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Abstract

:

The diurnal variation of surface incident solar radiation (Rs) has a significant impact on the Earth’s climate. Satellite-retrieved Rs datasets display good spatial and temporal continuity compared with ground-based observations and, more importantly, have higher accuracy than reanalysis datasets. Facilitated by these advantages, many scholars have evaluated satellite-retrieved Rs, especially based on monthly and annual data. However, there is a lack of evaluation on an hourly scale, which has a profound impact on sea–air interactions, climate change, agriculture, and prognostic models. This study evaluates Himawari-8 and Clouds and the Earth’s Radiant Energy System Synoptic (CERES)-retrieved hourly Rs data covering 60°S–60°N and 80°E–160°W based on ground-based observations from the Baseline Surface Radiation Network (BSRN). Hourly Rs were first standardized to remove the diurnal and seasonal cycles. Furthermore, the sensitivities of satellite-retrieved Rs products to clouds, aerosols, and land cover types were explored. It was found that Himawari-8-retrieved Rs was better than CERES-retrieved Rs at 8:00–16:00 and worse at 7:00 and 17:00. Both satellites performed better at continental sites than at island/coastal sites. The diurnal variations of statistical parameters of Himawari-8 satellite-retrieved Rs were stronger than those of CERES. Relatively larger MABs in the case of stratus and stratocumulus were exhibited for both hourly products. Smaller MAB values were found for CERES covered by deep convection and cumulus clouds and for Himawari-8 covered by deep convection and nimbostratus clouds. Larger MAB values at evergreen broadleaf forest sites and smaller MAB values at open shrubland sites were found for both products. In addition, Rs retrieved by Himawari-8 was more sensitive to AOD at 10:00–16:00, while that retrieved by CERES was more sensitive to COD at 9:00–15:00. The CERES product showed larger sensitivity to COD (at 9:00–15:00) and AOD (at 7:00–10:00) than Himawari-8. This work helps data producers know how to improve their future products and helps data users be aware of the uncertainties that exist in hourly satellite-retrieved Rs data.
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1. Introduction


Surface incident solar radiation (Rs) is the primary energy source for the cycle and development of life and ecosystems on Earth [1,2,3,4]. Its existence means that the sun transmits energy outward in the form of electromagnetic waves [5]. Due to the Earth’s rotation and other atmospheric conditions, Rs appears to have significant diurnal variations, which have a profound impact on sea–air interactions, climate change, agriculture, and prognostic models [6].



Lin et al. [7] found that the diurnal variation of sea surface temperature in the East Pacific cold tongue is mainly influenced by the Rs diurnal variation. The Rs diurnal cycle also has an important impact on the diurnal variation of outer rainbands in a tropical cyclone [8]. In addition, the diurnal Rs cycle affects storm intensification and structure [9]. Pillai et al. [10] have shown that Rs diurnal variation can influence air and soil temperatures during summer and monsoon periods. Reshef et al. [11] found that prompt direct metabolic turnover in fruits is greatly affected by Rs diurnal variation. Shinod [12] used a one-dimensional mixed-layer model to study the mechanism by which the Rs diurnal cycle regulates seasonal changes in sea surface temperature in the Western Pacific Warm Pool.



Presently, various types of Rs datasets are available, including ground-based observation, reanalysis datasets, and satellite-retrieved datasets [13,14,15]. The accuracy of ground-based observation is relatively high [16]. However, due to the high maintenance cost of instruments, the distribution of stations is relatively sparse [17]. It is difficult to fully reflect the spatial characteristics of Rs. The reanalysis datasets have high spatiotemporal resolution and global coverage [18], but larger biases in cloud, aerosol, and water vapor simulations may result in poor accuracy in Rs evaluation [19,20]. Satellite-retrieved datasets have relatively high accuracy and continuity in spatial distribution, which have been proven by many evaluation studies [21,22,23]. In these works, most scholars mainly evaluated satellite-retrieved Rs data on longer time scales using monthly or annual mean data [4,15,24]. These studies also indicate that satellite-retrieved Rs has a smaller bias than reanalysis data on a long-term scale.



Instantaneous, hourly, and daily satellite-retrieved Rs data have also been widely evaluated. Tang et al. [25] incorporated high-temporal-resolution cloud products, derived from MODIS cloud products and Multifunctional Transport Satellite (MTSAT) geostationary satellite signals based on artificial neural networks (ANN) to retrieve hourly Rs. The mean bias error (bias) and root mean square error (RMSE), compared with hourly observations at three sites in the Haihe River basin of China in 2009, were 12.0 (or 3.5%) and 98.5 (or 28.9%) W m−2, respectively; their correlation coefficients (R) ranged from 0.92 to 0.93. Yu et al. [26] showed that Himawari-8-retrieved Rs had the highest accuracy compared with CERES and the other two reanalyses for instantaneous and daily values. Ma et al. [27] retrieved hourly Rs using Hamawari-8 cloud and aerosol products based on the radiative transfer model and deep neural network, and a bias of 27.6 W m−2, an RMSE of 105.4 W m−2, and an R of 0.93 were found in 2016 compared with measurements at 118 in situ radiation stations. Compared with ground radiation measurements at 33 BSRN stations in 2018, a bias of −15.4 (−8.3, −7.8) W m−2 and an RMSE of 101.0 (73.7, 32.3) W m−2 were found for instantaneous (3 h, daily) Rs from MODIS land products (MCD18) at a spatial resolution of 5 KM. The accuracy of daily MCD18 was higher than GLASS and lower than CERES [28]. A new benchmark of surface solar radiation products based on Himawari-8/AHI next-generation geostationary satellite over the East Asia–Pacific region was established by Letu et al. [29], with a much lower RMSE of 104.9 (31.5) W m−2 for hourly (daily) Rs compared with those for CERES, ERA5, and Global Land Surface Satellite (GLASS) products, providing a more accurate Rs diurnal variation for cloudy, clear, clean, and polluted conditions. Li et al. [30] applied an improved algorithm to simulate instantaneous, hourly, and daily mean Rs using cloud products from the Advanced Himawari Imager (AHI) onboard the Himawari-8 satellite. A bias of −14.1 W m−2, an RMSE of 82.4 W m−2, and an R of 0.96 for hourly Rs were shown in 2017 with reference to Baseline Surface Radiation Network (BSRN) observations. Tang et al. [31] used a more accurate hourly Himawari-8 version 3.1 (V31) aerosol optical depth (AOD) to drive a sophisticated radiative transfer algorithm to retrieve Rs, which was generally ~3 W m−2 larger than CERES-retrieved monthly Rs. In the same year, 2023, Letu et al. [32] incorporated Himawari-8/9 and Fengyun-4 and, with the aid of a radiative transfer model and machine learning techniques, developed a near-real-time monitoring system for surface solar radiation compositions. An RMSE of 19.7 W m−2 was shown for this newly developed hourly Rs data, which was much lower than the 31.5 W m−2 reported in their previous work in 2021 [29].



Bias, mean absolute bias (MAB), RMSE, and correlation coefficient (R) are widely used statistical parameters for evaluating hourly Rs data, as shown in the above studies. As Rs fluctuates with strong diurnal and seasonal variation, which can be easily retrieved by a satellite, relatively high R can be derived with these obvious unfiltered oscillations. Therefore, less sense is made of the relatively high R for direct comparisons of hourly data. For example, Rs values at noon, especially in summer, are relatively high, which directly leads to a larger bias and RMSE at this time for retrieved Rs. However, their relative bias and relative RMSE, divided by the corresponding mean state of the observed hourly Rs, may be smaller than those at sunrise and sunset.



In addition, most studies have focused on the mean state of all hourly data in a specific year and have not distinguished the difference at each hour, which hinders our understanding of the diurnal variation characterized by the hourly data. Hence, it is difficult to determine which hours are better than others for Rs retrieval. To overcome the issues mentioned above, we explored the diurnal changes in CERES for 2000.03–2021.07 by standardizing the original hourly Rs data by the top-of-atmosphere (TOA) fluxes and found that the cloud cover has more impact on the bias than aerosols in satellite-retrieved Rs [33]. However, universal insights are still lacking, as few comparisons of different satellite data have been conducted on this diurnal time scale.



Therefore, one of the motivations of this work was to comprehensively explore the diurnal Rs variations retrieved by state-of-the-art satellites spanning a relatively longer time period (not for one year), especially for high spatiotemporal Rs data. The AHI on Hamawari-8 provides better detection of cloud properties (cloud optical thickness and cloud height) and aerosols (aerosol optical thickness), which may directly promote their Rs products. Indeed, surface radiation products from Himawari-8, with the great advantages of their finer spatiotemporal resolutions of up to 0.05° (10 min)−1, have gained more attention worldwide [29,34]. To extend our previous work, which was only conducted on CERES-retrieved hourly Rs [33], this study additionally adopted the Himawari-8 hourly Rs products for comparisons. To eliminate the impact of strong diurnal and seasonal oscillations in Rs on the performance, the original hourly Rs data were all standardized by the TOA fluxes, similar to the previous work [33]. Observational data from the Baseline Surface Radiation Network (BSRN) for 2015.07–2021.07 were used as a reference. The other motivation of this work was to extensively investigate the impact of cloud types and land cover types, in addition to cloud optical depth and aerosol optical depth, on the difference between satellite-retrieved and observed hourly Rs.



Both motivations facilitated the key contributions of this paper, which are as follows: (1) This work allows a deeper investigation of Rs data retrieved from two widely used satellites and provides the extraordinary potential to reveal the cloud–radiation and aerosol–radiation interactions, even at an hourly temporal scale. (2) This work helps data producers improve their algorithm based on physical mechanisms and allows data users to learn about the uncertainties in hourly retrieved Rs data, which could be used as the input for land surface models.



The rest of the paper is structured as follows. The data and methods are described in Section 2. In Section 3, the difference between satellite-retrieved and observed Rs is shown in Section 3.1, and the related impact factors are investigated in Section 3.2. Discussion and conclusions are presented in Section 4 and Section 5, respectively.




2. Data and Methods


2.1. Ground-Based Observational Hourly Rs Data


The high-accuracy Baseline Surface Radiation Network (BSRN) was established in the early 1990s [35]. It is designed to measure multiple surface radiation fluxes. BSRN’s stations are distributed around the world, covering different climatic conditions [36], and they use well-calibrated and maintained state-of-the-art instruments. In our previous work [4], minor differences (~5 W m−2) in monthly solar radiation were found between Coupled Model Intercomparison Project (CMIP5) earth system models and BSRN, which was much smaller (~9.0–12.0 W m−2) than when using other observational networks as reference data. More than 100 Rs measurements were conducted in China. Although the instruments have improved a lot since 1993, their uncertainties are still larger than those of first-class instruments recommended by the World Meteorological Organization (WMO) [24]. Observations with lower accuracy will inevitably introduce large uncertainties in quantifying the performance of satellite retrievals; therefore, only BSRN measurements of high accuracy were used in this study despite the limited number of stations.



Himawari-8 monitors the spatial coverage of 60°S–60°N, 80°E–160°W, which covers a much smaller area than CERES. For a fair comparison, the East Asia–Pacific–Australia region was selected in this study. Fifteen stations are located in this area (as shown in Figure 1). Of these, eight sites, marked in red, are located on the continent, and the other seven sites, marked in magenta, are located along the island/coast.



Due to infrared loss to the sky at night, the observational instrument records will be negative. This is not consistent with the actual physical situation; therefore, the nighttime measurements were discarded in this study. We solely focused on the performance of hourly Rs during the period from 7:00 to 17:00 each day, as the sample size of available data during this period was greater than 40% (see Figure 2).




2.2. Himawari-8-Retrieved Dataset


Himawari-8, a geosynchronous meteorological satellite from the Japan Meteorological Agency (JMA), was officially launched on 7 July 2015 at 10:00 (02:00 UTC). The Himawari-8 satellite replaces MTSAT-2 (also known as Himawari-7), expanding the original 5-channel to 16-channel to include 3 visible, 3 near-infrared, and 10 infrared channels. It is located in the orbit at about 140.7°E and will observe the East Asia and Western Pacific region for 15 years. It provides Rs products with 5 km resolution (observational area of 60°S–60°N, 80°E–160°W) and 1 km resolution (observational area of 24°N–50°N, 123°E–150°E). Himawari-8, with its high temporal resolution (10 min), can better characterize cloud–radiation interactions and spatial and temporal variations of surface radiation on an hourly scale [37].



This study used hourly Short-Wave Radiation Level 3 products, hourly Aerosol Property Level 3 products, and 10 min Cloud Property Level 2 products at 5 km resolution from July 2015 to July 2021. The shortwave radiation parameterization method of the Himawari-8 Rs product is based on the work of Frouin and Murakami [38]. The algorithm utilizes the theory of plane-parallel radiation transfer. On the assumption that planetary atmospheres can be modeled as transparent atmospheres located above clouds, the effects of transparent atmospheres and clouds were treated and decoupled separately [26]. The Meteorological Research Institute (MRI) of JMA has developed an online aerosol transport model integrated with the atmospheric general circulation model (AGCM) of the Model of Aerosol Species in the Global Atmosphere (MASINGAR) [39]. Three visible bands (0.47, 0.51, and 0.64 μm) and one near-infrared band (0.86 μm) on the Himawari-8 satellite, which are sensitive to aerosol scattering and absorption, can retrieve aerosols [40]. Cloud optical depth (COD) was retrieved from thermal infrared measurements of AHI [41]. Although AHI can only detect limited regions, this new-generation geostationary meteorological satellite can offer continuous observations with a better diurnal cycle at regional scales.




2.3. CERES-Retrieved Dataset


The Clouds and the Earth’s Radiant Energy System (CERES) retrieved dataset is produced, archived, and made available to the scientific community by the Langley Research Center (LaRC), the Atmospheric Sciences Data Center (ASDC), and the National Aeronautics and Space Administration (NASA) [42]. CERES provides a global dataset with various spatial and temporal resolutions by measuring the Earth’s reflected solar and thermal radiation. Its products include TOA, surface, and atmospheric radiation. The CERES SYN1deg Ed4.1 product was used in this study.



CERES Terre and Aqua retrieved aerosol optical depth (AOD) is based on Moderate-resolution Imaging Spectroradiometer (MODIS) using the National Center for Atmospheric Research (NCAR) Model for Atmospheric Transport and Chemistry (MATCH) assimilation [43]. Cloud properties are based on imager data, which are Visible Infrared Scanner (VIRS) on TRMM and MODIS on Terra and Aqua, with plane-parallel and single-layer cloud assumptions [44]. CERES Edition 4 (Ed4) uses the revision algorithm in CERES (Ed2) [45]. Aerosol and cloud properties are the input data of the Fu and Liou [46] two-stream radiative transfer model, along with temperature and humidity profiles from the Goddard Earth Observing System (GEOS-4 and 5) Data Assimilation System reanalysis, ocean spectral surface albedo from Jin et al. [47], and broadband land surface albedo from the clear-sky TOA albedo retrieved from CERES measurements. In addition, the radiative transfer model also takes into account gaseous attenuation in the shortwave region, such as water vapor, carbon dioxide, ozone, methane, and oxygen [48].



The CERES SYN1deg Ed4.1 product contains hourly TOA fluxes, cloud properties, aerosols, and Fu–Liou radiative transferred surface and in-atmospheric (profile) fluxes. The calculated radiative fluxes are constrained by the CERES-observed TOA fluxes. We used hourly Rs, AOD, and COD with a 1° × 1° spatial resolution. For better retrieval of Rs, clouds incorporate the advantages of polar orbit and geostationary satellites. In general, sensors on polar orbit satellites have higher spectral resolutions, and those on geostationary satellites provide better detections of diurnal variation.




2.4. Methods


Rs has significant diurnal variation throughout the day due to changes in the sun’s altitude angle. Influenced by seasonal changes, it also has significant cyclical attenuation. This regular diurnal and seasonal variation could affect the calculation of relevant statistical parameters. Therefore, the standardized process was selected to remove the influence of seasonal and diurnal variation. Wild et al. [49] normalized the daily mean values with their collocated daily mean TOA fluxes rather than absolute magnitudes for trend calculation. Wang et al. [50] used the relative anomaly (%) of monthly mean-hour Rs with reference to that averaged for 1993–2014 to remove the impact of diurnal and seasonal variations on the absolute values. In this study, we followed the standardization method used in Wild et al. [49].



Standardization was carried out using the ratio of the radiation value (SW) at the time to the radiation value at the top of the atmosphere (SWTOA) at the same time, as shown in the following equation:


    S W   i , s t d   =      S W   i       S W   i , T O A       



(1)




where SWi represents the original solar radiation at time i; SWi, std represents the standardized solar radiation at time i; and SWi, TOA represents solar radiation at TOA at time i. The following Rs indicates the standardized one.



Four parameters of bias (bias), mean absolute bias (MAB), root mean square error (RMSE), and correlation coefficient (R) were used in this study to evaluate Himawari-8 and CERES satellites, as shown in the following equation:


  Bias =   1 n     ∑  i  = 1   n      S i  −  O i       



(2)






  MAB =   1 n     ∑   i = 1  n     S i  −  O i     



(3)






  RMSE =        ∑   i = 1  n       S i  −  O i     2   n      



(4)






  R =      ∑   i = 1  n     S i  −    S ¯       O i  −    O ¯        ∑   i = 1  n       S i  −    S ¯     2    ∑   i = 1  n       O i  −    O ¯     2      



(5)




where Si is the satellite-retrieved Rs at hour i, and Oi is the observed Rs at hour i. The mean absolute bias was also used here to avoid the offsetting of positive and negative deviations.





3. Results


Most of the Rs values after standardization were concentrated at 0.4–0.8, except at 7:00 and 17:00, when the Rs values were in the range of 0.2–0.6, as shown in Figure 3. In this section, comparisons between satellite-retrieved and observed hourly Rs data are shown. Furthermore, the factors impacting their diurnal difference are explored.



3.1. Difference between Satellite-Retrieved and Observed Rs


Combined with Table 1 and Figure 3, the bias of the Himawari-8 satellite was overestimated at 7:00–8:00 and 12:00–16:00, with the smallest positive bias at 12:00 (0.09%). The bias of CERES, which was less than 1% during 15:00–17:00, was overestimated; the rest of the time, the bias was negative, with the smallest negative bias at 14:00 (−0.11%). The MAB of both satellites generally decreased first and increased afterwards. For Himawari-8-retrieved Rs, the MAB ranged from 6.84% to 14.00%, with the smallest value at 11:00 and the largest value at 17:00. For hourly Rs retrieved by CERES, the MAB was the smallest at 10:00 (9.31%) and the largest at 7:00 (10.78%). The RMSE of Himawari-8-retrieved Rs was largest at 17:00 (19.28%) and smallest at 10:00 (9.72%); for CERES-retrieved Rs, it was the largest at 7:00 (13.78%) and smallest at 10:00 (12.47%). The R of the Himawari-8-retrieved Rs stabilized at 0.83–0.85 from 9:00 to 14:00, with the lowest R at 7:00 (0.63), while the R of CERES-retrieved Rs was 0.74–0.76 at 8:00–16:00.



Generally speaking, the Himawari-8 satellite-retrieved Rs at 9:00–15:00 was better than that of the CERES satellite; at 7:00 and 17:00, it was worse than the CERES-retrieved Rs. Especially at 17:00, Himawari-8-retrieved Rs was the worst. Diurnal variations of statistical parameters in both satellites were similar: evaluation parameters became better and better before midday, deteriorated after midday, and were the best at midday (with the smallest MAB and RMSE). The CERES satellite-retrieved Rs was relatively stable all day except for the bias, while statistical parameters in Himawari-8 showed a large diurnal variation, which is confirmed in Figure 4.



Figure 4 and Table 1 summarize the statistical parameters for the continental and island/coastal sites. Himawari-8-retrieved Rs at the continental sites had negative bias only at 9:00 and 10:00, while those at the island/coastal sites had negative bias except at 14:00. The mean bias at the continental sites was smaller (1.14%) than that at the island/coastal sites (−1.61%). The CERES underestimated Rs at both continental and island/coastal sites at most times, and the mean negative bias at continental sites (−1.53%) was smaller than that of island/coastal sites (−2.68%). At island/coastal sites, Himawari-8-retrieved Rs had a smaller negative bias than the CREES satellite during 7:00–13:00. At the continental sites, the absolute value of bias of the Himawari-8-retrieved Rs was smaller than that of the CERES for 7:00–10:00. However, it was opposite from 11:00 to 17:00, which may have been caused by the offset of the positive and negative bias of CERES-retrieved Rs at the continental sites.



The MAB of Himawari-8-retrieved Rs at continental sites ranged from 6.66% to 13.47%, which was overall smaller than that at island/coastal sites (6.83−14.81%). The MAB first decreased sharply at 10:00, remained stable for 11:00–13:00, and then increased after 14:00 in Himawari-8. The diurnal variation of CERES MAB was similar to that of Himawari-8, with smaller MAB at continental sites (7.68−9.10%) than at island/coastal sites (11.32−14.36%). The MAB of CERES-retrieved Rs was generally larger than that of Himawari-8 (except at continental sites at 7:00, 8:00, 16:00, and 17:00 and island/coastal sites at 17:00). Different from the Himawari-8 satellite, the MAB of the CERES-retrieved Rs at the island/coastal sites became substantially smaller with time.



The diurnal variation of RMSE was similar to that of MAB, with the Himawari-8 satellite showing a larger variation than the CERES satellite within a day. For both satellites, the RMSE at continental sites (9.34−18.68% for Himawari-8; 10.86−12.09% for CERES) was smaller than that at island/coastal sites (9.73−20.17% for Himawari-8; 14.73−17.86% for CERES). The RMSE of the Himawari-8-retrieved Rs was smaller than that of CERES for 9:00–15:00 at continental sites and for 8:00–16:00 at island/coastal sites.



For 7:00–12:00 and 14:00–16:00, the R of Himawari-8 satellite-retrieved Rs at continental sites (0.73–0.84) was larger than that at island/coastal sites (0.47–0.84), and all of them reflected the diurnal variation, in which R became higher and then lower. The R of CERES-retrieved Rs at continental sites (0.74–0.81) was significantly larger than that at island/coastal sites (0.56–0.69). The R of Himawari-8-retrieved Rs was higher than that of CERES at both continental and island/coastal stations during 8:00–15:00 (equal at 16:00 at the continental sites).



Combined with Figure 5, the satellite-retrieved Rs at continental sites was generally better than at island/coastal sites, especially for 7:00–9:00. CERES-retrieved Rs was worse at island/coastal sites than at continental sites, which may have been due to rapid weather changes and the presence of grid in land and water (edge effect) [51]. The hourly Rs retrieved by the Himawari-8 was better than that retrieved by CERES as a whole. This may be due to the higher spatial resolution of the Himawari-8 satellite. It is notable that the Himawari-8-retrieved Rs at 7:00 and 17:00 are worse than those of CERES at both continental and island/coastal sites.




3.2. Factors Impacting the Satellite-Retrieved Rs Difference


The impact of cloud types on Rs is relatively complex. Different types of clouds have different optical properties, thickness, and spatial distribution, which in turn can have different impacts on the propagation, scattering, and absorption of Rs in the atmosphere [52,53]. According to the classification of International Satellite Cloud Climatology Project (ISCCP) cloud types, the cloud product data of Himawari-8 and CERES are divided into nine categories (see Table 2 and Figure 6).



CERES-retrieved Rs accuracy was poor in the categories of Altostratus (As), Stratocumulus (Sc), and Stratus (St). For 9:00 to 15:00, CERES-retrieved Rs had the smallest MAB under cumulus (Cu); for the remaining time, CERES-retrieved Rs had the smallest MAB under deep convection (Dc). The accuracy of Himawari-8-retrieved Rs was the highest in the deep convection (Dc) category at all hours. Stratocumulus (Sc) caused the greatest MAB of Himawari-8-retrieved Rs from 9:00 to 15:00. Cirrus (Ci), Altocumulus (Ac), Altostratus (As), and Stratocumulus (Sc) all led to poor accuracy of Himawari-8-retrieved Rs at other hours. The difference between the Rs MAB retrieved by the two satellites is relatively small during 7:00, 8:00, and 16:00. From 9:00 to 15:00, the Rs MAB retrieved by the Himawari-8 satellite was smaller than that of the CERES satellite in all cloud types except Cu. At 17:00, the performance of the Himawari-8 satellite was only superior to that of the CERES satellite in the stratus (St) category.



Clouds and aerosols are the key inputs for the radiative transfer model and have gained much attention in regulating satellite-retrieved Rs. Both satellites provide cloud optical depth (COD) and aerosol optical depth (AOD) products. To further explore their impacts on Rs retrieved by these two satellites, we classified COD into “0–3”, “3–7”, “7–15”, “15–40”, and “40–150” categories (see Figure 7) and AOD into “0.05–0.1”, “0.1–0.15”, “0.15–0.3”, and “0.3–8” categories (see Figure 8) to track the MAB changes among the categories.



For the Himawari-8 satellite, the MAB increased first and then decreased with the increase in COD. At most times, MAB reached a high in the “3–7” COD category and a low in the “40–150” category. The variation pattern of MAB from the CERES satellite was consistent with that of Himawari-8. Different from Himawari-8, the MAB had the largest value in the “7–15” category and the smallest value in the “0–3” category in the 9:00–15:00 period. At 7:00–8:00 and 17:00, both satellites had the smallest MAB in the “40–150” category. The MAB from CERES was larger than the Himawari-8 satellite except in the “0–3” category at 16:00 and in the “0–3” and “3–7” categories at 17:00. The MAB of Himawari-8 satellite-retrieved Rs increased as AOD increased, with the largest value in the “0.3–8” category. The MAB variation pattern of the CERES satellite was similar to that of the Himawari-8 satellite in most situations, except at 12:00–15:00, when the largest value appeared in the “0.15–0.3” category. It is worth noting that at 16:00, the MAB of the two satellites was almost identical. At 17:00, the MAB of the Himawari-8 satellite was completely larger than that of CERES, which is consistent with the previous conclusion. In most cases, the MAB of the CERES satellite was larger than that of the Himawari-8 satellite.



Figure 9 and Table 3 indicate the range and standard deviation of the MAB in Figure 7 and Figure 8. Results from the Himawari-8 satellite showed that it was significantly more sensitive to COD at 7:00–8:00 and 17:00. The sensitivity of COD to Himawari-8 Rs was stable through the daytime, as shown by the nearly constant values in Figure 9 (red solid line). From 9: 00 to 15: 00, the MAB of Himawari-8-retrieved hourly Rs was more sensitive to AOD (especially during 10: 00–12: 00). The MAB of CERES-retrieved Rs was more sensitive to COD during 9:00–15:00 and more sensitive to AOD at the remaining times. Comparing the two satellites, CERES was more sensitive to COD than the Himawari-8 satellite during 9:00–15:00 and more sensitive to AOD during 7:00–10:00 and 17:00. At 17:00, the Himawari-8 satellite showed higher sensitivity to both AOD and COD than CERES, which is consistent with the previous finding that Himawari-8 performed worst at 17:00. It seems that clouds play a more important role in regulating Rs during 9:00–15:00 in CERES, while aerosols impact Rs more during 10:00–16:00 in Himawari-8.



Surface energy balance, climate, ecosystem functions, and biogeochemical cycles are largely affected by land cover types [54,55,56]. Surface reflectance, influencing the multiscattering between the atmosphere and the surface, is a key input for retrieving Rs, which can be distinguished by land cover types [28]. In this study, MODIS land cover data were used to classify the sites according to the International Geosphere Biosphere Program (IGBP) land cover classification scheme. We selected nine sites from July 2015 to July 2021 for further evaluation (as shown in Table 4). Although the MAB at noon was generally lower than those at sunrise and sunset, no significant diurnal cycles in the MAB were found under different land cover types (Figure 10). During the period 9:00–14:00, the MAB of CERES-retrieved Rs under all land cover types was greater than that of the Himawari-8 satellite. Both satellite-retrieved Rs showed relatively small MAB values under open shrublands and large MAB values under evergreen broadleaf forest at most hours. It is worth noting that the MAB of Himawari-8 under evergreen broadleaf forest increased much after 14:00, especially at 17:00. The limited sites used in this study after 2015 for the East Asia–Pacific–Australia region may have led to large uncertainty in quantifying the effect of specific land cover types on Rs. The smallest MAB values were also found under open shrublands when we adopted more sites (36 sites) after 2000 over the globe to explore these effects on CERES MAB (Figure 11), which is consistent with that shown in Figure 10. Relatively large MAB values were found under grass for CERES, as shown in Figure 10 and Figure 11. A large diurnal variation of MAB was found under snow, as shown in Figure 11, which was smaller at noon and larger at sunrise and sunset. The accuracy varied significantly in shrub and forest areas (Figure 10 and Figure 11) at different times in the day, especially for Himawari-8. These failures may be partly explained by the uncertainties in surface reflectance, which is an essential determining factor in retrieving Rs, as pointed out by Wang et al. [28], and further detailed explorations are needed in future work.





4. Discussion


This study evaluated the hourly Himawari-8 and CERES-retrieved Rs data based on observational Rs data from different global stations in the BSRN. As Rs fluctuates with the obvious diurnal and seasonal cycles, directly using the original values of hourly Rs will lead to an R value larger than 0.9, a relatively large difference at noon in summer, and a small difference at sunrise and sunset in winter. However, the diurnal variation of bias and RMSE could be opposite when using relative vias and relative RMSE. To diminish this effect, we first standardized the original hourly Rs by the TOA fluxes, which also display the strong diurnal and seasonal cycles recommended by Wild et al. [49]. Commonly used statistical parameters such as bias, RMSE, and R were used for the standardized data. MAB was also adopted as negative and positive biases at different sites, which may offset the bias calculations, especially for CERES-retrieved hourly Rs. The quality of observational data will impact the evaluation results [4]. Therefore, only BSRN sites with high accuracy were used as reference data in this study, despite their limited spatial distribution in the domain on which we are focused. Subsequently, the impacts of clouds, aerosols, and land cover types on the satellite-retrieved hourly Rs were further investigated.



The accuracy of the Himawari-8-retrieved Rs data at 8:00–16:00 was higher than that of the CERES; this may be attributed to the higher observation frequency of the Himawari-8 satellite [57]. The Himawari-8 satellite overestimates Rs data generally, while the CERES satellite tends to underestimate Rs. The results are consistent with the results of Yu et al. [26], although the R of the Himawari-8 satellite-retrieved Rs in this study was slightly lower owing to the standardization. Our study also found one point that needs to be noted: the accuracy of the Himawari-8 satellite was particularly poor at 17:00. As the time changed within the day, the accuracy of both sets of satellite-retrieved Rs data first increased and then decreased.



We divided the sites into continental and island/coastal sites for evaluation and found that the accuracy of both sets of satellite-retrieved Rs at continental sites was higher than that at island/coastal sites. This may be explained by the uncertainty in the aerosol input for retrieved Rs over island/coastal sites [58]. The spatial distribution result is consistent with other studies [30,59]. CERES satellite-retrieved Rs at island/coastal sites was even worse than that of the Himawari-8 satellite, which may be due to the higher spatial resolution of the Himawari-8 satellite and its ability to better handle edge effect issues at island/coastal sites. In addition, the diurnal variation of the statistical parameters of Himawari-8 satellite-retrieved Rs was larger than that of CERES, which was caused by the larger difference at 7:00 and 17:00 for Himawari-8.



After further studying the influencing factors of Rs, it was found that the response patterns of the two sets of data to different factors were generally consistent. The variation pattern of MAB from both satellites was roughly similar: MAB increased first with the increase in COD and then decreased, and MAB gradually increased with the increase in AOD. The variation pattern of COD-induced MAB was similar to that of our previous study on the sensitivity of CERES-retrieved Rs to cloud cover [33], both of which showed the largest MAB/bias in the middle range of COD/cloud cover. Within this range, they mainly correspond to Cirrostratus, Altostratus, and Stratocumulus. However, the variation in MAB caused by changes in COD and AOD was larger than the variation in bias caused by cloud cover and AOD, which may be due to the fact that MAB removes the effects of positive and negative offsets. CERES satellites are generally more sensitive to COD, which is consistent with other studies showing that cloud properties have greater effects on CERES than aerosols [33,58].



BSRN hourly Rs has been proven to be the highest level of observation; however, the sparse distribution over the globe is the key weakness. Although we have checked the accuracy of monthly CERES and CMIP simulations with other observational networks, including BSRN [4], much of the observational uncertainty is still unknown. Further investigation is recommended in future work, even for the hourly records. In addition, the representation of the observational sites should be further specified, although we used land cover types corresponding to the sites as a specific character to study the pattern of hourly Rs difference in this study. After that, more sites may be included for future evaluation work, which could make our conclusions more robust.



The most important thing to notice is that Hamawari-8 performed badly at sunrise and sunset hours, despite its advantageously higher spatial resolution. At most hours centered around midday, CERES-retrieved Rs was inferior to Himawari-8 Rs, especially at island/costal sites, which is mainly due to its relatively coarse spatial resolution to capture the exact surface characteristics and complex terrain. The representation of observational sites may also explain this observation. In complex topography, representativeness tends to be lower than that in homogeneous terrain. The mismatch of pixel size was ignored in this study, but it was taken into account by Letu et al. [29], who integrated grid datasets to the same spatial resolution for comparisons. Many studies have incorporated finer satellite-retrieved Rs data, e.g., the Satellite Application Facility on Climate Monitoring (CM-SAF), to explore the representation of observations on monthly, seasonal, and annual time scales over Europe and the globe and found that site-specific representativeness can be reliably estimated by the subgrid variability in a fixed grid of 1° [60,61,62]. Madhavan et al. [63] revealed that hourly Rs at a site can be representative for a few kilometers, which drives us to speculate that CERES with 1° resolution is incapable of capturing the hourly Rs at a specific site. It is inferred that the satellite-retrieved Rs diurnal variation with a spatial resolution smaller than 10 KM can be directly comparable to the site observations, and those with coarse spatial resolution are recommended to be compared with observations assembled by more than three sites in a grid cell. Further work is needed, in our opinion, to prove this speculation.



In this study, we only considered optical thickness as the main property for the effect of clouds and aerosols on Rs, which has some limitations. Cloud properties include other physical properties, such as cloud cover, cloud top height, cloud albedo, and so on. Aerosols also contain a single scattering albedo, an asymmetry factor, and other properties. In subsequent studies, other variables can be investigated to more comprehensively consider the effects of clouds, aerosols, and their interactions on satellite-retrieved Rs. In the future, more satellite-retrieved and reanalyzed hourly Rs will be further evaluated with reference to more observations of high accuracy.




5. Conclusions


This study fills the gap relating to the difference in diurnal variation of hourly Rs between CERES and Himawari-8 based on BSRN observations. Further explorations were conducted by quantifying the effects of clouds, aerosols, and land cover types on the hourly Rs for CERES and Himawari-8. The main conclusions of this study are as follows:




	
The accuracy of Himawari-8-retrieved hourly Rs was higher than that of CERES for 8:00–16:00. It should be noted that the accuracy of the Himawari-8 satellite-retrieved Rs data was much poorer at 17:00.



	
The Himawari-8 satellite-retrieved Rs usually showed a slight overestimation, and the CERES satellite underestimated Rs at most hours.



	
The bias of the two sets of satellite-retrieved Rs data at the continental sites was smaller than that at the island/coastal sites. The bias of Himawari-8 satellite-retrieved Rs data at island/coastal stations was much smaller than that of the CERES satellite.



	
Both hourly products exhibited a relatively larger MAB in the cases of Stratus and Stratocumulus. Smaller MAB values were found for CERES covered by deep convection and cumulus clouds and for Himawari-8 covered by deep convection and Nimbostratus clouds. Larger MAB values at evergreen broadleaf forest sites and smaller MAB values at open shrubland sites were found for both products.



	
Himawari-8 satellite-retrieved Rs showed larger sensitivity to AOD at 10:00–16:00, while CERES was more sensitive to COD than AOD at 9:00–15:00. The changes in COD had a greater impact on MAB of CERES-retrieved Rs than Himawari-8 at 9:00–15:00, while the effect of AOD was greater on CERES than Himawari-8 hourly Rs at 7:00–10:00.








More satellite-retrieved and observed Rs data could be added in future work, which may make our evaluation results more solid. In addition, the trend of hourly Rs, an important indicator of climate change, should be taken into account as the next step of this work.
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Figure 1. Geographical distribution of observational sites used for the evaluation of satellite-retrieved Rs data. The red and magenta circles indicate the site location on the continent and island/coast. 
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Figure 2. The sample size of the observational data at different times. The red line indicates 40% of the total sample size. 






Figure 2. The sample size of the observational data at different times. The red line indicates 40% of the total sample size.



[image: Remotesensing 16 02670 g002]







[image: Remotesensing 16 02670 g003] 





Figure 3. Scatter plots of the annual average of hourly satellite-retrieved and observed Rs from 2015 to 2021 at 7:00–17:00 (a–k) and all hours (l). 
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Figure 4. Diurnal variations of statistical parameters between hourly satellite-retrieved Rs and observed Rs for different types of sites. (a) Bias %; (b) mean absolute bias (MAB) %; (c) root mean square error (RMSE) %; and (d) correlation coefficient (R). 
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Figure 5. Taylor diagram describing the standard deviation and correlation coefficient between the hourly satellite-retrieved Rs and observed Rs at 15 selected stations. The circles and crosses denote Himawari-8-retrieved Rs and CERES-retrieved Rs. “REF” can be regarded as the point of perfection, where the value closer to the point indicates a better evaluation. 
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Figure 6. MAB between satellites and BSRN hourly Rs under different cloud types from 7:00 to 17:00. (a) CERES and (b) Himawari-8. 
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Figure 7. MAB between satellites and BSRN hourly Rs under different cloud optical depth (COD) categories from 7:00 to 17:00. 
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Figure 8. MAB between satellites and BSRN hourly Rs under different aerosol optical depth (AOD) categories from 7:00 to 17:00. 






Figure 8. MAB between satellites and BSRN hourly Rs under different aerosol optical depth (AOD) categories from 7:00 to 17:00.



[image: Remotesensing 16 02670 g008]







[image: Remotesensing 16 02670 g009] 





Figure 9. Ranges (largest value minus smallest value) and variation (the standard deviation of the values) in MAB (shown in Figure 7 and Figure 8) from satellite-retrieved hourly Rs at all ground-based sites for each hour under different COD and AOD conditions. 
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Figure 10. Diurnal variations of MAB between hourly satellite-retrieved Rs and observed Rs at nine sites covered by different land cover types for 2015–2021. Solid lines for CERES and dashed lines for Himawari-8. 
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Figure 11. Diurnal variations of MAB between hourly CERES-retrieved Rs and observed Rs at 39 sites covered by different land cover types for 2000–2021. 
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Table 1. Evaluation of satellite-retrieved hourly Rs against the ground-based measurements for different regions. Unit: bias %, MAB %, RMSE %.
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Region

	
Statistical

	
7:00

	
8:00

	
9:00

	
10:00

	
11:00

	
12:00

	
13:00

	
14:00

	
15:00

	
16:00

	
17:00

	
Mean from

7:00 to 17:00




	
Parameters






	
Continental

	
Bias(H8)

	
2.25

	
1.95

	
−0.72

	
−2.22

	
1.81

	
2.12

	
2.56

	
2.45

	
1.39

	
0.80

	
0.12

	
1.14




	
Bias(CERES)

	
−3.43

	
−4.18

	
−5.38

	
−2.61

	
−1.11

	
−0.66

	
0.01

	
0.41

	
0.01

	
0.19

	
−0.11

	
−1.53




	
MAB(H8)

	
10.52

	
8.34

	
7.13

	
6.66

	
6.85

	
7.02

	
6.78

	
7.08

	
7.66

	
9.46

	
13.47

	
8.27




	
MAB(CERES)

	
8.39

	
7.90

	
7.72

	
7.68

	
7.94

	
8.20

	
8.05

	
8.22

	
8.17

	
8.30

	
9.10

	
8.15




	
RMSE(H8)

	
14.03

	
10.94

	
9.59

	
9.34

	
9.78

	
10.16

	
9.62

	
10.03

	
10.78

	
12.99

	
18.68

	
11.45




	
RMSE(CERES)

	
11.06

	
10.81

	
10.9

	
10.86

	
11.34

	
11.68

	
11.37

	
11.48

	
11.27

	
11.23

	
12.09

	
11.28




	
R(H8)

	
0.73

	
0.82

	
0.85

	
0.85

	
0.85

	
0.85

	
0.84

	
0.84

	
0.82

	
0.78

	
0.65

	
0.81




	
R(CERES)

	
0.77

	
0.80

	
0.81

	
0.81

	
0.80

	
0.79

	
0.80

	
0.79

	
0.79

	
0.78

	
0.74

	
0.79




	
Island/coastal

	
Bias(H8)

	
−1.53

	
−2.11

	
−1.60

	
−3.48

	
−4.57

	
−2.94

	
−0.96

	
0.22

	
−0.07

	
−0.42

	
−0.29

	
−1.61




	
Bias(CERES)

	
−2.68

	
−4.56

	
−5.13

	
−4.98

	
−5.88

	
−4.31

	
−3.10

	
−0.89

	
0.34

	
0.95

	
0.75

	
−2.68




	
MAB(H8)

	
13.95

	
10.03

	
8.01

	
7.24

	
6.83

	
6.97

	
7.02

	
7.33

	
8.74

	
10.57

	
14.81

	
9.23




	
MAB(CERES)

	
14.36

	
12.53

	
12.04

	
11.74

	
11.58

	
11.77

	
11.41

	
11.35

	
11.60

	
11.7

	
11.32

	
11.95




	
RMSE(H8)

	
18.78

	
13.76

	
11.27

	
10.28

	
9.73

	
10.09

	
10.25

	
10.54

	
12.16

	
14.41

	
20.17

	
12.86




	
RMSE(CERES)

	
17.86

	
15.64

	
15.17

	
14.88

	
14.83

	
15.20

	
14.89

	
14.73

	
15.08

	
15.07

	
14.67

	
15.27




	
R(H8)

	
0.47

	
0.72

	
0.80

	
0.82

	
0.84

	
0.84

	
0.84

	
0.83

	
0.80

	
0.77

	
0.66

	
0.76




	
R(CERES)

	
0.56

	
0.66

	
0.68

	
0.68

	
0.68

	
0.67

	
0.69

	
0.69

	
0.67

	
0.69

	
0.69

	
0.67




	
Total

	
Bias(H8)

	
0.74

	
0.32

	
−1.07

	
−2.73

	
−0.74

	
0.09

	
1.15

	
1.56

	
0.81

	
0.31

	
−0.05

	
0.04




	
Bias(CERES)

	
−3.13

	
−4.33

	
−5.28

	
−3.56

	
−3.02

	
−2.12

	
−1.23

	
−0.11

	
0.14

	
0.49

	
0.23

	
−1.99




	
MAB(H8)

	
11.89

	
9.02

	
7.48

	
6.89

	
6.84

	
7.00

	
6.88

	
7.18

	
8.09

	
9.90

	
14.00

	
8.65




	
MAB(CERES)

	
10.78

	
9.75

	
9.45

	
9.31

	
9.40

	
9.63

	
9.39

	
9.47

	
9.54

	
9.66

	
9.99

	
9.67




	
RMSE(H8)

	
15.93

	
12.07

	
10.26

	
9.72

	
9.76

	
10.13

	
9.87

	
10.23

	
11.33

	
13.56

	
19.28

	
12.01




	
RMSE(CERES)

	
13.78

	
12.74

	
12.61

	
12.47

	
12.74

	
13.09

	
12.78

	
12.78

	
12.80

	
12.76

	
13.12

	
12.88




	
R(H8)

	
0.63

	
0.78

	
0.83

	
0.83

	
0.84

	
0.85

	
0.84

	
0.84

	
0.81

	
0.78

	
0.65

	
0.79




	
R(CERES)

	
0.69

	
0.74

	
0.76

	
0.76

	
0.75

	
0.74

	
0.76

	
0.75

	
0.74

	
0.75

	
0.72

	
0.74











 





Table 2. Clouds are classified into different types and abbreviations based on ISCCP using cloud top pressure and cloud optical depth.
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	Abbreviation
	Cloud Type
	Cloud Top Pressure
	Cloud Optical Depth





	Ci
	Cirrus
	50–440
	0–3.6



	Cs
	Cirrostratus
	440–680
	3.6–23



	Dc
	Deep convection
	680–1000
	23–379



	Ac
	Altocumulus
	50–440
	0–3.6



	As
	Altostratus
	440–680
	3.6–23



	Ns
	Nimbostratus
	680–1000
	23–379



	Cu
	Cumulus
	50–440
	0–3.6



	Sc
	Stratocumulus
	440–680
	3.6–23



	St
	Stratus
	680–1000
	23–379










 





Table 3. Ranges (largest value minus smallest value) in MAB (shown in Figure 6 and Figure 7) from satellite-retrieved hourly Rs at all ground-based sites for each hour under different COD and AOD conditions. Variation (the standard deviation of the values) in MAB is shown in parentheses. Unit: %.
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Measures of Variation

	
Statistical

Parameters

	
7:00

	
8:00

	
9:00

	
10:00

	
11:00

	
12:00

	
13:00

	
14:00

	
15:00

	
16:00

	
17:00






	
COD

	
H8

	
4.09

	
4.13

	
4.04

	
3.52

	
3.61

	
3.57

	
3.64

	
3.74

	
3.74

	
3.65

	
4.66




	
(1.73)

	
(1.61)

	
(1.52)

	
(1.49)

	
(1.49)

	
(1.56)

	
(1.59)

	
(1.54)

	
(1.52)

	
(1.50)

	
(1.71)




	
CERES

	
3.63

	
3.76

	
4.70

	
5.34

	
5.61

	
5.49

	
5.63

	
5.32

	
4.63

	
3.57

	
2.69




	
(1.49)

	
(1.82)

	
(2.20)

	
(2.25)

	
(2.39)

	
(2.44)

	
(2.28)

	
(2.20)

	
(2.04)

	
(1.70)

	
(0.98)




	
AOD

	
H8

	
1.22

	
2.17

	
3.77

	
4.34

	
4.84

	
5.44

	
3.94

	
3.90

	
3.84

	
4.68

	
4.29




	
(0.50)

	
(0.86)

	
(1.51)

	
(1.78)

	
(1.99)

	
(2.22)

	
(1.58)

	
(1.59)

	
(1.56)

	
(1.80)

	
(1.59)




	
CERES

	
8.02

	
5.10

	
4.54

	
4.63

	
4.31

	
5.46

	
4.05

	
4.25

	
4.28

	
5.38

	
3.42




	
(3.17)

	
(2.10)

	
(1.94)

	
(2.10)

	
(1.82)

	
(2.06)

	
(1.64)

	
(1.77)

	
(1.66)

	
(1.97)

	
(1.39)











 





Table 4. Nine sites and their corresponding land cover types for the evaluation of satellite-retrieved hourly Rs datasets.
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Station

	
Land Cover Type

	
Type Description






	
XIA

	
Croplands

	
Farmland for growing crops




	
YUS

	
Evergreen broadleaf forest

	
Forests that remain green throughout the year and are mainly composed of broad-leaved tree species




	
LAU

	
Grasslands

	
Large areas without trees or with sparse trees, mainly covered by herbaceous plants




	
ASP

	
Open shrublands

	
Relatively sparse shrub-covered areas




	
DWN

	
Urban and built-up

	
Land that includes residential, commercial, industrial facilities, and other artificial structures




	
HOW




	
NEW




	
SAP




	
TAT
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