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Abstract

:

In summer, westward residual flow in the Qiongzhou Strait (QS) drives a water transport through the strait into the Beibu Gulf, playing a vital role in modifying the gulf-scale circulation. By utilizing multi-source observations, realistic simulations, as well as idealized modeling, the water exchange process at the western entrance of the QS was explored from the perspective of thermal structure. High-resolution satellite sea-surface temperature images captured an interesting thermal phenomenon in the studied region, i.e., a trident-shaped warm water tongue. Validations of numerical results suggested satisfactory model performance in reproducing the trident-shaped warm water tongue. Modeling results together with cruise observations indicates extremely weak stratification in the studied region, which is a result of local intense tidal mixing. The cold upwelling water developed at the eastern side of the strait arrived at the western entrance by the westward residual flow, and then encountered and communicated with the well-mixed warm gulf water there. The alternatively deep/shallow topography (sea trough/ridge) triggers spatial variability in tidal current intensity: stronger currents over the deep area with weaker flow above the shallow region leads to alternatively warm/cold thermal distribution in the cross-isobath direction. Further investigation demonstrates that, through modifying the circulation and regulating the intensity of upwelling on the eastern side of the QS, wind also makes a significant contribution to the thermal distribution at the western entrance of the QS.
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1. Introduction


A strait is usually a narrow water channel that separates two land areas but connects two bodies of water. A significant percentage of straits are both economically and strategically important, e.g., the Taiwan Strait, the Hormuz Strait, and the Gibraltar Strait. Straits are the key regions where direct energy and substance exchanges between two water bodies occur; therefore, strait hydrodynamics has attracted unprecedented attention from interdisciplinary researchers [1,2,3,4,5,6,7,8,9,10,11,12].



Located in the northwest of the South China Sea, the Qiongzhou Strait (QS) is a busy shipping lane between the Leizhou Peninsula and the Hainan Island (Figure 1). The averaged length, width, and water depth of the strait are 70 km, 30 km, and 44 m, respectively. Compared with two entrances, the bathymetry in the central strait is much deeper, where the depth can reach up to 120 m. As the only direct passage linking the northern South China Sea with the Beibu Gulf, water exchange through the QS plays a key role in modulating the hydrodynamics of either side [13,14,15,16].



The tidal system in the South China Sea is mainly driven by tidal energy from the West Pacific through the Luzon Strait [17]. After entering the South China Sea, both diurnal and semi-diurnal tidal waves propagate toward the southwest, the northern branch of tidal waves passes by the Guangdong coastal seas and reaches the east entrance of the QS directly. Meanwhile, tidal waves approache the southern mouth of the Beibu Gulf and further propagate into the inner bay, thereby arriving at the west entrance of the QS. Diurnal tidal waves are dominant at the western entrance of the QS while semi-diurnal ones are stronger at the eastern side; both can propagate into the strait and thus trigger nonlinear interaction after their encounter. The amplitude of diurnal tide increases westward with a value of 25 cm at the eastern entrance of the QS, but with a value of 70 cm at the western side. Conversely, semi-diurnal tides increase eastward with an amplitude of 20 cm on the west and 40 cm on the east. Together with tidal rectification over the complicated topography, nonlinear interaction between diurnal and semi-diurnal constituents plays a direct role in modifying the residual current and, consequently, the water exchange through the strait [18].



Early understanding of the residual current in the QS is based primarily on the wind-driven seasonal circulation in the South China Sea. A westward residual current occurs under the winter north wind, while the eastward residual flow is expected in summer by the prevailing south wind [19]. However, by analyzing the current meter and tide gauge data observed in the QS during 1963–1999 (37 years), Shi et al. [18] demonstrated that westward residual current persists throughout the entire year. Meanwhile, they estimate a 0.2–0.4 Sv (1 Sv = 1 × 106 m3/s) transport in winter while 0.1–0.2 Sv in summer. Later, similar findings were reported based on drifting bottle records [20], hydrographic calculation [21], current mooring data [22], numerical simulation [23], and synchronous shipboard current observation [24].



Given the prevailing southwest monsoon, summertime circulation in the Beibu Gulf was traditionally considered to be anticyclonic. Such a view was challenged by increasing observations; however, no reasonable explanation was raised. By conducting a set of numerical experiments and theoretical analysis, Wu et al. [13] concluded that the westward water with high potential vorticity through the QS into the gulf is the major driving factor for the summertime gulf-scale cyclonic circulation. This finding is confirmed by subsequent observational and numerical investigations from Ding et al. [14] and Gao et al. [25]. Aside from the inflow from the QS, they proposed that wind-driven circulation also contributes to the cyclonic gyre in the gulf.



To date, good understandings of the water exchange through the QS, including the residual current, its physical mechanism, its temporal variation, and its effect on the circulation in the Beibu Gulf, have already been acquired. However, we still have poor knowledge of the thermohaline structure of the water discharged through the QS into the Beibu Gulf. Inspired by high-resolution satellite-retrieved sea surface temperature (SST) images, we explored the summertime water exchange at the western entrance of the QS from the perspective of thermal characteristics with multi-source observations and numerical simulations. The main goal of this work is to elucidate the thermal feature associated with water exchange at the western entrance of the QS, thereby obtaining further insight into the interplay between the QS and the Beibu Gulf.



The remaining parts of this paper are organized as follows: Section 2 introduces the data and method employed in this work; Section 3 illustrates an interesting SST structure at the western entrance of the QS captured by satellite images, model validation, and vertical thermal structure and spatiotemporal evolvement of the studied waters; Section 4 discusses the controlling factors of summertime thermal feature associated with water exchange in the research area; and finally, a brief conclusion is presented in Section 5.




2. Materials and Methods


2.1. Remote-Sensed SST


A satellite-observed SST is a powerful material in studying the ocean environment, which has been widely used in exploring marine heat waves [26,27,28,29], marine ecosystem [30,31], ocean front [32,33], mesoscale eddy [34,35], typhoon [36], and many other vital processes. In this work, we employed the Level-2 SST products observed by the Visible and Infrared Imager/Radiometer Suite (VIIRS) and the Moderate Resolution Imaging Spectroradiometer (MODIS) on 31 July 2014, both data are available on http://oceancolor.gsfc.nasa.gov/ (accessed on 16 January 2020). The VIIRS and MODIS Level-2 SST images characterize high spatial resolution, which are   750 × 750    m    and   1 × 1    km   , respectively. High-resolution SST data is powerful in capturing and analyzing the detailed thermal structure of the studied region. Satellites Aqua and Terra are both equipped with MODIS instruments, i.e., MODIS-A and MODIS-T SST, both of which are employed in this study. The SST data with low retrieval quality flags are deprecated for a reliable analysis. To map the climatological SST structure of the studied region, the MODIS Level-3 monthly-averaged SST data were also utilized.




2.2. Satellite-Observed and Reanalyzed Winds


The wind vectors measured by the Advanced Scatterometer (ASCAT) together with the WindSat from 30 July to 1 August 2014, were utilized to better understand the dynamic background of the studied region. ASCAT is a C-band scatterometer, which provides a double swath of observations (each about 500 km wide and separated by a gap of about 360 km). The WindSat is a polarimetric radiometer: in addition to the wind vector, it can also observe sea surface temperature, soil moisture, ice and snow characteristics, water vapor, cloud liquid water, and rain rate. The ASCAT and WindSat wind vectors, with a   0.25 × 0.25 °   resolution, can be acquired from the Remote Sensing System (http://www.remss.com/, accessed on 19 February 2020). Meanwhile, reanalyzed wind data provided by National Centers for Environmental Prediction (NCEP) for June–August 1998–2018 was used to map the wind rose in the studied area.




2.3. Cruise Observations


Sea cruise observations to obtain in-situ data in the western entrance area of the QS were conducted from 7–9 September 2021, and two sampling stations (Y1 and Y2) are displayed in Figure 1b. A Sea-Bird SBE 37-SMP CTD (Conductivity-Temperature-Depth) was deployed to measure the temperature, salinity, and depth, meanwhile, a JFE INFINITY-EM AEM-USB electromagnetic current meter was utilized to gain synchronous information of the current. The observations at both stations lasted for 25 h, moreover, instruments were dragged up and dropped down hourly to obtain the physical parameters at the surface, middle, and bottom layers. It should be noted that due to the intense current, the obliquity of the rope tying the instruments was large at some moments, even after adding heavy sinkers, and thus the actual depths of the three layers kept changing. Nevertheless, these in situ data provide convincing information regarding water exchange in the studied area. For examining the reliability of the numerical model, current profiles acquired at two 25 h stations (6158 and 6172, Figure 1b) during the China General Oceanographic Survey in February 1959 were also utilized.




2.4. Numerical Modeling


In addition to multi-source observations, realistic simulations and idealized modeling based on Regional Ocean Modeling System (ROMS) were also used to explore the water exchange process in the studied region. The ROMS is an advanced split-explicit, free-surface, and terrain-following modeling system [37], which is shared by a large user group around the world with applications ranging from entire ocean basins to coastal sub-regions.



For the realistic simulations, a   800 × 1017   curvilinear orthogonal grid with local refinement in the QS was constructed (purple-dashed box in Figure 1a), meanwhile, a 20-level stretched terrain-following coordinate was applied. Tidal harmonic constants of M2, S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm tidal constituents interpolated from TPXO7 data [38] were adopted as tidal forcing. Both initial and boundary conditions were derived from the HYbrid Coordinate Ocean Model (HYCOM) product. Over the sea surface, heat and freshwater fluxes were provided on the basis of the Comprehensive Ocean-Atmosphere Dataset (COADS05) [39].



In agreement with the synoptic wind pattern shown in Figure 2a, wind rose (Figure 2b) also suggests that southwest, south, and southeast winds are dominant over the northwestern South China Sea during summer. To examine the roles of different winds, three numerical cases forced by spatially uniform winds with direction of 45°, 0°, and 315° were conducted, which were named EXP_D45, EXP_D0, and EXP_D315, correspondingly. Meanwhile, the wind strength was set to an average value: 0.035 N/m2 for these three cases. For EXP_D45, EXP_D0, and EXP_D315, depth of the model was interpolated from the General Bathymetric Chart of the Oceans (GEBCO_2019), a high-resolution bathymetric data set at 15 arc-second intervals provided by the British Oceanographic Data Centre (https://www.bodc.ac.uk/, accessed on 27 August 2019). To clarify the effect of topography, a case named EXP_TOPO, of which the water depth was derived from the Earth topography five-minute grid (ETOPO5), was designed. As a low-resolution bathymetric product, ETOPO5 poorly maps the local topography, and all configurations except the depth of EXP_D45 and EXP_TOPO are the same.



Further, a barotropic tidal experiment named EXP_BT was conducted using the same computational grid and tidal forcing as EXP_D45. EXP_BT initialized from a static state and no stratification was considered. The hourly output of EXP_BT was validated against the 25 h current observations at stations 6158 and 6172, besides, it was also processed to obtain tidal harmonic constants. A summary of the above experiments is presented in Table 1. For the idealized modeling, the key configurations were based on a series of foreshadowing analyses, which will be introduced in Section 4.1.




2.5. T_Tide Matlab Toolbox


The T_Tide Matlab toolbox [40] was utilized to process the time series of tidal currents simulated by the ROMS model and acquire the tidal harmonic constants. Through doing so, the tidal current pattern in the western entrance area of the strait at any given time could be efficiently hindcasted.





3. Results


3.1. Trident-Shaped SST Tongue


Figure 3a,b show the SST over the northwestern South China Sea captured by VIIRS and MODIS-A at 18:12 UTC and 18:50 UTC on 31 July 2014, respectively. As Figure 3 reveals, three independent upwellings developed off the northeast, southeast, and west shores of Hainan Island in summer. From 30 July to 1 August 2014, the northwestern South China Sea was mainly dominated by southerly winds (Figure 2a). The cooperation between wind-induced offshore Ekman transport and the shoreline is the primary driving force in the development of upwelling off the southeast coast of Hainan Island [41,42,43,44,45,46]. In addition to the wind, topography-current interaction and strong tidal mixing are reported to play a vital role in the development of upwelling off the northeast shore of Hainan Island [15,16,46]. The prevailing southerly wind exerts an inhibiting effect on the upwelling off the west coast of Hainan Island, whose growth is basically driven by the pressure gradient force triggered by the local tidal-mixing front [47,48,49].



The cold core of the upwelling off the northeast coast of Hainan Island is located in the eastern entrance area of the QS; therefore, under the joint influence of westward residual flow and the strong westward tidal current, the cold upwelling water is transported deep into the inner strait and arrives at the Beibu Gulf (Figure 3a,b). To further explore how the cold upwelling water influences the water exchange between the QS and the Beibu Gulf, magnified views of Figure 3a,b over the western entrance area of the QS are presented in Figure 3c,d, respectively. Due to strong tidal mixing [50], well-mixed warm water occupies the sea adjacent to the western entrance of the QS, which will certainly encounter the cold water originating from the east at the western entrance. The time interval between VIIRS and MODIS-A observations was 38 min. Minor SST differences are found between the two images and both images map an interesting SST structure: the warm water tongue characterized by a sharp trident shape in the western entrance area of the QS (Figure 3c,d). This is the first report of the trident-shaped SST tongue in the research area, and such a phenomenon indicates that water exchange at the western entrance of the strait, particularly its thermal feature, is worth further investigation. Next, the ROMS model was used to uncover the physical mechanism of the trident-shaped warm tongue and elucidate the thermal feature during water exchange between the QS and the gulf.




3.2. Validation of Model Results


Before employing the simulated results for further analyses, it is necessary to validate the modeling performance, particularly the ability in mapping the tidal current and the SST structure.



3.2.1. Tidal Current


Owing to the constricting effect of the narrow strait, the tidal current in the QS is rather strong, and the maximum possible tidal current velocity could exceed 2.4 m/s in most areas of the strait [51]. Besides, the westward residual flow in the QS is a result of tidal rectification over varying bathymetry [14,18]. Thus, validation of the simulated tidal flow is a critical work before discussing the thermal feature of the water exchange.



Using the current measured at stations 6172 and 6158, a robust statistical assessment of the model’s hindcast skill is displayed in the form of a Taylor diagram [52]. The correlation coefficients, centred root mean square differences, and normalized standard deviations between observed and simulated current magnitude are shown in Figure 4a, while a comparison of the current direction is presented in Figure 4b. The correlation coefficients, centred root mean square differences, and normalized standard deviations for current magnitude (direction) are 0.87 (0.93), 0.22 (31.77), and 0.40 (83.72), respectively. The differences between observed and modeled current may be caused by the absence of wind forcing and stratification. Nevertheless, Figure 4 suggests the model can reasonably simulate the tidal current in the QS.




3.2.2. SST Structure


Based on EXP_D45, a snapshot of the SST field superposed by the surface current vectors is shown in Figure 5a, and at this moment, the tidal current was experiencing a transition from eastward to westward. As displayed in Figure 5a, a trident-shaped warm water tongue is successfully reproduced by the model. Taking the periphery of the warm tongue measured by VIIRS (Figure 3c) as a reference, Figure 5b makes a direct comparison of the observed and modeled warm water tongue structure, which further suggests a fairly good consistency. We noticed that significant discrepancies lie in the intensity and location of the warm tongue, which will be explained in the discussion part. The reasonable performance of the model is qualified for exploring the physical mechanisms controlling the water exchange in the studied area.





3.3. Vertical Thermal Structure


Two representative sections, in which one crosses the convex (from west to east) warm water tongue (section AB, Figure 6a) while another passes through the adjacent concave part (section AC, Figure 6a), were selected to show the vertical thermal structure of the western entrance area of the QS. Figure 6a,c (Figure 6b,d) display the u velocity field, isotherms, and u-w velocity vectors along sections AB and AC under westward (eastward) tidal currents, respectively. As revealed, relative warmer or colder water alternatively occupies the western entrance of the QS under the periodically eastward or westward tidal current. However, during this process, one feature remains unchanged: perpendicularly distributed isotherms suggest no (or extremely weak) stratification in the studied area. So, is this a real phenomenon?



Observations of water temperature and current from a sea cruise conducted in the late summer of 2021 enables us to gain further understanding, and the continuous 25 h information of water temperature and current direction at stations Y1 and Y2 are mapped in Figure 7a,b, respectively. Again, just as what was revealed by the model result, a minor temperature difference over the entire water column provides convincing evidence of a rather weak stratification in the west entrance of the strait. Based on the time series of the current direction, the westward tidal current persisted longer than the eastward tidal current at both stations. However, the intensity of the eastward tidal current is much stronger than that of the westward tidal current, which could be inferred from the shallower submergence depth of the instrument under the eastward current. Moreover, at the end of the eastward (westward) tidal current the warm (cold) water signal is the strongest, indicating a vital role of horizontal advection in the thermal exchange. However, why is the water temperature vertically distributed in this way?



In summer, due to the local intense tidal current, strong tidal-mixing fronts will be established at two entrances of the QS and off the west coast of Hainan Island [50]. Figure 8a shows the depth-mean vertical diffusivity over the northwestern South China Sea. Only diffusivity which is stronger than 1 × 10−1.5 m2/s is mapped, which reveals good consistency with the former investigation. Further, vertical diffusivity along sections AB and AC are presented in Figure 8b,c, respectively, again suggesting a strong mixing background. Thus, in the western entrance area of the QS, strong vertical mixing certainly makes the whole water column well-mixed.




3.4. Spatiotemporal Variation


In this part, the spatiotemporal variation of the trident-shaped warm tongue is discussed. The peripheries (  31.2   ° C   isotherm) of warm water tongue observed by MODIS-T, VIIRS, and MODIS-A on 31 July 14:25, 18:12, and 18:50, 2014 are overlapped together in Figure 9. As time went on, the warm water tongue became sharper and intruded deeper toward the inner QS. During this process, the first (marked with “1”) and second (marked with “2”) branches of the trident-shaped warm tongue significantly moved toward the southeast, while the third one (marked with “3”) generally marched eastward. Based on the time interval between adjacent SST observations and the corresponding change in the location of the warm tongue vertex (black “+” in Figure 9), the moving speed of each branch could be roughly estimated, and detailed results are listed in Table 2. Overall, the trident-shaped warm tongue was propagating at a speed of ~0.7 m/s, with the third branch moving much faster at 0.76 m/s. Due to the small time gap (38 min) between the VIIRS and MODIS-A measurements, the resolution of SST images is insufficient to resolve the propagation of warm tongue and the results are not shown.



The movement of the warm water tongue is mainly dominated by the current. We obtained the tidal current harmonics by conducting tidal harmonic analysis on the half-hourly 30-day time series of the barotropic tidal currents simulated by EXP_BT. Based on these tidal current harmonics, the tidal current fields accompanying the MODIS-T, VIIRS, and MODIS-A SST observations shown in Figure 9 were efficiently hindcasted and displayed in Figure 10a–c, respectively. Meanwhile, the time series of tidal current direction and magnitude at a representative point (red star in Figure 10a) are shown in Figure 10d,e in turn. During the observing period, eastward tidal current dominated the middle area of the western entrance, but in areas farther north, the tidal current mainly pointed toward the southeast owing to the constraint of the coastline, which well explained different propagating directions of different warm tongue branches (Figure 9). The observing times of VIIRS and MODIS-A were located near the end of the eastward tidal current phase, when the current is weak (~0.3 m/s). Coupled with the short time interval, it is easy to understand why peripheries of the warm tongue mapped by VIIRS and MODIS-A almost overlapped with each other. In addition, Figure 10a–c reveals that the tidal current phase in the seas adjacent to the Denglou Cape (Figure 10a) is in advance of that in the other area, thereby taking the lead in pushing warm water back to the gulf, and this answers why the first branch of the trident-shaped warm tongue moved slightly westward while the other two still marched toward east during 18:12 to 18:50 31 July 2014 (Figure 9).



Further, a continuous spatiotemporal evolution of the warm water tongue is presented using the model result (EXP_D45). Given the bell-shaped western entrance, a curved section name DE (Figure 11a) is chosen to show the thermal structure. Time series of section-averaged current vectors, section depth, and time variation of SST along section DE are respectively displayed in Figure 11b–d. Meanwhile, gray-dashed lines are used to mark off the topographic high and low points.



At the beginning of the eastward tidal current, warm water first appeared in the topographic low (sea trough) areas. As the current turns southeastward, the warm water propagates, following the current, and occupies the southern-adjacent topographic high (sea ridge) region. The southeastward movement of the warm water reaches its peak near the end of the eastward tidal current phase, which matches well with the information shown in Figure 7. As the westward tidal current phase begins, the warm water signal starts to disappear and is replaced by a cold-water signal above sea troughs, the cold water keeps moving northwestward and even arrives at the northern adjacent sea ridge. At the end of the westward tidal current phase, the cold water shows its strongest signal and then decays as a new cycle begins. In the meridional direction, the SST characterizes an alternatively warm and cold pattern, i.e., a trident-shaped warm water tongue. Next, using idealized numerical modeling, we explain how a trident-shaped warm water tongue develops, and why it evolves in such a way as shown in Figure 7 and Figure 11.





4. Discussion


4.1. Mechanism of Trident-Shaped Warm Tongue


Using the ROMS, an idealized numerical investigation was conducted to clarify the intrinsic physical mechanism of the trident-shaped warm tongue. Figure 11d is a strong indicator that the evolution of thermal structure is closely linked with local topography. Besides, the result (not shown) of EXP_ETOPO (this case poorly resolves the actual bathymetry) could not reproduce the trident-shaped warm water tongue. Hence, we examined the local topography in a three-dimensional view with the periphery of the warm tongue (sensed by VIIRS) superposed on it (Figure 12a). The bathymetry in the west entrance area of the strait characterizes a quasi-alternative deep-shallow pattern, and the distribution of the sea troughs are in good consistency with the trident-shaped warm water tongue. Moreover, as Figure 3a,b indicate, cold upwelling water at the eastern entrance of the QS and well-mixed warm water at the western side were the fundamental backgrounds of thermal exchange through the QS. However, these snapshots of instantaneous SST distribution may face uncertainty. Thus, the climatological summer SST and wind over the northwestern South China Sea were further examined (Figure 12b), which is in good support of the information revealed in Figure 3a,b.



Taking the key topographic features of the QS into consideration, we first designed a cuboid modeling grid, of which the length and width are consistent with that of the QS (Figure 12c). The eastern and western boundaries of the modeling domain are open, while the remaining ones are closed. The most vital design of the grid lies in the alternatively deep-shallow water depth near the western boundary. Then, based on the above analyses, vertically homogeneous 31 °C water was added to the western boundary and 28 °C water was added to the eastern side. To reflect the periodic tidal current in the strait, a 1.5 m/s periodic reciprocating current (flow in the east-west direction) with the same phase was used to force both open boundaries. In addition to the periodic reciprocating current, a westward 0.1 m/s current was also added to the eastern boundary to account for the summertime residual flow [18,23]. The idealized model was initialized from a non-motion state, with homogeneous 29.5 °C water filling the whole modeling domain. The salinity was kept constant during the entire simulation, meanwhile all other external forcings (e.g., wind stress, heat fluxes, freshwater fluxes, tides) were all excluded to focus on exploring the dynamical mechanism. With the above configurations, an idealized experiment named EXP_ID1 was conducted. Lastly, one more idealized experiment named EXP_ID2 was designed to discuss the role of a reversed thermal background. In EXP_ID2, 28 °C and 31 °C water was added to the western and eastern boundaries, respectively, and all other configurations were exactly the same as EXP_ID1. A summary of configurations of two idealized numerical experiments can be found in Table 3.



After the model achieved a quasi-steady state, SST distribution together with current vectors and water depth at the end of the westward and eastward current simulated by EXP_ID1 are shown in Figure 13a,b, respectively. Regardless of the current direction, a faster current always flows over deep-sea troughs rather than shallow sea ridges, which is due to the stronger bottom friction over shallower ridges. As a result, the eastward current carries the western warm water toward the east with faster propagation over sea troughs, and thereby the alternatively warm–cold thermal pattern develops (Figure 13b). Under the westward current, a similar situation still occurred, but with colder water traveling farther west over deep troughs. In Figure 6, sections AB and AC cross two adjacent sea ridges and sea trough, respectively. By blanking westward (eastward) current under 0.7 (0.5) m/s, it is clear that the current along section AC is always stronger than that along section AB, which may be one of the reasons for the further eastward intrusion of warm water along section AC (Figure 6a). Note that thermal exchange at the western entrance of the QS is not only regulated by a topography-modulated current, which will be discussed later.



EXP_ID2, assuming a cold background on the western side and a warm background on the eastern side (opposite against reality), was conducted and the results are displayed in Figure 13c,d. Despite the actual values of isotherms, EXP_ID2 produces a very similar isotherm structure as EXP_ID1, which further confirms the vital role of a topography-modulated current in the formation of alternatively warm–cold thermal distribution over the western entrance of the strait.



In EXP_ID1, movement of the warm or cold water tongue never crosses the isobaths, but it is totally different in the realistic case of EXP_D45 (Figure 11c,d). This is easy to understand by checking the distribution of tidal current ellipses over the studied region. As suggested by Figure 14a,b, inclinations of both diurnal and semi-diurnal surface tidal ellipses are mainly parallel to the nearby shoreline and sea trough/ridge (i.e., parallel to isobaths), meanwhile, small eccentricities of tidal ellipses are found in the western adjacent sea of the QS, which indicates a relatively strong current along minor-axis and thereby certainly promotes the cross-isobath transport.




4.2. Role of Various Winds


The above discussions clarify the fundamental contribution of a topography-modulated current in modulating the thermal distribution in the study area. Furthermore, the role of different wind is examined. Comparisons of SST structure (31.45 °C isotherm) and surface current vectors modeled by EXP_D45, EXP_D0, and EXP_D315 are displayed in Figure 14c. Under the forcing of winds in directions of 45°, 0°, and 315°, the location and shape of 31.45 °C isotherms show remarkable differences. Figure 14c indicates a significant difference in current vectors: on one hand, the various winds will induce different locally wind-driven currents; on the other hand, the large-scale background circulation in the modeling domain will be adjusted due to changes in wind, and the adjustment is passed to the studied region through strait-open sea-gulf interaction.



Another vital point lies in the high selectivity of upwelling off the northeast coast of Hainan Island to the wind: Lin et al. [46] and Bai et al. [16] explored the statistical relationship between this upwelling and the wind, both suggesting that the intensity of upwelling under southeast (315°), south (0°), and southwest (45°) wind successively decreases. Results of EXP_D45, EXP_D0, and EXP_D315 agree well with previous studies, i.e., that 315° and 0° winds induce a much colder and a colder background, respectively, at the eastern entrance of the QS compared with 45° wind. Therefore, warm water was pushed furthest west in EXP_D315, followed by EXP_D0, and then EXP_D45, successively.





5. Conclusions


In summer, the westward tidal residual current triggered by tidal rectification over the complicated topography in the QS competes against the eastward wind-driven current, resulting in a westward residual flow. The westward residual flow drives a water transport through the QS into the Beibu Gulf and thereby plays a vital role in the gulf-scale circulation. However, we still have limited knowledge of water properties during the exchange process. To improve this, multi-source observations, realistic simulations, as well as idealized modeling, were employed to elucidate the thermal feature associated with water exchange at the western entrance of the QS. Major new findings are as follows:




	(1)

	
cold upwelling water at the eastern side of the QS and well-mixed warm water on the western side establish a fundamental background of thermal exchange in the studied area.




	(2)

	
water temperature characterizes remarkable horizontal variation but presents minor vertical difference at the western entrance of the QS, i.e., the thermal structure could be approximately treated as a two-dimensional problem there.




	(3)

	
tidal current modulated by the alternative sea trough/ridge dominates the communication of two different water bodies, leading to alternatively warm/cold thermal distribution at the western entrance of the QS.




	(4)

	
wind contributes significantly to the thermal property by modifying the circulation and modulating the intensity of upwelling at the eastern side of the QS.









Under the seasonal westward residual flow and the synoptic intense tidal current, the cold, saline, and nutrient-rich upwelling water from the eastern side of the QS keeps communicating with the gulf water at the western entrance area of the QS, which certainly plays a key role in the marine ecosystem, physiochemical environment, bottom deposit, and even the regional weather there. To fully understand the water exchange through the QS, the 25 h observations at stations Y1 and Y2 are insufficient and longer-term measurements with high a spatial resolution are proposed. Particularly, upwelling that develops at the eastern side of the QS should be further investigated using modern current meters that measure the vertical component of the current.



Previous studies have shown the importance of topography in modulating the hydrodynamic environment in many straits and their adjacent seas, e.g., the Gibraltar Strait [1,2,3,4], the Luzon Strait [5,6,7], and the Yucatan Channel [8,9]. There are tens of straits in the world and many of them play a vital role in the marine environment, economy, and strategy. The work conducted here provides a certain reference for other similar strait systems that characterize complicated topography, dominated by a strong tidal current.
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Figure 1. (a) Topography of the study region and its adjacent seas (source: General Bathymetric Chart of the Oceans provided by the British Oceanographic Data Centre at https://www.bodc.ac.uk/, accessed on 27 August 2019), purple-dashed box marks off the modeling domain. (b) Magnified view of the topography of Qiongzhou Strait, where blue squares display the positions of two 25 h current and thermohaline observing stations while red triangles show the locations of two 25 h current observing spots. 
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Figure 2. (a) Wind vectors observed by WindSat and ASCAT-A from 30 July to 1 August 2014. (b) The wind rose in the studied area based on the NCEP reanalyzed wind data for June–August 1998–2018. Note: wind direction follows oceanological convention. 
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Figure 3. Level-2 SST observations from VIIRS (a) and MODIS-A (b) at 18:12 UTC and 18:50 UTC on 31 July 2014, respectively. (c,d) are magnified views of (a,b) over the western entrance area of QS, respectively. Cyan contours display the   31.2   ° C   isotherms, marking off warm water tongues’ peripheries. Note: “1”, “2”, and “3” are used to mark off three branches of the observed trident-shaped warm water tongue, respectively. 
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Figure 4. Taylor diagrams for the validation of current magnitude (a) and direction (b). Note: the radial distance from the origin is proportional to the standard deviation of a pattern; the centered root-mean-square difference between the modeled and observed field is proportional to their distance apart (in the same units as the standard deviation); while the correlation between the two fields is given by the azimuthal position of the modeled field. 
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Figure 5. (a) SST field superposed by surface current vectors modeled by EXP_D45. (b) Direct comparison between the EXP_D45 modeled (purple contours) and VIIRS observed (Cyan contours) peripheries of warm water tongues. Note: “1”, “2”, and “3” are used to mark off three branches of the simulated trident-shaped warm water tongue, respectively. 
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Figure 6. The u velocity field (i.e., along-section velocity component, blue-orange contour), isotherms (green lines), and u-w velocity vectors (i.e., along-section and vertical velocity vectors, gray arrows) along section AB under westward (a) and eastward (b) tidal current. (c,d) The same as (a,b), but for section AC, respectively. Note that westward (eastward) current under 0.7 (0.5) m/s is blanked. Sections AB and AC are shown in embedded axes in (a), data in this figure are based on EXP_D45. 
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Figure 7. Cruise Observations of water temperature and current direction at stations Y1 (a) and Y2 (b) in the late summer of 2021, respectively. 
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Figure 8. (a) Depth-averaged vertical diffusivity over the northwestern South China Sea. (b,c) show the vertical diffusivity along sections AB and AC, respectively. Note that diffusivity lower than 1 × 10−1.5 m2/s is blanked, and data originates from EXP_D45. 






Figure 8. (a) Depth-averaged vertical diffusivity over the northwestern South China Sea. (b,c) show the vertical diffusivity along sections AB and AC, respectively. Note that diffusivity lower than 1 × 10−1.5 m2/s is blanked, and data originates from EXP_D45.



[image: Remotesensing 14 03053 g008]







[image: Remotesensing 14 03053 g009 550] 





Figure 9. The peripheries (31.2 °C isotherm) of warm water tongue observed by MODIS-T (blue contours), VIIRS (purple contours), and MODIS-A (green contours) on 31 July 14:25, 18:12, and 18:50, 2014. 
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Figure 10. (a–c) Tidal current fields accompanying those events shown in Figure 9, respectively. Time series of tidal current direction (d) and magnitude (e) at a representative point (red star in (a)), three observing times are marked off with dots in different colors. 
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Figure 11. (a) Curved section DE (purple line) superposed on the water depth. (b) Time series of section-averaged current vectors. (c) Water depth along section DE. (d) SST time series along section DE. 
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Figure 12. (a) Three-dimensional view of the topography over the western entrance area of the QS. Cyan contours are the same as that in Figure 3c (isotherm). (b) Climatological summer SST and wind around Hainan Island, the SST is derived from MODIS monthly-mean SST data and averaged over June–August 2000–2014, the wind is based on the ERA-Interim 3 h wind product and averaged over June–August 1979–2014. (c) The grid design of the idealized numerical experiments. 
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Figure 13. SST distribution (colored contours) at the end of westward (a) and eastward (b) current simulated by EXP_ID1. (c,d) are the same as (a,b), respectively, but show results of EXP_ID2. Gray vectors display the surface current, while dashed-gray lines show the water depth. 
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Figure 14. Distribution of diurnal (a) and semi-diurnal (b) surface tidal current ellipses in the studied region. The O1 and M2 tidal current constituents are selected as representatives of diurnal and semi-diurnal components, respectively. (c) Comparisons of SST distribution (31.45 °C isotherm) and surface current vectors modeled by EXP_D45 (in purple), EXP_D0 (in black), and EXP_D315 (in blue). 
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Table 1. Configurations of realistic numerical experiments.
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	Experiment Abbreviation
	Initial Condition
	Boundary Condition
	Tidal Forcing
	Surface Fluxes
	Surface Wind Stress
	Bathymetry





	EXP_D45
	HYCOM
	HYCOM
	TPXO7
	COADS05
	Direction: 45°; Intensity: 0.035 N/m2
	GEBCO_2019



	EXP_D0
	HYCOM
	HYCOM
	TPXO7
	COADS05
	Direction: 0°; Intensity: 0.035 N/m2
	GEBCO_2019



	EXP_D315
	HYCOM
	HYCOM
	TPXO7
	COADS05
	Direction: 315°; Intensity: 0.035 N/m2
	GEBCO_2019



	EXP_TOPO
	HYCOM
	HYCOM
	TPXO7
	COADS05
	Direction: 45°; Intensity: 0.035 N/m2
	ETOPO5



	EXP_BT
	Motionless; no stratification
	N/A
	TPXO7
	N/A
	N/A
	GEBCO_2019
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Table 2. Statistics of the movement of trident-shaped warm water tongue.
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Time

	
Location of Vertexes *

	
Distance (km)

	
Speed (m/s)




	
1st Branch

	
2nd Branch

	
3rd Branch

	
1st Branch

	
2nd Branch

	
3rd Branch

	
1st Branch

	
2nd Branch

	
3rd Branch






	
14:25

	
109.64°E, 20.43°N

	
109.59°E, 20.35°N

	
109.52°E, 20.18°N

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
18:12

	
109.69°E, 20.35°N

	
109.66°E, 20.29°N

	
109.61°E, 20.15°N

	
9.31

	
9.44

	
10.42

	
0.68

	
0.69

	
0.76








* Vertexes at different moments are marked off with black “+” in Figure 9.
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Table 3. Key configurations of idealized numerical experiments.
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Experiment Abbreviation

	
Grid Design

	
Initial

Condition

	
Boundary Condition

	
External Forcing




	
Western

	
Eastern

	
Northern

	
Southern






	
EXP_ID1

	
As Figure 12c

	
Motionless; homogeneous

29.5 °C water

	
31 °C water;

1.5 m/s periodic reciprocating current

	
28 °C water;

1.5 m/s periodic reciprocating current plus 0.1 m/s westward residual current

	
Closed

	
Closed

	
None




	
EXP_ID2

	
As Figure 12c

	
Motionless; homogeneous

29.5 °C water

	
28 °C water;

1.5 m/s periodic reciprocating current

	
31 °C water;

1.5 m/s periodic reciprocating current plus 0.1 m/s westward residual current

	
Closed

	
Closed

	
None
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