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Abstract

:

The diurnal variation of the diffuse attenuation coefficient for downwelling irradiance at 490 nm    (  K d   ( 490 )  )    has complex characteristics in the coastal regions. However, owing to the scarcity of in situ data, our knowledge on the diurnal variation is inadequate. In this study, an optical-buoy dataset was used to investigate the diurnal variation of     K d   ( 490 )     in the coastal East China Sea, and to evaluate the     K d   ( 490 )     L2 products of geostationary ocean color imager (GOCI), as well as the performance of six empirical algorithms for     K d   ( 490 )     estimation in the Case-2 water. The results of validation show that there was high uncertainty in GOCI L2     K d   ( 490 )    , with mean absolute percentage errors (MAPEs) of 69.57% and 68.86% and root mean square errors (RMSEs) of 0.70 and 0.71 m−1 compared to buoy-measured     K   d 12     ( 490 )     and     K   d 13     ( 490 )    , respectively. Meanwhile, with the coefficient of determination (R2) of 0.71, as well as the lowest MAPE of 27.31% and RMSE of 0.29 m−1, the new dual ratio algorithm (NDRA) performed the best in estimating     K d   ( 490 )     in the target area, among the six algorithms. Further, four main types of     K d   (  490  )     diurnal variation were found from buoy data, showing different variabilities compared to the area closer to the shore. One typical diurnal variation pattern showed that     K d   ( 490 )     decreased at flood tide and increased at ebb tide, which was confirmed by GOCI images through the use of NDRA. Hydrometeorological factors influencing the diurnal variations of     K d   ( 490 )     were also studied. In addition to verifying the predominant impact of tide, we found that the dominant effect of tide and wind on the water column is intensifying sediment resuspension, and the change of sediment transport produced by them are secondary to it.






Keywords:


diffuse attenuation coefficient for downwelling irradiance at 490 nm; remote sensing reflectance; geostationary ocean color imager; buoy; diurnal variation; tide; wind; the East China Sea












1. Introduction


The diffuse attenuation coefficient for downwelling irradiance (    K d    ) defines the rate of decrease of downwelling irradiance with water depth, which can be used, among other things, to compute primary production and describe the clarity of seawater [1,2,3,4,5]. Following the primary studies in the 1970s [6], the value of     K d     at 490 nm    (  K d   ( 490 )  )    is traditionally measured in situ at marine platforms or provided as a comment product by remote sensing satellite instruments [7]. Generally,     K d   ( 490 )     is strongly correlated with the concentration of suspended particulate matter (SPM) in turbid coastal waters [8,9]; thus, the     K d   ( 490 )     of these waters is usually used to study the process of sediment transportation and resuspension [10]. In addition, in highly dynamic coastal waters,     K d   ( 490 )     shows significant diurnal variations because of tidal forcing, atmospheric and current disturbances [11,12].



At present, remote sensing provides a simple and convenient method to study the variation of     K d   ( 490 )    , especially via the geostationary satellites such as Geostationary Ocean Color Imager (GOCI), which can provide a synoptic view of diurnal variations on     K d   ( 490 )    . However, the remote-sensed algorithms for     K d   ( 490 )     in clear Case-1 waters always underperform in turbid Case-2 waters with complex optical properties [2,12,13]. To retrieve the real     K d   ( 490 )     in coastal waters, signals in the red and near-infrared bands were used in several empirical algorithms, and produced good inversion effects [13,14,15,16]. However, accuracies of these algorithms still need further validations using a large in situ dataset.



In the coast of the East China Sea, our understanding of     K d   ( 490 )     is limited to general spatial distribution [13], while the diurnal or hourly variabilities of     K d   ( 490 )     are not fully understood, especially for the transitional area between the highly turbid estuarine water and the clear off-shore area. To the best of our knowledge, only one study based on GOCI-derived and reconstructed     K d   ( 490 )     has revealed that     K d   ( 490 )     decreases as the tide elevation increases and increases as tide decreases in the coast of the East China Sea [11]. Since traditional in situ measurement of     K d   ( 490 )     during a single cruise was not able to resolve the diurnal variations of     K d   ( 490 )    . Marine optical buoys provide novel insights not only to validate satellite products, but also to understand the interplay between the diurnal variations of     K d   ( 490 )     and dynamic processes [17,18,19].



In this study, an optical buoy was moored in the coastal East China Sea (30°40.7′N, 122°49′E) from15 September 2013 to 11 January 2014 (139 days in total) to obtain the field diurnal variation of     K d   ( 490 )    . Based on the optical-buoy dataset, we first evaluated the     K d   ( 490 )     product from the GOCI as well as six empirical algorithms for     K d   ( 490 )     estimation in Case-2 water. Subsequently, we studied the characteristics of diurnal variations of     K d   ( 490 )     in the coastal East China Sea and tried to reveal the relationship between the environment factors and     K d   ( 490 )    .




2. Materials and Methods


2.1. Study Area


The site of the optical buoy is close to the Shengshan and Gouqi islands (Figure 1), owing to the Shengsi islands. Water depth is about 20 m. The Shengsi islands are located across the boundary of the Yangtze Estuary and Hangzhou Bay, both of which are known as highly turbid coastal areas due to the large amounts of suspended sediment discharged by several runoffs and resuspended from local seabed. The Yangtze River is the largest source of sediments for these two regions, it carries approximately 486 Mt of sediments annually into the East China Sea [20], forming the largest turbidity zone in the center of the Yangtze Estuary. It develops eastward into a suspended sediment plume, which can extend to 123°E and affect our target area [21]. Our target area, marked by a black rectangle in Figure 1, has a high-incidence of red tide [15,22]. It is located in the monsoon climatic zone, where the northerly/southerly wind prevails in winter/summer, respectively, and both spring and autumn are transitional periods. The average wind speed over the years is about 6.5 m/s [23]. As the leading type of suspended sediment here in this region, clay makes the water body susceptible to external influences and produces sediment resuspension processes [24] Therefore, SPM of this highly dynamic coastal area varies significantly, under the control of multiple dynamic processes, such as tide, monsoon, the Yangtze river dilute water, and other water masses [11,24,25]. Mussel aquaculture in the Shengsi islands is prosperous, and has become a pillar industry [26]. Conceivably, the bio-optical properties of the Shengsi aquatic environment are quite complicated and variable.




2.2. Structure and Measurements of the Optical Buoy


The optical buoy used in this study was designed by the Optics Laboratory at the South China Sea Institute of Oceanology, Chinese Academy of Sciences (Figure 2). There existed wind speed and direction sensors on the top the buoy, as well as communication equipment (Figure 2a). The buoy was equipped with an incident irradiance (    E s   (   z , λ   )    ) sensor above the water surface, three downwelling irradiance (    E d   (   z , λ   )    ) sensors, and three upwelling radiance (    L u   (   z , λ   )    ) sensors at depths of 1.65, 3.25, and 4.85 m, respectively (Figure 2b). Radiometric measurements were performed synchronously by all the radiometers at hourly intervals, from 8:00 to 17:00 Beijing Time (BJT). More than 10 sets of data were continuously collected during each measurement. The spectral range of each radiometer was 350–1100 nm, and the hyperspectral resolution was 0.375 nm. In addition, an independent measurement was carried out at 2:00 BJT for dark current correction.




2.3. Optical Buoy Data Processing


The availability of buoy data is relatively low; after a series of quality control steps, only about 50% of the raw data are valid. The screening criteria can be outlined by following four steps: (1) erroneous data caused by abnormal data transmission were deleted; (2) significantly abnormal spectra in each group of continuously measured data were manually discarded; (3) data with depth < 0 m were removed to avoid situations where the underwater radiometers were exposed to the water surface; and (4) data with an inclination angle greater than 10° were regarded as low quality and eliminated to reduce the self-shading effect. Then, the remaining effective spectra were interpolated to an integer wavelength, and the hyperspectral data were smoothed by a moving average method with a window width of 15 nm.



After quality control and the preprocessing of raw data, valid     E s   (   z ,   λ   )    ,     E d   (   z ,   λ   )    , and     L u   (   z ,   λ   )     spectra were used to derive     K d   ( λ )     and     R  rs    ( λ )    . In this study,     K d   ( λ )     is the vertical average of the diffuse attenuation coefficient of the water column between two selected irradiance sensors on the optical buoy, and is calculated as


    K   d 12     ( λ )   =      ln E  d   (  1.65 , λ  )       −   ln E   d   (  3.25 , λ  )    1.6   ,   



(1)






    K   d 13     ( λ )   =      ln E  d   (  1.65 , λ  )       −   lnE   d   (  4.85 , λ  )    3.2   ,   



(2)







Similarly, the diffuse attenuation coefficient of upwelling radiance (    K l   (   z ,   λ   )    ) can be calculated using


    K   l 12     ( λ )   =      ln L  u   (  1.65 , λ  )       −   ln L   u   (  3.35 , λ  )    1.6   ,   



(3)






    K   l 13     ( λ )   =      ln L  u   (  1.65 , λ  )       −   ln L   u   (  4,85 , λ  )    3.2   ,   



(4)




where     E d   (  1.65 ,   λ  )     (    L u   (  1.65 ,   λ  )    ),     E d   (  3.25 ,   λ  )     (    L u   (  3.25 ,   λ  )    ) and     E d   (  4.85 ,   λ  )     (    L u   (  4.85 ,   λ  )    ) are the downwelling irradiance (radiance) measured at 1.65, 3.25 and 4.85 m, respectively. Here, 1.6 and 3.2 m refer to the vertical distance between the two utilized irradiance (radiance) sensors.     K   d 12     ( λ )     (    K   l 12     ( λ )    ) and     K   d 13     ( λ )     (    K   l 13     ( λ )    ) are calculated between the first and second and the first and third irradiance (radiance) sensors, respectively.



    R  rs    ( λ )     is defined by the following equation:


    R  rs    ( λ )   =     L w   ( λ )     E s   ( λ )      



(5)




Here,     E s   ( λ )     is the incident irradiance measured above the surface of the water, and     L w   ( λ )     is the water-leaving radiance, which is derived from Equation (6).


    L w   ( λ )   =       1 − ρ   w     n 2     L u   (   0 −   , λ   )   = 0.543   L u     ( 0   −   , λ )  ,   



(6)




where     ρ w     is the Fresnel reflectance of the air−sea interface, and n is the refractive index of seawater.         1 −   ρ   w     n 2       represents the transmittance for the upwelling radiance of the seawater and air interface, and its value can be regarded as a constant −0.543 [27].     L u   (   0 −   , λ   )     is the upwelling radiance just beneath the surface, which is not directly measurable, and the theoretical value is usually derived from the Beer–Lambert law using the following equation:


    L u   (   0 −   , λ   )     = L   u   (   z , λ   )   e   K l   ( λ )  z   ,   



(7)







Here,     L u   (   z , λ   )     is the upwelling radiance at depth z, and     K l   ( λ )     refers to one of     K   l 12     ( λ )    ,     K   l 13     ( λ )     calculated above. Further,     R  rs    ( λ )     derived from     K   l 12     ( λ )     and     K   l 13     ( λ )     are labeled as     R   rs 12     ( λ )     and     R   rs 13     ( λ )    , respectively.




2.4. Satellite Data Processing


Level-2 products of GOCI between 15 September, 2013 and 11 January, 2014 were downloaded from the NASA’s Ocean Color website (https://oceancolor.gsfc.nasa.gov, accessed on 26 April 2021). The NASA standard atmospheric correction algorithm was adopted by NASA during the generation of its official GOCI L2 products [28]. Downloaded GOCI L2     K d   (  490  )     is derived from the GOCI L2     R  rs      through the use of NASA officially     K d     algorithm, KD2S (https://oceancolor.gsfc.nasa.gov/atbd/kd_490/#sec_2, accessed on 26 April 2021). A 32-bit quality flag (l2_flag) is contained in each Level-2 file, which was applied to exclude questionable pixels.



The following time-space matching criteria for GOCI and buoy data were adopted in this study [29]: (1) A 3 × 3 box centered around the buoy location is selected to represent the satellite-derived estimations. (2) Pixels are discarded if any of the following flags are set in the selected window: atmospheric correction failure, land, cloud or ice, stray light, sun glint, high top-of-atmosphere radiance, low     L  wn     (555) (    L  wn      refers to normalized water-leaving radiance), or solar zenith angle above the limit [29]. (3) The time window between GOCI and buoy is set to <±30 min [30,31] to minimize the effects of the temporal variability of the atmosphere and seawater around the buoy site. The GOCI estimations and buoy measurements that meet this condition were considered “concurrent.” (4) The GOCI estimations are valid only when the number of valid pixels is   ≥  5 in the selected 3 × 3 window, and these valid pixels are obtained through the spatial homogeneity test. Spatial homogeneity means that all valid pixels should be within ±1.5 *standard deviation of the median for the 3 × 3 window. Moreover, the coefficient of variation (CV; filtered standard deviation divided by the filtered mean) of valid data in a 3 × 3 window should be <0.15. Then, if the corresponding buoy measurements are also valid, the GOCI and buoy measurements match successfully.




2.5. Ancillary Data Acquisition


Several hydrometeorological parameters were used in this study, including temperature, salinity, wind direction, wind speed, accumulated rainfall, and tide elevation. The first two parameters were measured using the moored optical buoy. Wind direction, wind speed, and accumulated rainfall were measured at the Shengshan meteorological station by the National Meteorological Information Center (http://data.cma.cn, accessed on 26 April 2021). The tide elevation was observed at the Lv huashan tide gauge station by the National Marine Information Center.




2.6. Performance Assessment


Several statistical measures were used to assess the differences between the GOCI/buoy estimations and buoy measurements, including root mean square error (RMSE), mean absolute percentage error (MAPE), mean ratio (MR), slope/intercept coefficients, and the coefficient of determination (    R 2    ) between the two datasets when a linear regression was applied. The RMSE, MAPE and MR are defined as follows.


    RMSE =     1 N    ∑    n = 1   N       ( y   n       −   x   n  )  2    ,   



(8)






    MAPE =   1 N    ∑    n = 1   N     |   y n       −   x   n   |     x n     * 100 %  ,   



(9)






    MR =   1 N    ∑    n = 1   N     y n     x n    ,   



(10)




where yn represents the derived values, and xn represents the in situ values.



In the study of     K d     variations, the coefficient of variation (CV) is used, which is calculated as follows:


    CV =      [  1 N    ∑    i = 1   N       ( X     i       −     1 N    ∑    i = 1   N   X i  )  2  ]    1 / 2       1 N    ∑    i = 1   N   X i    ,   i = 1 ,   2 ,   … ,   N   



(11)







When the value of the CV of a set of data is larger, its variation is more significant.





3. Results


3.1. Reliability and Uncertainty of the Optical Buoy Data


The reliability of the optical buoy data has always been an important concern in its applications, because its radiometric measurements are affected by numerous factors [32]. The two most important factors are the effect of instrument self-shadow and sea surface wave convergence [33]. To reduce uncertainties from the instrument self-shadow effect, small optical fiber probes and various other advanced technologies were adopted and achieved reliable results [34,35,36]. Moreover, two angle sensors were set to obtain the inclination angles of the buoy body. Data with tilt angle greater than 10° were deleted as mentioned in Section 2.3. Evaluation was carried out for the inevitable effects of the convergence of sea surface waves on     K d   (  490  )     in our previous study, where the depth variation was used to reflect the wave disturbance [37]. The CVs of 488 groups of     K   d 12     (  490  )     and depth continuously measured at adjacent moments were calculated, and the results showed that the CV of     K   d 12     (  490  )     remains low, even when the depth changes significantly (Figure 3). This indicates that the uncertainty of the measurement data of buoys from the convergence of sunlight produced by sea waves is acceptable.



The coastal water of the East China Sea is stratified, where the lower water layer is more turbid than the upper layer, under the agitation of the underlying water mass. The method of underwater radiation measurement at fixed depths adopted by the optical buoy is not recommended in stratified water [32]. In this type of water column, the actual changes of     E d     and     L u     may differ significantly from those obtained from the hypothetic exponential variation. In order to assess this uncertainty, we compared the buoy-measured     K   d 12     (  490  )     and     K   d 13     (  490  )     to evaluate the level of stratification of the upper layer. Consequently,     K   d 12     (  490  )     and     K   d 13     (  490  )     showed a consistency (Figure 4), indicating a slight stratification in the depth range of buoy measurement. Moreover, the mixing degree of water bodies within the observation depth range of the buoy was relatively high. This indicated that the method of underwater radiometric measurement at fixed depths is valid in our target area.



A depth sensor was used to obtain the true depth of the buoy in operation in order to correct the depth deviations resulting from the buoy body floating up and down due to external disturbances. To reduce the biological contamination on the optical surface, the optical window of each radiometer is equipped with a mechanical automatic cleaning brush designed by us. In addition, it should be noted that treating the transmission coefficient as a constant (0.543) in Equation (6) also introduced a small amount of uncertainty [38]. Improvement measures have been adopted in the design of the buoy structure and the optical radiation measurement system, in response to possible sources of uncertainties in buoy data. For inevitable uncertain sources, screening and evaluation was performed before the use of buoy data to ensure the reliability of the data.




3.2. Overview of In Situ Buoy Measurement


We introduce the overview of     K   d 12     (  490  )     in this section because     K   d 12     (  490  )     is very similar to     K   d 13     (  490  )     and it has greater remote sensing significance. Valid     K   d 12     (  490  )     data, at 691 different time points, were obtained in total, which were averaged from each set of continuously measured spectra per hour. From our statistical results,     K   d 12     (  490  )     varied from 0.177 to 4.307     m  − 1     , and the average value of     K   d 12     (  490  )     was 1.283 ± 0.836     m  − 1     . We found that more than 98% of the     K   d 12     (  490  )     values were greater than 0.3     m  − 1     , showing that the water body is not clear during our observation. More than 50% of the value of     K   d 12     (  490  )     is less than 1     m  − 1     , and the percentage of     K   d 12     (  490  )     larger than 2     m  − 1      is less than 20% (Figure 5). This demonstrated that the water in this transition sea area has not ever reached a highly turbid state. However, the large magnitude range in     K   d 12     (  490  )     indicates highly dynamic in the water body.




3.3. Evaluation and Correction of the Official GOCI L2     K d   (  490  )    


3.3.1. Error of the GOCI L2     K d   (  490  )    


There exists a significant difference between GOCI L2     K d   (  490  )     and the buoy     K   d 12     (  490  )    , as well as     K   d 13     (  490  )    . It can be clearly observed from the black and grey dots depicted in Figure 6 that GOCI L2     K d   (  490  )     is far lower than buoy     K   d 12     (  490  )     and     K   d 13     (  490  )    , with RMSEs of 0.70 and 0.71     m  − 1     , MAPEs of 69.57% and 68.86%, respectively.




3.3.2. Evaluation of Six Empirical     K d   (  490  )     Algorithms


To improve the accuracy of the GOCI L2     K d   (  490  )     in the target area, we evaluated the accuracies of six empirical algorithms, including a new diurnal ratio algorithm (NDRA) proposed for the coastal East China Sea in our previous article [37]. None of these algorithms were built specifically for GOCI. Therefore, the calibration dataset (1151 groups of effective     R   rs 12     ( λ )     and     K   d 12     (  490  )    ) of NDRA was used to re-calibrate the formulas on GOCI central bands of Wang X.M.’s algorithm [39], Chen’s algorithm [40], Wang M.H.’s algorithm [41], Zhang’s algorithm [16] and Tiwari’s algorithm [14], as well as NDRA, in order to eliminate the differences in the application effect of each algorithm due to the different modeling datasets (Table 1).



The NDRA validation dataset (581 groups of effective     R   rs 12     ( λ )     and     K   d 12     (  490  )    ) was also used to calculate the inversion accuracy of each algorithm. The comparisons are shown in Figure 7a–f and results from the statistical analysis are summarized in Table 2. The inversion result of Wang X.M.’s algorithm is not ideal. When     K d   (  490  )     is less than 1     m  − 1     , the derived     K d   (  490  )     is 1–3 times of the in situ one; in the turbid water where     K d   (  490  )     is greater than 1     m  − 1     , a significant underestimation takes place (Figure 7a). Chen’s algorithm produces overestimation in water bodies where     K d   (  490  )     is less than 0.5     m  − 1     , while in water bodies where     K d   (  490  )     is greater than 0.5     m  − 1      there exists an improving application effect (Figure 7b). Wang M.H.’s algorithm overestimates the entire range of     K d   (  490  )     (Figure 7c). For the Zhang’s algorithm, the estimated     K d   (  490  )     calculated by it is close to the in situ value when     K d   (  490  )     is less than 1     m  − 1     . On the other hand, when     K d   (  490  )     is greater than 1     m  − 1     , an overestimation occurs, whereby the derived     K d   (  490  )     can be 2.5 times of the in situ     K d   (  490  )     (Figure 7d). Both NDRA and Tiwari’s algorithm have high accuracies (Figure 7e,f)). The RMSEs of the two algorithms are 0.29     m  − 1      and 0.30     m  − 1     , respectively; the MAPEs are 27.31% and 28.15%, respectively; and the     R 2    s are 0.72 and 0.71, respectively (Table 2). However, as     K d   (  490  )     increases to >1     m  − 1     ,     K d   (  490  )     tends to be underestimated by Tiwari’s algorithm (Figure 7e). Among all these algorithms, NDRA has the highest accuracy and best stability in this sea area, this is consistent with the results that we obtained previously [37].




3.3.3. Improvement of GOCI L2     K d   (  490  )    


NDRA has the highest accuracy in the coast of the East China Sea, as shown in Section 3.3.2. Consequently, it was adopted to improve the quality of GOCI-derived     K d   (  490  )    .     K d   (  490  )     retrieved from GOCI     R  rs      by NDRA is plotted against buoy     K   d 12     (  490  )     and     K   d 13     (  490  )     in Figure 8. The accuracy of     K d   (  490  )     derived from GOCI     R  rs      is greatly improved by NDRA. Comparing     K d   (  490  )     derived from GOCI L2     R  rs      by NDRA and     K   d 12     (  490  )     as well as     K   d 13     (  490  )    , the MAPEs are 42% and 43.30% and the RMSEs are 0.34 and 0.33 m−1, respectively. The difference between newly derived GOCI     K d   (  490  )     and     K   d 12     (  490  )     is close to the difference between it and     K   d 13     (  490  )    . However,     K d   (  490  )     retrieved from GOCI L2     R  rs      using NDRA is still somewhat high compared to buoy-measured     K d   (  490  )    . This could be caused by other factors besides the     K d   (  490  )     algorithm used.





3.4. Diurnal Variations of     K d   (  490  )     Obtained by Buoy


3.4.1. Statistics of Diurnal Variations


The data of 43 days, with daily valid data of   ≥  7 h, were obtained and selected to study the diurnal variations of     K d   (  490  )     in the study area. Through statistics, we found that the absolute amplitudes of daytime variability (Δ) for     K d   (  490  )     during the 43 selected days ranged from 0.12 to 3.03     m  − 1     , accounting for approximately 25.22% to 250.49% (the mean is 100.16 ± 55.76%) of the corresponding diurnal averages. In addition, the daily CV of     K d   (  490  )     ranged from 0.1 to 0.78, and the corresponding mean CV was 0.34 ± 0.19. Within a day, the maximum value of     K d   (  490  )     can be seven times its minimum value, indicating a significant diurnal dynamic of     K d   (  490  )    . It was also found that the variations of Δ and CV for     K d   (  490  )     have similar trends with the values of     K d   (  490  )    . When the value of     K d   (  490  )     is greater, the diurnal variation is more apparent, with a few exceptions. Moreover, a majority (30 out of 43) of the     K d   (  490  )     daytime maximum values were achieved in the afternoon (after 12:00 BJT), >70% of which occurred after 14:00 BJT. The minimum value of     K d   (  490  )     was achieved evenly in the forenoon and afternoon, with 21 out of 43 in the forenoon and 22 out of 43 in the afternoon.




3.4.2. Four Kinds of Diurnal Variation


Among the 43-day dataset mentioned in Section 3.4.1, 12 days of continuous valid data were selected to illustrate the diurnal variation characteristics of     K d   (  490  )    . It was observed that the diurnal variations of     K d   (  490  )     in the target area can be roughly divided into four categories. The first typical variation pattern is shown in Figure 9a–c, in which     K d   (  490  )     was found to gradually decrease during the flood tide and increase during the ebb tide. In addition, the minimum     K d   (  490  )     appeared 1–2 h after the tide reached its maximum. The second type of diurnal variation has a similar property to the first variation pattern (Figure 9d–f), in which     K d   (  490  )     varies with the tide elevation in general. However, some outliers exist in this pattern. The third variation pattern is for lower     K d   (  490  )     values corresponding to clear water (Figure 9g–i), which did not exhibit remarkable variations over the entire time period. The last variation pattern is not readily comprehensible (Figure 9j–l);     K d   (  490  )     increased/decreased as the tide elevation increased/decreased and then switched to the opposite pattern.




3.4.3. Diurnal Variations of     K d   (  490  )     in a Spring–Neap Tide Cycle


The buoy     K d   (  490  )     shows a significant spring–neap cycle. Four sets of     K d   (  490  )     data corresponding to four different spring–neaps were obtained, with spring data from 20 September, 5 October, 20 October, and 5 November, 2013, and neap data from 28 September, 13 October, 28 October, and 11 November, 2013. The daily averages of     K d   (  490  )     for the four spring tides are 0.797 ± 0.187, 1.198 ± 0.434, 2.145 ± 0.974, and 1.916 ± 0.741     m  − 1     , respectively. Additionally, for the four neap tides, the daily averages of     K d   (  490  )     are 0.441 ± 0.084, 0.879 ± 0.537, 1.138 ± 0.501, and 1.076 ± 0.268     m  − 1     , respectively. The daily mean     K d   (  490  )     of the spring of autumn was 1.36–1.88 times that of the neap, with an average of 1.69 times. For the sole spring–neap of winter, it was found that the daily average value of     K d   (  490  )     of the spring was 1.78 times that of the neap. The fluctuation from spring to neap is larger during winter than during autumn.



The diurnal variation of buoy     K d   (  490  )     and the corresponding meteorological parameters were plotted together (Figure 10) to further understand the detailed dynamics of     K d   (  490  )     in a spring–neap tide cycle.     K d   (  490  )     from 8:00 to 17:00 BJT with hourly intervals from 20 September to 5 October, 2013 is shown in Figure 10a, including a continuous tide elevation curve from 00:00 to 23:00 BJT on each day. Note that     K d   (  490  )     at some moments were not illustrated, owing to poor data quality or equipment failure. Additionally, the daily accumulated rainfall (Figure 10b), daily average wind direction (Figure 10c), as well as wind speed (Figure 10d) calculated from 24 h of observation data for each day were plotted to characterize the weather conditions. For the entire cycle of the spring–neap, the daily fluctuations of     K d   (  490  )     are larger during the spring than the neap (Figure 10a). Δ of     K d   (  490  )     on 20 September (spring) and 5 October (spring) was 0.576 and 1.115     m  − 1     , respectively, and 0.244     m  − 1      on 28 September (neap). Meanwhile, the values of     K d   (  490  )     decreased as the tide waned from spring to neap, and returned to higher values when it moved to the next spring. The minimum     K d   (  490  )     appeared at a neap on 28 September, and the maximum     K d   (  490  )     appeared at a spring on 5 October. Anomalously high values of     K d   (  490  )     appeared on 25, 26 September, during which the daily mean wind speeds were both in excess of 8       m   s    − 1     . The daily mean wind speeded up to nearly 12       m   s    − 1      on 25 September, and prevailed in the northeast direction. The     K d   (  490  )     of the days around the spring (5 October) were larger than those around the previous spring (20 September). During the spring around 20 September, a small amount of precipitation occurred during the days from 20 to 24 September, except on 23 September.






4. Discussion


4.1. Sources of Uncertainty in Official GOCI L2     K d   (  490  )    


4.1.1. Uncertainty of GOCI L2     R  rs     


There are multiple factors contributing to the uncertainty in the GOCI L2     K d   (  490  )    . One of the major sources is the error transmitted from GOCI     R  rs      [42]. To evaluate the error from GOCI     R  rs     , its quality in the target area was evaluated using buoy data. The matched GOCI and buoy     R  rs      spectra are displayed in Figure 11. Consequently, the difference between the GOCI L2     R  rs    ( λ )     and buoy     R   rs 12     ( λ )     was found to be smallest, which indicates that     R   rs 12       best characterizes the remote sensing signal of the upper-layer water column. Among all the 13 sets of comparisons, the spectra shapes show no clear sign of quality problems. However, in most cases, GOCI     R  rs      at the blue band is relatively high compared to buoy     R   rs 12      . To make the comparisons more meaningful in the remote sensing aspect, buoy     R   rs 12       is discussed hereafter.



The relationship between the buoy and GOCI matchup     R  rs      spectra is shown in Figure 12, and the validation statistics are listed in Table 3.     R  rs      at 490 and 555 nm from the GOCI L2 products and buoy-measured     R   rs 12       were found to be in good agreement. At 490 and 550 nm, the MRs were 1.05 and 0.95, respectively; MAPEs were 13.51% and 12.70%, respectively; and RMSEs were 0.0019      sr    − 1       and 0.0029      sr   − 1     , respectively. The other four bands (412, 443, 660 and 680 nm) showed a decline in quality, with mean ratios of 1.4–1.5 and MAPEs of 40–50%. The relatively low RMSE values (0.0017–0.0026      sr   − 1     ) at 412, 443, 660, and 680 nm were derived from the relatively low magnitudes of     R  rs      at these four bands. This result is roughly consistent with the results obtained by a similar evaluation research of GOCI over the Yellow Sea [28]. We speculated that this might be caused by the incorrect estimation from the NASA standard atmospheric correction algorithm [28], which is more suitable for the oceanic water. As a result, the error generated in     R  rs      makes the GOCI     K d   (  490  )     obtained by the accurate NDRA still slightly higher than the buoy-measured     K d   (  490  )    . Therefore, the selection of the atmospheric correction algorithm applicable to the coastal East China Sea is the focus of further correction of the GOCI L2     K d   (  490  )     product in future work.




4.1.2. Uncertainty from the     K d   (  490  )     Algorithm


The adopted algorithm for the estimation is another major source of error. The     R  rs      ratio of the blue-green band was utilized to estimate     K d   (  490  )     by the official KD2S algorithm. According to previous studies [41,43,44], the blue-green     R  rs      ratio is suitable for the estimation of     K d   (  490  )     in oceanic Case-1 water. Underwater light attenuation in Case-1 water is only determined by phytoplankton and its derivatives. However, in the turbid Case-2 water, the influences of SPM and colored dissolved organic matter (CDOM) on the bio-optical properties of water body intensify. As a result, the sensitivity of the blue-green     R  rs      ratio to constituent changes in Case-2 water is reduced, producing significant underestimations. In contrast,     R  rs      adopted by the NDRA fully reflects the composition information of the eutrophic water with relatively high SPM and adapts to the highly dynamic coastal sea water.





4.2. Application of NDRA to GICI Imagery


To obtain the diurnal variabilities of     K d   (  490  )     distribution in the entire high frequency red tide area, GOCI images from 12 October 2013 were used to retrieve the spatial distribution of     K d   (  490  )     based on NDRA. The results at eight moments from 8:00 to 15:00 BJT are shown in Figure 13a–h. The results demonstrate that GOCI images can provide reasonable real-time monitoring of     K d   (  490  )     in the transition area out of the Yangtze Estuary. The value of     K d   (  490  )     decreases with the increase in the distance from the shore, which is consistent with the spatial distribution of SPM in this area. Additionally, it also confirms the dominant role of SPM on the bio-optical properties of the water column. The tide elevation during this period is shown in Figure 13i. It can be observed that, during this flood tide, high     K d   (  490  )     spreads from east to west. The site of the moored optical buoy is marked as a black pentacle (Figure 13a–h), and the     K d   (  490  )     variations relative to the fixed location can be investigated clearly. This result shows that     K d   (  490  )     decreases during flood tide in the target area, which is also consistent with the results obtained by Liu X.M. et al. [11] in the Yangtze Estuary region.




4.3. Dynamic Factors Affecting     K d   (  490  )     Diurnal Variations


4.3.1. Hourly Variations


As demonstrated in Section 3.4,     K d   (  490  )     presented complicated diurnal variations during the buoy observation period. The first diurnal variation pattern is typical, which agrees with the single regular correlation between     K d   (  490  )     and tide elevation corroborated in another similar study in the Yangtze estuary [11]. This can be considered the result of water body dilution by offshore clear water during flood tide and water body pollution by nearshore turbid water during ebb tide. The 1–2 h delay on the     K d   (  490  )     minimum may be due to sediment resuspension induced by tide and to needed sedimentation time, as well as the asymmetry of the M2 tide type in the target area [10,11]. Compared to the first pattern, some “abnormalities” appeared in the second pattern, which may be attributed to other environmental factors, such as wind. The third variation pattern is similar to that of Case-1 water [45], the diurnal changes of which were not significant. It should be caused by the low concentrations of SPM, which is the most susceptible constituent to tide and other dynamic processes. The formation mechanism of the fourth variation pattern cannot be understood intuitively because, in this pattern, the relationship between     K d   (  490  )     and tide elevation is positive first, and then changes to negative. Clearly, the variation patterns of     K d   (  490  )     in the transition area out of the Yangtze Estuary are more complex than those in the maximum turbidity zone of the Yangtze Estuary [11]. Presumably because, in the latter case, the bio-optical properties are consistently dominated by SPM, while, in the former case, the dominant constituent of the water column keeps changing.



The observed irregular diurnal variations of     K d   (  490  )     should be the result of biological effects coupled with various physical factors. In Section 2.1, we have already mentioned that the hydrological context of our target area is regulated by multiple factors. In particular, the effects of tide, wind, rainfall, and water mass on     K d   (  490  )     diurnal variations are discussed in this section.     K d   (  490  )     is plotted against tide elevation, wind speed, wind direction, rainfall, salinity and temperature. The results from linear regressions between     K d   (  490  )     at each moment, and the corresponding wind speed, wind direction, tide elevation, and accumulated rainfall of the previous hour, were all not statistically significant (    R 2     < 0.1). By considering the lag influence of wind and tide, the relationships between     K d   (  490  )     and the wind speed, wind direction, and tide elevation (1, 2 and 3 h before the     K d   (  490  )     measurement) were further investigated. However, no statistically significant results were obtained.     R 2     from linear regression between     K d   (  490  )     and the corresponding seawater temperature was 0.13, and these two quantities were negatively correlated.     R 2     from linear regression between     K d   (  490  )     and salinity was not statistically significant (    R 2     = 0.006). In addition, the effects of multiple hydrometeorological factors on the diurnal variation of     K d   (  490  )     in the four types of variation patterns were researched alone. The linear-regression results were similar to all 43 days discussed together.



The linear regression between     K d   (  490  )     and tide range was further studied. It was found that there was no apparent relationship between     K d   (  490  )     and the tide range from one to several hours before     K d   (  490  )     measurements. However, when the 43 groups of data were divided into autumn (from 1 September to 31 October) and winter (from 1 November to 31 January) data, relatively significant correlations between the mean     K d   (  490  )     in a flood/ebb tide and the corresponding tide ranges (Figure 14a,b) were observed.     K d   (  490  )     increases as the tide ranges increases.     R 2     from linear regression between the tide range and     K d   (  490  )     is 0.14/0.21 for the autumn flood/ebb tide; meanwhile, for winter,     R 2     from linear regression between the tide range and     K d   (  490  )     is 0.73/0.36 for the flood/ebb tide. Thus, it is demonstrated that tide range is the most influential factor and the dominant effect of tide in the target area is enhancing local sediment resuspension (reflected by tide range). Combining the correlation of     K d   (  490  )     with tide elevation in the first and second patterns, we think that the role of tide motion on the horizontal transportation of SPM from the ambient sea (reflected by tide elevation) is not negligible, but secondary to the local sediment resuspension effect.




4.3.2. Daily Variation


The influences of several hydrometeorological factors on     K d   (  490  )     during a spring–neap tide cycle were researched. Linear regressions were performed between the daily average of     K d   (  490  )     and the corresponding daily average of wind speed, wind direction, tide height, salinity, and temperature, and daily accumulated total rainfall. The daily mean     K d   (  490  )     was plotted against all the factors mentioned above, with a lag of zero and one day, respectively (Figure 15a,b). The     R 2    s from the linear regressions are also shown in Figure 15. When no lag was considered, significant positive correlations were found between     K d   (  490  )     and the wind speed, wind direction, total rainfall, and salinity, the     R 2    s of which are 0.71, 0.49, 0.17, and 0.39, respectively. However, there was no apparent relations between     K d   (  490  )     and tide elevation, as well as temperature. Taking the hysteresis of each factor into account, a one-day lag was considered. Consequently,     R 2     from linear regression between     K d   (  490  )     and wind speed decreased from 0.71 to 0.26, while the     R 2     between     K d   (  490  )     and salinity increased from 0.39 to 0.68.     R 2    s from linear regression between     K d   (  490  )     and wind direction as well as the total rainfall became insignificant, with     R 2     values of 0.04 and 0.02, respectively.



When the wind speed increases, the value of     K d   (  490  )     becomes larger because wind can initiate the resuspension of sediments from the lower water layer and enhance the vertical mixing of the entire water column, increasing SPM in the upper water layers [46,47]. As demonstrated in a previous study, the seasonal sediment plume out the Yangtze Estuary can extend to the vicinity of 122°40′E outside the south slot of the Yangtze Estuary during our observation [48], which is close to the position of our buoy (122°49′E, 30°40.7′N). The sediment plume was driven by the cooling of the upper ocean and enhanced surface winds during the fall and winter seasons [9]. The theories for the occurrence of sediment plume in autumn and winter are consistent with the phenomenon that     K d   (  490  )     is correlated with wind speed to a certain degree in our target area. In theory, when the south wind is dominant, turbid water with a high SPM from the largest turbid zone should be transported to our target area by wind waves. However,     K d   (  490  )     and the wind direction are negatively correlated here, which indicates that the influence of wind on the suspended sediment transportation is small.



    R 2     from linear regression between     K d   (  490  )     and tide elevation was found to be insignificant. However, from the general trend in the entire spring–neap tide cycle, it can be seen that     K d   (  490  )     is larger, and its diurnal variation is more significant during spring than during neap. Moreover, as described in Section 4.2, when the data were classified into flood and ebb data (from 20 September to 5 October),     R 2     from linear regression between     K d   (  490  )     and tide range can be greater than 0.1 (Figure 14a). The horizontal transportation of SPM from the ambient sea and the enhancement of the local SPM resuspension caused by the tide current are stronger during spring tide. Therefore, the impact of the tide transforming from spring to neap tide is significant.



    K d   (  490  )     increases as the aggregated rainfall over the target area increases. It can be speculated that the rainfall mainly increases runoff from the adjacent islands, resulting in high loads of sediments and CDOM, while its dilution effect on seawater is relatively weak. In particular, a high value of     R 2     from linear regression between     K d   (  490  )     and salinity was obtained. By integrating low linear-regression     R 2     (< 0.1) between     K d   (  490  )     and temperature, it can be inferred that the prevailing upwelling along the coast of the East China Sea did not exert a significant influence on the upper-layer water in our target area, and the reason for the correlation between     K d   (  490  )     and salinity needs to be investigated further, for their positive relationship.






5. Conclusions


In this study, based on the field optical buoy dataset, we evaluated the accuracy of the GOCI L2     K d   (  490  )    , as well as the performances of six empirical algorithms for the estimation of     K d   (  490  )     in the coastal East China Sea. Our results show alarge uncertainty for GOCI L2     K d   (  490  )     by comparation between GOCI L2     K d   (  490  )     and buoy-measured     K  12    (  490  )    , with the MAPE and RMSE at 69.57%, and 0.70 m−1, respectively. Similarly, the MAPE and RMSE between GOCI L2     K d   (  490  )     and buoy-measured     K  13    (  490  )     were 68.86%, and 0.71 m−1, respectively. NDRA performed best among the six examined algorithms, with MAPE and RMSE reaching 0.29 m−1 and 27.31%, respectively. We studied the diurnal variations of     K d   (  490  )     in the coastal East China Sea based on buoy data. Four main types of     K d   (  490  )     diurnal variation were found, showing more complex variation properties than in the areas closer to shore. GOCI images were also used to observe the distribution of     K d   ( 490 )     at eight moments in a day for a high-frequency red tide area.     K d   ( 490 )     decreased at flood tide and increased at ebb tide. In addition, we also analyzed the influences of several hydrometeorological factors on the diurnal variation of     K d   (  490  )    . The results show that tide has the greatest effect, whereas the disturbance from wind is temporary. In particular, these dynamic processes mainly affect     K d   (  490  )     by interfering with the resuspension of sediment, and their effect on sediment transport is secondary.
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Figure 1. Locations of the optical buoy, Shengsi meteorological station, and Lv Huashan tide gauge station, with isobaths (units of meters) of the surrounding continental shelves. The black rectangle indicates the approximate range of a high-frequency red tide area out of the Yangtze Estuary [22]. 
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Figure 2. The optical buoy used in this study. (a) Photograph of the buoy in operation. (b) Schematic of the structure of the buoy. 
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Figure 3. The coefficients of variation of depth and     K d   (  490  )     at the adjacent time of data acquisition (redrawn from Zhang et al. [37]). 
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Figure 4. Linear correlations between buoy-measured     K   d 12     (  490  )     and     K   d 13     (  490  )     (redrawn from Zhang et al. [37]). 
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Figure 5. Histogram and cumulative percentage for buoy-measured     K   d 12     (  490  )    . 
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Figure 6. Comparisons between GOCI L2     K d   (  490  )     and buoy-measured     K   d 12     (  490  )    , as well as     K   d 13     (  490  )    . 
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Figure 7. In situ buoy     K   d 12     (  490  )     versus derived     K d   (  490  )     for (a) the Wang X.M. algorithm, (b) Chen algorithm, (c) Wang M.H. algorithm, (d) Zhang algorithm, (e) Tiwari algorithm and (f) NDRA, applied to validation datasets. 
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Figure 8.     K d   (  490  )     newly derived from GOCI L2     R  rs      by NDRA. 
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Figure 9. Diurnal variation of     K d   (  490  )     and tide elevation for the 12 days from 08:00 to 17:00 BJT: (a) 5 October 2013; (b) 22 October 2013; (c) 5 November 2013; (d) 22 September 2013; (e) 26 September 2013; (f) 8 November 2013; (g) 27 September 2013; (h) 28 September 2013; (i) 29 September 2013; (j) 28 October 2013; (k) 29 October 2013; (l) 29 November 2013. 
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Figure 10. Diurnal variation of buoy     K d   (  490  )     and the corresponding meteorological parameters in the spring–neap cycle between 20 September and 5 October, 2013. (a) Time series of hourly     K d   (  490  )     and tide elevation. (b–d) Daily accumulated rainfall, daily mean wind direction, and velocity, respectively. The rainfall, wind direction, and wind velocity were calculated from data from 00:00 to 23:00 BJT. 
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Figure 11. Comparison of     R  rs    ( λ )     spectra between GOCI L2 estimations and buoy measurements at 412, 443, 490, 555, 660 and 680 nm. Note that Buoy12 and Buoy13 represent     R  rs      of the water column between the first and second, and first and third radiometers, respectively. 
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Figure 12. GOCI     R  rs      versus buoy     R   rs 12       at bands of 412, 443, 490, 555, 660, and 680 nm. The black solid line refers to the 1:1 line. 
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Figure 13. Hourly maps of     K d   (  490  )     in the target high-frequency red tide area retrieved from the GOCI images on 12 October 2013. The labeled time in the image corresponds to the observation time in BJT. The black pentacle refers to the site of the moored optical buoy. The last sub-plot shows the synchronous hourly tide elevation observed from Lv Huashan tide gauge station. 
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Figure 14. Relations between the mean value of     K d   (  490  )     and tide range of a flood or an ebb tide in different seasons. (a) Data for autumn (from 20 September to 5 October) and (b) data for winter (from 8 November to 11 January). 
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Figure 15. Correlations between daily mean     K d   (  490  )     and daily mean wind speed (black), wind direction (red), tide height (blue), accumulated rainfall (pink), salinity (green), as well as temperature (orange). The panels (a,b) illustrate the relationships with a lag of 0 day and 1 day, respectively. The     R 2    s from the linear regressions between     K d   (  490  )     and different parameters are annotated. 
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Table 1. Different algorithms of     K   d 12     (  490  )     adjusted for the central wavelengths of the GOCI.
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	ID
	Algorithm





	Wang X.M. [39]
	

    K d   (  490  )     = 10     { − 0.581     R  rs    (  490  )     R  rs    (  555  )     + 1.3916     [ R    rs    (  660  )     + R    rs    (  555  )   ] + 0.299   }      











	Chen [40]
	

    K d   (  490  )     = 10     [ − 0.0357     R  rs    (  555  )     R  rs    (  490  )     + 0.8218     R  rs    (  660  )     R  rs    (  490  )       −   0.3495   ]      











	Wang M.H. [41]
	

    K d   (  490  )   = −    1.146      ×   10     − 5       R  rs    (  490  )     + 2.0638     R  rs    (  660  )     R  rs    (  490  )     + 1.1078   [  0.3113    R    rs    (  660  )     −   0.1474   ]     [ 1   −   5 e       − 10     R  rs    (  490  )       −       R  rs    (  660  )     R  rs    (  490  )      ]   











	Zhang [16]
	

      R  rs    (  490  )     R  rs    (  555  )    ≥ 0.85    ,   K   d   (  490  )     = 10     { 49.26   [     R  rs    (  490  )     R  rs    (  555  )     ] 3     −   11.03   [     R  rs    (  490  )     R  rs    (  555  )     ] 2     −   2.359   [     R  rs    (  490  )     R  rs    (  555  )     ]   −   0.7932   } + 0.016      













      R  rs    (  490  )     R  rs    (  555  )    ≥ 0.85    ,   K   d   (  490  )     = 10     { 1.33   [     R  rs    (  490  )     R  rs    (  660  )     ] 3     −   1.668   [     R  rs    (  490  )     R  rs    (  660  )     ] 2     −   1.349   [     R  rs    (  490  )     R  rs    (  660  )     ] + 0.6629   } + 0.016      











	Tiwari [14]
	

    K d   (  490  )   = 1.8034     R  rs    (  660  )     R  rs    (  490  )     + 0.2534    











	NneDRA [37]
	

    K d   (  490  )   = 2.1252     R  rs    (  660  )     R  rs    (  490  )       −   0.0999     R  rs    (  555  )     R  rs    (  490  )     + 0.2916    
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Table 2. Statistical comparison results between the estimated     K d   (  490  )     from different inversion algorithms and buoy-measured     K   d 12     (  490  )    .
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	Algorithm
	

    RMSE   (   m   − 1   )    








	MAPE (%)
	Slope
	Intercept
	R2
	N





	Wang X.M. [39]
	0.50
	43.89
	0.15
	0.69
	0.15
	568



	Chen [40]
	0.40
	28.87
	0.86
	0.12
	0.60
	568



	Wang M.H. [41]
	0.40
	43.65
	0.79
	−0.11
	0.76
	568



	Zhang [16]
	0.78
	49.91
	1.88
	−0.68
	0.74
	568



	Tiwari [14]
	0.30
	28.15
	0.66
	0.32
	0.71
	568



	NDRA [37]
	0.29
	27.31
	0.76
	0.24
	0.72
	568
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Table 3. Statistics for the remote sensing reflectance matchup data between the GOCI L2     R  rs      and buoy-measured     R   rs 12      .






Table 3. Statistics for the remote sensing reflectance matchup data between the GOCI L2     R  rs      and buoy-measured     R   rs 12      .















	

   λ ( m n )   








	Mean Ratio
	MAPE (%)
	

    RMSE   (   sr    − 1    )    








	

      R  2     








	Slope
	Intercept
	N





	412
	1.45
	47.29
	0.0022
	0.60
	0.82
	0.0026
	13



	443
	1.40
	41.01
	0.0026
	0.77
	0.80
	0.0037
	13



	490
	1.05
	13.51
	0.0019
	0.81
	0.71
	0.0036
	13



	555
	0.95
	12.70
	0.0029
	0.80
	0.70
	0.0037
	13



	660
	1.48
	50.25
	0.0019
	0.85
	0.96
	0.0015
	13



	680
	1.49
	49.73
	0.0017
	0.85
	0.98
	0.0013
	13
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