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Abstract

:

China’s FY-4B satellite, launched on 3 June 2021, is a new-generation geostationary meteorological satellite. The Advanced Geosynchronous Radiation Imager (AGRI) onboard FY-4B has 15 spectral channels, including 2 visible (470 and 650 nm), 1 near infrared (825 nm), and 3 shortwave infrared (1379, 1610, and 2225 nm) bands, which can be used to observe the Earth system with the highest spatial resolution of 500 m and 15 min temporal resolution. In this study, FY-4B/AGRI observations were applied for the first time to monitor cyanobacterial blooms in Lake Taihu, China. The AGRI reflectance at visible and near-infrared bands was first corrected to surface reflectance using the 6S radiative transfer model. Due to the similar spectral reflectance characteristics to those of land-based vegetation, the normalized difference vegetation index (NDVI) and some other remote sensing vegetation indices are usually used for the retrieval of cyanobacterial blooms. The fractional vegetation cover (FVC) of algae, defined as the fraction of green vegetation in the nadir view, was adopted to depict the status and trend of cyanobacterial blooms. NDVI and FVC, the two remote sensing indices developed for the retrieval of land vegetation, were used for the detection of cyanobacteria blooms in Lake Taihu. Finally, the FVC derived from AGRI measurements was compared with that obtained from the Advanced Himawari Imager (AHI) onboard the Himawari-8 satellite to validate the effectiveness of our method. It was found that atmospheric correction can substantially improve the determination of the normalized difference vegetation index (NDVI) values of cyanobacterial blooms in the lake. As a proof of the robustness of the algorithm, the NDVIs are both derived from both AGRI and AHI and their magnitudes are similar. In addition, the distribution of cyanobacterial blooms derived from AGRI FVC is highly consistent with that derived from FY-3D/MERSI and EOS/MODIS. While a lower spatial resolution of FY-4B/AGRI might restrict its capability in capturing some spatial details of cyanobacterial blooms, the high-frequency measurements can provide information for the timely and effective management of aquatic ecosystems and help researchers better quantify and understand the dynamics of cyanobacterial blooms. In particular, AGRI can provide greater details on the diurnal variation in the distribution of cyanobacterial blooms owing to the high temporal resolution.
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1. Introduction


In recent decades, most inland lakes globally have faced increasing problems associated with water eutrophication owing to high-intensity human activities. One of the most serious consequences of eutrophication is the globally increasing frequency of cyanobacterial blooms in inland waters [1,2], and some other evidence suggests that co-occurring microorganisms also play an important role in the occurrence of cyanobacteria blooms under non-eutrophication conditions [3,4]. Some evidence shows that cyanobacterial blooms occur in 30–40% of lakes and reservoirs in the world and, more seriously, in up to approximately 80% of inland freshwater bodies in developing countries such as China [5]. Some species of cyanobacteria can form toxic blooms in freshwater and marine environments that can threaten ecosystem function and degrade water quality, affecting recreation, drinking water supplies, fisheries, the co-occurring microorganism’s assembly and community succession, and human health [3,4,5,6]. Moreover, climate change has further intensified the frequency of occurrence of cyanobacterial blooms and enhanced the associated hazards [7,8,9]. For example, with climate warming and rising CO2 levels, the competitive advantage of cyanobacteria significantly increases, which facilitates their proliferation in eutrophic lakes. The increase in variability of precipitation and the possibility of heavy precipitation will exacerbate the loss of nutrients such as nitrogen and phosphorus in the soil, leading to an increase in the concentration of nutrients in lakes. However, the existing tools have limited monitoring capabilities for cyanobacterial blooms. Consequently, new tools and technologies are needed for the rapid detection, characterization, and mitigation of cyanobacterial blooms that can threaten water security.



Developments in satellite remote sensing technology mean that the resolution and acquisition of parameter information and the observation accuracy of remotely sensed data and images have improved substantially. Due to the large spatial coverage and short revisit interval of some satellite sensors, optical remote sensing could be used to effectively and efficiently monitor cyanobacteria blooms [10,11]. Recent studies have also demonstrated the potential of remote sensing-based technology for estimating chlorophyll-a concentration in eutrophic lakes worldwide [12,13,14]. Remote sensing can provide valuable information about the density, scope, and potential impact of cyanobacterial blooms owing to its advantages of a wide monitoring range, fast speed, and ease of long-term dynamic monitoring [15,16]. Owing to their high spatial and spectral resolutions, the Medium-Resolution Spectral Imager (MERSI), Moderate-Resolution Imaging Spectroradiometer (MODIS), and Landsat have all been used for detecting cyanobacterial blooms in inland lakes [9,17]. However, these sensors cannot provide optimum observation frequency, e.g., the MODIS sensors onboard the Terra and Aqua satellites can provide at most one observation daily (usually at around solar noon), and effective data cannot be obtained during cloudy weather. Therefore, more high-frequency observations are needed to improve the acquisition of information on highly dynamic aquatic environments under varying weather conditions, which could play a key role in developing early warning, early prevention, and early disposal strategies to control cyanobacterial blooms and ensure the safety of urban drinking water. Cyanobacteria dynamics represent an important scientific topic, and previous related studies have confirmed that it is difficult to objectively reveal long-term cyanobacteria dynamics using only satellite data with low temporal resolution [18]. High-frequency satellite observations would minimize the amount of missing information due to cloud cover, which could ensure a more accurate evaluation of cyanobacterial bloom events, help improve understanding of cyanobacteria dynamics, and reduce the uncertainty of estimations of carbon fixation associated with cyanobacterial blooms [19].



Although polar-orbiting satellite data have been used extensively for monitoring the aquatic environment of inland lakes, the advantages of geostationary satellites have not been explored fully in relation to retrievals of cyanobacterial blooms. China’s new geostationary meteorological satellite FY-4B was launched in June 2021 and is now operated by the China Meteorological Administration. The Advanced Geosynchronous Radiation Imager (AGRI) onboard FY-4B has 15 spectral channels, 6 of which are in the range of visible (VIS) to shortwave infrared (SWIR) bands, and its temporal resolution varies between 1 and 15 min depending on the sampling region. These features suggest that it might have great potential for high-frequency quantitative observations of aquatic environments. A previous study demonstrated that AGRI has great potential in non-meteorological applications involving the land surface environment, atmospheric quality, and natural disasters [20]. High-frequency observations by geostationary meteorological satellites could be helpful in detecting targets that change rapidly, such as cyanobacterial blooms during their phases of occurrence, development, and decay [19,21]. Thus, it is valuable to explore the capability of AGRI in relation to the detection of cyanobacterial blooms.



Many previous studies have applied satellite data for monitoring cyanobacteria blooms. Due to the absorption effects of chlorophyll-a and phycocyanin, the reflection spectrum of water bodies covered with cyanobacteria blooms exhibits low reflectivity in the visible wavelengths, while in the near-infrared wavelength, there is a “steep slope effect or red-edge effect” similar to vegetation, which is the theoretical basis for remote sensing detection of lake cyanobacteria blooms [22]. Based on this theoretical foundation, some remote sensing indices used for land vegetation detection, such as the normalized difference vegetation index (NDVI), enhanced vegetation index, and band ratio, are widely used for the extraction of cyanobacteria blooms, among which the NDVI method is currently one of the most commonly used methods for monitoring lake cyanobacteria blooms [23,24]. In many previous studies, NDVI based on various satellite data has been successfully applied to monitor blue algae blooms in different lakes [25,26]. The fractional vegetation cover (FVC), defined as the fraction of green vegetation in the nadir view, is one of the important indicators for assessing and characterizing the status of land vegetation [27,28], and has been successfully applied to lower plants such as tundra [29]. In this study, NDVI and FVC, the two remote sensing indices developed for the retrieval of land vegetation, will be used to detect lake cyanobacteria blooms. NDVI is used to extract cyanobacteria bloom information. FVC, as an important parameter for depicting the coverage of cyanobacteria blooms, is used to quantify the density of cyanobacteria blooms and reflect the growth trend of cyanobacteria.



This study adopted two indexes developed for vegetation parameter retrieval, i.e., the NDVI and FVC, and processed AGRI data of Lake Taihu (China) to demonstrate the capability of AGRI in the detection of the diurnal variation in cyanobacteria. The purpose of this study was to evaluate the extent to which AGRI can provide valid quantitative observations of cyanobacterial blooms. The remainder of this paper is structured as follows. First, the AGRI data and methodology are described in Section 2. The results and the analysis of the retrievals of cyanobacterial blooms are then presented in Section 3. Section 4 presents a discussion, which is followed by a summary and our conclusions in Section 5.




2. Materials and Methods


2.1. Study Region


Lake Taihu (30°5′–32°8′ N, 119°8′–121°55′ E), the third largest freshwater lake in China, is located in East China (one of the most economically and socially developed regions of the country) and covers an area of approximately 2338 km2, with an average depth of 1.9 m (Figure 1).



The lake supplies water to the approximately 10 million residents of surrounding cities including Wuxi, Suzhou, and Huzhou. Thus, Lake Taihu’s water quality is vital to local human activities such as drinking, tourism, fishing, and shipping. Lake Taihu has become progressively more eutrophic since the 1980s due to dramatic increases in nutrient loading from urban and agricultural development in its watershed, leading to the frequent formation of cyanobacterial blooms in the spring and summer [30]. For example, the spring of 2007 cyanobacterial bloom event occurring in this lake caused the contamination of tap water and spurred a drinking water crisis in the city of Wuxi, directly affecting several million people [30]. According to the observations, Cyanophyta (60%), Chlorophyta (16%), and Bacillariophyta (22%) are the three dominant specie groups in Lake Taihu [31]. Under specific meteorological and hydrological conditions, this dominant cyanobacterial population can rapidly change its horizontal and vertical position in the water body, and “instantaneously” form cyanobacterial blooms. It is not entirely due to a sudden outbreak of cyanobacterial biomass in a short period of time [32]. In recent decades, despite substantial achievements in the comprehensive management of the water environment within the basin, eutrophication and the frequent occurrence of cyanobacterial blooms still present hidden dangers that threaten the urban water supply and ecological security of the region, and thus have attracted extensive attention.




2.2. Advanced Geosynchronous Radiation Imager (AGRI) Data


The FY-4B satellite payload includes AGRI, which is a sensor that forms part of a meteorological mission. Table 1 lists the details of the 15 observation bands of AGRI.



The functions and specifications are notably improved from those of the imagers onboard the previous generation of satellites, i.e., FY-4A. AGRI operates in two VIS bands (470 and 650 nm), one near-infrared (NIR) band (825 nm), and three SWIR bands (1379, 1610, and 2225 nm). For the VIS band of 650 nm, the spatial resolution is 0.5 km; for the VIS band of 470 nm and the NIR band, the spatial resolution is 1 km; and for the SWIR bands, the spatial resolution is 2 km. FY-4B has three different temporal resolutions that depend on the sampling region and vary in the range of 1–15 min. In this study, we used full-disk data obtained in the six VIS–SWIR bands, which are collected at 15 min intervals. In total, Level-1A data of 32 days with cyanobacterial blooms in Lake Taihu during the period of July 2022 to December 2022 were selected for analysis. Note that FY-4B was launched in July 2021 and only became fully operational in July 2022.




2.3. Atmospheric Correction (AC)


The atmospheric correction (AC) procedure is performed to compensate for both scattering and absorption in the atmosphere and surface reflection at the air–water interface (i.e., sky glint and sun glint) in the measured Top of Atmosphere (TOA) signal [33,34]. The AC step is essential for the accurate retrieval of aquatic reflectance and downstream science products derived from remotely sensed observations [34,35]. Despite the development of various AC techniques for the removal of atmospheric effects over inland and coastal waters, AC remains a major challenge in the remote sensing of water, and inaccurate AC still leads to large uncertainties in satellite data products [35,36,37]. The 6S model (the second simulation of the satellite signal in the solar spectrum), which is based on the theory of radiative transfer, can be used to analyze landforms, weather, spectra, and many other parameters synthetically [38]. Owing to its applicability in the different band ranges of various satellite sensors, and because it is resistant to influence by the characteristics of a study area and target type, the 6S model is widely used in various disciplines that include atmospheric radiation studies and remote sensing [39,40,41].



If we assume that the surface reflection is a Lambertian type, then the TOA reflectance can be described as follows:


   ρ  T O A      μ s  ,  μ v  , φ   =  T O     μ s  ,  μ v    [  ρ R     μ s  ,  μ v  , φ   +    ρ t     μ s  ,  μ v  , φ     1 −  ρ  t    μ s  ,  μ v  , φ     S    T H     μ s  ,  μ v     T R ↓     μ s     T R ↑     μ v    ]  



(1)




where    μ s    and    μ v    are the cosine values of the solar zenith angle and satellite viewing angle, respectively;  φ  is the difference between the solar and satellite azimuthal angles;    ρ  T O A      μ s  ,  μ v  , φ     is the apparent TOA reflectance after radiation correction and solar zenith angle correction of the signal received by the satellite sensor;    ρ R     μ s  ,  μ v  , φ     is the radiant reflectance of the path composed of atmospheric molecular scattering (Rayleigh scattering);    ρ t     μ s  ,  μ v  , φ     is the surface reflectance;    T O     μ s  ,  μ v      is the atmospheric transmission rate attributable to ozone absorption;    T H     μ s  ,  μ v      is the atmospheric water vapor transmission rate;    T R ↓     μ s      and    T R ↑     μ v      are the downward radiation transmission rate of atmospheric molecules and the upward radiation transmission rate of atmospheric molecules, respectively; and  S  is the spherical albedo of the atmosphere.



We constructed a comprehensive look-up table (LUT) to perform the AC process to improve the efficiency and accuracy of the calculation. In this study, the main inputs of the LUT included the following: 8 continental absorbing aerosols with optical depths of 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, and 2.0, 13 solar zenith angles ranging from 0° to 80° with an interval of 6°, 13 view zenith angles ranging from 0° to 80° with an interval of 6°, and 11 relative azimuth angles ranging from 0° to 180° with an interval of 18°. The outputs of the atmospheric correction LUT included the transmittance of atmospheric molecules, ozone, water vapor, downwelling and upwelling radiation, and reflectance of aerosols at TOA. The LUT values can be used to provide various parameters required in Equation (1), including atmospheric state variables, and sun and satellite angles.



The US standard atmospheric profiles of temperature, water vapor, and ozone are used in radiative transfer calculations. The aerosol optical depth concentration is derived from the AGRI bands and converted from the optical thickness of 500 nm to the optical thickness of 550 nm using the Angstrom exponent formula (Equation (2)):


  τ λ =  τ α   λ     λ   λ α       



(2)




where      τ   λ    is the aerosol optical depth of the unknown waveform,    τ α   λ    is the aerosol optical depth of the known waveform, and    λ α    is the angstrom exponent. Finally, the atmosphere-corrected surface reflectance (   R s   ) can be computed from Equation (1). The technical flow chart of atmospheric correction is as follows (Figure 2):



To provide a straightforward and qualitative assessment of the AC performance for AGRI measurements, the pixel-by-pixel surface reflectance in each of the blue, red, and NIR bands and corresponding scatter plots before and after AC are illustrated in Figure 3. Examination of the figure reveals two primary observations. First, the atmosphere-corrected reflectance of the two AGRI VIS bands generally decreases, and the decrease in the blue band is greater than that of red band (Figure 3a,b). Specifically, the atmosphere corrected reflectance in the blue and red band decreased by 46.1% and 4.8%, respectively (Figure 3d,e). It signifies that in the VIS bands, the atmosphere and aerosols have a stronger Rayleigh scattering effect on the blue band, leading to increased TOA reflectance in the blue band. AC reduces the influence of the atmosphere and thus decreases the reflectance. Second, under the combined effect of atmospheric molecular scattering and water vapor absorption, atmospheric attenuation has greater influence in the NIR band, which weakens the TOA reflectance measured by AGRI. The AC process reduces this attenuation and increases the reflectance by 25.1% (Figure 3c,f).



Taking 11 October 2022 as an example, and considering the area of 30.74°–31.74° N, 119.68°–120.69° E, Figure 4 presents eight pairs of matched false color composite images of the study area, from 10:00 LT to 17:00 LT, produced with the band combination of 2:3:1 from FY-4B/AGRI before and after AC. It can be seen that AC removes atmospheric effects, especially atmospheric aerosol scattering, and improves the clarity of the images (Figure 4).




2.4. Cross-Validation of AGRI Rs with the Advanced Himawari Imager (AHI)


In this study, a cross-satellite comparison was performed to evaluate the quality of AGRI    R s   . Himawari-8 (H8) was the first geostationary Earth orbit satellite equipped with a solar diffuser for onboard radiometric calibration, and Advanced Himawari Imager (AHI) VIS–NIR vicarious calibration was undertaken using MODIS Terra/Aqua data as part of the Global Space-based Inter-Calibration System [19]. Previous studies have demonstrated the ability of H8/AHI data to monitor cyanobacteria blooms in Lake Taihu [19,21]. In this study, the results obtained from AGRI were compared with those from AHI. Concurrent AHI Level-0 data for our target region were obtained from the Japan Aerospace Exploration Agency Himawari Monitor (http://www.eorc.jaxa.jp/ptree (accessed on 1 December 2022)), from where images are also available for the visual examination of the extent of cloud cover. All the necessary metadata for calibration and projection parameters are contained in the header section of these Level-0 data. The calibration parameters were used for the raw counts to produce the TOA radiance (   L  T O A    ) and TOA reflectance (   R  T O A    ), and then the Rayleigh-corrected reflectance (   R  r c    ) was obtained using Equation (3) [39]:


   R  T O A   = π  L  T O A   / (    F 0  cos    θ 0      ,    R  r c   =  R  T O A   −  R r   



(3)




where    F 0    is the extraterrestrial solar irradiance,    θ 0    is sun zenith angle, and    R r    is Rayleigh reflectance estimated with the 6S model modified for AHI. The required inputs to the 6S model—for example, barometric pressure—were obtained from ECMWF (https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/ (accessed on 3 December 2022)).



Match-ups of AGRI- and AHI-corrected reflectance on five near-cloud-free days were collected for this purpose (1 August, 19 September, 1 October, 11 October, and 22 October 2022). Considering that the NDVI adopted in this study only uses the red and NIR bands, and that the absence of the green band in the FY-4B/AGRI data will not affect the NDVI calculation, three pairs of bands (470 vs. 460 nm, 650 vs. 640 nm, and 825 vs. 860 nm) from AGRI and AHI were selected for cross-verification. For these three pairs of bands, the resultant r were in the range of 0.83–0.89, the RMSE values were in the range of 0.053–0.066, and the δ values were −29.7%, 28.6%, and 2%, respectively (Figure 5), suggesting that the values of corrected reflectance from both sensors are highly correlated with each other. These results provide confidence for the further application of AGRI    R s    for the detection of cyanobacterial blooms.




2.5. Algorithm for Detection of Cyanobacterial Blooms


One of the main theoretical bases for satellite identification of cyanobacterial blooms is that cyanobacteria usually appear green because they reflect green light more than they reflect blue and red light [42]. Dense cyanobacterial blooms have spectral reflectance characteristics similar to those of land-based vegetation (red-edge effect) [43], i.e., presenting very low values in the red region and noticeably high values in the NIR region with increasing chlorophyll concentration. The FieldSpecProFR field spectrometer produced by ASD (Analytica Spectra Devices., Inc., Boulder, CO, USA) was used for field measurements on the water surface and obtained similar spectra reflectance curves of water, dense cyanobacteria, and cyanobacteria–water in Lake Taihu [44], as Figure 6 indicates. According to the spectral characteristics of cyanobacterial blooms, pixels in satellite images containing cyanobacteria can be identified using red and NIR wavelengths through several indexes such as the band ratio [45], NDVI [46], and floating algae index [47]. Of these, the NDVI is used most commonly for daily monitoring of cyanobacterial blooms [42,48], and it can be calculated as follows:


  NDVI =    ρ  N I R −    ρ R     ρ  N I R   +  ρ R     



(4)




where    ρ  N I R     and  ρ  are the reflectances of NIR and red light, respectively. The NDVI value varies from −1 to 1 [49], and it increases with the increase in the density of cyanobacteria.



The FVC, defined as the fraction of green vegetation in the nadir view, can be used to reflect the status and trend of cyanobacterial blooms [27,28]. The FVC is an important indicator for the assessment and characterization of land-based vegetation conditions and it has been used widely in many ecological and climate models [49,50,51]. Given that the FVC has been applied successfully to lower plants such as tundra [29], we believe that it could also be used to assess the distribution and trend of cyanobacterial blooms in water. The FVC is usually calculated using the pixel dichotomy method [52]. If it is assumed that a mixed pixel includes only blooms and water, then the NDVI value of this mixed image element can be expressed as follows:


  NDVI =  f  v c   ×   NDVI  a  +   1 −  f  v c     ×   NDVI  w   



(5)




where the area of coverage of the cyanobacterial blooms is    f  v c    , the area of coverage of the water is   1 −  f  v c      , and the NDVI values of the cyanobacteria and water are     NDVI  a    and     NDVI  w   , respectively.



According to Equation (5), the FVC (   f  v c    ) can be obtained as follows:


  FVC =   NDVI −   NDVI  w    /     NDVI  a  −   NDVI  w     



(6)







The     NDVI  a    and     NDVI  w    are usually determined according to the cumulative frequency distribution of the NDVI values in the image, i.e., the NDVI value with cumulative frequency of 5% is regarded as     NDVI  w    and the NDVI value with cumulative frequency of 95% is regarded as     NDVI  a    [50]. In this study,     NDVI  a    and     NDVI  w    values were determined as 0.81 and −0.2, respectively [21].





3. Results


3.1. Performance of Atmospheric Correction on AGRI NDVI Calculation


First, we discuss the impact of the AC process on the calculation of the NDVI for cyanobacterial blooms in Lake Taihu. In total, 10 AHI and AGRI matching image pairs of Lake Taihu on three near-cloud-free days (1 August, 1 October, and 11 October 2022) when there were obvious cyanobacterial blooms on the water surface were collected for this purpose. The target area was the water area of Lake Taihu (land pixels in the lake were excluded), and 3149 matching points of 10 image pairs were randomly selected for NDVI calculation. The NDVI values derived from AGRI measurements before and after AC are displayed in Figure 6. In comparison with the NDVI values before AC, the atmosphere-corrected NDVI values increased by 0.02% or 22.6% (Figure 7a). The performance of AC in relation to the NDVI calculation for each of three NDVI ranges that broadly represent a cyanobacteria-covered surface, a mixed cyanobacteria–water-covered surface, and a cyanobacteria-free surface, is presented in Figure 7b–d. When NDVI > 0 (i.e., the surface is covered with cyanobacteria blooms), the atmosphere-corrected NDVI value generally increases by 32.4%. For −2 < NDVI < 0 (i.e., the surface is covered by a cyanobacteria–water mixture), the NDVI value generally increases by 13.9%. When NDVI < −0.2 (i.e., there are no cyanobacteria in the water), the NDVI value increases by only 1.9%. The results highlight that AC has evident influence on the calculation of the NDVI for Lake Taihu, and that it can markedly improve the determination of the NDVI of cyanobacterial blooms, which is helpful for better differentiation of cyanobacterial blooms and water.



Second, we compare the NDVI values from AHI measurements to verify the availability of the AGRI NDVI, and the results are shown in Figure 8. From 10 AHI and AGRI image pairs obtained on the abovementioned three days, 3149 matched sample points were selected randomly for calculation and comparison of the NDVI. Generally, the atmosphere-corrected NDVI values of AGRI are 0.01 or 10.3% higher than those of AHI, whereas the AGRI NDVI values before AC are −0.01 or 16.0% lower than those of AHI. The correlation between the AGRI NDVI and the AHI NDVI can reach 0.9, while the root mean square errors are only 0.13 or 0.12, respectively. Thus, the NDVI values of cyanobacterial blooms derived from AGRI measurements are well comparable with those derived from AHI measurements.




3.2. Evaluation of Spatial Patterns from AGRI


The most critical step in detecting cyanobacteria blooms from water is to determine the threshold value in imagery [47]. Here, we integrated visual analysis with statistics to determine this threshold for AGRI NDVI over Lake Taihu, which is a common method used for selecting the threshold [19]. First, a total of 100 pairs of AGRI RGB and NDVI images were collected at 30 min intervals (7:00 LT–16:30 LT) on 5 days (1 August, 19 September, 1 October, 11 October, and 22 October 2022) over Lake Taihu. RGB imageries were visually analyzed, and then boundaries of cyanobacteria and water were manually determined. The mean NDVI value of all pixels along these boundaries in the corresponding NDVI imagery was used to represent the threshold value. It was found that, in a given single image, the NDVI along the boundaries defined from RGB images ranged from −0.0116 to −0.0124, with a mean of −0.012 and a standard deviation (STD) of 0.00026. When images collected on one day (1 August) were examined, the NDVI along the boundaries defined from RGB images could vary from −0.0115 to −0.0123, with a mean of −0.012 and an STD of 0.00025 for that day. These numbers remained quite stable when the images from the remaining four days were added in. Finally, for the entire 100 images, an NDVI range for the cyanobacteria–water boundary was from −0.0115 to −0.0124, and a mean of −0.012 (STD of 0.0003) was found, leading to an NDVI threshold of −0.012 for detecting cyanobacteria blooms in Lake Taihu from AGRI.



After determination of the threshold, pixels in satellite images of Lake Taihu containing cyanobacteria can be easily identified. Then, the cyanobacteria patch areas and the FVC can be quantified from an AGRI image. We processed eight FVC images of Lake Taihu obtained from 10:00 LT to 17:00 LT on a near-cloud-free day, and the area and degree of coverage of the cyanobacteria patches were estimated using the FVC (Figure 9a). The results were then compared with the area and degree of coverage of the cyanobacteria patches derived from concurrent AHI measurements (Figure 9b). To highlight the degree of coverage of the identified cyanobacteria patches, the coverage was subjectively divided into three levels and depicted using three different colors (i.e., green: FVC < 30%, yellow: 30% < FVC < 60%, red: FVC > 60%), as shown in Figure 9. It can be seen that the patterns of cyanobacterial blooms are broadly similar to the patterns revealed by the corresponding RGB images, as shown in Figure 4. The area of cyanobacterial blooms derived from AGRI is generally slightly smaller than that derived from AHI, with a difference of approximately 9%. Furthermore, the spatial pattern, area, and degree of coverage of cyanobacteria patches derived from each AGRI image from 10:00 LT to 17:00 LT appear highly consistent with those derived from the concurrent AHI images. This cross-validation of AGRI/AHI and RGB image pairs increases confidence in the process of detecting the surface features of cyanobacterial blooms.




3.3. Spatiotemporal Variation in Cyanobacteria Blooms from AGRI


The temporal variation in cyanobacteria patch area derived from AGRI measurements was also found consistent (correlation coefficient = 0.97, n = 8) with that derived from AHI, as illustrated in Figure 10 for the case of 11 October 2022. The area of cyanobacteria patches derived from both AGRI and AHI increased from approximately 10:00 LT to approximately 13:00 LT and then decreased. Furthermore, for the eight pairs of concurrent AGRI FVC and AHI FVC images, the correlation coefficients of the spatial distributions of FVC were in the range of 0.89–0.98 (mean = 0.95). These results indicate that the diurnal variation in the area of cyanobacteria patches derived from the AGRI images is highly consistent with that derived from the AHI images.



Using AGRI FVC images, the diurnal variation in cyanobacterial blooms in Lake Taihu can be well discerned with greater detail than can be realized using only the measurements of MODIS or MERSI. For example, on 11 October 2022, both AGRI and AHI measurements illustrate that the cyanobacteria area reaches a maximum at approximately 12:00 LT. A process of gradual expansion of the cyanobacteria patches is also evident in the AGRI images (Figure 9). At approximately 10:00 LT, the main cyanobacteria patch appears in the northwest of the lake and another tiny patch is evident to the east of the main patch. Both patches gradually expand and the FVC values increase. At approximately 11:00 LT, the two patches appear to merge into a single large cyanobacteria patch that continues to expand. At approximately 12:00 LT, the cyanobacteria patch is at its maximum size, which is maintained until 14:00 LT. From approximately 15:00 LT, the large cyanobacteria patch gradually contracts and its size becomes less than one–third of the maximum area by 17:00 LT. However, there is no obvious horizontal movement of the cyanobacteria patch during the period of its change in area, which might reflect that the cyanobacteria patch was not affected by obvious external forces such as a strong wind. In fact, the daily average wind speed at the five meteorological observation stations of Lake Taihu on that day was only 1.3 m s−1, which is defined as light air on the Beaufort scale. Therefore, such rapid fluctuation in area of the cyanobacteria patch without obvious horizontal movement probably represents diurnal changes caused by phytoplankton dynamics. This illustrates that the changing AHI FVC values over the course of a day, in the absence of high-wind events, can be regarded as a reasonable explanation for the vertical migration of cyanobacteria, similar to the findings of previous studies [53].



Spatiotemporal changes in cyanobacterial blooms derived from AGRI are also found consistent with those derived from AHI, as shown in Figure 10 for the case of 22 October 2022. Additional details of the variation in cyanobacterial blooms are depicted in this figure through 20 pairs of matched FVC images at 30 min intervals. The correlation coefficient between the 20 pairs of cyanobacteria area, one set derived from AGRI and the other set from AHI, was 0.92. Both AHI and AGRI show that the area of cyanobacteria patches increased from approximately 07:00 LT to approximately 11:00 LT and then decreased. The total area of cyanobacteria patches reached its maximum value of approximately 531 km2 at 11:00 LT, covering part of the central and southwestern coastal area of the lake. Starting at approximately 12:00 LT, the patches began to contract until 16:30 LT, when there were only three tiny patches left on the lake surface covering an area of <50 km2. These results indicate that not only the diurnal change in area of the cyanobacteria patches but also the diurnal change in the spatial pattern of the cyanobacteria patches revealed by AGRI and AHI are highly consistent with each other.



Clearly, the high-frequency measurements provide greater possibilities and better opportunities to observe events occurring in a dynamic aquatic ecosystem, which in turn supports more a precise interpretation of such events that are important for both research and ecosystem management. It can also be seen from the example in Figure 11 that the narrow patches of algae appear in the northwestern coastal areas of the lake at approximately 07:00 LT, which is approximately 3 and 7 h earlier than evident from Terra/MODIS and FY-3D/MERSI, respectively. The subsequent images show that the area of cyanobacterial blooms gradually expands and its intensity gradually increases. Based on such important information elicited from the high-frequency images, agencies charged with ecosystem management could assess whether a cyanobacterial bloom might be about to develop on the large scale and take adequate measures to prevent it from becoming an ecological disaster. However, such diurnal variation in the area and movement of cyanobacteria patches cannot be determined from MODIS (observations twice daily via Aqua and Terra) or MERSI (observations once daily via FY-3D). Additionally, the maximum patch areas of 531 and 520 km2 determined from AGRI and AHI, respectively, are realized at approximately 11:00 LT (Figure 12). Meanwhile, the areas retrieved from FY-3D/MERSI and Aqua/MODIS are only 237 and 263 km2, respectively, which are far below the maximum area because the observation times are not close to 11:00 LT. Conversely, because the observation time of Terra/MODIS (10:30 LT) is close to 11:00 LT, the derived area of the cyanobacterial bloom is 529 km2, i.e., very close to the maximum area. This suggests that it might be inaccurate to use observation results acquired once daily by polar-orbiting satellites to represent the daily maximum or average area of cyanobacterial blooms, which is a method used often in most previous studies. The use of data acquired by polar-orbiting satellites to estimate long-term patterns of cyanobacterial blooms could result in details of the nature, frequency distribution, and biomass of cyanobacterial blooms being missed or underestimated without a sensor such as AGRI to provide ultra-high-frequency observations of floating cyanobacteria. This high-frequency information of cyanobacteria coverage is important both for the early warning of cyanobacterial blooms harmful to drinking water supplies and for improving the scientific understanding of cyanobacteria dynamics.





4. Discussion


4.1. Possible Environmental Factors Influencing the Diurnal Variation in Cyanobacterial Blooms


Previous studies have shown that the occurrence of a cyanobacteria bloom, including the location and extent, is the interaction result between colonies’ buoyancy, mixing intensity, and horizontal migration by currents [32,54,55]. In a large shallow and eutrophic lake such as Lake Taihu, the occurrence of cyanobacterial blooms is quite different and is characterized by rapid changes in situation and extent, likely coming and going without a trace [32,54,55]. Especially in the warm seasons of summer or autumn, as long as the meteorological and hydrological conditions are suitable, a large number of algae groups that already exist in the water body of the lake can float and sink many times in a day; that is, they can “appear” or “disappear” many times every day [32]. We found that the variation in near-surface wind field may be a key factor in triggering the obvious diurnal variation in cyanobacteria blooms in Lake Taihu [56], which is consistent with the results of other studies [54,55]. These studies have noted that cyanobacteria blooms in Lake Taihu usually erupted in specific environmental conditions with calm winds and waves during the warm season. However, quiescent conditions rarely sustain for few hours in a large shallow lake; thus, the cyanobacteria bloom coverage and distribution detected by the satellites or human vision were highly spatiotemporally changeable, frequently presenting as quickly moving patches on the surface. This high variability originated from the wind-induced waves and currents [54,55]. On one hand, the wind-induced wave disturbances increase the probability of collision of cyanobacterial particles in the water column, resulting in an enlarged cyanobacterial cell mass, which increases the buoyancy of the population and quickly floats up to form surface-visible cyanobacterial blooms after the wind-induced wave disturbance. On the other hand, the spatial–temporal distributions of convergence and divergence zones caused by the wind-induced waves change with the change in wind field, resulting in the high spatial–temporal heterogeneity of cyanobacterial blooms in a short time scale.




4.2. Advantages, Limitations, and Future Works


In this study, the observations from the new sensor AGRI onboard the FY-4B geostationary meteorological satellite were applied for the first time to monitor the cyanobacteria blooms in Lake Taihu, China. It was found that after atmospheric correction processing, the FY-4B/AGRI images can effectively detect the characteristics of cyanobacteria blooms. The spatial pattern, area, and degree of coverage of cyanobacteria blooms derived from AGRI images are highly consistent with those derived from the concurrent H8/AHI images. With high-frequency observations from FY-4B/AGRI, we can obtain much more cyanobacteria bloom images than polar-orbiting satellites, which can only provide a limited number of observations once a day, effectively avoiding the problem of polar-orbiting satellites having difficulty obtaining valid data in cloudy (or hazy) weather. Through high-frequency images from AGRI, government managers can also obtain more detailed information on the spatial distribution and movement trends of cyanobacteria blooms in a timely manner, and determine whether it is necessary to issue an early warning of cyanobacteria disaster, which is important for the supply of safe water to cities. Furthermore, using AGRI FVC images, not only the diurnal change in area of the cyanobacteria but also the diurnal change in the spatial pattern of the cyanobacteria can be revealed with greater detail than can be realized using only the measurements of polar-orbiting satellite sensors such as MODIS or MERSI, as Figure 11 demonstrates. Without such high-frequency observations of cyanobacteria, the use of data acquired by these polar-orbiting satellites to estimate long-term patterns of cyanobacterial blooms could result in details of the nature, frequency distribution, and biomass of cyanobacterial blooms being missed or underestimated.



Similar to other geostationary satellites, the performance of FY-4B/AGRI is inferior to that of polar-orbiting satellites in terms of sensitivity and spatial resolution, which makes it difficult to capture the full details of the spatial distribution of cyanobacterial blooms. As shown in Figure 11, more small areas of cyanobacterial bloom patches can be observed in both MODIS and MERSI FVC images than in AGRI FVC images at concurrent times. However, cyanobacteria dynamics researchers may need detailed information about these small cyanobacterial bloom patches, while drinking water supply managers may not, as they tend to focus on large-scale cyanobacteria blooms that can exacerbate water quality degradation. In addition, the AGRI processing method proposed in this study still requires a certain amount of manual interaction to determine the NDVI threshold, which is the most critical step for discerning cyanobacterial blooms [53]. Although the threshold of NDVI > 0 is sometimes used simply to judge whether the water surface is covered with a cyanobacterial bloom, the selected threshold often varies greatly under different weather conditions. In particular, when the density of cyanobacteria in inland turbid water is not great, the threshold of NDVI > 0 will lead to underrating the degree of cyanobacterial blooms [57]. In fact, for the cyanobacteria–water suspension area, some previous studies adopted the value of NDVI < 0 as the threshold to determine the presence of a cyanobacterial bloom in mixed pixels [58,59,60]. The problem of defining an NDVI threshold that is widely applicable for the identification of cyanobacterial blooms requires more direct field measurements for comprehensive verification.



Overall, our results suggest that under the same environmental conditions, the ability to detect variations in surface cyanobacteria is greatly improved because of the much higher sampling frequency of AGRI in comparison with that of polar-orbiting satellite sensors. It is important to provide much-needed information on the dynamics of cyanobacterial blooms for the monitoring and management of aquatic ecosystems within the target region of FY-4B/AGRI. On a broader scale, the approaches and findings of our study may be extended to other inland lakes in which cyanobacteria dominate, such as Lake Dianchi [10], Lake Chaohu, and Lake Erie [15]. Once the cyanobacteria detection model is tuned with local data, similar long-term observations and research can be conducted with little effort and cost. In addition, considering that our current research was mainly focused on providing high-frequency observation information on cyanobacteria blooms to drinking water management departments, we have not differentiated scum from heavy cyanobacteria blooms, which may affect the identification accuracy of cyanobacteria blooms [61]. In future works, we will adopt satellite images with higher spatial resolution to distinguish scum and cyanobacteria blooms to improve the accuracy of water quality detection.





5. Conclusions


Large numbers of accessible satellite remote sensing images, from which the surface vegetation index over water can be derived, can provide valuable information on the density, extent, and potential impact of cyanobacterial blooms. However, optimum observation frequencies cannot be achieved using polar-orbiting satellites, and the acquisition of sufficient effective data cannot be realized in cloudy weather. In recent decades, the spatial resolution of geostationary satellite imagers has improved markedly and the number of geostationary satellites launched with a payload that includes advanced instruments such as AGRI and AHI has increased. Consequently, more high-quality products are available for the monitoring of the water environment of lakes. In this study, measurements acquired by the geostationary satellite imager FY-4B AGRI were used for the first time to detect cyanobacterial blooms in Lake Taihu by retrieving the vegetation index over water. After atmospheric correction for AGRI images, two indicators, NDVI and FVC, which characterize vegetation status, were applied to detect and analyze cyanobacteria blooms. It was found that AC can improve the NDVI values of cyanobacterial blooms in the lake, and that the NDVI values inverted from AGRI were well comparable with those from AHI. The distribution of cyanobacterial blooms derived from AGRI FVC was highly consistent with that derived from both FY-3D and MODIS for concurrent times, and AGRI can provide much greater detail regarding the diurnal variation in the distribution of cyanobacterial blooms owing to its ultra-high temporal resolution (15 min or better). Although the lower spatial resolution of FY-4B/AGRI might lead to the inability to capture the full spatial details of cyanobacterial blooms, its ultra-high-frequency measurements provide the detailed information necessary for the timely and effective management of aquatic ecosystems. For example, with access to detailed information on the spatial distribution of cyanobacterial blooms updated at 15 min intervals, urban water supply managers would have sufficient time to respond should areas of floating algae approach their water intakes, thereby avoiding drinking water pollution. Moreover, ultra-high-frequency data could help researchers better quantify and understand the dynamics of floating algae. Because of its ultra−high-temporal resolution, it is expected that the data products derived from FY-4B/AGRI will be widely used both for routine monitoring tasks and for scientific studies of inland and coastal aquatic ecosystems.
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Figure 1. Map of Lake Taihu, China. 
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Figure 2. The technical flow chart of atmospheric correction. 
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Figure 3. The AC performance of AGRI observations at 13:00 LT on 1 August 2022: (a) blue, (b) red, and (c) NIR bands. (d–f) are the corresponding scatter plots of (a–c), respectively, with correlation coefficient (r) and averaged percentage error (δ) annotated in the figures.    R  s     is the atmosphere-corrected reflectance. 
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Figure 4. FY-4B/AGRI false color composite imagery with the band combination of 2:3:1: (a) before AC and (b) after AC. 
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Figure 5. Comparison of AGRI    R  s     with AHI    R  r c    : (a) blue band, (b) red band, and (c) NIR. The total number of matched points (n) is 2181 for each data pair, and the correlation coefficient (r) and root mean square error (RMSE) values are annotated in each panel. The colored lines are regression lines. 
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Figure 6. In situ reflectance spectra of dense cyanobacteria, cyanobacteria–water, and water observed in Lake Taihu. The spectra were determined as the average spectra of each type of observation target. 
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Figure 7. Comparison of AGRI NDVI before and after AC: (a) all samples, (b) NDVI > 0, (c) −0.2 < NDVI < 0, and (d) NDVI < −0.2 with r, RMSE, and δ annotated in the figures. The solid black lines refer to the 1:1 line and the colored lines are regression lines. 
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Figure 8. Comparison between AHI NDVI and AGRI NDVI: (a) before AC and (b) after AC with r, RMSE and δ annotated in the figures. The solid black lines refer to the 1:1 line and the colored lines are regression lines. 






Figure 8. Comparison between AHI NDVI and AGRI NDVI: (a) before AC and (b) after AC with r, RMSE and δ annotated in the figures. The solid black lines refer to the 1:1 line and the colored lines are regression lines.
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Figure 9. Cyanobacteria FVCs on 11 October 2022 in Lake Taihu derived from (a) FY-4B/AGRI, (b) H8/AHI, (c) FY-3D/MERSI, and (d) Aqua/MODIS. 
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Figure 10. Cyanobacteria bloom area in Lake Taihu on 11 October 2022 derived from FY-4B/AGRI and H8/AHI. 
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Figure 11. Cyanobacteria bloom FVCs on 22 October 2022, derived from (a) FY-4B/AGRI, (b) H8/AHI, (c) FY-3D/MERSI, and (d) Terra/Aqua/MODIS. 
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Figure 12. Cyanobacterial bloom area on 22 October 2022 in Lake Taihu derived from AGRI, AHI, MODIS, and MERSI. 
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Table 1. Key specifications of the AGRI sensor.






Table 1. Key specifications of the AGRI sensor.





	Bands
	Central Wavelength (μm)
	Bandwidth (μm)
	Spatial Resolution (km)
	SNR





	1
	0.47
	0.45~0.49
	1
	S/N ≥ 90



	2
	0.65
	0.55~0.75
	0.5
	S/N ≥ 150



	3
	0.825
	0.75~0.90
	1
	S/N ≥ 200



	4
	1.379
	1.371~1.386
	2
	S/N ≥ 120



	5
	1.61
	1.58~1.64
	2
	S/N ≥ 200



	6
	2.225
	2.10~2.35
	2
	S/N ≥ 200



	7
	3.75
	3.50~4.00 (high)
	2
	≤0.7 K (315 K)



	8
	3.75
	3.50~4.00 (low)
	4
	0.2 K (300 K)



	9
	6.25
	5.80~6.70
	4
	0.2 K (300 K)



	10
	6.95
	6.75~7.15
	4
	0.25 K (300 K)



	11
	7.42
	7.24~7.60
	4
	0.25 K (300 K)



	12
	8.55
	8.3~8.8
	4
	0.2 K (300 K)



	13
	10.80
	10.30~11.30
	4
	0.2 K (300 K)



	14
	12.00
	11.50~12.50
	4
	0.2 K (300 K)



	15
	13.3
	13.00~13.60
	4
	0.5 K (300 K)
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