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Photosynthetically available radiation (PAR) reaching the ocean surface controls phytoplankton growth, primary productivity, and evolution within marine ecosystems. Therefore, accurate daily PAR estimates are important for a broad range of marine biology and biogeochemistry applications. In this study, hourly data from Geostationary Ocean Color Imager (GOCI), the world’s first geostationary ocean color sensor, was employed to estimate daily mean PAR at the ocean surface around the Korean Peninsula using a budget model based on plane-parallel theory. In situ PAR data collected from two ocean research stations (Socheong-cho and Ieodo) were used to evaluate the accuracy of the GOCI PAR estimates. First, the instantaneous in situ measurements were checked for calibration and exposure errors against Second Simulation of the Satellite Signal in the Solar Spectrum (6S) radiative transfer calculations under the clearest sky conditions and adjusted to eliminate biases. After adjustment, the root-means-square error (RMSE) between 6S and in situ PAR data was reduced from 6.08 (4.81%) and 3.82 (3.93%) mol/m2/day to 2.85 (2.26%) and 1.74 (1.21%) mol/m2/day at the Socheong-cho and Ieodo stations, respectively, and the coefficient of determination R2 was 0.99. Then, the GOCI daily mean PAR estimated by the initial algorithm were corrected using the 2015 adjusted in situ daily PAR measurements collected under clear-sky conditions. The daily mean PAR values derived from GOCI data in all conditions were improved after the correction, with RMSE reduced from 4.58 (8.30%) to 2.57 (4.65%) mol/m2/day and R2 = 0.97. The comparison statistics were similar for 2015 and 2016 combined, with RMSE of 2.52 (4.38%) and mean bias error (MBE) of –0.40 (–0.70%), indicating that the correction was also effective in cloudy conditions. On the other hand, daily PAR estimates from Moderate Resolution Imaging Spectroradiometer (MODIS) and Advanced Himawari Imager (AHI) yielded larger RMSE of 6.24 (10.40%) mol/m2/day and MBE of –2.49 (–4.15%) mol/m2/day (MODIS) and RMSE of 3.71 (6.51%) mol/m2/day and MBE of –2.65 (–4.65%) mol/m2/day (AHI) against in situ measurements. The GOCI-based daily PAR model developed in this study is reliable and suitable for investigating the marine environment around the Korean Peninsula.
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Introduction

Primary production (PP) plays a key role in energy circulation in marine environments, particularly in regulating marine ecosystem food webs (Lindeman, 1942; Siegel et al., 2014). The main source for PP is the photosynthetically available radiation (PAR), which is the solar flux within the spectral range of 400–700 nm (Kirk, 2010). PAR is among the most important factors influencing phytoplankton growth, allowing the synthesis of organic matter from inorganic matter via photosynthesis. It is the main variable of PP estimation models such as the Carnegie Ames Stanford Approach and Vertical General Production Model, where the PAR and PP tend to be linearly correlated (Potter and Randerson, 1993; Behrenfeld and Falkowski, 1997).

PAR also influences the diurnal vertical migration of phytoplankton. On a daily basis, dinoflagellates containing photosynthetic pigments, including harmful algal species, can move within the euphotic zone to reach optimal conditions for survival based on variation in available solar flux and temperature (Donkor and Häder, 1991; Gerber and Häder, 1993; Richter et al., 2007). In particular, Margalefidinium (previously Cochlodinium) polykrikoides, a dinoflagellate species that causes harmful algal blooms (HABs) around the Korean Peninsula in summer and early autumn, migrates upward to the ocean surface during the day and sink to depths below 10 m at night, indicating that PAR affects phytoplankton habitat use (Kim et al., 2010; Oh et al., 2010). PAR can also trigger HABs (Kim et al., 2016a).

Therefore, accurate PAR calculations are required to monitor marine ecosystems. PAR is traditionally estimated using laboratory experiments or radiative transfer models (Smith and Baker, 1986; Baker and Frouin, 1987; Campbell and Aarup, 1989). Such studies have focused on the development of PAR models and calculating changes in ocean PAR with water depth; however, analyzing two-dimensional (2D) changes in PAR at the ocean surface remains challenging. To overcome the spatiotemporal limits of traditional PAR models, direct estimates based on satellite remote sensing have become increasingly common. Frouin and Pinker (1995) developed a general PAR algorithm based on cloud/surface albedo using global satellite data from the International Satellite Cloud Climatology Project and they estimated global monthly PAR at the study. However, the model was insufficiently validated with in situ measurement data due to differences in resolution between the observation datasets. Bouvet et al. (2002) developed an algorithm to estimate monthly average global PAR under clear- and cloudy-sky conditions using satellite observation data and the outcomes of models analyzing inputs such as water vapor and aerosol optical thickness, which were derived from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS), and Total Ozone Mapping Spectrometer (TOMS). Arnone et al. (1998) used radiance data from the Coastal Zone Color Scanner (CZCS), an ocean color sensor, to estimate monthly PAR in the Arabian Sea. These studies show a high determination coefficient, R2, with in situ information on the light field influencing biological growth and PP (R2>0.95). However, their data had insufficient spatiotemporal resolution for small-scale analysis, as required for investigating basin-scale or daily changes at the ocean surface. An algorithm based on plane-parallel theory to calculate daily PAR using SeaWiFS data was developed by Frouin et al. (2003). Carder et al. (2003) calculated atmospheric transmittance and instantaneous PAR using Moderate Resolution Imaging Spectroradiometer (MODIS) data. Frouin and Murakami (2007) estimated global daily oceanic PAR using the Global Imager (GLI) and compared their results with those derived using SeaWiFS. In situ measurement data and PAR models have been used to evaluate daily sea-surface PAR values obtained from sun-synchronous orbit sensors such as MODIS and SeaWiFS (Laliberté et al., 2016; Somayajula et al., 2018). These PAR models had R2 values of about 0.90 against observation data but more than 20% relative root-mean-square difference (rRMSD) and bias at daily PAR level. Due to their sun-synchronous orbits, these satellite sensors have limited revisit times; therefore, daily PAR estimates are extrapolated from only one or two images captured instantaneously during each day, which may increase estimate uncertainties due to diurnal changes such as cloud motion and sea fog (Frouin and McPherson, 2012).

By contrast, satellite sensors with a geostationary orbit may be able to produce more accurate estimates of daily PAR, because they collect many images of the same area in a single day and therefore have higher temporal resolution (Choi et al., 2012a; Ryu et al., 2012). The first geostationary ocean color satellite sensor, Geostationary Ocean Color Imager (GOCI), is operated by the Korea Institute of Ocean Science and Technology (KIOST) and produces ocean surface environment data such as the concentration of total suspended sediments, absorption coefficient of colored dissolved organic matter, and chlorophyll-a content (Wang et al., 2013). Suspended sediment dynamics, HAB growth, and current movement around the Korean Peninsula have been evaluated using GOCI (Choi et al., 2014a; Choi et al., 2014b; Yang et al., 2014). Daily PAR data have not yet been generated as an official GOCI product, although a few studies have attempted to develop methods for calculating daily PAR from GOCI data. Frouin and McPherson (2012) developed a daily PAR model for GOCI based on their algorithm for MODIS and SeaWiFS data but did not validate their results using in situ measurement data. Kim et al. (2016b) used the Frouin and McPherson (2012) algorithm and partially verified GOCI-derived daily PAR estimates through comparison with a limited set of in situ measurement data. In this study, we estimated GOCI-derived daily PAR at the ocean surface using a similar algorithm and compared it with in situ observations measured at two locations, in the mid-western and southern Korean Peninsula, and with data obtained by MODIS and Advanced Himawari Imager (AHI) sensors. Although GOCI collects images hourly, daily PAR observations are more effective than hourly PAR observations for estimating daily PP when combined with satellite-based sea surface temperature (SST) data on a daily basis, hence our focus on a daily PAR.



Materials and methods

The daily PAR model used in this study was modified from the model developed by Frouin and McPherson (2012). The models structure is the same in Frouin and McPherson (2012); Kim et al. (2016b), and in this study. In the previous studies, climatology was used to calculate atmospheric functions (clear sky atmospheric transmittances and reflectance). Here, reanalysis data was used instead. This is the main difference with the previous PAR model. Adjustment of in situ measurements was also made, and a clear sky correction was carried out. In addtion, the observation period of the in situ data was much longer than in Kim et al. (2016b) and included PAR seasonal variations.


Algorithm Description

The model is based on plane-parallel theory and assumes that the effects of clouds and other atmospheric constituents could be decoupled. The model considers two layers above the ocean surface, an upper clear atmosphere layer and a lower cloud/surface layer. Solar flux undergoes several processes before reaching the ocean surface. First, the original solar irradiance, E0, enters the atmosphere at the solar zenith angle θs. Next, the penetrating solar irradiance, E0 cos(θs), is attenuated by gaseous absorption (essentially due to ozone) and scattering by the clear atmosphere. As the remaining flux passes through the cloud layer and surface, it is further reduced by the albedo of the cloud/surface system (A). Finally, the solar flux arriving at the ocean surface is estimated from the flux that penetrates the surface by excluding the fraction reflected by the ocean surface, AS. This approach was validated by Dedieu et al. (1987) and Frouin and Chertock (1992) and does not require the identification of each pixel as either clear or cloudy. Thus, PAR at the ocean surface (E) is estimated as follows:

                   	

where Td and Tg are the clear-sky diffuse transmittance and gaseous transmittance, respectively, such that Td is due to scattering by molecules and aerosols, and Tg is due to absorption by ozone, and Sa is the spherical albedo of the clear atmosphere (model upper layer).

Radiance data, viewing geometry, and coordinate information for each pixel that is necessary to calculate solar geometry are required to calculate PAR using GOCI data. The pixel radiance of each band was calculated from GOCI L1B images. Viewing angles (zenith, azimuth) and coordinate information were extracted from GOCI L2P images. L2P images were generated from L1B images using the GOCI Data Processing System, version 1.3.Atmospheric conditions such as aerosol properties were obtained from Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2) hourly data interpolated to the GOCI spatial grid. Atmospheric functions were used to calculate gaseous and aerosol transmittance.

GOCI has six bands within a wavelength range of 400–700 nm. To calculate daily PAR for each pixel, GOCI bidirectional radiance images from each band were first transformed into a GOCI reflectance image. Cloud/surface system reflectance (ρ) obtained after correcting the GOCI reflectance for gaseous absorption and atmospheric scattering was generated from the reflectance of each band. Then, A was calculated as follows:

	

where ocean surface albedo (As) is a function of the solar zenith angle and optical thickness at 500 nm (Jin et al., 2004) and F is a cloud bidirectional correction factor independent of wavelength that is applied to ρ–As to isolate the effect of clouds on A. Other variables generated from GOCI hourly data over a period of 1 day were averaged over bands 1–6. PAR calculated from hourly GOCI images was integrated from sunrise to sunset and normalized by the length of the day (24 h) to obtain daily mean PAR via the simple trapezoidal rule. For more details, see Frouin and McPherson (2012).

Daily PAR values were not calculated from GOCI data from November to January, when solar zenith angles were > 75°. To estimate the reflectance of the clear atmosphere, the PAR model in this study employed the quasi-single scattering approximation and neglected Earth sphericity. This makes the correction of the effects of the clear atmosphere above the cloud/surface layer inaccurate at large solar zenith angles.



In situ measurements

In situ PAR measurements were collected at two ocean research stations (Socheong-cho and Ieodo) managed by KIOST and the Korea Hydrographic and Oceanographic Agency (Figure 1). Socheong-cho station (37°25’23”N, 124°44’17”E) is in the mid-eastern Yellow Sea near Gyeonggi Bay and has a semi-enclosed macro-tidal environment (Figures 1A, B). Due to bottom sediment resuspension and the large influx of suspended sediments from the Han River estuary, Gyeonggi Bay has a turbid environment and huge sand ridges (Choi et al., 2012b; Lee et al., 2013; Jahan and Choi, 2014), which result in turbid waters around Socheong-cho station. Frouin and McPherson (2012) indicated that extremely turbid waters, such as those in the Changjiang coastal region, may be interpreted as a thin cloud in estimating ocean surface PAR from space. However, water at Socheong-cho station has lower turbidity than Changjiang coastal waters and the influence of turbid water to PAR calculation was low, too. Ieodo station (32°7’22.63”N, 125°10’56.81”E) is located southeast of Jeju Island in the East China Sea (Figures 1A, C). In contrast to the western region of the East China Sea, the eastern region near Ieodo station has clear water (Beardsley et al., 1985; Milliman et al., 1985).




Figure 1 | (A) Geostationary Ocean Color Imager (GOCI) image of the area around the Korean Peninsula (UTC 01:16:39, October 4, 2013). (B) Socheong-cho station (37°25’23.28”N, 124°44’16.94”E). (C) Ieodo station. Photosynthetically available radiation (PAR) sensors installed at (D) Socheong-cho and (E) Ieodo (32°7’22.63”N, 125°10’56.81”E) stations.



ECO-PAR sensors (WET Labs, Philomath, Oregon, USA) were installed on the upper deck of each station using an arm unit (Figures 1D, E); the sensors recorded PAR three times per second every minute for 24 h. PAR data were recorded digitally and converted into photon energy flux (µmol/m2/s) as follows:



where the factory-calibrated coefficients a0 and a1 were 4280 and 2923 at Socheong-cho, and 4098 and 2938 at Ieodo, respectively. The Unit of PAR data was changed from µmol/m2/s to mol/m2/day. The PAR measurement process is summarized in detail in Table 1. At Socheong-cho, PAR data were recorded during January–June 2015 and October 2015–April 2016. At Ieodo, data were recorded during June 2015–December 2016, excluding September–October 2015 due to telecommunication problems caused by typhoons.


Table 1 | Metadata for in situ daily PAR observations.



Before daily integration of in situ instantaneous PAR (iPAR), we compared in situ iPAR with 6S modeled iPAR to evaluate the reliability of in situ iPAR and correct eventual biases in the sensor measurements that may be due to calibration and exposure errors (e.g., due to nearby structures). 6S modeled data were previously compared with in situ data and exhibited a very high accuracy (R2 = 0.99, about 2% error) in clear sky conditions (Kotchenova et al., 2006). The model calculated iPAR for relatively clearest sky conditions (i.e., aerosol optical thickness of 0.15 at 865 nm) and low solar zenith angles (<60°) to minimize aerosol effects, based on data from two selected days at Ieodo station and 12 selected days at Socheong-cho station. In these calculations, MODIS data and associated ancillary parameters were used for aerosol properties, chlorophyll-a concentration, wind speed, and ozone and water vapor contents, which were assumed to be constant during the day.

Time series of daily PAR data measured at both stations during 2015 and 2016 are shown in Figure 2. Seasonal variation was prominent, with large short-term variation due to frequent atmospheric perturbations. In 2015, daily PAR increased until August and then decreased to < 20 mol/m2/day from mid-October to early February at both stations. When the cloudiness was thick, daily PAR calculated from in situ measurements approached only about 3 mol/m2/day. Statistics from in situ daily PAR measurements are shown in Table 2. Autumn had the lowest mean daily PAR value while summer showed the highest value. Standard deviation was the highest in spring, meaning that heavy cloudy days appeared frequently during this season.




Figure 2 | Daily PAR measured in situ at Socheong-cho and Ieodo stations in 2015 and 2016.




Table 2 | Seasonal statistics from in situ measurement daily PAR.





Satellite data

The GOCI observation area is 2500 km × 2500 km, with center coordinates of 36°N, 130°E. GOCI covers Korea, Japan, the eastern coast of China, and parts of the northern coast of Taiwan. Images are received eight times per day at hourly intervals from 00:15 GMT to 07:45 GMT and have a 500 m spatial resolution. GOCI has six visible bands centered at 412, 443, 490, 555, 660, and 680 nm (Ryu et al., 2012), from which daily PAR data are computed.

MODIS is a sensor in sun-synchronous orbit onboard the Terra and Aqua platforms. Thus, the daily PAR product for the Korean peninsula is estimated twice per day. To compare these data with those obtained using other sensors, we merged PAR images obtained by both sensors. Daily PAR data were collected from MODIS L3 daily PAR images that are available on the National Aeronautics and Space Administration (NASA) Ocean Biology Processing Group (OBPG) ocean color website. MODIS daily PAR data were calculated according to Frouin et al. (2003) from data acquired in spectral bands that do not saturate over clouds. The spatial resolution of the MODIS daily mean PAR data is 4.6 km at the equator (equal-angle grid). MODIS daily PAR estimates were validated by Frouin et al. (2012) using data measured in situ, yielding determination coefficients (R2) of 0.88 and 0.86 and root-means-square errors (RMSE) of 6.28 and 6.77 mol/m2/day for the Terra and Aqua sensors, respectively.

Himawari-8/9 are geostationary satellites developed to observe the meteorological environment around Japan using Advanced Himawari Imager (AHI) sensors with a temporal resolution of ~2.5 min and spatial resolution of 0.5–2 km depending on the spectral bands. Himawari-8/9 have a total of 16 spectral bands; the three visible bands (1, blue; 2, green; 3, red) are used to generate PAR data. Bands 1 and 2 have 1 km spatial resolution, whereas band 3 has 0.5 km resolution (Bessho et al., 2016). AHI L3 daily PAR images produced by a modified version of the Frouin et al. (2003) algorithm are provided by the Meteorological Satellite Center of the Japan Meteorological Agency with 5 km spatial resolution. AHI daily PAR data have been validated using data measured in situ (Damiani et al., 2018; Yu et al., 2019), with an R2 value of 0.92 and RMSE of 8.0 mol/m2/day.



Validation metrics

Performance was quantified using RMSE, mean bias error (MBE), and R2 values. Absolute error and relative error (%) between estimated GOCI daily PAR and in situ measurement data were calculated as follows:

	

	

	

	

These statistical variables were used to compare in situ iPAR with 6S model-based instantaneous PAR (6S iPAR) and to evaluate the performance of GOCI daily PAR. “Reference” refers to 6S iPAR and in situ daily PAR (after correction, see below), and “Estimate” refers to uncorrected in situ iPAR and GOCI daily PAR.

For clear sky correction of GOCI daily PAR, a total of 51 data points obtained during non-cloudy weather were selected from both stations, Socheong-cho and Ieodo, in 2015. Then, whole annual data from each station were used to evaluate GOCI daily PAR in 2015 and 2016, including clear sky condition data. The total number of daily PAR data points were 205 and 206 in 2015 and 2016, respectively.




Results


Evaluation against in situ measurements

After comparison between in situ iPAR and 6S modeled PAR, in situ iPAR was lower than that from 6S, and was therefore adjusted through nonlinear regression, where the regression equation had an ax2 + bx structure, with a different coefficient for each station; a and b are constants and x is the in situ PAR value (Tan et al., 2020). The 6S iPAR simulations agreed well with in situ iPAR from Socheong-cho and Ieodo stations before and after adjustment (R2  = 0.99), but the accuracy of in situ iPAR increased markedly after adjustment in terms of RMSE and MBE (Figure 3).




Figure 3 | Comparison of in situ instantaneous PAR (in situ iPAR) and 6S model-based instantaneous PAR (6S iPAR). To minimize aerosol effects, we used only data obtained under clear skies and at low solar zenith angles (<60°).



Corrected in situ iPAR was integrated into daily PAR 
(PARin situ) and compared to GOCI daily PAR (PARGOCI). We expected PARGOCI to agree with PARin situ under clear sky conditions because PARGOCI should be unaffected by clouds and minimally affected by aerosols, but the PARGOCI values under those conditions were significantly higher than the in situ values. Clouds tend to decrease PAR values calculated from satellite images by increasing the albedo of the atmosphere. This PAR reduction depends on the fractional cloud coverage within GOCI pixels and the cloud optical thickness, which are highly variable. Under clear-sky conditions, PAR is affected by aerosols; however, this is a smaller effect compared to that related to solar zenith angle, which is the main factor controlling PAR variability. Differences between actual and model aerosol properties can introduce uncertainties, but these uncertainties would be minimal on average. A clear-sky correction was therefore performed to correct the bias between GOCI estimates and in situ measurements. This was accomplished using 28 
and 23 clear-sky days in 2015 at Socheong-cho and Ieodo, respectively (Figure 4A). The GOCI daily PAR data were adjusted to in situ daily PAR through nonlinear regression, using the following equation:




Figure 4 | Nonlinear data correction was conducted using data collected under cloud-free conditions. Daily PAR at each station in 2015 was calculated using data from cloud-free pixels. (A) Linear regression of clear-sky data for 2015, where a and b in the equation are 7.0 × 10–5 and 0.9233, respectively. (B) Comparison of original GOCI PAR values and those corrected using clear-sky data for 2015. (C) Comparison of all-day PAR values calculated using original and corrected GOCI data for 2015. (D) Comparison of PAR data for 2016.



	

The correlation between PARin situand PARGOCI values was evaluated before and after clear-sky correction (Figure 4B). RMSE was improved from 3.77 (7.93%) to 1.32 (2.77%) mol/m2/day and MBE from –3.40 (–7.96%) to –0.03 (–0.06%) mol/m2/day.

The correlation between PARin situand PARGOCI was then evaluated before and after correction for all days in 2015 (Figure 4C). Following the correction, the R2 value was 0.97, and the RMSE was reduced from 4.58 (8.30%) to 2.57 (4.65%) mol/m2/day. Original PAR values > 20 mol/m2/day generally decreased following the correction, whereas original PAR values
< 20 mol/m2/day decreased within a very small range (<1 mol/m2/day; Figure 5C). The corrected daily PAR, PARcor was also evaluated using PARin situat Socheong-cho and Ieodo stations in 2016 (Figure 5D), yielding a high R2 (0.97) and improved RMSE and MBE, from 4.40 (7.85%) to 2.79 (4.96%) mol/m2/day and from  –2.82 (–5.03%) to –0.29 (–0.52%) mol/m2/day, respectively. These results indicated that the clear sky correction was also effective in cloudy conditions, supporting the reliability of the GOCI daily PAR algorithm in this study.




Figure 5 | Corrected GOCI daily PAR and seasonal scatter plot. (A) Time series of corrected GOCI daily PAR and in situ daily PAR in 2015 and 2016. Blue and red lines indicate corrected GOCI daily PAR (PARcor) and in situ daily PAR (PARin-situ), respectively. (B) Seasonal scatter plot of corrected GOCI daily PAR and in situ daily PAR.



Figure 5A displays a time series of PARcor and PARin situvalues at both stations for the days in 2015 and 2016 when in situ data were successfully recorded at both stations (Figure 5A). PARin situ ranged from 0 to 60 mol/m2/day; however, PARin situwas < 5 mol/m2/day on very cloudy or rainy days. At both stations, PARcor estimates agreed well with PARin situdata, with underestimation on some days when PARin situwas < 20 mol/m2/day. During spring, PARcor was overestimated on somedays at Socheong-cho. At Ieodo, PARcor estimates generally agreed well with the 2015 PARin situdata. However, we detected overestimation on some days in late March 2016 (~5 mol/m2/day), when there were heavy clouds in most regions around Ieodo station, i.e., higher PARcor estimates than in situ measurements. On other days, PARcor and PARin situshowed differences of< 5%. Differences between PARcor and PARin situwere evenly distributed throughout the observation period, as indicated in the seasonal scatter plot of PARcor and PARin situdisplayed in Figure 5B. Spring and summer had similar maximum and minimum values. Autumn had only few data, but it had the lowest maximum value. Seasonal statistics from PARcor are shown in Table 3. R2 values exceeded 0.95 during the whole season. Autumn had the lowest accuracy due to the small number of data, only 24 days. RMSE and MBE were similar during other seasons, about 5% and -2%, respectively. Standard deviation showed the highest values in spring (Table 2). The average PAR value was also highest in summer. However, the maximum value was observed in spring because summer solstice is included in spring.


Table 3 | Seasonal statistics from corrected GOCI daily PAR.





Examples of GOCI daily PAR imagery

Figure 6A shows a GOCI RGB composite image (bands 6, 4, and 2) acquired at 12:16 local time on August 13, 2013 (UTC 03:16). Heavy clouds were observed over the northern East Sea, where daily PAR reached values as low as ~10 mol/m2/day based on PARcor values (Figure 6B). Small cloud patches over the East China Sea in the GOCI RGB composite image were also well-represented in the GOCI daily PAR image. Cloudy areas over Bohai Bay and eastern Japan, where solar radiation was partially reflected by clouds, were present in the GOCI daily PAR image, with PAR estimates ranging from 25 to 50 mol/m2/day. These small cloud patches were passed over the area and some instantaneous images had smaller cloud patches than those in the RGB image. As mentioned in the previous section, sensors in sun-synchronous orbit generally make daily PAR imagery with one or two images. The treatment could make daily PAR image have a low accuracy, because diurnal variability of clouds is poorly described. On the other hand, GOCI hourly PAR images reflected the movements of cloud well. Large HABs were observed in the East Sea near the coast under clear-sky conditions (Choi et al., 2014b; Noh et al., 2018), where daily PAR values were > 50 mol/m2/day.




Figure 6 | Composite true color red–green–blue (RGB) images of GOCI and GOCI daily PAR. (A) GOCI RGB composite image from UTC 03 Aug 13, 2013. 
(B) Daily PAR image from Aug 13, 2013. (C) GOCI RGB composite image from UTC 03 May 24, 2015. (D) Daily PAR image from May 24, 2015.



In a GOCI RGB composite image acquired at 12:16 local time on May 24, 2015, the Yellow Sea and East Sea showed clear-sky conditions (Figure 6C), which were well represented in the PARcor image, with estimated PAR of > 60 mol/m2/day (Figure 6D). The southern part of the RGB composite image was covered with thick clouds (Figure 7D), thus, nearly all of the incident solar flux was reflected back to space or absorbed into the atmosphere, which led to PAR estimates near zero in this area.




Figure 7 | 
Comparison of in situ daily PAR among three sensors. Scatter plots of in situ measured data and (A) GOCI, (B) AHI, and (C) MODIS data.





Comparison with other sensors

To compare the performance of GOCI daily PAR data with that obtained from other sensors, we also calculated the R2, RMSE, and MBE of daily PAR products from MODIS and AHI for 2015 and 2016. A total of 535 data points for the two stations were obtained from MODIS during the observation period, and a subset of 461 data points was available from AHI, which began to collect observations on July 4, 2015. The R2 values were 0.98, 0.98, and 0.90 for the GOCI, AHI, and MODIS sensors, respectively (Figure 7). MODIS also showed the lowest accuracy in terms of relative RMSE (10.40%) and MBE (–4.15%). Although GOCI and AHI daily PAR values showed similar accuracy in terms of R2, the AHI daily PAR had higher RMSE and MBE values than GOCI, generally overestimating the data. The MODIS daily PAR had a higher variance than the in situ data and showed lower accuracy than the other sensors, likely due to the poor temporal resolution of MODIS and therefore inadequate treatment of daily variability (e.g., such as cloud motion) in the calculation of daily PAR. Thus, GOCI appeared to have an advantage over other satellite sensors in sun-synchronous orbits in terms of estimating daily PAR at the ocean surface around the Korean Peninsula. We note, however, that the GOCI PAR estimates, unlike the MODIS and AHI PAR estimates, were adjusted on clear sky in situ data.

We also compared daily PAR images from the three sensors for March 17, 2017. Figure 8 shows normalized daily PAR and difference maps for the three sensors. Normalization of each image was carried out with min/max value of the image to compare correlation among three sensors. PAR values from each sensor were divided by difference between maximum and minimum value of each daily PAR image. Heavy cloud patches were observed around Bohai Bay and smaller cloud patches roamed the eastern East Sea (Figure 8G). The distribution of GOCI normalized PAR in Bohai Bay differed from that of other sensors (compare Figures 8A–C). The difference map between normalized PAR from GOCI and the other sensors showed high negative bias at Bohai Bay (<–0.3; Figures 8D, E). This may be because MERRA-2 data was used to characterize aerosol properties in the GOCI algorithm, unlike in the MODIS and AHI code which use aerosol climatology, allowing the algorithm to capture the effects of an apparent large dust event from China, as evidenced in the RGB image. AHI and MODIS showed large bias in cloudy areas, particularly in the East Sea and south of Japan. Histograms of the AHI and MODIS normalized daily PAR showed similar distributions, but with different peaks (Figure 8H). The GOCI histogram is different from those of other sensors in terms of the distribution range and peak. Although all sensors showed similar peaks, the lowest GOCI peak was shifted toward lower values, i.e., GOCI daily PAR was lower than that of the other sensors in areas temporarily covered by cloud patches. The different treatment of aerosols in the GOCI PAR algorithm may have contributed to this shift.




Figure 8 | Comparison of daily PAR images captured on March 17, 2017 among three sensors. (A–C) Normalized daily PAR from GOCI (GC), AHI (HM), 
and MODIS (MD). (D–E) Difference map among the three sensors. (G) RGB composite image of GOCI data captured at UTC 03 March 17, 2017. (H) Histogram of daily PAR image data from the three sensors on March 17, 2017.



GOCI iPAR images captured on 17 March 2017 are displayed in Figure 9. During the day, PAR values distributed from 0 to 150 mol/m2/day. Image captured at UTC 03 and 04 showed the largest PAR value distributions. Diurnal change of PAR and cloud movement are revealed. Heavy cloud layers were passed from East China Sea to southern area of Japan during the observation period. This cloud layer had been thin at late time, after UTC 02, and PAR values were increased. Also, Bohai Bay showed continuous cloud motion. At UTC 05, when MODIS aqua captured the image at GOCI region and made daily PAR image, GOCI iPAR showed similar distribution to MODIS daily PAR (Figure 8C), while different distributions of PAR was shown at other times. This diurnal atmospheric variability illustrates the advantage of using hourly GOCI observations to estimate 
daily PAR.




Figure 9 | Time series images of GOCI iPAR captured on March 17, 2017. Captured times are marked in the top left of each image. The unit of iPAR is mol/m2/ day.






Discussion and conclusions

GOCI data were used to estimate daily PAR according to a budget model based on plane-parallel theory combined with in situ PAR collected at Socheong-cho and Ieodo ocean research stations near the Korean Peninsula, located in turbid and clear waters, respectively. A bias was detected in the instantaneous in situ dataset through comparisons with 6S-modeled instantaneous PAR during clear sky conditions and corrected. Errors in satellite-derived PAR estimates generated from the original PAR model (based on agreement with in situ data) were corrected successfully using data collected on cloud-free days. Corrected GOCI daily PAR, which accounted for diurnal atmospheric variability, showed good agreement (R2 = 0.97) with PARin situobtained in 2015 and 2016 around the Korean Peninsula. The GOCI daily PAR algorithm used in this study exhibited good reliability in comparisons with in situ data and daily PAR products from MODIS and AHI. PAR and PP are highly correlated. In cloud-cominated or highly turbid areas, especially, PAR contributes to PP more efficiently (Bélanger et al., 2013; Cloern et al., 2014). Thus, the use of GOCI daily PAR derived by the algorithm should be very useful for estimating PP around the Korean Peninsula, along with other daily based satellite-derived products such as sea surface temperature.

In situ measurements are generally used as ground truth in comparisons with modeled data. However, we used 6S modeled data as the reference in this study to correct the in-situ data for biases. PAR sensors are installed on the roof of the ocean research station, and there are several other sensors, such as an atmospheric sensor and wind gauge, nearby that may have affected the observations. Atmospheric transmittance due to aerosols is close to 1 in very clear sky with low solar zenith angle, the conditions of the 6S simulations, due to strong forward scattering of aerosols (Gordon, 2021), i.e., errors due to aerosols are expected to be small.

A clear-sky correction was applied to the GOCI daily PAR estimates. Because such correction was not applied to AHI and MODIS products, one cannot conclude with confidence that the GOCI estimates are in better agreement with in situ measurements. The comparisons between sensors show, however, a smaller scatter with the sensors in geostationary orbit. In a further study, to increase confidence in the in situ measurements, PAR sensors will be moved to a more ideal location such as top of the station, strict thresholds will be sed to select the best conditions, and AERONET-OC aerosol data will be used in the procedure to check in situ measurements.

As shown in Figure 5, pixels with solar zenith angle > 75° were excluded from satellite-based daily PAR estimate calculations to reduce algorithm uncertainties. At large solar zenith angles, the albedo of the atmosphere increases and the irradiance reaching the surface decreases (Bird and Riordan, 1986; Jin et al., 2004; Liu et al., 2009), which makes it difficult to maintain the same level of accuracy as for small zenith angles. Under these conditions, Earth sphericity effects become critical, and the plane-parallel formalism is no longer adequate. In addition, the quasi-single scattering approximation used to correct the GOCI radiance for scattering by the clear atmosphere (to determine the albedo of the cloud/surface system) becomes inaccurate. These effects can lead to masking large areas in the GOCI daily PAR imagery during some periods of the year.


As a follow-up, we tested the reliability of GOCI-derived PAR estimates at Socheong-cho and Ieodo stations when observations with the solar zenith angle > 75° were included in the algorithm, by comparing estimates with in situ measurements collected before February and after November in 2015 at both stations. There was good agreement (R2 = 0.97) between PARcor and PARin situvalues, with a low RMSE of 2.27 mol/m2/day, particularly in winter, when differences between PARcor and PARin situwere almost zero, i.e., lower than 3 mol/m2/day. Because Socheong-cho and Ieodo stations are located at mid to low latitudes, the daily PAR estimates at those stations were not significantly influenced by uncertainties due to solar geometry. Therefore, the PARcor model developed in this study can also be used in areas where the solar zenith angle is larger than 75° in operational processing within the GOCI coverage. However, additional evaluation is needed for areas at latitudes > 40°. The good performance when including high solar zenith angles can be explained by the fact that eight GOCI images were integrated to estimate daily PAR, and most of these images were acquired at solar zenith angles < 75°, i.e., the relative impact of uncertainties associated with the GOCI pixels at large solar zenith angles on calculated daily mean PAR is minimal since surface irradiance is small.

Daily PAR, including pixels with large solar zenith angles, was generated from images captured on October 2, 2015, and March 10, 2016 (Figure 10). The solar zenith angle is typically not large in October and March; however, these angles were not used in large areas near sunrise and sunset (Figures 10A, C). After including pixels with large solar zenith angles, the daily PAR values were well estimated (gray masked areas, Figures 10B, D). Low PAR values observed in cloudy areas were well distributed at high latitudes, with no noisy pixels or abnormal PAR values. In the PAR image for March 17, 2017, the GOCI daily PAR values were strongly correlated with those from other sensors in areas with large solar zenith angles (Figures 8D, E). It is likely that GOCI daily PAR would have been similar if calculated including pixels with high solar zenith angles. In a future study, we will include such pixels to estimate GOCI daily PAR and validate the results.




Figure 10 | Missing data at large solar zenith angles (>75°). Daily PAR images (A) excluding and (B) including pixels with large solar zenith angles acquired on October 2, 2015. Daily PAR images (C) excluding and (D) including pixels with large solar zenith angles acquired on March 10, 2016. Gray areas in (A) and (C) were not calculated due to the large solar zenith angles.



Based on our findings, GOCI-derived daily PAR images can be widely applied to estimate PP. This approach will provide information about the likelihood of HABs in Korean waters, and address a wide range of biological, chemical, and physical issues in the region. Notably, there are only two stations suitable for evaluating GOCI daily PAR off the Korean Peninsula. However, long-term observations at these stations could be an alternative to obtaining simultaneous observations at multiple stations under various atmospheric conditions and geometric angles. The algorithm should be further improved to obtain more accurate estimates, to avoid adjustment against in situ measurements and make it applicable more generally, and the results should be evaluated more extensively against not only in situ data, but also other satellite estimates and reanalysis data. An extension to GOCI-II, the GOCI follow-on launched on February 18, 2020, is envisaged.
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N Avg. Min Max Stdv N Avg. Min Max Stdv
Winter 160 23.28 1.7 44.02 10.75 51 20.51 3.22 37.48 11.42
(Jan~Mar)
Spring 102 38.26 6.72 56.22 12.83 92 31.49 5.61 59.21 16.37
(Apr~Jun)
Summer 86 45.10 6.40 58.64 12.24
(Jul~Sep)
Autumn 107 14.43 2.18 29.5 7.24 6 13.44 2.93 28.26 6.91
(Oct~Dec)

*N, the number of data; Avg., Average value; Min, Minimum value during the season; Max, Maximum value during the season; Stdv, Standard deviation during the season. *Unit:

mol/m?/day.
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