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Abstract

:

Water masses and their variability play vital roles in regulating ocean circulation, material exchanges and biogeochemical processes. However, there is still a lack of quantitative analysis of water mass distributions in coastal waters of the South China Sea. Here, two oceanographic cruise observations in April and May 2016 are used to quantify water mass distributions, pathways and mixture, and their intraseasonal variability off western Guangdong during the spring monsoon transition. Temperature and salinity observations qualitatively reveal that there are three types of water masses: the Pearl River diluted water (PRDW, salinity (S) = 22 psu, potential temperature (θ) = 25 °C), the South China Sea surface water (SCSSW, S = 34 psu, θ = 28 °C) and the South China Sea subsurface water mass (SCSSUW, S = 34.5 psu, θ = 17 °C). Their relative contributions and intraseasonal variability are quantified using the Optimum Multiparameter (OMP) method. The PRDW is largely confined to the upper 10 m layer in shallow nearshore waters (depths < 30 m), with a maximum contribution >90% near the Pearl River Estuary. The SCSSW mainly dominates the rest of the surface layer above 20 m, with a contribution >50% in offshore regions. The layer below 20 m is primarily composed of ~60% SCSSW and ~40% SCSSUW. A comparison between the two different observations suggests that the PRDW tends to expand southwestward and the SCSSUW spreads offshore, whereas the SCSSW moves landward and is situated underneath the surface fresh PRDW. These characteristics are very likely associated with the wind transition from weak southeasterly in April to strong northeasterly in May, which enhances the southwestward coastal current and the onshore surface Ekman transport from offshore waters.
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1. Introduction


Water masses are ubiquitous in oceans. They are defined as water bodies with similar properties and common formation history, and have a measurable extent in the vertical and horizontal directions [1,2,3,4]. Water mass distributions and their variations play a significant role in modulating global thermohaline circulation, heat/freshwater budget and climate change [5,6,7,8]. In addition, diffusion and mixing associated with water mass exert a great impact on ecological environment variability through altering local temperature, salinity, dissolved oxygen and nutrient distributions [9].



The South China Sea (SCS) is a unique, semi-enclosed marginal sea in the western Pacific Ocean, with a maximum depth > 3 km [10]. A pronounced feature of its bathymetry is the wide, shallow continental shelf in the northern SCS (NSCS) where the isobaths are approximately in parallel with the coastline. The shelf connects with the third largest river of China, called the Pearl River (PR), through the Pearl River Estuary (PRE) (Figure 1a). The climate in the NSCS is primarily dominated by the East Asian Monsoon, with strong northeasterly winds in winter, weak southwesterly winds in summer, and transitions in both spring and autumn [11,12,13]. The downwelling-favorable winter winds induce the fresh, cold PR plume along the western side of the PRE, while the upwelling-favorable summer winds lead to the appearance of the fresh plume along the eastern side [14,15]. Under the influence of the complex topography, monsoon, and Kuroshio intrusion, the upper ocean circulation also presents distinct features. There is a southwestward slope current deeper than 200 m throughout the year, a northeastward SCS warm current over the shelf, and a seasonally varying coastal current along the Guangdong coast (i.e., Guangdong Coastal Current). The coastal current flows southwestward during both summer and winter, and sporadically reverses northeastward when the southwesterly wind is strong [16]. All these processes could significantly modify the spatial pattern and variability of the NSCS water masses.



Great efforts have been made to investigate the spatiotemporal variability of water masses in the NSCS based on hydrographic observations since 1980s [17,18,19]. Using the temperature–salinity (T-S) diagram, Li et al. [20] identified the Kuroshio and SCS water in the upper layer (<400 m) of the northeastern SCS. Tian and Wei [21] divided the SCS-basin water masses into four types in the vertical direction: surface water, subsurface water, intermediate water and deep water. Using the cluster analysis, Cheng et al. [22] categorized the NSCS summer water masses into five types: coastal mixing water, surface water, subsurface water, intermediate water and deep water. By combining the cluster analysis with the T-S diagram, Zhu et al. [23] classified the upper layer (<300 m) water of the NSCS into six water masses: diluted water, surface water, SCS subsurface water, Pacific subsurface water, surface–subsurface mixed water and subsurface–intermediate mixed water. Based on the potential density–potential spicity (sigma-pi) diagram, Gao et al. [24] distinguished the NSCS spring water masses into thirteen types: PR diluted water, SCS surface water, west Pacific Ocean (WPO) surface water, SCS surface–subsurface mixed water, WPO surface–subsurface mixed water, SCS subsurface water, WPO subsurface water, SCS subsurface–intermediate water, WPO subsurface–intermediate mixed water, SCS intermediate water, WPO intermediate water, SCS deep water, and WPO deep water.



While the water mass compositions in the NSCS have been well documented, very few observational studies have been made to quantify the contributions of each water mass. One exception is to determine the composition and proportion of the upper 55 m water masses in the NSCS, as conducted by Li et al. [25]. They found that the surface water between the 200- and 2000-meter isobaths is composed of SCS surface water, Kuroshio water and shelf water. The contribution of the SCS surface water is about 60–100%. Their study “helps to fill a conspicuous void” of the quantitative water mass analysis in the NSCS. We note however that their study focused on the northeastern SCS slope, and their study period was limited to the summer condition. To the best of the present authors’ knowledge, the contributions of different water masses in coastal waters of the SCS have not been quantified yet. The characteristics of the water mass contributions at an intraseasonal time scale and the role of the variable winds in the water mass variability, remain to be resolved.



In this study, in situ hydrographic observations from two oceanographic cruises off western Guangdong during April and May 2016 are analyzed together with the corresponding surface winds and numerical currents. We attempt to accomplish two objectives: (1) to quantify contributions of different water masses during the spring monsoon transition based on the optimum multiparameter analysis, and (2) to investigate their intraseasonal variability.




2. Data and Methods


2.1. Data


The study area covers 110.8° E–115° E in longitude and 20.5° N–22.5° N in latitude off western Guangdong in the NSCS. Two cruises during 12–18 April and 13–20 May of 2016 were conducted onboard the R/V Zhanjiang Kediao to collect hydrographic data from the SeaBird 911 CTD (conductivity–temperature–depth) recorder. A total of 86 casts in April and 88 casts in May were made at the sampling stations with depths shallower than 60 m (Figure 1b).



There was no direct measurement of three-dimensional currents over the vast area. To illustrate the water mass variability, we used the daily mean currents with a horizontal resolution of 1/12° from OMGOAFS (Operational Mercator global ocean analysis and forecast system) (http://marine.copernicus.eu/, accessed on 31 May 2021). The OMGOAFS is based on the Nucleus for European Modelling of the Ocean (NEMO) and the Système d’Assimilation Mercator (SAM) data assimilation system. It is driven by atmospheric fields from the European Centre for Medium-Range Weather Forecasts (ECMWF), and assimilates various satellite and in situ observations. We also obtained the Cross-Calibrated Multi-Platform (CCMP) gridded surface winds from Remote Sensing Systems (https://www.remss.com/measurements/ccmp/, accessed on 20 September 2020).




2.2. Optimum Multiparameter Method


The Optimum Multiparameter (OMP) method was originally developed by Tomczak [26]. It is an extension of classical temperature–salinity analysis to quantitatively analyze water masses. Its central idea is to determine the quantitative mixing ratios of different source water types (SWTs) from quasi-conservative properties (e.g., potential temperature and salinity) though solving a linear system of mixing equations. The method has been successfully applied to quantitatively analyze the distribution and movement of the water masses in various regions around the world, including the Eastern Indian Ocean [27], the Ross Sea [28], the Sargasso Sea [29], the Southern Ocean [30], the Southern Drake Passage [31], the Coral Sea [32], the Faroe–Shetland Channel [33] and the East China Sea [34].



In this study, two properties of each SWT (potential temperature θ and salinity S) are used, and the OMP method solves the following linear system of conservative-mixing equations:


   {       X 1     · θ   1     + X   2     · θ   2     + X   3     · θ   3     = θ    o b s      + R   θ         X 1     · S   1     + X   2     · S   2     + X   3     · S   3     = S    o b s      + R   S         X 1     + X   2     + X   3     = 1 + R   M         



(1)




where    X i    is the contribution (%) of each   S W  T i   ,    θ i    and    S i    represent the predetermined potential temperatures and salinities of the SWTs, “obs” denotes observed properties,    R θ   ,    R S   , and    R M    are residuals. The last equation refers to mass conservation. The above system can be written in a matrix form:


   G X    =    d   +   R   



(2)




where G is the SWT definition matrix, X is the unknown solution vector of the SWT fractions, d is the observation vector, and R is the residual error [31,32,35]. More detailed description of the OMP method and the corresponding Matlab codes are publicly available at https://omp.geomar.de/, accessed on 20 September 2020.



To concisely display the analyzed results, Figures in this paper are almost all plotted by MATLAB software with M_Map package, while the horizontal distributions of different water mass contributions are produced by Ocean Data View (ODV) and MATLAB software.





3. Results and Discussion


3.1. Definition of Source Water Types


To solve the linear mixing equations, it is necessary to define a set of characteristic potential temperatures and salinities for each water mass as the SWTs. Figure 2 shows the T–S diagram for all observations. There are distinct ranges of potential temperature and salinity values. A most notable feature is that the potential temperature range is quite large, which is the reflection of intraseasonal variability. The T–S diagram clearly shows the existence of three types of water masses off western Guangdong: PR diluted water (PRDW) with the lowest salinity (<31 psu), SCS surface water (SCSSW) with high temperature and salinity, and SCS subsurface water (SCSSUW) with low temperature and high salinity. These characteristics are well-documented in previous studies [23,24,36]. Traditionally, the SWTs are defined by identifying prominent end members in T–S diagrams [37]. In this study, taking the intraseasonal variability of temperature and salinity into account, we define the core potential temperatures and salinities are (25 °C, 22 psu) for PRDW, (28 °C, 34 psu) for SCSSW, and (17 °C, 34.5 psu) for SCSSUW, respectively. The chosen values of each SWT are in good agreement with the results of Zhu et al. [23]. They suggested that the PRDW, SCSSW and SCSUW in spring are characterized by (26.55 °C, 29.17 psu), (28.24 °C and 33.80 psu) and (17.86 °C, 34.55 psu), which suggests that the properties of the samples in this study are well-represented by the set of SWTs considered.




3.2. Uncertainties


The mixing proportion of the SWTs is very sensitive to the chosen core potential temperatures and salinities. Mass balance residual (Rm) is often used as a measure of the uncertainty. Previous studies demonstrated that the range of 5–7% is the largest acceptable residual [28,31,35]. To assess the reliability of the OMP analysis, the mass balance residuals of all measurements from the two cruises are statistically analyzed. Figure 3 shows that all mass balance residuals are no more than 7%. The vast majority of the residuals (99% in April and 95% in May) are lower than 1%, which suggests that our results of the OMP analysis are believable based on the criterion of the mass balance residuals [34,35].




3.3. Water Mass Distributions


Figure 4 shows the proportions of each source at the surface for the April and May cruises. The surface water is essentially composed of PRDW and SCSSW, with a small contribution from SCSSUW. The three water mass sources present significant spatial and temporal variability. For the PRDW, it is primarily restricted to the nearshore waters with depths <30 m. During the April cruise, the highest contribution of the PRDW reaches as much as 100% near the coast, but sharply decreases to less than 40% near the 30 m isobath. In comparison, the PRDW spreads southwestward during the May cruise, with a weak decrease in the maximum contribution (~95%). A high contribution bulge appears between 112° and 113° E. For the SCSSW, this is mainly present in deep waters (depths > 30 m) with a contribution of >60% in April, and has a great increase (>90%) in May. For the SCSSUW, the intraseasonal variations are significant. The maximum contribution in April is less than 40% whereas its influence becomes negligible (<20%) in May.



Figure 5 shows the proportions of each source in the bottom layer for the April and May cruises. The dominant contributors are the SCSSW and SCSSUW. The PRDW is more confined to the nearshore region (isobaths < 10 m), forming a very narrow strip along the coast, with the contribution of ~40% for the April cruise. The strip gradually moves southwestward along the coast during the May cruise (Figure 5a,b). The SCSSW shows the largest contribution throughout the rest of the entire region for both the cruises. Its proportion is much larger in May (>70%), especially in the northeastern part east of 113° E, its maximum contribution reaches about 90%. For the SCSSUW, it shows a moderate contribution (~50%), the decrease in the proportion in May is apparent over the whole region. The relatively high core (~40%) present is centered at (112° E, 21° N). The changing trend in the proportion of the SCSSUW is generally in opposite to that observed for the SCSSW.



Figure 6 and Figure 7 show the contributions of the three SWTs in two typical sections where the intraseasonal variability of water masses is significant. The PRDW shows large contributions (>50%) within the upper layer (depths < 10 m). Along the T1 section, the PRDW has a high core centered at about 4 km (>90%) for the April cruise and at 15 km (~70%) for the May cruise, though its contribution slightly decreases. In contrast, along the T2 section, the PRDW contribution (>50%) shows a large increase and expands seaward about 35 km from the coast. For the SCSSW, it dominates in the remaining areas, with a maximum proportion of >80%. Its core identically spreads onshore and appears below the PRDW along both sections. The intrusion however is much stronger along the T1 section than along the T2 section. Near the bottom, the SCSSUW plays a secondary role, with its maximum proportion <50%. A decrease in the SCSSUW contribution is more prominent during the May cruise for the two sections. This decrease is closely linked to the increase in the proportion of SCSSW coming from the outer seawater.




3.4. Factors Influencing Water Mass Variability


The observations show the most remarkable variability in the PRDW. Previous measurements and numerical model experiments demonstrated that the shape and extension of the PR plume responds quickly to the change of surface wind direction and strength [13,14,15,38,39,40,41,42,43]. To see how the wind influences the PRDW extension through regulating local circulation, the temporally averaged mean surface winds and OMGOAFS model currents during the two cruises are included for comparison. During the April cruise, the winds blow to the northwest, with a maximum speed <5 m/s (Figure 8a). The corresponding currents at all depths consistently flow northeastward (Figure 9, left panel). The highest PRDW for this period is mainly located near the PRE. During the May cruise, the winds change to the southwest and become stronger (Figure 8b). The wind strength is however not uniform. Relatively strong winds (>6 m/s) occur in the northeastern part, and gradually decrease towards the southwest. The dowelling-favorable winds drive a surface onshore Ekman flow (Figure 9b) to squeeze the PRDW against the coast, causing the PRDW band to become generally narrow and its thickness to increase. In addition, a strong southwestward surface coastal jet appears near the coast (Figure 9b) and transports much more PRDW to the southwest, leading to a significant extension. The response of the coastally trapped freshwater plume to downwelling-favorable winds is also supported by previous observational and theoretical studies [15,44,45,46,47].



The SCSSW contribution from April to May cruises increases dramatically throughout the whole water column, whereas the SCSSUW contribution decreases significantly. These variations are also closely associated with the presence of strong northeasterly winds. The downwelling-favorable winds result in the deepening of the offshore surface mixed layer which entrains more ambient water [15,45,47]. In the same time, the wind-induced surface Ekman flow advects the offshore water landward, thereby increasing the SCSSW contribution. To compensate for this onshore advection, the SCSSUW is forced to downwell beneath the SCSSW and flow seaward, leading to the decrease in the SCSSUW contribution. A similar pattern associated with freshwater plume during downwelling-favorable winds is reported in previous numerical studies [15,45,47].





4. Conclusions


In this study, we investigated the structures and intraseasonal variability of water masses off western Guangdong during the spring monsoon transition using two spring hydrographic data sets from April and May 2016 cruises. Three types of water masses are identified: PRDW (S = 22 psu, θ = 25 °C), SCSSW (S = 34 psu, θ = 28 °C) and SCSSUW (S = 34.5 psu, θ = 17 °C), which are in good agreement with present knowledge of the water mass in the study region. To quantify the contribution of each source water mass, the optimum multiparameter method is performed. The results show that the PRDW is mainly restricted to the upper 10 m layer near the coast, with its maximum contribution >90%. The vast majority of the water mass in the outer region is primarily controlled by the SCSSW, with a >50% contribution. In the bottom layer below 20 m, the water masses mainly consist of SCSSW and SCSSUW with contributions of ~60% and ~40%, respectively.



Pronounced intraseasonal variability of each water mass is present in the observations. During the May cruise, the PRDW extends southwestward along the coast, with a notable bulge between 112° E and 113° E. The SCSSW spreads onshore and is found below the fresh PRDW. The SCSSUW generally retreats offshore. By combining with the corresponding surface winds and OMGOAFS model currents, the significant intraseasonal variability is largely due to wind changes in direction and strength. The strong northeasterly winds not only result in an increased SCSSW contribution through triggering onshore Ekman transport, but also a strong southwestward extension of the PRDW through enhancing the southwestward-flowing coastal current.



The present study only quantifies the water mass contributions of PRDW, SCSSW and SCSSUW for the spring period. The three types of water masses in this region dominate all the year around [23,24,36], however, the contribution of each water mass in other seasons maybe exhibit significantly distinct spatiotemporal variability due to multiscale variability of the monsoon, PR outflow and coastal currents. Much more data are still needed to better understand the water mass variability under different environmental conditions. On the other hand, recent studies have suggested that nutrients [48] and planktonic ciliates [36] in the region could be used as indicators of water masses. Future research may attempt to introduce biochemical parameters as water mass tracers into the OMP analysis to provide more supplementary information of each water mass.
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Figure 1. (a) Bathymetry of the study region (outlined with a black box) and its surrounding area. (b) Location of CTD sampling stations off the western Guangdong in spring 2016. Red dots and blue circles correspond to the April and May cruises, respectively. Gray contours are the isobaths. 
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Figure 2. T–S diagram for the two cruise measurements. Red (blue) dots represent April (May) observations. The contours denote the isopycnals (kg/m3). 
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Figure 3. Plots of the calculated mass balance residuals against the potential density for the April (a) and May cruises (b). 
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Figure 4. Water mass contributions (%) of PRDW (a,b), SCSSW (c,d) and SCSSUW (e,f) at the surface for the April (a,c,e) and May (b,d,f) cruises. 
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Figure 5. Water mass contributions (%) of PRDW (a,b), SCSSW (c,d) and SCSSUW (e,f) in the bottom layer for the April (a,c,e) and May (b,d,f) cruises. 






Figure 5. Water mass contributions (%) of PRDW (a,b), SCSSW (c,d) and SCSSUW (e,f) in the bottom layer for the April (a,c,e) and May (b,d,f) cruises.



[image: Water 14 00375 g005]







[image: Water 14 00375 g006 550] 





Figure 6. Vertical contributions (%) of PRDW (a,b), SCSSW (c,d) and SCSSUW (e,f) along the T1 section for the April (a,c,e) and May (b,d,f) cruises. 
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Figure 7. Vertical contributions (%) of PRDW (a,b), SCSSW (c,d) and SCSSUW (e,f) along the T2 section for the April (a,c,e) and May (b,d,f) cruises. 
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Figure 8. Surface winds overlaid with wind speed (color shading, unit: m/s), averaged over 12–18 April (a) and 13–20 May (b) 2016. 
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Figure 9. The mean CMEMS model currents at 0 m (a,b), 21 m (c,d) and 40 m (e,f), averaged over 12–18 April (a,c,e) and 13–20 May (b,d,f) 2016. The subtitle in each subplot indicates the corresponding time and depth. The dashed lines denote the water depths (in meters). 
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