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Abstract

:

The spatial pattern of the wintertime Pearl River plume front (PRPF), and its variability on diurnal and spring-neap time scales are characterized from the geostationary meteorological Himawari-8 satellite, taking advantage of the satellite’s unique 10-minutely sea surface temperature sequential images. Our findings suggest that the PRPF in winter consists of three subfronts: the northern one north of 22° N 20′, the southern one south of 21° N 40′, and the middle one between 22° N 20′ and 21° N 40′. The time-varying trend of the frontal intensity generally exhibits a strong-weak-strong pattern, with the weakest plume front occurring at about 06:00 UTC, which is closely associated with net surface heat flux over the region. The comparison in frontal variability between the spring and neap tides shows that the plume front during the spring tide generally tends to be more diffuse for the frontal probability, move further offshore for the frontal position, and be weaker for the frontal intensity than those found during the neap tide. These great differences largely depend on the tidally induced stronger turbulent mixing during the spring tide while the wind stress only plays a secondary role in the process. To best of our knowledge, the distinct diurnal variations in PRPF with wide coverage are observed for the first time. This study demonstrates that the Himawari-8 geostationary satellite has great potential in characterizing high-frequency surface thermal fronts in considerable detail.
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1. Introduction


Surface fronts in the ocean are ubiquitous and characterized by pronounced horizontal gradients of physical, chemical and/or biological properties. The spatial scales of oceanic fronts range from O (1) to O (1000) km [1]. In frontal zones, the dynamics are very active and always accompanied by strong vertical mixing [2,3], which can significantly induce vertical fluxes of heat, salt, and nutrients, thereby stimulating high biological productivity [4,5]. Therefore, monitoring spatiotemporal variability of fronts is essential for understanding local circulations, heat and salt transport, ocean-atmosphere interaction, and associated biogeochemical processes [4,6,7,8]. Since direct measurements of oceanic fronts are costly and time-consuming, visible and infrared satellite imagery proved to be a powerful tool for remotely mapping and characterizing large-scale fronts around the world [6,9,10]. The most important fronts include estuarine plume [11,12], coastal current fronts [13,14], tidal mixing fronts [15,16], shelf-slope fronts [17,18], and fronts associated with western and eastern boundary currents [8,19,20].



There are various fronts in the northern South China Sea (NSCS), under the influence of complex topography, tides, the East Asian monsoon (strong northeasterly winter winds and weak southwesterly summer winds), Kuroshio intrusion, freshwater outflow, and coastal currents [8,17,18,21,22,23,24,25]. The frontal position and intensity in the NSCS at monthly to interannual time scales were well documented from remotely sensed data since 1980s. For example, Wang, Liu, Qi, and Shi [21] used 8-year AVHRR (Advanced Very High-Resolution Radiometer) sea surface temperature (SST) to identify the seasonality of the major thermal fronts over the NSCS shelf. Chang, Shieh, Lee, Chan, Lan and Weng [23] presented fine-scale structures and interseasonal evolution of wintertime NSCS thermal fronts from 7-year satellite SST images. Jing, Qi, Fox-Kemper, Du and Lian [17] described the NSCS seasonal thermal fronts associated with wind-driven coastal downwelling/upwelling based on multiyear daily SST satellite observations and in situ measurements. Wang, Yu, Zhang, Zhang, and Chai [18] investigated seasonal and interannual front variability in the entire SCS using 15-year MODIS (Moderate Resolution Imaging Spectroradiometer) SST imagery.



Due to the inherent limitation of polar-orbiting satellites that only acquire one or two images a day, very few studies have achieved in quantifying diurnal variability of highly variable thermal fronts, particularly in coastal waters where there are strong tidal currents, such as in the Pearl River Estuary. In fact, to the best of the present authors’ knowledge, no study of surface thermal fronts exists in the SCS. In addition, the atmospheric condition over the NSCS shelf in winter is often marked by frequent northeasterly wind bursts associated with cold air outbreaks, and subsequently results in severe surface cooling. What are characteristics of surface thermal fronts over the SCS innershelf at hourly and/or minute time scales? What are differences in frontal intensity and position between spring and neap tides? Whether rapidly changing surface winds, heating/cooling and/or tidal forcing are the controlling mechanism of frontal high-frequency variability remain to be resolved.



To observe rapidly varying surface thermal fronts, higher temporal resolution sampling is needed. The Advanced Himawari Imager (AHI) onboard the new generation geostationary meteorological Himawari-8 satellite can provide an SST snapshot every 10 min for the full disk and 2.5 min for the area adjacent to Japan [26]. The unique capacity suggests that it may have great potential for identifying high-frequency, variable thermal fronts and quantifying diurnal cycle in the occurrence of thermal fronts.



The objectives of this study are to characterize spatial and temporal pattern of the wintertime Pearl River plume front (PRPF) from the 10-minutely Himawari-8 satellite observations and to explore the diurnal cycle in the frontal occurrence and intensity during the spring-neap tide periods. The paper is organized as follows. Section 2 describes the used data and methods. Section 3 provides background on the diurnal cycle of SST in the region for two representative days, which corresponds to neap and spring tide and presents a description of the diurnal cycle in frontal position, intensity (i.e., gradient magnitude), and probability during spring and neap tides. The results are discussed in Section 4. Conclusions are drawn in the final Section.




2. Data and Methods


2.1. Study Area


The Pearl River Estuary (PRE) situated in the southern China (Figure 1) connects the second largest river of China, Pearl River (PR), with the NSCS continental shelf. The PRE has about 70 km in length and 25 km in width, with an average bathymetric depth of about 5 m. The river runoff flows into the NSCS largely through eight river inlets on the western boundary of PR. Its discharge varies from ~3600 m3/s in winter to ~20,000 m3/s in summer, with an annual discharge of about 10,000 m3/s. Moreover, an irregular semi-diurnal mixed tidal regime dominates the PRE and adjacent waters, with a mean tidal range of about 1.4 m [27]. Affected by tides and river discharge, monsoon, and coastal currents, seasonal variability of the PR plume over the inner shelf is very remarkable [28]. In summer, the plume water entirely occupies the whole surface area of PRE and extends southeastward under the upwelling-favorable winds. In winter, when the downwelling-favorable winds prevail, a pronounced, persistent thermal plume front only appears on the western side of PRE where cold, fresh estuarine outflow meets warm, saline ambient coastal waters [24].




2.2. Himawari-8 SST Data


The Himawari-8 is a new generation geostationary satellite launched by the Japan Meteorological Agency (JMA) in October 2014. The AHI onboard Himawari-8 has 16 spectral bands from visible to shortwave infrared. Its spatial coverage spans from 80° E to 160° W and from 60° S to 60° N. The AHI provides ~2 km skin SST measurements every 10 min in clear sky over the full dish [26]. The comparisons with drifting and tropical moored buoy data for June to September 2015 show a rms difference of ~0.59 K and a bias of ~−0.16 K [29]. In this study, the Level-2 gridded Himawari-8 skin SST with a temporal resolution of 10 min are downloaded from the P-Tree System (https://www.eorc.jaxa.jp/ptree/, accessed on 20 June 2021) operated by Japan Aerospace Exploration Agency (JAXA). The SST data on 23 January and 10 November 2019 with rare clouds in the PRE and ambient waters are used for later analysis. The two dates correspond to the spring (23 January) and neap (10 November) tides respectively.




2.3. Tidal Height, Surface Wind and Heat Flux Data


The tidal height at (21.7° N,113° E) are extracted from the Oregon State University (OSU) 1/30° regional barotropic tidal inversion (China Seas 2010) [30] (http://volkov.oce.orst.edu/tides/YS.html, accessed on 12 May 2019). We also obtained the CCMP (Cross-Calibrated Multi-Platform) 6-hourly gridded surface wind analysis products from the Remote Sensing Systems (http://www.remss.com/measurements/ccmp, accessed on 31 May 2021), and the hourly mean surface fluxes of the fifth-generation ECMWF (the European Centre for Medium-range Weather Forecasts) atmospheric reanalysis (ERA5) from the Copernicus Climate Change Service (https://cds.climate.copernicus.eu, accessed on 30 May 2021).




2.4. Surface Thermal Front Detection


Surface thermal fronts are identified from the selected Himawari-8 SST fields with the entropy-based algorithm developed by Shimada et al. [31]. This algorithm begins with an estimate of Jensen–Shannon divergence (JSD) within two 5 × 5 pixel SST subwindows in four different directions (horizontal, vertical, and two diagonals, Figure 3 shown in Shimada, Sakaida, Kawamura and Okumura [31]). The maximum value of the four JSD matrixes at each pixel is taken as the final divergence value. A higher value corresponds to a stronger front. In this study, a JSD threshold of 0.4 is adopted to designate front pixels. Compared with other traditional methods (e.g., gradient magnitude and histogram edge detection algorithms), Shimada et al.’s algorithm presents great potential for the detection of weak fronts and is non-sensitive to noise, with independence of temporal and spatial variations of geophysical parameters [31,32].



Two basic types of frontal maps are used in the analysis, namely, one-day probability map and frontal gradient composite map. The one-day frequency map at each pixel shows the pixel-based frontal probability (P):


  P =  N C  ,  



(1)




where N is the number of the frontal pixels at each grid, and C is the number of the cloud-free pixels at the corresponding grid. The frontal gradient composite map quantitatively shows the intensity of surface thermal fronts. Gradient magnitude (GM, unit: °C/km) at each frontal pixel is calculated with the following formula:


  G M =       ∂ S S T   ∂ x     +     ∂ S S T   ∂ y        



(2)




where     ∂ S S T   ∂ x     and     ∂ S S T   ∂ y     corresponds to the gradient magnitude for x and y directions.





3. Results


3.1. Diurnal SST Variability


To set the stage for the discussion of the diurnal cycle in the thermal PR front occurrence, a description of diurnal SST variability in this study is warranted. Figure 2 shows several snapshots of 10-minutely SST for 23 January (spring tide) and 10 November 2019 (neap tide). The PR plume is very noticeable, with SST <16 °C for 23 January and <18 °C for 10 November. It is confined to shallow nearshore waters in the western PRE. The maximum SST contrast between onshore and offshore waters reaches about 8 °C. The SST on 23 January is much lower than on 10 November. On the other hand, the diurnal variability of SST in the PR plume is also more remarkable, relative to that for deep waters (>30 m). The two cases indicate that the spatially averaged SST in the plume zone increases about 2 °C from 00:00 to 06:00 UTC, and then gradually decreases to the initial level at 18:00 UTC.



Figure 3 shows the SST standard deviations for the two days. They have similar patterns, with stronger amplitude along the western PR coast. The standard deviation decreases sharply with distance away from the coast. The standard deviation within the PR plume zone is >0.3 °C, with a maximum of 1.4 °C. In contrast, outside the plume, the SST standard deviation is much smaller. Overall, the relatively high standard deviation on 23 January extends seaward further than on 10 November, indicating larger changing range.




3.2. Diurnal Variability of the Pearl River Plume Front


To examine the spatial and temporal variability of the PRPF in more detail, we focus on the western region where the front is almost always persistent in winter.



3.2.1. Spatial Variability


Figure 4 shows the frontal probability (upper) and mean GM images (bottom) by compositing 142 individual front images on 23 January (spring tide) and 10 November 2019 (neap tide). The distribution of the thermal plume front is nearly aligned to the coast and roughly follows the 5-m isobath, connecting cold, fresh water from the PR outflows with warm, saline water from offshore. It is equally evident that the thermal plume front is closer to the coast on 10 November. Due to spatial discontinuity of the plume front, we classify the plume front into three subfronts: the northern subfront north of 22° N 20′, the middle subfront between 22° N 20′ and 21° N 40′, and the southern subfront south of 21° N 40′. Each subfront shows discrepancy for the two cases. For the 23 January event, the northern and southern subfronts occur much more frequently (>60%) compared to that of the middle subfront (<45%). The mean frontal GM (Figure 4c) for the northern subfront (~0.2 °C/km) is the strongest while the weakest one is the southern subfront (~0.1 °C/km). For the 10 November event, the middle subfront has the highest probability (>70%) among the three (Figure 4b). The mean frontal GMs of the northern, middle, and southern subfronts are about 0.18, 0.13, and 0.16 °C/km, respectively (Figure 4d). These results indicate that the middle front on 23 January and the northern and southern subfronts on 10 November are highly variable.



Figure 5 and Figure 6 show the spatial patterns of the 10-minutely JSDs and GMs for 23 January and 10 November 2019, respectively. The three plume subfronts (JS > 0.4) can be easily identified from the JSD snapshots (upper panel). Both JSDs and GMs indicate that the position and intensity of these subfronts exhibit strong variability at diurnal time scale. For the 23 January event, the positions for the northern, middle and southern subfronts tend to move northeastward, northwestward and southeastward, respectively. The maximum displacement is about 5 km from 00:00 to 18:00 UTC. On the other hand, the three subfronts are remarkable at 00:00 UTC. The northern and middle subfronts almost disappear at 06:00 UTC while the southern subfront becomes weak with a GM of ~0.12 °C/km. For the period of 12:00–18:00, the northern and middle subfronts gradually become strong again with a maximum GM of ~0.4 °C/km, while the southern subfront becomes weaker (~0.06 °C/km). For the 10 November event, diurnal variability differs considerably from that observed for the 23 January event. The positions of the three subfronts are closer to the coast. The northern subfront significantly oscillates in the east-west direction, with the maximum displacement of ~ 4 km and GM of ~ 0.35 °C/km. Nevertheless, the positions of the middle and southern subfronts show little variability. The corresponding maximum GMs reach about 0.2 and 0.3 °C/km, respectively.




3.2.2. Temporal Variability


To further explore the temporal variability of the thermal plume front quantitatively, three transects across the three subfronts are randomly selected (Figure 4a, in magenta color). The frontal intensity in terms of mean GM and the frontal position of the maximum JSD relative to an inshore point along the transects are calculated separately for each subfront.



Figure 7 shows time series of the frontal intensity (a–c) and relative position (d–f) of the three subfronts for 23 January, which exhibits notable diurnal variability. The northern subfront (Figure 7a) remains weak intensity (GM < 0.15 °C/km) and sometimes disappears between 00:00 and 08:00 UTC when the frontal position tends to move offshore (Figure 7d). The frontal intensity then begins to increase, with the maximum spatially averaged intensity of about 0.26 °C/km. During this period, the subfront position has less variability. Between 22:00 and 24:00 UTC, the frontal intensity roughly decreases to the 00:00 UTC level, and the front moves towards onshore. The daily changing amplitudes in frontal intensity and position are about 0.05 °C/km and 7 km, respectively. There are no valid data approximately between 13:00 and 21:00 UTC due to cloud cover. For the middle subfront, the frontal intensity (Figure 7b) is averagely about 0.1 °C/km with a mean amplitude of 0.03 °C/km, while its position remains relatively stable (Figure 7e). A most noticeable feature is the disappearance of the subfront roughly between 04:00 and 10:00 UTC. For the southern subfront, the frontal intensity and position variability in general is less significant, though the subfront is intermittently absent between 14:00 and 24:00 UTC.



For the 10 November event (Figure 8), the frontal intensity in general exhibits strong-weak-strong fluctuations with the maximum amplitude of about 0.15 °C/km, while the frontal position tends to displace towards the coast, with a maximum displacement of about 15 km. For the three subfronts, the maximum diurnal variability is the middle subfront. Its intensity generally decreases between 01:00 and 10:00 UTC when the subfront displaces offshore (Figure 8b,e). The northern subfront has the lowest position variability (Figure 9d), the frontal intensity tends to decrease before 08:00, and is absent roughly between 09:00 and 19:00 UTC due to the front disappearance. Then, the subfront reproduces with an intensity of 0.15 °C/km (Figure 8a). For the southern subfront, the frontal intensity between 00:00 and 12:00 UTC is much weaker than between 14:00 and 24:00 UTC. The averaged GM ranges from 0.01 to 0.22 °C/km, with a mean amplitude of about 0.04 °C/km, while the averaged frontal position moves approximately 5 km towards the coast.






4. Discussion


The satellite observations provide for the first time the diurnal variability of the thermal plume front associated with the PR outflow. A distinct feature for both spring and neap tides (Figure 5 and Figure 6) is that the plume front becomes less noticeable or even disappears at 06:00 UTC (14:00 in local time). Previous studies suggested that the plume is greatly controlled by river runoff, tide, and winds [24,33]. In addition, surface heating and cooling may be a contributing factor, as our study focuses on the thermal front. To see how the observed plume front can be accounted for by these factors. The six-hour surface winds and hourly net air-sea surface heat flux for the two cases are included for comparison. In this study, the runoff has very limited impact on the plume front variability, as it is well known that the river discharge remains stable in one day, especially during the dry season (October–May). We noted that the plume front experiences the flood-ebb tides for the 23 January event but is in the ebb tide for the 10 November event from 00:00 to 06:00 UTC when the plume frontal intensity gradually decreases for the two cases. This indicates that the tides cannot play a dominant role in the front variability at the hourly time scale. Figure 9 shows six-hour surface winds for the two events. The winds identically blow to the southwest and continue decreasing from 00:00 UTC, and the maximum speed around PRE region is less than 0.02 N/m2. Figure 10 shows the corresponding snapshots of hourly air-sea net heat fluxes. Due to solar heating, the net air-sea surface heat flux increases significantly from 00:00 to 06:00 UTC, reaching maximum at 06:00 UTC (14:00, in local time) (Figure 10). In the situation, surface heating could result in faster heating of the thin fresh plume, thus decreasing the thermal contrast between the plume and the ambient shelf water and acting to weaken the front or even disappear.



The distinction of the front variability between the spring and neap tides is very remarkable. The plume front for the neap tide is generally closer to the coast while the frontal intensity is stronger, compared with those observed in the spring tide. This spring-neap variations in the frontal structure and position are supported by the detailed field measurements in Geyer [7], indicating that the plume front position shifts shoreward during neap tides of stronger stratification and moves seaward during spring tides of weaker stratification. Similar results are also found in numerical studies [28,34]. On the other hand, we noted that the northeasterly winds in neap tide are on average stronger than those in spring tide. Though the wind strength is much weak (<0.2 N/m2) for both events, it still may be possible to produce more onshore surface Ekman transport of warm coastal water for the 10 November event (neap tide), thereby enhancing the large SST difference between inshore and offshore water. This assumption is consistent to the findings of Zheng, Guan, Cai, Wei, and Huang [33], who indicated that the enhanced northeasterly winds are largely responsible for the westward movement of the plume front.




5. Conclusions


Using a robust edge-detection algorithm, the horizontal structure and diurnal variability of the wintertime PR thermal plume front during spring and neap tides are for the first time characterized from 10-min sequential SST images of Himawari-8 satellite observations. Our results indicate that the thermal plume front composes of three subfronts: the northern one north of 22° N 20′, the southern one south of 21° N 40′ and the middle one between them. The diurnal variability of the frontal intensity generally appears to be a strong-weak-strong pattern, with the weakest intensity observed at about 06:00 UTC. Further analysis suggests that the net surface heat flux over the region plays a dominant role in the frontal diurnal variability.



The comparison of diurnal variability of the thermal plume front between the spring and neap tides suggests that the front during the spring tide is more likely to be diffuse for the frontal structure, weak for the frontal intensity, and to move further seaward for the frontal position than those found during the neap tide. The significant differences may be largely attributed to the difference in tidally induced strong mixing during the spring tide, while the wind stress difference is probably a secondary controlling factor.



The Himawari-8 satellite remote sensing only provides information about skin surface temperature signature. The PR plume in winter is marked by colder and fresher than the offshore water, the surface thermal front normally coincides with the salinity front [24]. It is however not possible to tell if the subsurface thermal plume front has the same varying patterns. In other seasons when the plume is mostly characterized by strong salinity gradients, SST contrast on two sides of the plume front is more obscure. It is also not possible to directly relate the thermal front to the plume front. To better understand high-frequency variability of the plume front under different environmental conditions, future studies may attempt to complement the satellite-derived thermal fronts with multiple ocean color satellite observations and subsurface in situ data.
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Figure 1. Bathymetry of Pearl River and adjacent coastal region. Gray contours indicate isobaths (in meter). A tide gauge site is marked by bule solid triangle. Area map is shown in upper-left corner. 
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Figure 2. Ten-minutely sea surface temperature (SST) on 23 January (a–d) and 10 November 2019 (e–f). Corresponding tidal heights are shown in upper-left corners of (a,e). The subtitles in subplots (a–h) indicate the corresponding observation time (unit: UTC). 
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[image: Water 14 00043 g002]







[image: Water 14 00043 g003 550] 





Figure 3. SST standard deviations for 23 January (a) and 10 November 2019 (b). 
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Figure 4. Ten-minutely frontal probability (unit: %, a,b) and mean frontal intensity (unit: °C/km, c,d) for 23 January (a) and 10 November 2019 (b). Magenta color lines in (a) denote three transects across the front. Corresponding tidal heights are shown in upper-left corners of (a,b). 
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Figure 5. Spatial patterns of 10-minutely frontal intensity represented by both Jensen–Shannon divergence (JSD) (a–d) and gradient magnitude (GM) (e–h) on 23 January 2019. Corresponding tidal height is shown in upper-left corner of (a). The subtitles in subplots (a–h) indicate the corresponding observation time (unit: UTC). 
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Figure 6. Same as Figure 5, but for 10 November 2019. 
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Figure 7. Time series of spatially averaged GMs (a–c); frontal positions of maximum JS frontal values (d–f) across three transects (Figure 4a) for 23 January 2019. 
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Figure 8. Same as Figure 7, but for 10 November 2019. 
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Figure 9. Six-hourly surface winds overlaid with wind stress (color shading) for 23 January (a–d) and 10 November 2019 (e–h). The subtitles in subplots (a–h) indicate the corresponding observation time (unit: UTC). 
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Figure 10. Six snapshots of hourly air-sea net heat fluxes for 23 January (a–d) and 10 November 2019 (e–h). Positive values represent seawater net heat gain. The subtitles in subplots (a–h) indicate the corresponding observation time (unit: UTC). 
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