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Abstract

:

Ocean colour data are crucial for monitoring and assessing marine ecosystems. In this study, the Data Interpolating Empirical Orthogonal Functions (DINEOF) approach was applied to the Ocean Colour Climate Change Initiative (OC-CCI), chlorophyll-a (Chl-a) and Secchi disk depth (Zsd) to completely reconstruct the missing pixels in the Bohai Sea during 1997–2019. The results of cross-validation demonstrate that the DINEOF reconstructed data have a good agreement with the satellite-measured data. Based on monthly cloud-free satellite data reconstructions, the Zsd series showed high negative correlation with log10 (Chl-a). The Zsd as a function of log10 (Chl-a) can be well fitted by the cubic polynomial in the offshore waters. The Chl-a in the entire Bohai Sea showed a significant decreasing trend (−0.013 mg/m3/year), while the Zsd exhibited a significant increasing trend (0.0065 m/year), and both had regional-seasonal variations. In addition, the ensemble empirical mode decomposition (EEMD) results reveal highly nonlinear trends of Chl-a and Zsd. The linear and nonlinear trends of Chl-a and Zsd suggest the deterioration of water quality in the Bohai Sea was not continued over the past two decades. This study presents the first simultaneous investigation of Chl-a and Zsd using the 23 years of cloud-free reconstructions in the Bohai Sea.
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1. Introduction


Chlorophyll-a (Chl-a) and Secchi disk depth (Zsd) are two important indicators to quantify water quality. Chl-a is considered a proxy for phytoplankton biomass in primary productivity studies [1,2,3]. Meanwhile, the Zsd is the oldest oceanographic variable, recorded since the nineteenth century to provides a reading of water transparency [4,5,6]. Traditional measurements of Chl-a and Zsd are sparse and laborious, and thus are not helpful for performing spatio-temporal analyses of large-scale water bodies. With the development of ocean color satellite sensors, remote sensing techniques have been widely used to investigate the Chl-a and Zsd, providing global and repetitive measurements [7,8,9]. Lee et al. [10] validated an empirical relationship between Chl-a and Zsd for Case-1 waters, thus indicating that historical Zsd datasets were useful to infer the variability in phytoplanktonic content. Since the launch of the CZCS in the 1970s, more and more single-sensor satellite sensors (e.g., SeaWiFS; MODIS; MERIS; GOCI; OC5) have produced Chl-a and remote-sensing reflectance (Rrs) products at global and regional scales (http://oceancolor.gsfc.nasa.gov (accessed on 29 December 2021)). According to the new underwater visibility theory, Lee et al. [11] established an innovative semi-analytical model to estimate Zsd from Rrs for the global ocean which was recently validated with a large number of in situ measurements in the China seas [8].



Compared with single-sensor satellite datasets, the European Space Agency (ESA) Ocean Colour Climate Change Initiative (OC-CCI) datasets have longer time series, higher pixel coverage and more careful sensor inter-calibration [6,9,12,13], which reduce spurious trends in the derived Chl-a and Zsd. The OC-CCI version 4.2 project aims to provide the highest quality ocean colour data over Case-1 and Case-2 waters by band-shifting and bias-correcting MERIS, MODIS and VIIRS data to match SeaWiFS data [13]. The study of Chl-a and Zsd in the coastal waters is of great significance to aquatic ecosystems and the variability of water properties. The Bohai Sea (Figure 1), one of the most turbid seas in the world, is under severe stresses from human factors. Fishery biomass in 1998 was only ~5% of what it was in 1959 [14,15], and the volume of the sewage water that flowed into the Bohai Sea was ~8.9 × 1010 m3 [16,17]. In addition, Ning et al. [18] reported that inorganic nitrogen and salinity showed an increased trend in the Bohai Sea over the period 1960–1996. Therefore, it is of great significance to perform a detailed evolution of the change in water quality over the past 20 years.



Like the SeaWiFS, MODIS, MERIS, GOCI and OC5 datasets, there also exist missing pixels in the OC-CCI products due to cloud cover and other reasons [19,20], which results in the loss of some local information and uncertainties in trend estimates in the Bohai Sea. To overcome the cloud-cover problem in the OC-CCI data, the Data Interpolating Empirical Orthogonal Function (DINEOF) was applied to derive the cloud-free Chl-a and Zsd for the Bohai Sea [21,22,23]. The DINEOF method utilizes the spatio-temporal coherency of the data to estimate the missing values, and has been successfully applied to various ocean color data, including Chl-a, the diffuse attenuation coefficient (Kd), satellite-derived sea surface temperature (SST) and normalized water-leaving radiance spectra (e.g., [19,20,24,25,26]). It is about 30 times faster than the widely used local optimal interpolation method [27], and has been proven to be reliable when compared with in situ observations [22,24]. In addition, the DINEOF method for remote sensing data was verified in a wide range of water types, such as the South China Sea, the eastern China seas, the Adriatic Sea, the Gulf of Maine, and globally [19,20,24,25,26]. Compared with traditional interpolation methods (e.g., [28,29,30]), the DINEOF method exploits major empirical orthogonal function (EOF) modes to estimate the missing data, which is more suitable for a large number of grids [25].



Previous studies of the Bohai Sea focused on different topics, such as the spatial and seasonal variations of Chl-a and Zsd and the potential drivers related to the linear trends of Chl-a and Zsd (e.g., [3,14,31,32,33,34,35,36,37]). With the 12-year MODIS Chl-a, Fu et al. [3] investigated the spatio-temporal variations of Chl-a in the entire Bohai Sea. Zhai et al. [37] studied the influence of SST, land rainfall, river runoff and the Pacific Decadal Oscillation on the linear trend of Chl-a in the Bohai Sea. Based on monthly MODIS Rrs, Shang et al. [14] reported that no significant trend of Zsd was found in the central Bohai Sea in 2003–2014. Zhou et al. [34] carried out an EOF analysis of Zsd over the Bohai Sea and the Yellow Sea, indicating that the Zsd variations were strongly correlated with suspended matter concentration. These findings have greatly improved our knowledge about the spatio-temporal patterns of Chl-a and Zsd in the Bohai Sea. However, previous satellite Chl-a and Zsd findings in the Bohai Sea covered a relatively short span of time and were analyzed separately. Moreover, the linear trend usually accounts for a small part of the total variance in the time series data, while the underlying mechanism is likely to be nonlinear and nonstationary [38]. At present, some fundamental issues in the Chl-a and Zsd are still poorly resolved, leading to various questions. Do the Chl-a and Zsd in the Bohai Sea have some relationship, and what is it? How have the Chl-a and Zsd changed in the Bohai Sea over the past two decades? Are the variations of the Chl-a and Zsd homogenous in the central Bohai Sea and three bays?



To explore these issues, in this study, we: (1) derived the monthly cloud-free Chl-a and Zsd between 1997 and 2019 in the Bohai Sea, based on the DINEOF method and OC-CCI products; (2) investigated the long-term relationship among the Chl-a and Zsd in the Bohai Sea; and (3) explored the linear and nonlinear variations of the Chl-a and Zsd in the central Bohai Sea and three bays.




2. Materials and Methods


2.1. Study Area


The Bohai Sea is a large and semi-closed inland sea surrounded by one of the most heavily industrialized regions in China, with an average water depth of ~18 m [14]. It includes three bays (Bohai Bay, Liaodong Bay and Laizhou Bay), which are primary recipients of more than 17 rivers [39]. Among these rivers, the Huanghe River, Luanhe River, Haihe River and Liaohe River are the four major rivers flowing into the Bohai Sea, providing substantial land-sourced nutrients to support phytoplankton growth, and aggravating ocean eutrophication [36,37]. The central Bohai Sea connects to the Yellow Sea through the Bohai Strait with the deepest part of ~70 m.




2.2. In Situ Data


In situ surface Chl-a data were used for evaluating the OC-CCI Chl-a data. These samples were collected by the State Oceanic Administration of China during 2018–2019. For the Chl-a analysis, seawater samples at the surface (0.5 m) were collected using sampling bottles and then filtered through cellulose acetate filters under low vacuum pressure. Finally, the concentration was determined by the fluorometric method [32,40]. This method has an uncertainty of about 10%.




2.3. Satellite Data


In this study, the ESA-OC-CCI version 4.2 monthly Rrs and Chl-a data with a spatial resolution of 2.5 arcmin from September 1997 to December 2019 in the Bohai Sea were downloaded from https://esa-oceancolour-cci.org/ (accessed on 29 December 2021). Rrs values were provided for the standard SeaWiFS wavelengths (412, 443, 490, 510, 555, 670 nm) with pixel-by-pixel uncertainty estimates for each wavelength. Every downloaded dataset included an image of bias estimates in Rrs, from which the monthly unbiased Rrs was obtained [41]. Chl-a was estimated using a blended combination of OC3, OCI (OC4 + CI) and OC5 algorithms, and the blended chlorophyll algorithm improves performance in the coastal waters [13]. Further information on the OC-CCI products can be referred to the Product User Guide [13].




2.4. Methods


2.4.1. Empirical Correction of the OC-CCI Chl-a


Although the optically complex properties of the Bohai Sea usually lead to an overestimation of the standard Chl-a [32,33,42,43], highly significant positive correlations between the in situ and OC-CCI observations haven been found in many coastal regions [43,44,45]. Numerous studies have reported that the OC-CCI Chl-a products can be used properly for evaluating the Chl-a in the turbid marginal sea (e.g., [43,44,45,46,47,48,49]). In optically complex coastal waters, linear regression adjustments in log10-transformed mode will improve the consistency between the in situ and OC-CCI Chl-a [9,47,49]. Based on strict valid match-ups for SeaWiFS, He et al. [50] suggested that the satellite Chl-a of the Bohai Sea can be corrected using the linear scaling correction of   log 10 ( C h l −  a C  ) = 1.2904 × log 10 ( C h l − a ) − 0.4214  , where Chl-aC is the Chl-a concentration after correction. Since the OC-CCI Rrs can be considered to be the same as SeaWiFS products [13], a statistical regression adjustment was performed to calibrate the OC-CCI Chl-a in the Bohai Sea [50].




2.4.2. Algorithm to Retrieve Zsd


With the semi-analytical model developed by Lee et al. [11], monthly estimated Zsd between 1997 and 2019 in the Bohai Sea can be calculated as


   Z  s d   =  1  2.5 M i n (  K d  )   ln (     0.14 −  R  r s  ′      0.013   )  



(1)




where



   R  r s  ′    is taken as the Rrs value corresponding to the wavelength with minimum Kd. In this study, two steps were applied to obtain Kd in Equation (1): (1) firstly, version 6 of the Quasi-Analytical Algorithm is used to retrieve the total absorption (a) and backscattering (bb) coefficients from the Rrs [51], it should be noted that the input Rrs is empirically corrected for Raman scattering [41,52]; (2) secondly, following the IOP-based model [52], the Kd at SeaWiFS wavelengths can be estimated from a and bb. Details of the semi-analytical model can be obtained by reference to Lee et al. [11].




2.4.3. Gap-Filling of the OC-CCI Data


As shown in Figure 2, the percentage of available Chl-a and Zsd data in the Bohai Sea is uneven in both time and space, which may result in the loss of some important local information, especially in the three bays. In this study, the DINEOF method was applied to reconstruct missing data in monthly OC-CCI Chl-a and Zsd between 1997 and 2019 in the Bohai Sea. Prior to reconstruction, monthly images with less than 5% data coverage (the data coverage for each image was the ratio of available pixels to the sum of all pixels) and pixels with less than 10% coverage (the pixel coverage was the number of available images for each pixel divided by all valid images) from images were removed prior to processing to ensure an accurate reconstruction [23]. As a result, 268 monthly OC-CCI maps for both Chl-a and Zsd were used. Since the Chl-a products were usually log-normally distributed, it should be noted that Chl-a data were log10-transformed before the DINEOF reconstruction [20,37,53]. The DINEOF method applied here is the same as that of Li and He [24], including the given number of EOFs and convergence threshold.




2.4.4. Calculation of Linear Trend


The linear trends of monthly variables were calculated as follows: (1) subtract climatological monthly values from the original monthly means (producing Chl-a and Zsd anomaly); and (2) obtain linear slopes using the least-squares fitting method. The statistical significance of the linear trend was assessed with a statistical F-test [33].




2.4.5. Calculation of Nonlinear Trend


The nonlinear trends of Chl-a and Zsd were derived with ensemble empirical mode decomposition (EEMD), which is an adaptive signal decomposition algorithm for nonlinear time series widely used in many fields (e.g., [36,54,55,56]). A time series of Chl-a or Zsd can be decomposed with the EEMD method as follows:


  S ( t ) =   ∑  i = 1  n    N i  ( t )   + R ( t )  



(2)




where Ni(t) and R(t) represent the i-th intrinsic mode function (IMF) and the residual trend, respectively.



Here, the residual trend R(t) is the overall adaptive trend over the whole data span and varies with time after the intrinsic variability of multi-decadal and shorter timescales is removed [38]. Thus, the residual trend after adaptively removing all the IMFs was applied to reveal the long-term evolution of the Chl-a and Zsd series. To facilitate region-to-region comparisons, the instantaneous relative changing rate (IR) at a pixel is used to evaluate a nonlinear trend and is expressed in the following form:


  I R ( t ) =   d f ( R ( t ) )   R ( t )   × 100 %  



(3)




where df denotes the temporal derivative.






3. Results


3.1. Validation of the OC-CCI Products


In the build-up of Chl-a match-ups, each in situ Chl-a measurement was matched with the nearest non-missing pixel within 0.6 km on the same day. A total of 13 match-ups were obtained (Figure 1). To demonstrate the consistency of the Chl-a in the satellite and in situ observations, the root mean square error (RMSE), mean absolute percentage error (MAPE) and correlation coefficient (r) were calculated [11,29,35,53]:


  R M S E =       ∑  i = 1  n     (   log   10   (  M  i     ) −   log   10   (  O i  ) )  2     n     



(4)






  M A P E =  1 n    ∑  i = 1  n        M  i     −  O i       O i       



(5)




where M and O represent the Chl-a data from satellite and in situ observations, respectively, and n is the total number of match-ups. Also note that the correlation coefficient r was calculated based on the log10-transformed Chl-a. As shown in Figure 3, the OC-CCI Chl-a generally agreed well with in situ Chl-a, with r, RMSE and MAPE values of 0.77, 0.19 and 35.62%, respectively.



As for the OC-CCI Zsd, the mean absolute relative difference between the in situ and semi-analytical retrieved Zsd was 18.2% [11,34]. In addition, Pitarch et al. [6] reported that the Zsd derived from the OC-CCI Rrs has an uncertainty of ~32% when compared to the in situ Zsd.



Based on the aforementioned results, we can conclude that the accuracy of the OC-CCI Chl-a and Zsd was generally acceptable for application in remote sensing and DINEOF research.




3.2. Validation of the Cloud-Free Chl-a and Zsd


To evaluate the performance of the DINEOF method, 5% of the non-missing pixels in the OC-CCI products were randomly removed. These were treated as “missing pixels” for cross-validation purposes. The residual data were used to reconstruct pixels based on the DINEOF method. By calculating r, RMSE and MAPE between the artificially removed data and reconstructed data, the performance of the DINEOF method can be assessed. Note that for the Chl-a, the log10-transformed values were used.



Figure 4 shows a comparison of the DINEOF reconstructed data and the satellite-measured data at the cross-validation points (the artificially removed data). Most points were close to the 1:1 line for both Chl-a and Zsd. For the Chl-a (Zsd), MAPE = 13.75% (16.37%), RMSE = 0.08 (0.51) and r = 0.96 (0.98). In addition, the means of the reconstructed/satellite-measured ratios were 99.06% for Chl-a and 99.93% for Zsd. There results verified the reliability and accuracy of the DINEOF method. Therefore, the monthly cloud-free satellite data reconstructions based on the DINEOF method can be used to study the spatio-temporal variations of water quality in the Bohai Sea.





4. Discussion


4.1. Relationship among the Reconstructed Chl-a and Zsd


Based on the cloud-free reconstructions, Figure 5 shows the correlation map of the log10 (Chl-a) and Zsd time series. Only the correlation coefficient, which is significant at the 95% confidence level, is shown. Except for some pixels in Bohai Bay and Laizhou Bay, the Zsd shows significant negative correlation with the log10 (Chl-a). According to the demarcation line in Figure 1, the averaged r scores were −0.51, −0.67, −0.71 and −0.83 in the Bohai Bay, Laizhou Bay, Liaodong Bay and central Bohai Sea, respectively. Due to human activities, coastal currents and the river outflow, the correlation coefficient between log10 (Chl-a) and Zsd in the coastal waters displayed weaker patterns. In addition, the correlation coefficient was lower than −0.8 in most of the offshore waters.



Our results confirmed the work of Morel et al. [57], in which the cubic polynomial was applied to offshore water areas (water depth is greater than 20 m) and the corresponding best fit was expressed as (black curve in Figure 6):


   Z  s d   = 1.26  X 3  + 4.24  X 2  − 8.78 X + 3.79    (  R 2  = 0.88 , R M S E = 0.93 )  



(6)




where X = log10 (Chl-a). It can be seen from Figure 6 that good fitting relationships are found when the Chl-a levels are low (<10 mg/m3), which indicates that the Chl-a concentration could be an intermediate tool to estimate the Zsd for the offshore waters in the Bohai Sea. However, apparent biases from the fitting relationship are found when the Chl-a levels are moderate or high (>15 mg/m3).




4.2. Spatio-Temporal Patterns of Chl-a and Zsd in the Bohai Sea


The climatological mean maps of Chl-a and Zsd of 1997–2019 in the Bohai Sea were produced by averaging each pixel of the respective reconstructed maps. As shown in Figure 7, the climatological mean Chl-a concentrations decreased from the coastal waters to offshore waters, while Zsd generally exhibits an opposite pattern to that of Chl-a. These phenomena agree with previous studies (e.g., [14,33,35,37]).



At every pixel, the standard deviation (SD) and coefficient of variation (CV) of Chl-a and Zsd were calculated. The SD and CV were mainly dominated by the seasonal variability of the cloud-free reconstructions, especially for the CV. Figure 8a shows a similar spatial pattern to Figure 7a. The highest SDs occurred near the boundary of Bohai Bay and Liaodong Bay (>10 mg/m3), while the lowest SDs appeared in the Bohai Strait (<0.6 mg/m3). As shown in Figure 8b, the highest CV of Chl-a was found along the Qinhuangdao coast (>100%), which showed the most significant seasonality in the Bohai Sea. The possible cause for this phenomenon was the algal blooms started in the Qinhuangdao coastal waters in summer [3]. Additionally, the low CV of Chl-a mainly existed in the three bays of the Bohai Sea, which was attributed to the relatively high values of Chl-a in the three bays throughout the year. As for Zsd, the SD map generally exhibits an increased pattern seaward (Figure 8c). The highest SDs (~2.5 m) were observed near the Bohai Strait, whereas the SDs in the Bohai Bay were almost all less than 1.5 m. There was an area in the central of the Bohai Sea with SDs lower than surrounding areas, which may have been due to the lower values of Zsd in this region (Figure 7b). In addition, it can be seen from Figure 8d that the CVs of Zsd in the central Bohai Sea were much larger than that in the nearby Yellow Sea, which indicated that the seasonal variations of water transparency in the Bohai Sea were more significant.




4.3. Linear Trends in Chl-a and Zsd


The spatial patterns of linear trends for Chl-a and Zsd over the period 1997–2019 are presented in Figure 9. Figure 9a shows that negative Chl-a trends are found in most of the Bohai Sea (73.86% of the area) and positive Chl-a trends only occupy 26.14%. Furthermore, only 47.30% of the area showed significant linear slopes (Figure 9c), in which significant positive and negative slopes occupied 5.21% and 42.09% of the basin, respectively. The significant negative Chl-a slopes mainly occurred in the three bays of the Bohai Sea, while only some small patches near the coastline present significant positive slopes of Chl-a. Additionally, the trends along the coastline are doubtful due to high levels of suspended sediment, which can lead to the large uncertainties of the OC-CCI Chl-a [58]. In the large area of the central Bohai Sea, the Chl-a exhibited non-significant long-term trends. The linear trends of Zsd generally show a pattern opposite to that of Chl-a, except for the central Bohai Sea (Figure 9b,d). Zsd over most of the three bays presented with a significant increasing trend, which indicates improved water quality in the coastal waters of the Bohai Sea. However, Zsd in the central Bohai Sea (center coordinate 120°E, 39°N) was mainly dominated by the negative trends. Overall, significant positive and negative Zsd trends occurred at 40.86% and 19.15% rates, respectively.



The linear trends of the regionally averaged Chl-a and Zsd anomaly in the entire Bohai Sea, its three bays and its central region are shown in Figure 10. The Chl-a showed a significant decreasing trend from 1997–2019 in the five regions, with slopes of −0.033 mg/m3/year, −0.026 mg/m3/year, −0.02 mg/m3/year, −0.0066 mg/m3/year and −0.013 mg/m3/year in Bohai Bay, Laizhou Bay, Liaodong Bay, the central sea and the entire Bohai Sea (Figure 10a–e), respectively. On the other hand, the Zsd had a significant increasing trend except for the central Bohai Sea (Figure 10f–j). The increasing rates in Bohai Bay, Laizhou Bay, Liaodong Bay and the entire Bohai Sea were 0.021 m/year, 0.014 m/year, 0.021 m/year and 0.0065 m/year, respectively. No significant trend was found in the central Bohai Sea, suggesting that the water transparency remained largely the same during 1997–2019. Shang et al. [11] reported a similar result in the central Bohai Sea during 2003–2014.



The linear trends of Chl-a and Zsd anomalies in different seasons are summarized in Figure 11. Overall, the inter-annual variations of two optical variables occurred in all four seasons. The most evident feature is that the Chl-a decreases significantly and Zsd increases significantly throughout the year for the Bohai Bay. This result indicates that the increase of water transparency in the Bohai Bay from 1997 to 2019 might be caused by the decrease of Chl-a. At the temporal scale, the Chl-a and Zsd trends showed significant values in autumn, expect for the Zsd trend in the central Bohai Sea. The areas with significant linear seasonal trends, such as the trend of Zsd anomaly in the central Bohai Sea being dominant during summer (−0.036 m/year), were also identified.




4.4. Nonlinear Trends in Chl-a and Zsd


The nonlinear trends of Chl-a and Zsd when analyzed using the EEMD method are interpreted in Figure 12 and Figure 13, respectively. Figure 12 shows the averaged IR (Equation (3)) in 1998–2019 (the incomplete year of 1997 was not shown), from which the spatio-temporal evolution of Chl-a was detected. The positive and negative IRs represent increasing and decreasing trends, respectively. The Chl-a exhibited apparent temporal variability over the whole Bohai Sea, with weakened positive IRs from 1998 to 2003, and enhanced negative IRs from 2007 to 2019. In addition, there are some sporadic pixels in the central Bohai Sea that show persistently positive IRs of Chl-a over the study period. As for the Zsd (Figure 13), the strong positive trend in the Liaodong Bay and central Bohai Sea has been gradually weakened since 1998, while the positive trend in Bohai Bay and Laizhou Bay has been enhanced since 2003. As a comparison, the spatial distribution of the IRs in specific years (Figure 12 and Figure 13) were quite different from the linear regression maps during 1997–2019 (Figure 9). Therefore, the linear slopes may not clearly show the long-term change to the Chl-a and Zsd series.



The regionally averaged IRs of Chl-a and Zsd in the Bohai Bay, Laizhou Bay, Liaodong Bay, central Bohai Sea and entire Bohai Sea are shown in Figure 14. The nonlinear trends are apparent in all the five regions for both Chl-a and Zsd. The Chl-a in these regions first shows an increasing trend from 1998 and then a decreasing trend from around 2005 (Figure 14a). The regionally averaged IRs of the Chl-a series for the entire Bohai Sea almost continuously decreased from ~2%/year in 1998 to about −4%/year in 2019. Additionally, the turning points between the positive and negative trends were different in different regions (between 2003 and 2006). The regionally averaged IRs of Zsd (Figure 14b) generally exhibited an increasing trend in Zsd throughout the study period, except for the central Bohai Sea, in the later stage. The highest IR of Zsd was observed in the Liaodong Bay, at a rate of ~4%/year. Overall, the IRs of Zsd over the entire Bohai Sea were continuously reduced from 1997 to 2019 from ~2.8%/year to ~1%/year.




4.5. Factors Affecting Water Quality and Application of the Cloud-Free Reconstruction


It is generally accepted that the water quality of the Bohai Sea was rapidly degraded in the last century [59]. However, the linear and nonlinear maps of Chl-a and Zsd indicate the deterioration of water quality was not continued over the past two decades, which may be due to the stability of large-scale wind patterns and lessening of human disturbances (control of sewage and river dams) [14]. The discharge of wastewater is an important factor for the deterioration of water quality. Since the Bohai Sea ecosystem had been rapidly degraded, the Chinese government initiated a series of measures to protect the Bohai Sea in 2001. Many measures include laws and regulations that wastewater must be treated and controlled, and that more environmentally friendly industries need to be developed [14]. These measures might have reduced the discharge of substantial land-sourced nutrients, which may contribute to the improvement of water quality in the Bohai Sea. Apart from human disturbances, wind field is also an important factor contributing to the variations of Chl-a and Zsd through the seasonal and interannual variability of wind mixing [3,35]. The Bohai Sea is under the influence of monsoons and the circulation field, thusly exhibiting significant seasonal variation [37,60]. Wave rose and wind rose diagrams and current patterns for different seasons may be included to support the Secchi disk depth variations for the negative Chlorophyll variations. Moreover, the decrease of SST would result in stronger vertical mixing, which would provide nutrients for the growth of phytoplankton and help suspended particles enter the water column more easily [3,33,34]. However, the evolution of Chl-a and Zsd are complicated and could not be fully explained by several factors. This complicated phase change might be caused by many physical and environmental factors, including ocean heat content, current patterns, degree of the turbulence, wind field, SST, river outflow, or global climate changes, but this determination is outside the scope of this study. A forthcoming study is planned to explore the potential natural and anthropogenic drivers related to the linear and nonlinear trends of the cloud-free Chl-a and Zsd in the Bohai Sea.



The DINEOF reconstructed images provide a unique way to investigate low-frequency changes to the water quality of the Bohai Sea. In addition, eutrophication is a serious water quality challenge. Due to the complex optical properties of the Bohai Sea, the Trophic Level Index from multiple variables is limited in its usefulness [61]. Satellite-derived Chl-a and Zsd can be used as a proxy for the trophic state index (TSI) for water trophic state assessment in environmental communication (  T S I ( C h l − a ) = 10 [ 6 −   2.04 − 0.68 ln ( C h l − a )   ln 2   ] ,   T S I (  Z  s d   ) = 10 [ 6 −   ln (  Z  s d   )   ln 2   ] )  ) [62]. The TSI proposed by Carlson [62] divides the water trophic state into three classes: oligotrophic (TSI(Chl-a/Zsd) < 30), mesotrophic (30 ≤ TSI(Chl-a/Zsd) < 50), and eutrophic (TSI(Chl-a/Zsd) ≥ 50). The TSI(Chl-a/Zsd) is simple and easy to use, so the TSI method with the cloud-free data can be an effective tool in marine-management programs.



Although the DINEOF method employed herein was applied for a regional study, it is also applicable on a global scale. Monthly cloud-free Chl-a and Zsd series can help to show the response of aquatic ecosystems to physical and environmental changes. Furthermore, research on the DINEOF method could also provide a potential reference for the interpolation of other water color variables, such as Forel-Ule, Kd(490), total suspend matter, turbidity and chromophoric dissolved organic matter.





5. Conclusions


In this study, the monthly Chl-a and Zsd data of the Bohai Sea were produced with the ESA-OC-CCI data from 1997–2019, defined by the location 37°–41°N and 117°–122°E. The DINEOF method was used to reconstruct the missing data caused by the cloud cover, high sun-glint contamination and other reasons. The results of the cross-validation show the accuracy of cloud-free reconstructions based on the DINEOF method. Based on the 23-yeara cloud-free reconstruction s, significant negative correlation relationship among the log10 (Chl-a) and Zsd series was identified in the Bohai Sea. In addition, it was found that the Zsd as a function of log10 (Chl-a) can be well fitted by the cubic polynomial    Z  s d   = 1.26  X 3  + 4.24  X 2  − 8.78 X + 3.79    (  R 2  = 0.88 , R M S E = 0.93 )   in the offshore waters.



In the past ~23 years, a linear regression generally shows a decreasing Chl-a trend (−0.013 mg/m3/year, p < 0.01) and an increasing Zsd trend (0.0065 m/year, p < 0.05) for the entire Bohai Sea, with significant regional–seasonal differences (Figure 11). Moreover, the inter-annual patterns of Bohai Bay (Chl-a, −0.033 mg/m3/year; Zsd, 0.021 m/year), Laizhou Bay (Chl-a, −0.026 mg/m3/year; Zsd, 0.014 m/year) and Liaodong Bay (Chl-a, −0.02 mg/m3/year; Zsd, 0.021 m/year) were investigated (p < 0.01). The EEMD analysis of the Chl-a and Zsd series demonstrates strong nonlinear trends and time-varying IRs over the Bohai Sea. Based on the linear and nonlinear analysis of two optical variables, we can infer improvements to the water quality in the three bays of the Bohai Sea, which may be attributed to sound management of the quality of aquatic ecosystems in the Bohai Sea.



The results of this work demonstrate the value of both the remote sensing and DINEOF methods in assessing water quality based on long-term observations. This study also proves the necessity of investigating Chl-a and Zsd simultaneously, due to their high negative correlation.
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Figure 1. Location (a) and bathymetry (b) of the Bohai Sea. The demarcation line of each sea area and Chl-a match-up in (b) are represented by black lines and blue asterisks, respectively. 
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Figure 2. Spatial distribution of the percentage of available (a) Chl-a and (b) Zsd between 1997 and 2019. (c) Time series of the percentage of available Chl-a and Zsd over the Bohai Sea. 
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Figure 3. In situ Chl-a compared to the OC-CCI Chl-a. 






Figure 3. In situ Chl-a compared to the OC-CCI Chl-a.



[image: Remotesensing 14 00639 g003]







[image: Remotesensing 14 00639 g004 550] 





Figure 4. Scatterplots of satellite-measured versus the DINEOF reconstructed Chl-a (left) and Zsd (right). The coded color represents the relative density. 






Figure 4. Scatterplots of satellite-measured versus the DINEOF reconstructed Chl-a (left) and Zsd (right). The coded color represents the relative density.



[image: Remotesensing 14 00639 g004]







[image: Remotesensing 14 00639 g005 550] 





Figure 5. Correlation coefficient between log10 (Chl-a) and Zsd time series. The white lines represent contours of −0.9 to −0.7. 
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Figure 6. Scatter relationship between log10 (Chl-a) and Zsd. The coded colors and black lines represent the relative density and fit line, respectively. 
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Figure 7. Climatological mean images of Chl-a (a) and Zsd (b) in the Bohai Sea, 1997–2019. 
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Figure 8. SD maps of (a) Chl-a and (c) Zsd during 1997–2019. CV maps of (b) Chl-a and (d) Zsd during 1997–2019. 
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Figure 9. Linear trends of (a) Chl-a and (b) Zsd anomaly for the Bohai Sea over the period 1997–2019. Significance in F-test for (c) Chl-a and (d) Zsd anomaly: p < 0.05. 
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Figure 10. Line trends of the Chl-a anomaly for (a) Bohai Bay, (b) Laizhou Bay, (c) Liaodong Bay, (d) the central Bohai Sea and (e) the entire Bohai Sea. (f–j) Same as in (a–e) but for Zsd. 
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Figure 11. Linear trends of Chl-a (a) and Zsd (b) seasonal anomalies for the different regions (triangle mark represents significant linear trend). 
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Figure 12. Spatio-temporal patterns of the Chl-a IRs, 1998–2019. 
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Figure 13. Same as in Figure 12 but for Zsd. 
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Figure 14. The instantaneous relative changing rates (IRs) of Chl-a (a) and Zsd (b) for the five different regions. 
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