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Abstract

:

The Pearl River Delta in South China is subject to severe eutrophication, which is significantly exacerbated by the total nitrogen (TN). Remote sensing technology with large-scale synchronous observations in the Pearl River Delta can effectively monitor organic pollution. Statistical methods based on remote sensing images have been widely used in water quality parameter retrieval for inland rivers, reservoirs, and lakes, but have seldom been applied in the Pearl River Delta. TN is also a non-optically active substance, so it is difficult to retrieve TN through analysis methods. This study retrieves the concentration of total nitrogen (TN) based on Landsat8 images of the Pearl River Delta using a statistical method. The stepwise regression function is built by analyzing the TN concentration and the single-band, two-band, and three-band spectral information groups measured by an ASD FieldSpec3 spectrometer. The retrieval results show that the proposed method performs well with a small mean absolute error (MAE) (0.36 mg/L for TN) and high agreement (R2 = 0.61 for TN) between the in situ data and the retrieval concentration. The results demonstrate that the concentration of TN in the east of the Pearl River Delta was higher than in the west. Dachan Bay and Shenzhen Bay had the highest TN concentrations, which were around 3.02 mg/L and 3.67 mg/L. The 750–850 nm band could be an important reference for further exploring the spectral characteristics and retrieval of TN. The retrieval method in this study is easy to implement and convenient for local TN distribution capture, which can provide a timely reference for daily water quality supervision and management in the Pearl River Delta.
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1. Introduction


Water quality deterioration has constantly escalated worldwide, especially in river–coastal eutrophication. Fast economic development in coastal areas, estuary reclamation, ship business, and chemical-fertilizer overuse intensify river eutrophication [1]. Eutrophication induces algal blooms, imbalances in the ecological environment, and organic matter pollution aggravation, which lead to water resource scarcity and poor water surroundings [2,3,4]. Previous studies [5,6,7] have shown that total nitrogen (TN) and ammonia–nitrogen are the main organic pollutants involved in aquatic eutrophication. Their conversion and transformation affect the water cycles of the hydrosphere, biosphere, atmosphere, and lithosphere [8]. The traditional method of monitoring TN relies on manual water sampling. However, this method is risky and often involves collecting samples in estuaries and offshore zones, which is time-consuming and cost-ineffective. Remote sensing technology, as a faster, more effective, and more spatially extensive method than traditional manual water sampling methods, has been widely adopted for water quality retrieval in estuaries and offshore zones in recent years [9].



An empirical method is commonly used in the retrieval of TN from remote sensing images. A number of studies have indicated that the spectral information of pixels is strongly correlated with the TN concentration, so the TN concentration can be retrieved from remote sensing images. In general, empirical retrieval methods can be divided into indirect and direct methods. The indirect empirical method calculates TN concentration based on the relationship between it and chlorophyll, suspended sediment (SS), colored organic dissolved matter (CODM), and water temperature [10,11,12]. However, the indirect method is affected by the retrieval accuracy of chlorophyll, SS, CODM, and water temperature. Additionally, this method has only been proven for inland water and may not be applicable in delta areas where water quality variability is complex. The direct empirical method retrieves the TN concentration from the spectral information of pixels based on machine learning, regression functions, and statistical methods. This method is less influenced by regions than the indirect method. For example, the back-propagation neural network algorithm was successfully applied to retrieve the TN and ammonia–nitrogen in the Miyun reservoir in 2013–2018 based on a combination of measured data and Landsat8 remote sensing images [13]. The TN and total phosphorus in the Han River were analyzed and predicted by a series of machine learning models, which explored the potential risk and provided targeted suggestions [14]. The concentration of TN in Jiu Zhaigou Lake was retrieved through a stepwise regression method that was proven to be accurate [15]. A statistical model was also used to predict these two water quality parameters, whose prediction accuracy was over 0.7 [16]. The water quality of lakes, urban rivers, and small-scale watersheds is generally retrieved by the combination of regression functions and statistical methods. It is worth noting that machine learning models have different levels of responsiveness to parameters [17] and parameter selection, and that the setting can cause large errors in the results. Thus, regression functions and statistical methods are most often employed in water quality retrieval and evaluation.



The most common method for the retrieval of water quality parameters in eutrophic water is to construct a linear regression function with characteristic bands of band groups as model parameters [18]. The authors of [19] retrieved the ammonia–nitrogen in Tangxun Lake via a linear quadratic regression function, and the accuracy was about 0.8. The authors of [6] used a single band or the band ratio as the parameters in a linear quadratic regression function to retrieve the TN in an urban river network, and the accuracy was over 0.7. Other researchers have also applied logarithmic and exponential functions as regression functions to retrieve TN and ammonia–nitrogen in urban rivers and to detect the sensitivity of parameters in water quality retrieval [20,21]. These studies concentrated on a single parameter in the regression function and did not combine two or more features. In addition, the regression function and statistical method were also used in the water quality evaluation by building a water quality index or a comprehensive retrieval model [22,23]. Regression functions and statistical methods are currently the main retrieval methods, which are applicable and accurate. However, most previous studies have been concerned with inland waterways, lakes, and reservoirs, where the water quality varies only slightly. Delta areas are affected by both upstream runoff and coastal tides, and the diffusion and distribution of TN are more complicated. Therefore, the application of these two methods in the retrieval of TN concentrations in delta regions requires further research.



The Pearl River Delta (PRD) is a typical delta that contains an intensive river network and eight estuaries with long coastlines [24]. The upstream runoff and downstream tide create a synthetically hydrologic and hydrodynamic environment in the PRD [25]. The authors of [8] predicted that the TN discharge in the Pearl River basin would increase to 9.45 × 105 t by 2030, mainly due to planting. The authors of [18] set up 17 water sampling points in the upstream and middle parts of the Pearl River, and 3 points’ TN concentrations exceeded the standard by more than 90%. The authors of [20] analyzed the water quality of the South China Sea based on Google Earth Engine and identified an increase in eutrophication during 2006–2018. Nevertheless, there are few studies on the statistical remote sensing retrieval of TN in estuary areas of the PRD. The water quality of the PRD has improved in recent years, but it is still grade IV or less in most estuary areas according to the latest sea environment report [26] from the Ministry of Natural Resources of the People’s Republic of China.



This study aims to develop a handy and accurate statistical method for identifying the TN concentration and distribution in the PRD. This study carried out extensive field measurements at evenly distributed sampling sites in the PRD and took boat trips to the sea to obtain very rare actual concentration and spectral data using an ASD FieldSpec3 spectrometer. The measured TN concentration and synchronous spectral data were used to build the regression function. Then the spectral data measured by ASD were transformed to corresponding image band using spectral response function of Landsat8. Bands and band ratios were chosen as regression parameters to obtain the most suitable regression function in the PRD. Then, Landsat8 remote sensing images were fed into a statistical method to retrieve the TN over the full range of the PRD. Compared with chlorophyll, the statistical method used in this study can retrieve the TN level accurately in the PRD. The statistical method in this study combines sampling data with remote sensing data to acquire a reliable and robust retrieval model. This statistical method can also make contributions to management decisions involving similar projects in other deltas.




2. Materials and Methods


2.1. Study Area


The Pearl River Delta in Guangdong Province, China consists of the north, west, and east river deltas approaching the South China Sea through eight estuaries. The PRD has developed import and export trades and flourishing ports, including Guangzhou Port, the fourth biggest port in China. In addition, thriving industry has also contributed to its productivity. These factories and human activities exacerbate water pollution. The most recent report suggests that 2780 square kilometers of the South China sea is classified as harsh water, and this harsh water was mainly distributed in the estuary of the PRD up to the summer of 2011 [26]. The estuary was selected as the study area, as is shown in Figure 1.



The area of the PRD is about 54,700 square kilometers, and it has a 1479 km coastline. The organic pollution in the PRD comes from both point and non-point sources. Electronic and household appliance industries dominate the economy in the PRD, which discharge industrial organic pollution. For example, the nitrogen discharge from non-point source and intercepted overflow waters in Shenzhen Bay during the rainy season can reach 76.2 t [27]. Agriculture along the coast is intensive and flourishing and includes fishing and paddies with significant amounts of fertilizer, which result in agricultural non-point sources. The shipping industry and urban sewage are also non-point sources. There are so many harbors in the PRD with huge annual throughput that oil leakage and other emissions from ships are serious sources of pollution. A dense population also leads to a large amount of domestic sewage being directly disposed of in the delta.




2.2. Field Survey and Spectral Measurements


Water quality sampling was performed on 5, 12, and 27 November 2020, 25 September 2019, and 22 August 2019 in estuaries of the PRD. Sampling sites A1–A6 were sampled on 5 November 2020; B1–B10 were sampled on 12 November 2020; C1–C6 were sampled on 27 November 2020; D1–D6 were sampled on 25 September 2019; and E1–E4 were sampled on 22 August 2019. All samples were only taken from the water surface with one sample per site. Due to the limitation of the remote sensing image size, the study area only involves sites B1–B6 from Group B, as is shown in Figure 1. B7–B10 could not be shown in Figure 1. The TN, chlorophyll and suspended sediment concentration of the water samples at each site were collected and analyzed in the laboratory within 24 h by the China National Analytical Center, Guangzhou. Reflectance data were also measured synchronously with a spectrometer (ASD FieldSpec3 spectrometer manufactured by the U.S. Company ASD) during water sampling (Figure 2). An ASD FieldSpec3 spectrometer can detect the reflectance from 350 nm to 2500 nm with a 1 nm interval. The reflectance of water at all sampling sites is shown in Figure 2. The spectral information of sampling sites in five groups was detected by ASD. There was a difference between the different sampling sites, such as reflectance peaks and valleys. The spectra of all sampling sites had a consistent trend of change, and the reflectance peaks were around 580 nm, 710 nm, and 820 nm.



The water quality analysis results of all the sampling sites in the PRD are shown in Table 1. The concentration of TN in the upper and middle parts of the PRD was much higher than in the lower parts according to our results. The highest concentration of TN was 4.1 mg/L, which was found at site D6. The chlorophyll concentration of point A6 was 58 μg/L, which was the highest chlorophyll concentration in the study area.




2.3. Imagery Acquisition and Preprocessing


This study uses Landsat8 images, which are multispectral images taken by the United States Geological Survey (USGS) that can provide maximum coverage of the study area with a 30 m spatial resolution and a 16-day revisit interval. The Landsat8 satellite was launched in 2013, and its images contain a great deal of land and ocean information on a global scale. Landsat8 images have 9 bands of OLI and 2 bands of TIRS. This study constructs band ratio models mainly based on the first 5 bands of OLI, including a coastal band (0.43–0.45 µm), blue (0.45–0.52 µm), green (0.52–0.60 µm), red (0.63–0.68 µm), and NIR (0.85–0.89 µm). Due to the image revisit interval, the image used in this study was from 16 November 2020 and was acquired from the Earth-explore website of the USGS (accessed on 16 March 2022 from https://earthexplorer.usgs.gov). This was the closest available image to the date of the water sampling. The weather condition in the PRD was satisfactory with no precipitation during the three water sampling periods.



The remote sensing image was preprocessed to obtain the reflectance. Firstly, satellite-based observation values of Landsat8 images were converted to radiance. The Gain and Offset parameters from the satellite parameter lists were used to calculate the radiance. The conversion equation is as follows:


  L = G ain ∗ D N + O f f s e t  



(1)




where L is converted radiance, DN is the satellite-based observation value, Gain is the calibration slope, and Offset is the offset of the absolute calibration.



Secondly, the influence of the atmosphere correction was carried out using the fast line-of-sight atmospheric analysis of hypercubes (FLAASH) algorithm [28]. The FLAASH algorithm is based on the MODTRAN5 radiative transfer model. This algorithm estimates the attributes of the atmosphere based on the characteristics of the pixels in the image rather than the simultaneous atmospheric parameters. It can effectively eliminate aerosol-scattering effects and smooth spectral noise. Finally, the normalized difference water index (NDWI) was used to extract the water area. The equation of the NDWI is as follows:


  N D W I =    L G  −  L  N I R      L G  +  L  N I R      



(2)




where L is reflectance and G and NIR represent the green and NIR bands of the image, respectively.




2.4. Characteristic Bands Groups and Statistical Retrieval Method


2.4.1. Characteristic Bands Groups


For the most accurate retrieval of TN concentrations, a statistical model should be established based on the relationship between the concentration data and simultaneous spectral data. We used the spectral data measured by ASD to build the regression function of TN concentration and band ratios. The data from ASD were synchronized with the TN concentration at the sampling sites. However, the remote sensing image was not simultaneous. So, we chose the ASD data and measured concentration to construct the statistical model. The spectral response function was applied to convert the ASD narrow-band data to remote sensing wide-band data. The generated band groups contain 85 groups with different combinations of Band1, Band2, Band3, Band4, and Band5 from the ASD spectral data. There is a need to find the characteristic band of the band groups to further establish an accurate statistical retrieval model. Single-band, two-band, and three-band ratios are commonly used in statistical retrieval, so these three kinds of band groups were chosen to detect the characteristic band groups. A characteristic matrix was constructed to collect the characteristic band or band groups. The characteristic matrixes are as follows:


  B  R i  =       B 1       B 2       B 3       B 4       B 5        



(3)






  B  R j  =       1 / B 1       1 / B 2       1 / B 3       1 / B 4       1 / B 5        



(4)






  B  R  i j   = B  R i  × B  R j  − 1      



(5)






   B  R  a b   =        B a         B b            a ≠ b   ∩   a , b   ∈   1 , 5       



(6)






  B  R    a + b   / j   = B  R j  × B  R  a b      



(7)




where BRi is the matrix of a single band; BRij is the matrix of two band ratios; and BR(a+b)/j is the matrix of three band ratios. BRj and BRab are intermediate process matrixes.



This study uses the Pearson correlation coefficient to find the characteristic band groups from all 85 groups. The correlation coefficient between the measured concentration and band groups was calculated to decide the characteristic band groups.




2.4.2. Statistical Retrieval Method


According to many previous studies, there is always an empirical relationship between the TN concentration and band ratios. The TN has spectral characteristics in water, and its characteristic band ratios can help to retrieve the TN concentration more precisely. Some bands ratios have been proven to be correlated with the TN concentration and can be used for retrieval in inland water and lakes [6,19]. The measured TN concentrations of 16 random points in all sampling sites were selected to build this regression function, and the remaining points were used for model validation. The three linear primary equations forms are the main retrieval forms for retrieval. This study uses stepwise linear regression analysis to select the most suitable regression function:


   C  T N   = a × B  R 1  + b    



(8)






   C  T N   = a × B  R 1  + b × B  R 2  + c    



(9)






   C  T N   = a × B  R 1  + b × B  R 2  + c × B  R 3  + d    



(10)




where C is the concentration of TN; BRi is the characteristic band group; and a, b, c, and d are regression coefficients.



After the most suitable characteristic band group and regression function are identified, the band information from the Landsat8 image of every pixel is put into the regression function and used to calculate the TN concentration over the entire range. The process of the retrieval of the TN concentration using this statistical method is illustrated in Figure 3.




2.4.3. Error Analysis


The accuracy of the retrieval model can be evaluated by calculating the mean absolute error (MAE) and regression intercept (RI) using the following equations:


  M A E =  1 N    ∑   i = 1  N     C i  −  C m       



(11)






  R I =   ∑    D n     n     



(12)




where N is the number of water samples, Ci is the retrieval concentration of the water component, Cm is the measured concentration of the water samples, n is the number of elements in the regression function, and Dn is the intercept of the n-th element.



MAE effectively avoids error cancellation. The smaller the MAE, the more accurate the model retrieval is. RI is a common measure of the accuracy of a linear regression. The smaller the RI, the more accurate the model retrieval.






3. Results


3.1. Statistical Retrieval Method Validation


The band combinations with the highest correlations are shown in Figure 4a–c. These band ratios are from ASD spectral data. Most two-band and three-band ratios did not have strong relationships with the measured concentration, so only the top three related band ratios and their R2 values are shown in Figure 4b,c. The correlation between the characteristic bands and the measured TN concentration was detected to choose characteristic band groups and to build regression functions. These band ratios with high correlations were used as alternative variables in the multiple regression.



Some typical regression groups of TN and their correlation coefficients are shown in Table 2. The 16 sites were randomly selected to construct the regression function and calculate the correlation coefficient every time until each site was involved in the screening. In general, the TN concentration was well correlated with most typical band groups. The correlation coefficient between TN concentration and a single band was 0.25 in linear regression equations. For multiple linear regression equations, the correlation coefficient of the retrieved TN concentration from the multi-band group regression function was the highest (up to 0.75). Meanwhile, if only a single band or one band ratio was used as a regression element, the correlation coefficient would decline to below 0.5. The table only shows the band ratios with a high correlation, and other linear regressions that did not show a significant regression relationship are not shown in the table. From Table 2, we can see that the multiple linear regression model can retrieve TN concentrations more accurately than other linear regression methods. Thus, regression functions (5) for TN concentration retrieval were chosen as regression functions. Other regression functions will not be used in TN concentration retrieval.



The residual sampling points were used to validate the statistical model. Figure 4d plots the statistical method retrieval results and measured concentration of TN. The bi-variate linear regression function (5) had better applicability for the measured data and the retrieval statistical model for TN concentration in this study. The statistical model retrieval for TN concentration had an R2 value of 0.61. Additionally, the MAE for TN concentration retrieval was 0.36 mg/L. The RI for TN concentration retrieval was 2.55. According to Figure 2, the measured spectral curves had two reflection peaks in Band3 and Band5 and steep slopes in Band2 and Band4. They also had a reflection valley in Band5. Nitrogen provides nutrients for the photosynthesis of aquatic plants, so chlorophyll tends to be higher in nitrogen-polluted water. Such polluted water is dark green in color with a pungent odor because it reflects green and blue light to a great extent. Meanwhile, red light is absorbed in large quantities. The main features of the reflectance curves are concentrated on four bands, and these band ratios could make features more significant to give accurate relationships between spectral information and TN concentration.



In general, the statistical model showed good performance when predicting TN concentrations. It was usually necessary to screen the characteristic bands of substances before empirical retrieval. However, only five bands can be used to retrieve the concentration of TN. Thus, this study exhausted the band combinations of single bands, two bands, and three bands for the regression analysis. There might be bias if certain bands were not suitable for TN concentration retrieval.




3.2. Remote Sensing Retrieval Results


Figure 5a shows the retrieval results of TN in the PRD when using our statistical model. There was a cloud in the southeast of the PRD, so the TN retrieval results were much higher than other parts. We do not analyze the error concentration variation. In general, the coastal region had a high concentration of TN, particularly harbors and bays. The west coastline region of the PRD had a relatively lower concentration of TN compared with the east. The mean concentration of TN was around 2.8 mg/L. The highest concentration of TN was in Shenzhen Bay, which was around 3.67 mg/L. The TN in Dachan Bay was also high at 3.02 mg/L. The mouth of the PRD has rapid water flow and material exchange, so there were fewer residual pollutants and a lower concentration of TN. Figure 5b,c show the details of the TN concentration distribution in Dachan Bay. The concentration of TN over a large area in Dachan Bay was higher than 2.4 mg/L. Only at the mouth of the bay did the concentration of TN reduce, and even then, it was still high over a wide area outside the mouth. Dachan Bay is a world container terminal located in the west of Shenzhen, China. In 2021, Dachan Bay terminal added 10 international shipping lines, and in October, it hit a new high of 173,000 TEU throughout. Dachan Bay had high TN concentration due to intensive anthropogenic activities and ship pollution. The phytoplankton bloomed in abundance due to high TN. Figure 5b,c also show a high concentration of TN in Shenzhen Bay. The coastal concentration of TN was lower than that found in the middle and mouth of Shenzhen Bay. Shenzhen Bay is a semi-enclosed tidal bay located on the east side of the Pearl River estuary, with a depth of about 14 km and an average width of about 5 km [29]. Shenzhen Bay has multiple converging streams with a high level of pollutant discharge. In May 2020, a large-scale algal bloom broke out in Shenzhen Bay with high NH3-N concentration of 2.42 mg/L in the center of the algal bloom [30]. Large inputs of pollutants lead to increased nutrient levels [31,32], and Shenzhen Bay has consistently been identified as Class IV or V water in recent years [27]. The low TN concentration in parts of Shenzhen Bay near the city is due to the measures taken by Shenzhen against water pollution, as well as the surrounding wetlands, which help to improve the water quality [33].





4. Discussion


4.1. Spectral Characteristics of TN


To further explore the spectral characteristics of TN, Figure 6 shows the spectral curves of some typical sample sites. Figure 6a shows the TN and chlorophyll concentrations at sampling sites of groups A, B and C. Sample groups A (sites A1–A6) and C (sites C1–C6), located in the upper and middle parts of the PRD, had high pollution rates. Sampling group B (sites B1–B10) was mainly distributed in the mouth of the PRD and had lower TN and chlorophyll. In general, similar concentration change trends between the two confirmed the correlation between TN and chlorophyll. The red lines in Figure 6b indicate the spectral curves of sites A1–A5, the green lines indicate the spectral curves of sites B2–B6, and the blue lines indicate the spectral curves of sites C1–C5. According to Figure 6b, the water contamination for sampling group B was dominated by chlorophyll, and the green line shows two reflectance peaks. The first peak is the highest green reflectance peak, and the second is the fluorescence peak of chlorophyll. The spectral characteristics of this kind of polluted water were the same as those of chlorophyll. For TN-dominated water, the spectral curves in Figure 6b show some new characteristics. Firstly, the average reflectance at 400–900 nm increased significantly, which shows stronger reflectance compared with chlorophyll-dominated water. Secondly, there were almost no reflectance peaks around 700 nm, so there was only one reflectance peak in the visible band. Finally, there was a high reflectance peak around 820 nm, and this could be one of the sensitive bands of TN. Wang et al. [20] found that the best retrieval characteristic band ratio for ammonia–nitrogen was 740/632 nm. Lin et al. [6] showed that the optimal retrieval band ratios were 787/678 nm. The characteristic band ratios of most organic pollution such as colored dissolved matter, biochemical oxygen demand, total phosphorus and TN always took the band 630–690 nm as the denominator because band 630–690 nm is an absorption range. The numerator of the characteristic band ratios of TN obtained empirically in these studies was always in the vicinity of 750 nm, which is an absorption range in Figure 6b.



The highest reflectance curves in Figure 6b belonged to sites A3, C1, and C3. These three sites were located along the middle of the estuary and had dark green water around them in Figure 1. This part did not have enough suspended sediment to create high scatter, and the amount of colored organic matter was also small according to the field measurement. The effects of the three most significant pollutants were excluded. In addition, the regression functions, including the NIR band, always showed good performance in terms of TN concentration retrieval. In summary, the 750–850 nm band could be an important reference for further exploring the spectral characteristics and retrieval of TN in the future.




4.2. Comparison of TN and Chlorophyll


Nitrogen is an essential nutrient for phytoplankton in water, and the chlorophyll distribution can reflect the distribution of nitrogen to some extent [34,35,36]. Therefore, the chlorophyll in the PRD was also retrieved using the radiative transfer model [37] for comparative analysis with the TN. The radiative transfer model was constructed based on the theory of absorption and scattering of light. The physical relationship between the spectral information and the concentrations of parameters was established by analyzing and calculating the variation in light attenuation in water. From Figure 7a, we can see that the chlorophyll was mainly distributed along the east coastline, especially in Dachan Bay and Shenzhen Bay. The southwest part of the PRD had less chlorophyll, which is in agreement with the distribution of the TN.



The radiative transfer model retrieval result contained much more details regarding water quality when compared with the statistical method. The statistical method depends on a great deal of measured data and has high accuracy in a local area. Meanwhile, the statistical method is based on mathematical theory rather than spectral characteristics, even though the characteristic band groups are picked up. This study involved relatively few sampling sites. Therefore, most of the areas in Figure 5 had a relatively uniform distribution of TN concentration.




4.3. Influence of Suspended Sediment


Figure 8c,d show the concentration of TN and chlorophyll around Qiao Island. There are intensive paddy fields on the west and north of Qiao Island. The high concentration of TN was predominantly caused by the fertilization of the paddy fields, which is non-point pollution and is difficult to monitor and control. In addition, the suspended sediment was also retrieved by the radiative transfer model to detect the details of some heavily polluted parts of the PRD (Figure 8b). Here, the chlorophyll concentration was not retrieved well due to the high suspended sediment levels. The effect of suspended sediment is mainly scattering, followed by absorption. Scattering increases the reflectance of the water body and increases the red and NIR band mostly, where the reflection peak of turbid water appears at 0.7 µm [38]. The reflectance of the 0.6–0.7 µm band is almost linearly related to the turbidity of the water body. The reflectance of water containing chlorophyll significantly decreases in the blue band and increases in the green band. The reflectance of eutrophic water has characteristics of both vegetation and water, and the reflectance significantly increases in the NIR band. Thus, a great deal of the suspended sediment resulted in the failure of chlorophyll identification near Qiao Island. Furthermore, the high reflectance of sediment reduces the absorption of TN, and thus the retrieval result may underestimate the concentration near Qiao Island.



In order to further analyze the effect of suspended sediment on the retrieval process of TN concentration, the retrieval accuracy of TN was calculated separately for different concentrations of suspended sediment conditions. Figure 9a,b show the correlation between suspended sediment, TN concentration and the two most correlated three-band ratios. The suspended sediment concentrations in those two figures were lower than 9 mg/L and 9 mg/L was the median concentration. In the water of low suspended sediment, the TN concentration had high correlation with the band ratios used in regression function. However, there was no significant correlation between suspended sediment and the band ratios. Figure 9c,d illustrate the same relationship but in an environment with high suspended sediment concentration. The correlation between TN concentration and two band ratios increased compared with the situation of low suspended sediment. In general, high suspended sediment concentration could affect the scattering of water but could not affect the correlation between TN concentration and band ratios. The two band ratios were more correlated with the TN concentration than the suspended sediment. The statistical model constructed in this study can still effectively retrieve the TN concentration and characterized their variation in most parts of the PRD.





5. Conclusions


Total nitrogen (TN) is the main agent of organic pollution leading to aquatic eutrophication, but manual water sampling and monitoring are time-consuming and costly. This study employs an empirical statistical method to retrieve the concentration of TN through Landsat8 remote sensing images in the Pearl River Delta. The proposed statistical method enables the detection of TN concentration over a wide range with high retrieval accuracy (MAE = 0.36 mg/L and R2 = 0.61 for TN). Nitrogen is the main nutrient for photosynthesis in plants, so the chlorophyll was also calculated using the radiative transfer model for contrast and validation. There was a high degree of consistency between the TN and chlorophyll levels. The TN mainly aggregates along the coastline, and its concentration in the east is much greater than that in the west. Specifically, nitrogen pollution is distributed in Dachan Bay and Shenzhen Bay, which had the highest TN concentrations of about 3.02 mg/L and 3.67 mg/L, respectively. The pollution in Dachan Bay and Shenzhen Bay is mainly the result of ship pollution and industrial and domestic sewage. The distribution of TN can be quickly inverted by means of a statistical method, and the causes of pollution can be identified using remote sensing images. Future work should focus on hyper-spatial, spectral, and even time-resolution remote sensing images for the real-time retrieval of accurate water quality parameters to provide significant recommendations for water quality monitoring and management in the PRD and other similar fluvial deltas.
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Figure 1. Study area and 35 water quality sampling points in the Pearl River Delta. 
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Figure 2. Reflectance measured at the study sites. 
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Figure 3. Flowchart of TN retrieval process. 
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Figure 4. The results of the selected characteristic bands and statistical model validation. The correlation between (a) four single bands, (b) two band ratios, and (c) three band ratios and the measured concentration of TN. (d) the correlation coefficients of regression function (5) in Table 2. 
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Figure 5. TN concentrations in the PRD. (a) The whole PRD area. (b) Dachan Bay and Shenzhen Bay. (c) TN concentration in Dachan Bay and Shenzhen Bay. 
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Figure 6. Measured concentration and spectral curves of sampling sites. (a) TN and chlorophyll concentration of typical sampling sites. The horizontal coordinates are the point numbers. (b) Spectral curves of typical sites in black boxes in (a), including A1–A5, B2–B6, and C1–C5. The red lines are the spectral curves of A1–A5 in (a). The green lines are the spectral curves of B2–B6 in (a). The blue lines are the spectral curves of C1–C5 in (a). 
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Figure 7. Chlorophyll concentrations in the PRD. (a) The entire PRD. (b) Dachan Bay and Shenzhen Bay. (c) Chlorophyll concentration in Dachan Bay and Shenzhen Bay. 
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Figure 8. Retrieval concentration of suspended sediment, TN, and chlorophyll near Qiao Island. (a) The location near Qiao Island. (b) The suspended sediment concentration near Qiao Island. (c) The concentration of TN near Qiao Island. (d) The concentration of chlorophyll near Qiao Island. 
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Figure 9. Correlation between suspended sediment, TN concentration and two band ratios used in statistical model. The black symbols are concentration and correlation of suspended sediment. The red symbols are concentration and correlation of TN. (a,b) Correlation between them in situation with suspended sediment concentration below 9 mg/L. (c,d) Correlation between them in situation with suspended sediment concentration above 9 mg/L. 
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Table 1. Water quality analysis results of sampling sites. This table contains five sampling groups and their numbers. Each sampling group has statistical data of maximum, minimum, mean and median of material concentrations.
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Sampling Groups

	
Numbers

	
Time

	
TN (mg/L)

	
Chlorophyll (μg/L)

	
Suspended Sediment (mg/L)




	
Max

	
Min

	
Mean

	
Med

	
Max

	
Min

	
Mean

	
Med

	
Max

	
Min

	
Mean

	
Med






	
A

	
6

	
2020-11-05

	
2.58

	
1.37

	
1.74

	
1.65

	
58.00

	
4.00

	
14.83

	
6.50

	
13.00

	
3.00

	
8.50

	
9.00




	
B

	
10

	
2020-11-12

	
1.02

	
0.18

	
0.48

	
0.48

	
30.00

	
5.00

	
13.40

	
12.50

	
24.00

	
8.00

	
14.80

	
14.00




	
C

	
6

	
2020-11-27

	
2.56

	
1.17

	
1.55

	
1.41

	
10.00

	
3.00

	
4.50

	
3.50

	
33.00

	
3.00

	
10.17

	
6.00




	
D

	
6

	
2019-09-25

	
4.10

	
1.21

	
2.27

	
2.10

	
22.10

	
1.82

	
7.89

	
5.72

	
8.50

	
3.30

	
5.60

	
5.35




	
E

	
4

	
2019-08-22

	
2.00

	
1.79

	
1.88

	
1.87

	
−57.00

	
6.00

	
28.50

	
25.50

	
17

	
5.00

	
9.50

	
8.00
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Table 2. Statistical method retrieval functions of TN. The numbering order of x corresponds to the band ratio.
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	Landsat8 Band/Band Ratio
	Regression Equation
	R2





	B1
	(1)    C  T N   = 17.12 x + 0.76  
	0.25



	B4/B3
	(2)    C  T N   = 1.81 x − 0.16  
	0.28



	(B4 + B2)/B3
	(3)    C  T N   = 1.87 x − 1.07  
	0.37



	(B4 + B2)/B3,B1/B5
	(4)    C  T N   = 3.17  x 1  + 0.09  x 2  − 3.23  
	0.55



	(B2 + B4)/B3, B1/B5, B3/B5
	(5)    C  T N   = 2.60  x 1  + 0.50  x 2  − 0.19  x 3  − 2.55  
	0.75
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