5–6 km (960 × 960 grid points), to include as many topographical details as possible and to resolve the major mesoscale eddy structures. The bathymetry data were derived from the General Bathymetric Chart of the Oceans (GEBCO) 15 arc-second gridded bathymetric data, https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2019/gebco_2019_info.html, accessed on 8 September 2021, GEBCO_2019 [30]. The model consisted of 30 vertical s-levels with the grid stretching and transformation parameters selected to establish a higher resolution towards the surface and bottom boundaries, allowing the ocean boundary layers to be better resolved. The bathymetry was smoothed to reduce horizontal pressure gradient errors according to the following steps: (1) the bathymetry was smoothed using a Gaussian filter with a width twice the size of each data point; (2) smoothing was performed at depths below 4500 m over the entire computational grid; (3) all spikes with depths above 4500 m were smoothed; and (4) the model domain was separated into different sub-regions and the bathymetry in each of the sub-regions was smoothed using a smooth positive method [31].



Surface wind stress, sea level pressure, heat, and freshwater fluxes with a horizontal resolution of 0.25° × 0.25° for the atmospheric forcing parameter were acquired from the hourly European Center Medium-Range Weather Forecast (ECMWF) fifth generation atmospheric reanalysis (ERA5), https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5, accessed on 8 September 2021 [32].



The present ocean model was nested within the global ocean model, i.e., Hybrid Coordinate Ocean Model (HyCOM) + Navy Coupled Ocean Data Assimilation (NCODA) Global 1/12° Analysis (GLBu0.08) (hereafter referred to as HyCOM), which is forced by the National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR). Observation data are assimilated into the HyCOM by means of the Navy Coupled Ocean Data Assimilation (NCODA) system [33,34]. NCODA incorporates the model forecast as a first guess in a 3D variation scheme, then satellite altimeter, satellite-derived and in situ SST, and in situ temperature and salinity vertical profiles are subsequently assimilated into the model. Modular Ocean Data Assimilation System (MODAS) synthetics are used to project surface information downward [35]. Further details of HyCOM data can be found at https://www.hycom.org/, accessed on 8 September 2021.



The identical model boundary setup and parameters were utilized by Wijeratne et al. [36]. Mean sea levels, salinity, temperature, and transport (barotropic and 3D velocity components) obtained from HyCOM were prescribed as open boundary conditions. For the baroclinic mode (temperature, salinity, and baroclinic momentum), a combination of Orlanski-type radiation boundary conditions with nudging was used [37]. The nudging band is the same dimension as the sponge layer, which comprises nine grid cells (~46 km). Within the sponge layer, nudging was used to relax the temperature and salinity to the ROMS solutions on a daily time scale.



A total of 13 tidal constituents with a resolution of 0.25°, including eight primary (M2, S2, N2, K2, K1, O1, P1, Q1), three non-linear (M4, MS4, MN4), and two long periods (Mf and Mm), were acquired from the Oregon State University TOPEX/Poseidon Global Inverse Solution (TPXO) version 7.2 global tidal model [38], http://g.hyyb.org/archive/Tide/TPXO/TPXO_WEB/global.html, accessed on 8 September 2021. These tidal constituents were relaxed at the open boundaries using the Flather condition [39] for depth-averaged current ellipses and the Chapman condition [40] for elevation. These schemes allow prescribed tidal disturbances to enter the model domain, while also allowing tidal disturbances to leave the domain seamlessly.



The model was run in hindcast mode with an absence of data assimilation from 1 January 2001 to 31 December 2015 (15 years). The model was initialized with HyCOM data and pre-run for 1 year (January–December 2000) for model spin-up. The simulated surface temperature data were relaxed to a daily surface field derived from HyCOM for correcting atmospheric heat fluxes to prevent significant SST drift [41,42,43]. Furthermore, simulated surface salinity data were relaxed to a daily surface field derived from HyCOM to prevent significant SSS drift due to insufficient precipitation minus evaporation forcing [44]. The relaxation of SSS into the model has been shown to result in a more realistic spatial distribution of salinity in the model [45], whereas the relaxation of both SST and SSS into the model can ensure the right water masses are formed at the right density, with subsequent circulation, subduction, and deep convection further transporting them at depth [46].



The region of interest occupied the area between the SSCS and the JS (Figure 1b), with the goal of examining the interconnection between these two water bodies and the associated various transports through the Karimata Strait. Unless otherwise specified, all the results examined were based on climatological data.




2.2. Analytical Techniques


2.2.1. Model Validation


It should be noticed that the sea surface height was not relaxed in the present ocean model; therefore, the estimated mean sea levels could be validated against the observed mean sea levels. This was accomplished by validating the estimated mean sea levels against the observed mean sea levels acquired from the Permanent Service for Mean Sea Levels (PSMSL), https://www.psmsl.org/, accessed on 8 September 2021 [47] at four tide gauge stations located in the southern SCS (black dots in Figure 1b).



In addition, the simulated surface current, SST, and SSS were mainly validated against the Copernicus Marine Environment Monitoring Service (CMEMS) global reanalysis product, i.e., GLOBAL_REANALYSIS_PHY_001_030, https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=GLOBAL_REANALYSIS_PHY_001_030, accessed 8 on September 2021. This CMEMS model is a 1/12° eddy resolving global ocean model based on the Nucleus for Modelling of the Ocean (NEMO) ocean model, which is driven by the ECMWF Interim Reanalysis (ERA-Interim) and then ERA5 from 1 January 2019. The along-track altimeter (sea level anomaly), satellite-derived SST, sea ice concentration, and in situ temperature and salinity vertical profiles are assimilated into the model using a reduced-order Kalman filter. Furthermore, slowly evolving large-scale temperature and salinity biases are corrected using a 3D-VAR scheme [48]. This model has undergone a quality assessment and has been shown to be appropriate for representing oceanographic variables [49,50].



As previously stated, the SST and SSS of the present ocean model were relaxed to daily surface temperature and salinity derived from HyCOM; thus, to determine the exact reliability of the simulation, the temperature and salinity at 5 m derived from the present ocean model were treated as SST and SSS, respectively, as such for the CMEMS. In addition, 4 km × 4 km horizontal resolution of satellite-derived SST obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) on board the Aqua satellite was used as an additional data source for SST validation, https://oceancolor.gsfc.nasa.gov/, accessed on 8 September 2021 [51]. Moreover, the simulated SSS was compared to World Ocean Atlas (WOA) 2018 data with a horizontal resolution of 0.25°, which are freely available, uniformly formatted, and quality monitored, https://www.ncei.noaa.gov/products/world-ocean-atlas, accessed on 8 September 2021 [52].




2.2.2. Wind Stress and Wind Stress Curl


The seasonal zonal and meridional wind speed vectors at 10 m with a horizontal resolution of 0.25° × 0.25° were obtained from ERA5 [32] to compute wind stress and wind stress curl within the study region. The zonal (   τ x   ) and meridional (   τ y   ) components of wind stress were defined as follows:


   τ x  =  ρ a   C d   W  m a g   U  



(1)






   τ y  =  ρ a   C d   W  m a g   V  



(2)




where    ρ a    is the density of air;    C d    is the dimensionless drag coefficient;    W  m a g     is the wind magnitude; and  U  and  V  are the zonal and meridional wind speed components, respectively. The corresponding wind stress curl (  c u r l  ( τ )   ) was calculated as follows:


  c u r l  ( τ )  =   ∂  τ y     ∂ x    −   ∂  τ x     ∂ y     



(3)








2.2.3. Water Transports


To estimate the water transports through the Karimata Strait, i.e., KSTs, a transect line lie between east Sumatra and west Borneo at a latitude of 1.3° S, named as Transect 1 in Figure 1b, was designated. The full-depth volume transport (   F V   ) across Transect 1 was calculated by the following equation, adapted from Fang et al. [21]:


   F V  =   ∫  A  v d A  



(4)




where  v  is the meridional velocity component and   d A   is the area element of Transect 1. The calculated volume transport was multiplied by the normal vector perpendicular to Transect 1. Henceforward, positive values denoted outflow through the Karimata Strait into the JS, whereas negative values denoted inflow through the Karimata Strait into the SSCS. According to Fang et al. [21], freshwater transport (   F W   ) was computed using the following equation:


   F W  =   ∫  A   [   (   S 0  − S  )  ∕  S 0   ]  v d A  



(5)




where  S  is the salinity and    S 0    is the reference salinity taken as 34.62 psu based on Levitus and Boyer [53]. For the heat transport (   F H   ), the following equation adapted from Fang et al. [21] was used:


   F H  = p  C p    ∫  A   (  T −  T 0   )  v d A  



(6)




where  p  is the water density, taken as 1021 kg m−3 for a mean temperature of 28 °C and a mean salinity of 33 psu.    C p    is the specific heat,  T  is the temperature, and    T 0    is the reference temperature taken as 3.72 °C according to Ffield et al. [54] and Schiller et al. [55].   p  C p    was regarded as the heat capacity per unit volume, taken as 4.1 × 106 J m−3 K−1 for the stated mean temperature and mean salinity. Salt transport (   F S   ) was obtained by the following equation, adapted from Fang et al. [21]:


   F S  = p   ∫  A  S v d A  



(7)










3. Results and Discussion


3.1. Wind Stress and Wind Stress Curl


During the boreal winter (December–January–February; DJF), northeasterly wind stress prevailed over the SSCS (Figure 2a). The wind stress intensity gradually declined and changed direction as it passed over the Karimata Strait and the JS, becoming northwesterly. During the boreal summer (June–July–August; JJA), wind stress reversed, with stronger southeasterly wind stress dominating over the JS and Karimata Strait, while weaker southwesterly wind stress prevailed over the SSCS (Figure 2b).



In general, the sign of wind stress curl during the boreal winter and boreal summer for the entire domain was in the opposite. A major part of the SSCS and Karimata Strait was dominated by positive wind stress curl during the boreal winter and negative during the boreal summer. Despite this, negative and positive wind stress curl was perceived along the Peninsular Malaysia’s east coast (PMEC) during the boreal winter and boreal summer, respectively. The prevalence of positive wind stress curl endangers surface divergence, which has been shown to trigger upwelling along the PMEC during the boreal summer [56,57,58,59,60].



Dissimilar to the SSCS and Karimata Strait, the wind stress curl in the JS was typically asymmetric in both seasons. During the boreal winter, the northern JS was subjected to positive wind stress curl, whereas the southern JS was subjected to negative wind stress curl. During the boreal summer, the wind stress curl turned into negative in the northern JS and positive in the southern JS. Nonetheless, apart from the coastal area, the intensity of these wind stress curls in the JS was typically weaker than in the SSCS.



The positive wind stress curl corresponds to cyclonic circulation in the Northern Hemisphere, but anticyclonic circulation in the Southern Hemisphere. In contrast, negative wind stress curl corresponds to anticyclonic circulation in the Northern Hemisphere, but cyclonic circulation in the Southern Hemisphere [61,62,63]. Hence, the prevailing winds are known to alter surface circulation, especially at latitudes between 5° N and 5° S, where the Coriolis force is insignificant [13], which will be discussed in the subsequent section.




3.2. Meal Sea Levels


Figure 3 depicts a comparison of monthly mean sea levels derived from ROMS and PSMSL. It can be revealed that the estimated monthly mean sea levels closely resemble the observed data, exhibiting a comparable trend and amplitude at all four stations. The root mean square error (RMSE) of monthly mean sea levels between the present ocean model and observed data was less than or equal to 0.08 at all stations, suggesting that the present ocean model predicted mean sea levels reasonably well. The monthly mean sea levels at all stations exhibited seasonal fluctuation, with a single peak and trough throughout the boreal winter and summer, respectively. This annual cycle is typically caused by the seasonal reversal of monsoon winds. During the boreal winter, the northeast monsoon wind creates a sea level surge in the SSCS, whereas during the boreal summer, the southwest monsoon wind pushes water from the SSCS to the northwest part of the SCS, resulting in a fall in sea level [64].



Even though the ROMS mean sea levels showed some similar patterns and the RMSEs between both models and PSMSL were appropriate, the ROMS model appeared to overestimate the peak and trough. Potential explanations for this discrepancy include lower resolution of ERA5 (0.25° × 0.25°) meteorological forcing and their bias in wind estimation. According to Minola et al. [65], ERA5 has a tendency to overestimate wind speeds, particularly in coastal areas. Based on an analysis of ERA5 data in the SCS, Jiang et al. [66] found that the wind speed was significantly overestimated, the zonal component was commonly underestimated, and the meridional component was significantly overestimated. In addition, a study of multiplatform wind products in the SCS throughout the boreal summer and autumn of 2019 revealed the RMSEs of ERA5 wind speed and wind direction were around 1.9 m s−1 and 33°, respectively [67]. In addition, there is a slight difference in the location because the tide gauges are positioned in an inner estuary/harbor with a shallow water depth, but the minimum model bathymetry is 4 m. It should also be noted that the predicted mean sea levels were not assimilated; thus, variations between observed and predicted mean sea levels are expected.




3.3. Surface Current


The simulated surface current was in general agreement with those derived from CMEMS and earlier findings by Fang et al. [27], He et al. [23], and Wyrtki [2,68] (Figure 4). ROMS and CMEMS revealed the existence of a quasi-surface current and an eddy structure situated in the SSCS, which is consistent with the findings by Fang et al. [27] and He et al. [23]. Generally, surface current in the SSCS and the JS was driven by wind stress, reflecting seasonal monsoon variability.



During the boreal winter, the distinct current laid along the PMEC (Figure 4a,b). The northeasterly monsoon winds during the boreal winter pushed the surface current along the PMEC southward. This western boundary current continued to flow southward across the Karimata Strait before turning eastward and merging with the eastward surface current driven by the northwesterly monsoon winds in the JS. This eastward surface current bifurcated in the eastern JS, with a portion continuing eastward into the Flores Sea. Meanwhile, a portion of it veered north and met the southward flowing current in the southern Makassar Strait. This northward flowing current in the Makassar Strait significantly reduces the strength of ITF, resulting in the weakest ITF outflow during the boreal winter [69]. Previous findings indicated that the monsoon wind drives surface current eastward, pushing buoyant surface water from the SCS and the JS into the Flores and Banda Seas, with water piling up in the southern Makassar Strait because of the cramped exit. This situation raises the sea surface height and creates a pressure gradient, substantially reducing the strength of the southward flowing current in the Makassar Strait [18,20,69,70,71]. In addition, a cyclonic eddy was resembled in SSCS by the simulated model; CMEMS; and previous findings by Akhir [9], Chu et al. [72], Daryabor et al. [73], and Tangang et al. [10], centered at about 110° E, incarnating the associated positive wind stress curl. Nonetheless, the cyclonic eddy captured by CMEMS was weaker than ROMS, which was probably owing to the differing atmospheric forcing parameters employed by CMEMS, which used ERA-Interim, whereas the present ocean model used ERA5 during the simulation period.



During the boreal summer, the surface current reflected the variations as the monsoon wind reversed (Figure 4c,d). In the Makassar Strait, a strong current flowed southward and divided in the southern part of the strait, with the bulk of the surface current continuing to flow southward and drifting through the Lombok Strait—the main exit passages of the ITF [18,74,75]. During this season, the reversing monsoon wind drives surface water from Banda and Flores Seas westward, wipes off the northward pressure gradient, and allows unrestricted surface current to flow southward along the Makassar Strait [18,20]. Despite this, a portion of the southward surface current from the Makassar Strait shifted westward and joined the westward surface current in the JS, which was expelled by the southeasterly monsoon wind. Under the influence of southeasterly monsoon winds, this surface current in the Karimata Strait shifted north, joining the strong western boundary current along the PMEC.



There was a difference in the surface current circulation pattern between ROMS and CMEMS during the boreal summer. As shown in ROMS in the region north of the PMEC, the intense western boundary current generated unstable meandering when reaching the Gulf of Thailand and the adjacent coasts. These meandering currents became more intense and whirling, forming a clockwise motion at the northeast of PMEC. This anticyclonic eddy caused some of the western boundary current deflected eastward at the northwest of Natuna Island. The eastward movement of the deflection current meandered southwestward, swirled, and met the western boundary current system, generating another anticyclonic eddy with weaker intensity at the southwest of Natuna Island (southern part of the PMEC). This was particularly apparent in Supplementary Figure S1, which demonstrated the surface current derived from ROMS in June, July, and August. The circular pattern of this eddy was more obvious in June and decreased in size in July and August. Nevertheless, the existence of dual anticyclonic structures off the PMEC during the boreal summer was not represented in CMEMS, which could be attributed to the slightly coarser resolution of CMEMS. In addition, it differed from previous findings by Akhir [9] and Tangang et al. [10], which only simulated a single anticyclonic eddy somewhat bigger in size in the vicinity of the Natuna Island, which could be owing to the differing ocean model configuration utilized. Although the dual anticyclonic eddies were successfully simulated by Daryabor et al. [58], further investigation is needed to prove their occurrence, particularly through field observations. The existence of these eddies must be confirmed because they are a source of kinetic energy that convey momentum and trace water characteristics vertically and horizontally [76]. Through vertically mixing in and around the eddies, they play a critical role in pelagic ecosystem, biogeochemical cycles, and distribution of phytoplankton [77,78,79]. Furthermore, the prevalence of these eddies is regarded to be crucial off the PMEC and are influenced by upwelling processes because they often drive nutrient-rich coastal upwelling water offshore, which supports biological activity in the offshore region [80].




3.4. Sea Surface Temperature and Salinity


As previously stated, the SSCS and the JS are in the monsoon regime. Consequently, the water characteristics in this region undergo seasonal changes. The model simulated SST (Figure 5) and SSS (Figure 6) were generally compatible with those derived from CMEMS, MODIS, or WOA. However, the simulated model appeared to be cooler than MODIS and CMEMS during both seasons. The SST bias between CMEMS and ROMS in the study domain was 0.10 °C during the boreal winter and 0.31 °C during the boreal summer, while the bias between MODIS and the simulated model was 0.07 °C during the boreal winter and 0.43 °C during the boreal summer. In terms of SSS, the simulated model appeared to have a higher SSS than CMEMS and WOA in the study domain. The SSS bias between CMEMS and ROMS was 0.79 psu during the boreal winter and 0.60 psu during the boreal summer, whereas the bias between WOA and ROMS was 0.45 psu during the boreal winter and 0.36 psu during the boreal summer.



The presence of bias in SST and SSS could be attributed to several factors, such as the different atmospheric forcing parameters used in the model that interact with the topography and bathymetry at each grid point, as well as different model configurations. Additionally, the horizontal and vertical resolutions of the model, as well as the characteristic turbulent diffusion times attributable to vertical turbulent diffusion and vertical advection or convection of the layer, also may be factors [81].



As observed from the SST (Figure 5) and SSS (Figure 6) maps, the distributions of SST and SSS in the SSCS and JS were not identical; they were cooler and saltier in the SSCS, and warmer and fresher in the JS during the boreal winter, and vice versa during the boreal summer. This could possibly be attributed to the differences in oceanographic processes in the SSCS and the JS during both seasons. Hence, two domain boxes were selected to provide a clearer perspective of the seasonal cycle of SST and SSS; marked as A1 and A2 in Figure 1b to represent SST and SSS in the SSCS and JS, respectively. The seasonal cycle patterns of SST and SSS (Figure 7) derived from the simulated model appeared identical to the CMEMS, MODIS, or WOA, indicating that the model could capture seasonal fluctuations in SST and SSS in both the SSCS and the JS.



It was apparent that the SST in the SSCS was in unimodal distribution, with a maximum value occurring in May. Nonetheless, the SST in the JS was in bimodal distribution, with two maxima in April and November. The SSS in the SSCS was largely consistent throughout the year, but the SSS in the JS was in unimodal distribution with a maximum value occurring in September. The seasonal cycle of SST and SSS in the SSCS and JS may be associated with the advecting current from its adjacent waters, i.e., northern SCS and Flores Sea [17].




3.5. Water Advection


During the boreal winter, the cooler water that dominated the SSCS led to the formation of a noticeable thermal front along the PMEC and northwest of Borneo (Figure 5a–c). Chu and Wang [82] revealed the existence of a thermal front over the SCS between the Vietnamese Bight and Luzon Island because of a convergence flow in the SCS. This thermal front is advected southward by an intense southward flowing western boundary current located in the continental slope off the eastern Vietnamese coast, creating a tongue of cooler water that results in the formation of this thermal front [56,57,83]. Meanwhile, although the SSCS was dominated by saltier waters, the coastal area was dominated by fresher waters (Figure 6a–c). The seepage of cooler and saltier waters in the SSCS advected southward by the surface current, across the Karimata Strait, and then merged with warmer and fresher waters in the JS. In this particular season, the prevailing monsoon in the SSCS and JS brought considerable precipitation in Southeast Asia [20,70], diluting seawater and resulting in a lower SSS. Although high precipitation hit the study domain, its impacts in the JS were greater, as indicated by lower SSS. This is because the JS is subjected to significant riverine outflow from the neighboring continent, i.e., Sumatra, Java, and south Borneo, as compared with the SSCS. In the JS, the eastward flowing current further advected warmer and fresher waters into the southern Makassar Strait. This advection of fresher waters generated a northward pressure gradient in the Makassar Strait, restricting saltier waters from the Pacific to penetrate southward into the Indian Ocean, which led to the formation of a strong SSS gradient in the southern part of the Makassar Strait [18,20].



During the boreal summer, the eastern part of the JS, i.e., the Flores Sea, was dominated by cooler (Figure 5d–f) and saltier waters (Figure 6d–f), particularly owing to the invasion of wind inducing upwelling water from the southern Makassar Strait (southern tip of the Sulawesi Island) and Banda Sea [18,84,85,86,87]. The westward surface current advected cooler and saltier waters from the Flores Sea into the JS, erasing the obstructing northward pressure gradient in the Makassar Strait [18,20]. This allows slightly warmer and saltier waters to flow southward and eventually merged with the cooler and saltier waters from the Flores Sea. In the JS, the fresher waters could still be observed, indicating that the effect of riverine outflow is persistent and appears to dilute saltier water from the Flores Sea, leading to a lower SSS. In the JS, a seepage of cooler and fresher waters was advected northward across the Karimata Strait and entered the SSCS. Fascinatingly, this seepage of cooler and fresher waters was shown to advect onto the PMEC in the path of the strong northward flowing western boundary current, forming a band of cooler and fresher waters between the Karimata Strait and the PMEC. The advected cooler water was basically coalesced with the curl-induced cooler and saltier upwelling waters along the PMEC. After leaving the PMEC, this path of cooler and fresher waters continued to advect towards the Vietnamese coast in the path of the strong northward flowing western boundary current. The advection of cooler waters from the JS towards the SSCS was actually opposed to the previous findings (e.g., Akhir [9]; Cai et al. [88]; Daryabor et al. [12,58,73]; Yanagi et al. [89]), which claimed that a northward flowing current advected warmer tropical waters from the JS, and increased solar radiation led to higher SST in the SSCS during the boreal summer. However, it was apparent that the higher SST in the SSCS probably relied solely on the increase in solar radiation, as the advected waters from the JS were actually cooler.



The advection of cooler water from the JS towards the PMEC during boreal summer supported the previous findings by Kok et al. [56,57,60], but, to the best of the author’s knowledge, the advection of fresher water from the JS towards the PMEC has never been documented. This information is critical for the PMEC that are influenced by upwelling because the presence of fresher water along the coast can enhance upwelling via baroclinic pressure gradient force [90]. Nonetheless, it should be emphasized that the advection path of this fresher water was not evident in WOA, most likely owing to a lack of observational data used to compute gridded salinity in the region, and this situation has been shown by WOA to make it difficult to compute quality control on datasets [91] and should be used with caution [92]. Despite this, the WOA was used to provide a broad picture of the SSS distribution. Because of this constraint, shorter temporal coverage of satellite-derived SSS from Soil Moisture Active Passive (SMAP) with a horizontal resolution of 0.25°, https://smap.jpl.nasa.gov/, accessed on 8 September 2021 [93,94], was employed to offer further information of SSS distribution during the boreal summer (Supplementary Figure S2). The satellite-derived SSS exhibited comparable patterns to ROMS (Figure 6d) and CMEMS (Figure 6e), particular the fresher water path advected from the JS that merged with the saltier upwelling water along the PMEC, supporting the stated feature.




3.6. Seasonal Cycles


The seasonal cycles of SST and SSS (Figure 7) were predominately controlled by the advecting current from the adjacent seas. It should be noted that the selected box in the SSCS (A1) did not cover the PMEC. Hence, the seasonal cycle particularly during the boreal summer where the advection of cooler and fresher waters from the JS towards the PMEC was not reflected here. In the SSCS, the advection of cooler waters from the northern SCS began in November and started to withdraw in February before vanishing in April, leading to lower SST. As the cooler water advection vanished in May, the SST started to rise and was slightly maintained until October. The SSS in the SSCS remained nearly consistent throughout the year, indicating that water advection from its northern part did not significantly alter the SSS. This adds to our understanding of the seasonal cycle of SSS in the SSCS, where the study of salinity is limited owing to a paucity of high-quality observational data [95].



In the JS, the seasonal cycle of SST was predominately affected by cooler water advection from the SSCS and the Flores Sea during the boreal winter and boreal summer, respectively. The advection of cooler water from the SSCS began in December and terminated in March, leading to lower SST. As the advection from the SSCS ceased in April, the SST rose. Immediately after the advection from the SSCS, cooler water from the Flores Sea began to advect into the JS from May, leading to another cooler SST trend that persisted until October. In November, the vanishing of cooler water advection from the Flores Sea resulted in another higher SST. The study of seasonal cycle of SST provides a better understanding of seasonal changes in water characteristics in the JS, with a major focus on salinity, which plays a critical role in the ITF. Unlike SST, the seasonal cycle of SSS in the JS was predominately regulated by saltier water advected from the Flores Sea during the boreal summer, resulting in higher SSS between June and October. It should be noted that the SSS was practically identical in the other months, indicating that the effect of riverine outflow on the SSS in the JS remained consistent throughout the year, unless affected by saltier water advection from the Flores Sea.




3.7. Volume, Freshwater, Heat, and Salt Transports


This section discusses annual and seasonal water transport across the Karimata Strait, i.e., KSTs in terms of volume, freshwater, heat, and salt transport. The estimation of these transports facilitates the understanding of water exchange and interconnection between the SSCS and the JS, which is crucial in affecting the mechanism and development of thermohaline circulation in the region.



3.7.1. Annual Water Transports


Table 1 shows the annual volume, freshwater, heat, and salt transports through the Karimata Strait based on ROMS and various modelling studies. In addition, the configurations and specifications of these models are presented in Table 1. On an annual timescale, all the estimated various transports were directed from the SSCS into the JS. The annual volume, freshwater, heat, and salt transport estimated by ROMS were 0.96 Sv (1 Sv = 106 m3 s−1), 0.04 Sv, 0.10 PW (1 PW = 1015 j s−1), and 0.03 × 109 kg s−1, respectively, which was typically higher than the CMEMS estimate of 0.64 Sv, 0.04 Sv, 0.07 PW, and 0.02 × 109 kg s−1, respectively. The computation of Monte Carlo permutation test based on interannual timescales of various transports revealed that the difference between CMEMS and ROMS was significant at a confidence level of 0.05. The existence of this significant difference was attributable to the fact that ROMS had a higher value of various transports’ estimation at the interannual timescale, which also explained why ROMS had a higher estimation of annual various transports than CMEMS (not shown).



In comparison with other modelling studies, the estimated various transports indicated a great deal of variation. The estimated annual volume, freshwater, heat, and salt transports by all the listed models range from 0.64 to 3.15 Sv, 0.04 to 0.05 Sv, 0.07 to 0.35 PW, and 0.02 to 0.11 × 109 kg s−1, respectively. Owing to the different configurations and specifications of the ocean models, the significant discrepancy in the estimated various water transports was possibly expected.



The present ocean model and CMEMS provide lower estimations of volume, freshwater, heat, and salt transports. This could be because of the finer horizontal and vertical resolutions of ROMS and CMEMS, as well as the distinct turbulent diffusion periods attributed to vertical turbulent and the vertical advection of convection of the layer, which could result in lower estimates of various transports.




3.7.2. Seasonal Water Transports


Volume transport estimation showed seasonal fluctuations, with a higher value during the boreal winter and a lower value during the boreal summer (Figure 8a). The seasonal volume transport pattern of the model was generally consistent with that of CMEMS; however, ROMS had a higher value, as in the case of annual volume transport. The volume transport estimated by ROMS and CMEMS in January was 3.31 Sv and 1.66 Sv, respectively, which corresponded to the predominantly southward current across the Karimata Strait during the boreal winter (Figure 4a,b). The volume transport gradually decreased from January to April before turning negative (inflow from the JS into the SSCS) between May and August, when the current was mostly northward (Figure 4c,d). However, in May, volume transport estimated by ROMS (−1.23 Sv) was the highest among the months with negative volume transport, contrasting with CMEMS, which recorded approximately comparable volume transport. The anticyclonic eddy captured by ROMS during the boreal summer in the southern part of the SSCS (Supplementary Figure S1) was also visible in May, but it was slightly stronger and larger (not shown). The western northward flowing part of this anticyclonic eddy penetrated the Karimata Strait, contributing to the stronger northward volume transport in May. As stated earlier, this anticyclonic eddy was not captured by CMEMS, explaining why the northward volume transport estimated by ROMS peaked in May, but not in CMEMS. In June, as the anticyclonic weakened, the volume transport estimated by ROMS decreased, and the trend of volume transport between ROMS and CMEMS was similar. Except for ROMS estimation in May, volume transport peaked around June and July (−1.17 Sv by ROMS and −0.45 Sv CMEMS) before declining in August. In September, the volume transport was nearly zero and turned back to positive over the remaining months with an increasing trend when the current was mostly southward. Therefore, volume transport across the Karimata Strait appeared to be predominantly influenced by the monsoon cycle. Aside from CMEMS, volume transport was compared to estimates made by Fang et al. [25], who utilized a global ocean model with a coarser horizontal and vertical resolution of 1/6° and 15 levels, respectively. In general, Fang et al.’s [25] model appeared to overestimate the volume transport when compared with ROMS and CMEMS, especially during the outflow from the SSCS into the JS. This implied that a coarser horizontal and vertical resolution of ocean model, such as that used by Fang et al. [25], would likely to provide higher volume transport, especially in shallow regions and when the strait is connected to the different regions, as suggested by Fang et al. [27], as in the case of the Karimata Strait.



The freshwater transport pattern derived from ROMS and CMEMS was roughly proportional to volume transport (Figure 8b). According to ROMS and CMEMS, freshwater water transport peaked in January during the outflow months from the SSCS into the JS. During the inflow months from the JS into the SSCS, the freshwater transport estimated by ROMS peaked in May, but CMEMS peaks in July, highlighting the role of the simulated anticyclonic eddy in causing this situation. With the deployment of trawl-resistant bottom mounts equipped with ADCPs and salinity data obtained from field observations and the WOA, Susanto et al. [22] estimated freshwater transport between December 2007 and October 2008. According to the presented chart, the freshwater transport estimated by Susanto et al. [22] was positive from January to March and October to December, and negative from April to September. The direction of ROMS estimation was the same as in Susanto et al. [22]; however, the estimations of Susanto et al. [22] were primarily of a qualitative nature, and actual freshwater transport is still subjected to further investigation. Nevertheless, the freshwater transport estimated by Susanto et al. [22] appeared to be much greater than ROMS and CMEMS, in contrast to heat transport estimation (Figure 8c), where ROMS, CMEMS, and Susanto et al. [22] did not differ significantly. One possible explanation is that Susanto et al. [22] used limited salinity data to estimate freshwater transport, which relied solely on single point measurement, and sparse WOA data, which made it impossible to perform an appropriate estimate, particularly between May and September, when freshwater transport was significantly lower.



The heat transport estimated by ROMS and CMEMS across the Karimata Strait was comparable to the volume transport (Figure 8c). Nevertheless, the heat transport estimation of ROMS displayed a more consistent trend with Susanto et al.’s [22] field observations, particularly in May, when the transport was largely influenced by the anticyclonic eddy, resulting in the maximum heat transport. In general, similar to the volume transport, the heat transport estimated by Fang et al.’s [25] model was higher than the estimation of ROMS, CMEMS, and Susanto et al. [22], especially during the outflow months from the SSCS into the JS.



Likewise, the estimated salt transport across the Karimata Strait reflected the volume transport fluctuation (Figure 8d). Among the months with positive salt transport, the highest salt transport into the JS was 1.1 × 108 kg s−1 in January, which corresponded to the CMEMS estimate (0.55 × 108 kg s−1). Under the influence of anticyclonic eddy, the salt transport estimated by ROMS was at its peak in May (−0.42 × 108 kg s−1) among the months with negative salt transport. However, as the anticyclonic eddy drifted away from the Karimata Strait, it recorded another peak in July (−0.39 × 108 kg s−1), corresponding to the CMEMS of −0.15 × 109 kg s−1. Again, similar to volume, freshwater, and heat transports, Fang et al. [21] appeared to have higher estimates of salt transport, especially during the outflow months from the SSCS into the JS.



Our study provided new information in which all the estimated various KSTs, i.e., volume, freshwater, heat, and salt transports, peaked in May during the inflow from the JS into the SSCS because of the presence of stronger anticyclonic eddy in the southern part of the SSCS in May, which differs from the aforementioned dataset and previous studies (e.g., Daryabor et al. [12,13]; Wyrtki [96]) that estimated that various KSTs peaked between June and August.






4. Summary and Conclusions


In this study, a ROMS model application, forced with an appropriate atmospheric and oceanic forcing, was used to simulate the water circulations and its associated volume, freshwater, heat, and salt transports between the SSCS and the JS to investigate the interconnection between these two water bodies across the Karimata Strait. The simulated ocean dynamics between the SSCS and the JS basically established a good agreement with the various datasets.



The seasonal surface current in the study domain was influenced by the monsoonal wind stress with the presence of reversing surface current flow in the SSCS and JS. During the boreal winter, a strong western boundary current was observed to flow southward from the PMEC into the JS via the Karimata Strait, whereas during the boreal summer, the western boundary current was reversed, flowing from the JS to the PMEC. Furthermore, the cyclonic structure dominated the SSCS during the boreal winter, while the dual anticyclonic structures dominated during the boreal summer.



The seasonal variability of SST and SSS patterns between the SSCS and the JS was influenced by the water exchanges between these two bodies of water. During the boreal winter, cooler and saltier waters were advected southward from the SSCS through the Karimata Strait into the JS. However, during the boreal summer, cooler and fresher waters from the JS were advected into the SSCS, forming a clear advection path that extended between the JS and the PMEC according to the path of the northward flowing western boundary current.



The seasonal various KSTs, i.e., the volume of freshwater, heat, and salt transports across the Karimata Strait, followed the water circulation patterns between the SSCS and the JS. The various water transports directed southward from the SSCS into the JS via the Karimata Strait, which was consistent with the mainly southward flow in the Karimata Strait during the boreal winter. Meanwhile, the various KSTs were reversed during the boreal winter, driven from the JS into the SSCS when the Karimata Strait circulations were predominantly northward. The finer horizontal and vertical resolutions of the present model were believed to have a better estimation of various water transports than coarser resolutions of global ocean model by Fang et al. [25]. This could be attributable to the ability of the finer resolutions ocean model to deal with the complexity of the shallow Karimata Strait, which experiences rapid fluctuations caused by interaction with topography and bathymetry. The estimated annual means of the various KSTs were all directed southward into the JS from the SSCS, reporting 0.96 Sv, 0.04 Sv, 0.10 PW, and 0.03 × 109 kg s−1 for the volume of freshwater, heat, and salt transports, respectively, as estimated by ROMS.



It is worth noting that the simulated results derived from this study are primary validated against the CMEMS instead of observational data. The justification for this is that there is a lack of observational data available in this region; thus, the CMEMS was used to act as our pseudo-observational data for validating ROMS because CMEMS assimilates a number of observation data sources, and previous findings indicated that the data assimilation technique can produce a reliable dataset [97,98,99]. Indeed, numerous studies employed the assimilated ocean model to evaluate their produced ocean model [12,13,58]. Although most of the datasets can be obtained directly from the CMEMS, the rationale for developing a new ocean model, as done in this study, may be questioned. It should be noted that the horizontal resolution of CMEMS is 1/12°, which is slightly coarser than the present ocean model, which has a finer horizontal resolution of 1/20°. The use of a higher resolution ocean model is required because it enhances model accuracy and allows for the simulation of small-scale processes, reducing reliance on uncertain parameterizations [100]. This is demonstrated by the successful simulation of mesoscale features of dual anticyclonic eddies off the PMEC during the boreal summer using the present higher resolution ocean model, which was absent in the CMEMS with a slightly coarser horizontal resolution.



We would like to point out that there is a lack of in situ data in the region to validate some of the major regional features simulated by ROMS, particularly the surface current. However, the development of this ROMS model is truly timely, as it fills a gap in the region where observational data are scarce, and this study can inspire regional collaboration to conduct field observations for a better understanding of oceanographic conditions within the SSCS and the JS.
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Figure 1. Model domain and bathymetry (unit: m). Black box in (a) represent the region of interest as shown in (b). Blue and red boxes in (b) represent the domains of the SSCS (A1) and the JS (A2). Black line in (b) is the transect (Transect 1) used to estimate various Karimata Strait transports (KSTs). Black dots in (b) mark the location of four tide gauge stations: (a) Tanjung Selidi, (b) Getting, (c) Bintulu, and (d) Labuan, used to validate the mean sea levels. 
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Figure 2. Seasonal wind stress vector (unit: N m−2) and wind stress curl (unit: N m−3; in shade) climatology during the (a) boreal winter and (b) boreal summer. 
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Figure 3. Monthly mean sea levels (unit: m) derived from PSMSL (black lines) and ROMS (red lines) at (a) Tanjung Selidi, (b) Geting, (c) Bintulu, and (d) Labuan. 
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Figure 4. Seasonal surface current (unit: m s−1) climatology during the (a,b) boreal winter and (c,d) boreal summer derived from ROMS (left panel) and CMEMS (right panel). 
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Figure 5. Seasonal SST (unit: °C) climatology during the (a–c) boreal winter and (d–f) boreal summer derived from ROMS (left panel), CMEMS (middle panel), and MODIS (right panel). 
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Figure 6. Seasonal SSS (unit: psu) climatology during the boreal winter (a–c) and boreal summer (d–f) derived from ROMS (left panel), CMEMS (middle panel), and WOA (right panel). 
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Figure 7. Seasonal cycle of (a) SST (unit: °C) and (b) SSS (unit: psu) climatology derived from ROMS (solid lines), CMEMS (dash-dot lines), and MODIS/WOA (dashed lines) for Region A1 (red circles) and A2 (blue squares). 
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Figure 8. Seasonal variability of (a) volume (unit: m3 s−1), (b) freshwater (unit: m3 s−1), (c) heat (unit: J s−1), and (d) salt (unit: kg s−1) transports derived from ROMS (solid line), CMEMS (dashed-dot line), Fang et al. [25] (dashed-line), and Susanto et al. [22] (red circles). Positive values denote the outflow from the SSCS though the Karimata Strait into the JS, while negative values denote the inflow from the JS through the Karimata Strait into the SSCS. 
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Table 1. Previous and current estimation of annual volume (FV; unit: 106 m s−1), freshwater (FW; unit: 106 m s−1), heat (FH; unit: 1015 j s−1), and salt (FS; unit: 109 kg s−1) transports.
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Author

	
Model

	
Domain

	
Horizontal Resolution (°)

	
Vertical Resolution

	
Annual Transport




	
FV

	
FW

	
FH

	
FS






	
Fang et al. [25]

	
MOM Version 2

	
Outer: Global Ocean

Inner: SCS, East China Sea, Japan/East Sea

	
Outer: 3

Inner: 1/6

	
15 levels

	
3.15

	
-

	
0.35

	
0.11




	
Cai et al. [24]

	
LICOM

	
75° S–65° N

	
1/2

	
12 levels

	
1.86

	
-

	
0.17

	
0.07




	
Fang et al. [26]

	
MOM Version 2

	
Outer: 87° N–Southern Antarctic Coast

Inner: 20° S–60° N, 98–156° E

	
Outer: ±2

Inner: 1/6

	
18 levels

	
1.16

	
0.05

	
0.11

	
0.04




	
-

	
CMEMS

	
Global Ocean

	
1/12

	
50 z-levels

	
0.64

	
0.04

	
0.07

	
0.02




	
Present Study

	
ROMS

	
23.65° S–25.97° N, 98.82–142.22° E

	
1/20 × 1/25

	
30 levels

	
0.96

	
0.04

	
0.10

	
0.03
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