

  atmosphere-11-00026




atmosphere-11-00026







Atmosphere 2020, 11(1), 26; doi:10.3390/atmos11010026




Article



Estimating Sunshine Duration Using Hourly Total Cloud Amount Data from a Geostationary Meteorological Satellite



Weiwei Zhu 1, Bingfang Wu 1,2,*, Nana Yan 1, Zonghan Ma 1,2[image: Orcid], Linjiang Wang 1,2, Wenjun Liu 1, Qiang Xing 1 and Jiaming Xu 1,2[image: Orcid]





1



State Key Laboratory of Remote Sensing Science, Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100094, China;






2



College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100190, China









*



Correspondence: wubf@radi.ac.cn; Tel.: +86-10-6485-5689; Fax: +86-10-6485-8721







Received: 10 December 2019 / Accepted: 23 December 2019 / Published: 26 December 2019



Abstract

:

Sunshine duration is an important indicator of the amount of solar radiation received in a region and an important input parameter for the study of atmospheric energy balance, climate change, ecosystem evolution, and social sustainability. Currently, extrapolation and interpolation of data from meteorological stations are the most common methods used to calculate sunshine duration on a regional scale. However, it is difficult to obtain high precision sunshine duration in areas lacking ground observation or where sunshine duration is highly heterogeneous on the ground. In this paper, a new method is proposed to estimate sunshine duration with hourly total cloud amount (CTA) data from sunrise to sunset derived from the Fengyun-2G geostationary meteorological satellite (FY-2G). This method constructs a new index known as daytime mean total cloud coverage amount and provides quadratic equations relating daytime mean total cloud coverage amount to relative sunshine duration in different seasons. The method was validated with ground observation data for 2016 from 18 meteorological stations in the Three-River Headwaters Region of Qinghai Province, China. For individual stations, the coefficient of determination (R2) between estimated and measured sunshine was at least 0.894, the RMSE (root mean square error) was 0.977 h/day or less, the MAE (mean absolute error) was 0.824 h/day or less, the RE (relative error) was 0.150 or lower, and the value of d was 0.963 or greater, which validated that the proposed method can effectively predict daily sunshine duration. These equations can also provide higher precision estimates of regional-scale sunshine duration. This was demonstrated by comparing, for the entire study region, the spatial distribution of sunshine duration estimated from season-based equations with results from three different interpolation methods based on ground observations. Overall, the study confirms that total cloud amount measures from a geostationary satellite can be used to successfully estimate sunshine duration.
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1. Introduction


Sunshine duration refers to the length of time the sun is illuminating the earth’s surface. More formally, it is defined as the sum of the time periods in which direct solar irradiance reaches or exceeds 120 W/m2. It is an important indicator of the amount of solar radiation received in a region [1] and also an important input parameter in many applications, such as estimation of global solar radiation [2], atmospheric energy balance [2], the thermal loads on buildings, yield planning in agriculture, ecosystem process models, hydrological models, biophysical models [3], and determination of the health of humans and animals [4]. Consequently, the accurate estimation of sunshine duration is important, especially for climate change, ecosystems evolution, and social sustainability.



Researchers began ground observation work to measure sunshine duration more than a century ago [5], and almost all countries/regions are still using field observations. The main measurement methods are direct measurement with sunshine duration recorders, the pyrheliometric method using direct irradiance from a pyrheliometer, and pyranometric algorithms using the global irradiance from a pyranometer [6,7,8]. However, these methods can only obtain sunshine duration at a site representing a limited area. When used to obtain regional sunshine duration, multiple sets of measurement equipment and higher frequency observations are required, which are time-consuming and labor-intensive and, therefore, expensive [9]. Consequently, extrapolation and interpolation methods are often used to calculate regional sunshine duration based on data from a limited number of field sites [10,11,12]. However, the accuracy of the estimates from these methods is dependent upon the number and spatial distribution of the sites. Since existing sites are generally not evenly distributed spatially, the values of sunshine duration obtained from these methods can have high degrees of spatial uncertainty [13], particularly in regions where there are few or no ground observations. This is especially true for developing countries where measurement networks for sunshine duration are often sparse due to various geographic and financial limitations [14].



Several alternative methods have been proposed to estimate sunshine duration on a regional scale. These include the sunshine duration percentage empirical method, relative sunshine duration statistical models, and remote sensing empirical models. Sunshine duration percentage methods include the astronomical sunshine percentage method and the geographic sunshine percentage method [9,10,15,16,17], but both overly rely on the accuracy of the assimilation of radiation data. Relative sunshine duration statistical models derive estimates from multiple variables including elevation from digital elevation models (DEMs), the amount of clouds observed at ground stations, clearness indices, air pollution indices (API), precipitation, wind speed, and surface incoming direct radiation [6,10,13,18,19]. However, these do not take into account changes in the attributes of the clouds. Instead, they simply build an artificial neural network model or statistical equation relating sunshine duration to these variables [10,18,19,20], and are more often used to estimate monthly rather than daily sunshine duration.



Remote sensing empirical models estimate sunshine duration directly or indirectly by establishing the relationship between sunshine duration, or relative sunshine duration, and cloud attributes. Cloud attributes mainly include cloud type and cloud cover. Cloud type-based sunshine duration estimation usually constructs an empirical equation directly between sunshine duration and a combination of different cloud types [9,13,19], or establishes an empirical relationship between relative sunshine hours and different cloud types [21]. However, the same cloud type in a region may differ in thickness, coverage, and amount, which all affect sunshine duration. In addition, there is no fixed relationship between relative sunshine duration and different cloud types in different regions at different times [21]. Therefore, it is difficult to estimate sunshine duration accurately based on these methods. Cloud cover-based sunshine duration estimation is mainly based on a polar orbiting satellite or geostationary satellite data using parameters such as cloud pixel reflectance, solar zenith angle, solar elevation, and sky transmission factors. These are used to estimate a daily mean cloud cover index and an empirical equation is then constructed between this index and sunshine duration data from ground observation to estimate sunshine duration at the regional scale [14,22,23,24,25,26]. Unfortunately, each satellite data source has significant limitations. The limited transit times of the polar orbiting satellites do not generate a representative daily mean cloud cover index. Although geostationary meteorological satellites have more daily transit data and can provide information about cloud cover per hour, or even shorter time intervals, the daily mean cloud cover index generated from the data is not the key parameter affecting sunshine duration. The fundamental determinant of sunshine duration is the total amount of cloud cover between sunrise and sunset [5,9,13].



This paper investigates a new method to derive sunshine duration from geostationary meteorological satellite data on temporal variation in the total amount of cloud coverage. The method analyses the relationship between the temporal and spatial variation in total cloud coverage amount between sunrise and sunset derived from China’s Fengyun-2G geostationary meteorological satellite and relative sunshine duration calculated from ground station observations. This is used to build a new index of daytime mean total cloud coverage amount as a means for deriving daily sunshine duration at the regional scale. The estimated sunshine duration values from the proposed method are validated with independent ground observation data for 2016 from meteorological stations in the Three-River Headwaters Region of Western China, and the spatial distribution of these satellite-derived sunshine duration estimates is compared with the results of different interpolation methods applied to ground station data.




2. Materials and Methods


2.1. Study Site and Datasets


The Three-River Headwaters Region (TRHR) comprises the headwaters of the Yellow, Yangtze, and Lancang rivers in the hinterland of the Qinghai-Tibet Plateau of southern Qinghai Province, China, from 31°39′ N to 36°16′ N and 89°24′ E to 102°23′ E (Figure 1). It is known as the “Asia water tower” due to the multiple large rivers originating in the region [27,28]. The total land area is over 350,000 km2 and elevations range from 3450 m to 6621 m with an average of more than 4000 m. The area is characterized by a cold and dry climate with average annual temperatures below 10 °C and annual precipitation varying between 262.2 mm·year−1 and 772.8 mm·year−1 from the west to the southeast. The main vegetation type is alpine grassland, including meadow and steppe [29]. Natural ecosystems in the region are relatively fragile and highly sensitive to climate change [30], which causes serious disturbances to the structure and function of these ecosystems and poses a threat to ecosystem security [31]. The high heterogeneity of the Three-River Headwaters Region provides a rigorous test of the method proposed in this paper as well as preliminary results for future climate change research in the region.




2.2. Methodology


2.2.1. Data and Pre-Processing Methods


Sunshine Duration Observation Data


Data from 18 meteorological stations covering the Three-River Headwaters Region were collected from the Chinese National Meteorological Bureau (Figure 1 and Table 1). The sites have different physiographic characteristics (mountains and plains), with generally fewer stations in the central and western regions and more in the east. A standard six-element meteorological observation system is installed at each station and the observation data includes daily sunshine duration, daily maximum and minimum temperature, daily average air pressure, daily average air humidity, daily average wind speed, and daily rainfall. The sunshine duration data based on the photoelectric digital sunshine meter used in the study were from 1 January 2016 to 31 December 2018 and can be downloaded from the website: http://data.cma.cn/en. There is no missing measurement of sunshine duration data at all stations and quality control of the data was performed by the Chinese National Meteorological Information Centre [9].




Geostationary Meteorological Satellite Total Cloud Amount Data


The geostationary meteorological satellite data used in this paper is from the Fengyun 2G geostationary meteorological satellite (FY-2G), which is the fifth operational vehicle of the first-generation geostationary meteorological satellite system operated by the Chinese National Satellite Meteorological Centre. It was launched on 31 December 2014 and is located above the equator at 105° E at an altitude of 35,800 km. Its purpose is to obtain visible light cloud data during the daytime, day and night infrared clouds, and water and gas distribution information. Stretched-Visible and Infrared Spin-Scan Radiometer (S-VISSR) and Space Environmental Monitors (SEM) are the two main payloads on FY-2G. The visible and infrared spin-scan radiometers have a visible channel with a resolution of 1.25 km and four infrared channels with a resolution of 5 km. The total cloud amount data is one of the products of the Stretched-Visible and Infrared Spin-Scan Radiometer (S-VISSR) [32].



The hourly total cloud amount product (CTA) for the same time period as the ground sunshine data was downloaded from the Chinese National Satellite Meteorological Centre website (http://satellite.nsmc.org.cn/PortalSite/Default.aspx?currentculture=en-US). Quality control of the data was also performed by the Chinese National Satellite Meteorological Centre. Since the downloaded data is in a flat image file format, a companion geographic lookup table (GLT) file was also downloaded and used to place the cloud data in a suitable geographic projection for the target area [32].



The cloud total amount data is based on the radiation transfer equation. The irradiation quantity received on the satellite under parallel atmospheric conditions can be expressed as:


  I =   1 −  A c     I  c l r   +  A c   I  c l d   ,  



(1)




where Ac is the total cloud amount, Iclr is the irradiation quantity of the clear-sky pixel, and Icld is the irradiation quantity of the complete cloud-covered pixel. From the above equation, the total cloud amount can be obtained by the equation below [33].


   A c  =   I −  I  c l r     /    I  c l d   −  I  c l r      



(2)







In fact, the emissivity of the cloud has been considered in the process of calculating the cloud total amount based on Equation (2), and retains the spatial resolution of the original observation pixel. At the same time, the irradiation quantity can be converted to reflectance for visible channels and to bright temperature for the infrared channels [33]. Therefore, the cloud total amount of the pixel at a given time is actually similar to the calculation of the cloud cover index for a pixel at a given time in the radiation equation Cano proposed [22].





2.2.2. Modeling Sunshine Duration


Estimation of Sunshine Duration


A relationship certainly exists between relative sunshine duration and both the total cloud amount from satellite data, or cloud cover observed from meteorological stations. However, the accuracy of sunshine duration depends on the total cloud amount or cloud cover between sunrise and sunset rather than on average total cloud amount or average cloud cover during the day and night. Since the FY-2G total cloud amount data is similar to the calculation of the cloud cover index commonly used by other researchers, if the relationship between relative sunshine duration and FY-2G total cloud amount data can be established, then actual sunshine duration can be calculated based on the maximum possible sunshine duration.



Assume that the following equation describes the relationship between relative sunshine hours and the total cloud amount between sunrise and sunset.


  n / N = f    f  c c o m       ,  



(3)




where n is sunshine duration, N is maximum possible sunshine duration, and f(fccom) is a function representing total cloud coverage amount between sunrise and sunset.



Maximum possible sunshine duration depends on the latitude of the site and the solar declination angle, and can be computed by the equation below [34].


  N =    2  15     a r cos   − tan δ tan ψ   ,  



(4)




where ψ is the latitude of location in the range −90 ≤ ψ ≤ +90 and δ is the solar declination given by the equation below.


  δ = 23 ⋅ 45 sin     360   365     284 + n      



(5)




where n is the number of days in the year starting from 1 January.



Therefore, if the functional equation (f(fccom)) is determined, then Equations (3)–(5) can be combined to estimate the sunshine duration on a regional scale based on the FY-2G total cloud amount data.




Function for Total Cloud Amount between Sunrise and Sunset (f(fccom))


As mentioned in the previous section, sunshine duration is fundamentally dependent upon the total cloud coverage amount between sunrise and sunset. We propose a new index and daytime mean total cloud coverage amount (fccom) to characterize the magnitude of the effect of daytime total cloud amounts on sunshine duration. Each pixel of daytime mean total cloud coverage amount (fccom) can be calculated from the following relation.


   f  c c o m   =  1  k − j     ∑  i = j   i = k     f i    ,  



(6)




where fi is the pixel value of FY-2G hourly total cloud amount from sunrise to sunset, j and k are the times of sunrise and sunset, respectively, and i is a time series that ranges between sunrise and sunset at the local time. The sunrise and sunset times can be calculated from the geographic latitude and earth decline based on the day of the year. The value of daytime mean total cloud coverage amount is between 0 and 1.



Accordingly, using Equation (6), the daytime mean total cloud coverage amount (fccom) at each meteorological station can be estimated based on the FY-2G satellite hourly total cloud amount data from sunrise to sunset. Correspondingly, relative sunshine duration can be calculated using maximum possible sunshine duration (Equations (4) and (5)) and measured sunshine duration data at each meteorological station.



By fitting the data between estimated daytime mean total cloud coverage amount (fccom) and calculated relative sunshine duration at each meteorological station, a function for total cloud amount between sunrise and sunset (f(fccom)) can be constructed, which is shown below.


  n / N = f (  f  ccom   ) =  a 1   f  c c o m    b 1    +  a 2   f  c c o m    b 2    +  a 3   f  c c o m    b 3    + ⋯ +  a m   f  c c o m    b m    + c ,  



(7)




where a1, a2, a3, am, b1, b2, b3, bm, and c are regression coefficients to be determined. A generic polynomial form is used to allow for a non-linear relationship.





2.2.3. Model Performance Assessment


Many statistical methods, including the coefficient of determination (R2), mean absolute error (MAE), root mean square error (RMSE), relative error (RE), and modified index of agreement (d) were proposed by Willmott [35], are chosen to assess proposed sunshine duration method performance [36] to show the agreement between the measured value and estimated value. These parameters are defined as follows [35,36].


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



(8)






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



(9)






  R M S E =    n  − 1     ∑  i = 1  n        P i  −  O i     2       



(10)






  R E =   R M S E   O ¯    



(11)






  d = 1 −     ∑  i = 1  n        P i  −  O i     2        ∑  i = 1  n          P i  −  O ¯    +    O i  −  O ¯       2       



(12)







In the above equations, Oi is the actual measurement, Pi is its estimate,   O ¯   is the mean measurement,   P ¯   is the mean of the estimates, and n is the sample size. Colaizzi et al. [37] and Liu et al. [38] suggest that a model performs well if the MAE (Equation (9)) is less than 50% of the measured standard deviation, and there are few outliers when the RMSE (Equation (10)) is not greater than 50% of the MAE. Additionally, the higher the value of d is (Equation (12)), the better the model performance is [37].






3. Results


Figure 2 gives the statistics for the relationships between the daily daytime mean total cloud coverage amount ((fccom), from the satellite data) and measured relative sunshine duration (from ground observations) for all 18 meteorological stations in the study region from 1 January 2017 to 31 December 2018. Since a nonlinear relationship appears to exist between daytime mean total cloud coverage amount and relative sunshine duration, which is a quadratic model rather than a linear model that better fits the data. The coefficients a1, a2, a3, am, b1, b2, b3, bm, and c for Equation (7) were obtained by the least square method using Statistical Product and Service Solutions (SPSS) and Origin statistical analysis tools. The optimal fit coefficients over the entire Three-River Headwaters Region are shown in the equation below, which rewrites Equation (7) in a specified format.


  n / N = f (  f  ccom   ) = − 0.4173  f  c c o m  2  − 0.6355  f  c c o m   + 0.946  



(13)







Fitting the data over annual periods, as in Figure 2, may obscure likely seasonal variation in cloud coverage and its relation to sunshine. Consequently, Figure 3 shows the relationship between daytime mean total cloud coverage amount (fccom) and relative sunshine duration for each of the four major seasons (spring, summer, autumn, and winter) for all 18 meteorological stations for the years 2017 and 2018. As with the annual data, a nonlinear relationship is evident, especially in the spring and the winter. Consequently, quadratic models rather than linear models better fit the data. Based on the least square method using SPSS and Origin statistical analysis tools, the optimal fit coefficients (a1, a2, a3, am, b1, b2, b3, bm, and c) for Equation (7) are shown below for each season.


   Spring:   n / N = f (  f  ccom   ) = − 0.6340  f  c c o m  2  − 0.4066  f  c c o m   + 0.9431    Summer:   n / N = f (  f  ccom   ) = − 0.4284  f  c c o m  2  − 0.7873  f  c c o m   + 0.9532    Autumn:   n / N = f (  f  ccom   ) = − 0.5263  f  c c o m  2  − 0.6803  f  c c o m   + 0.9522    Winter:   n / N = f (  f  ccom   ) = − 0.3763  f  c c o m  2  − 0.4273  f  c c o m   + 0.9104   



(14)







By combining Equations (6) and (13) for the annual data for 2017 and 2018, or Equations (6) and (14) for the seasonal data for these years, relative sunshine duration can now be estimated for other years from the daily geostationary meteorological satellite hourly total cloud amount data. Accordingly, Figure 4 and Table 2 relate estimated daily relative sunshine duration (from the satellite data) and measured daily relative sunshine duration (from ground data) for 1 January through 31 December, 2016 at the 18 meteorological stations in the Three-River Headwaters Region, using both the annual and the seasonal data fitting equations. The coefficients of determination (R2) from Equations (13) and (14) were both greater than 0.880 indicating a strong correlation between estimated and measured daily relative sunshine duration. In addition, the difference between the RMSE and MAE from Equations (13) and (14) were less than 30% of the MAE, which shows there are very few outliers in the estimated daily relative sunshine duration.



In addition, the seasonal equations provide more accurate predictions than the annual equation. In Figure 4 and Table 2, which pool observations for the entire year, the d values using Equation (14) are larger than the value based on Equation (13). The RE measures are less than the value based on Equation (13), which indicates the relative sunshine duration calculated using the seasonal Equations (14) are better than those calculated using the annual Equation (13). Using these same measures, Figure 5 and Table 3 also suggest the seasonal equations are more accurate, especially in the spring and winter.



Table 4 shows the statistical performance of the proposed method for estimating sunshine duration for each meteorological station separately. For the seasonal Equations (14), the coefficient of determination (R2) range from 0.894 to 0.951, which indicates a strong correlation between measured sunshine duration and estimated sunshine duration at all stations. The RMSE value range is from 0.779 to 0.977 h/day, and the MAE value range is from 0.583 to 0.824 h/day. The RMSE at all stations is never greater than 40% of MAE, which suggests there are few outlying, inaccurate estimates of sunshine duration, according to Colaizzi [37]. The RE was lower than 0.150 at all stations, which implies good performance, according to Cai [36]. The value of d is greater than 0.960 at all stations, which, again, demonstrates good performance of the method. Figure 6 demonstrates visually that using the seasonal equations (red lines) rather than a single annual equation (blue lines) to estimate daily sunshine duration provides a better estimate since the red lines are generally closer than the blue lines to the perfect fit line shown in black.



Using the FY-2G satellite data, the proposed method for estimating sunshine duration can be applied at any geographic location over Three-River Headwaters region. Accordingly, the estimated results can be compared with spatial distributions from typical interpolation methods based on data from meteorological stations. For these comparisons, four typical days were selected from different seasons in 2016 and the 18 stations in the Three-River Headwaters region were used as the base for the interpolations. In Figure 7, the first column shows the spatial distribution of sunshine duration estimated using Equation (14) from the proposed model, with the subsequent columns showing results from interpolations using, respectively, IDW (inverse distance weighting with exponent 2), Kriging (ordinary and exponential), and the spline method.



The maps from the interpolation methods show low values for sunshine duration in the south-eastern region for 1 January, in the southern and western regions for 1 April, in the central and eastern regions for 1 July, and in the north-central region for 1 October. These are consistent with the spatial distribution results from the proposed method, even though there are differences in specific value ranges. However, topography can reduce the values of direct solar irradiance below 120 W/m2. Thus, there would be no registration of sunshine duration. This is not reflected in any of the results. Thus, the estimates lack precision. In addition, there are large differences between the spatial distributions of sunshine duration from the different interpolation methods in the west region on 1 January, the south-western region on 1 April, the west region on 1 July, and the south-western region on 1 October compared with the spatial distribution of sunshine duration for those days by the proposed method in this paper. These results are most likely a consequence of the relatively few meteorological stations in the west and their absence in the south-western portion of the Three-River Headwaters region (Figure 1). No interpolation method can produce accurate results without data from meteorological stations. This suggests that the proposed method in this paper, which is not reliant on stations in a given geographic area, has a higher potential than interpolation methods for producing more accurate representations of the spatial distribution of sunshine duration.




4. Discussion


In this paper, a new method was proposed to estimate sunshine duration based on hourly total cloud amount data between sunrise and sunset from the FY-2G geostationary meteorological satellite. This method constructs a new index, daytime mean total cloud coverage amount, and provides a quadratic equation relating this index to relative sunshine duration in different seasons. Combined with data for maximum possible sunshine duration, these equations can estimate regional scale sunshine duration in different seasons with higher precision than traditional methods. Parameters of quadratic equations were estimated using point-scale daily observation data from 1 January 2017 to 31 December 2018 for 18 meteorological stations and verified using corresponding data for 2016. For individual stations, the coefficient of determination (R2) between estimated and measured sunshine was at least 0.894, the RMSE was 0.977 or less, the MAE was 0.824 or less, the RE was 0.150 or lower, and the value of d was 0.963 or greater, which demonstrates that pixel-level satellite-derived estimates can accurately estimate point-based ground measurements. This enables the proposed method to estimate daily sunshine duration at the pixel scale with high precision over an entire region. The effectiveness of this was demonstrated in the Three-River Headwaters Region of Western China by comparing results from the new method with those from several different interpolation methods derived from ground station data.



Unlike some other methods, the proposed method does not depend on an extensive network of meteorological ground stations even though some ground data is needed for initial model calibration. The goal of the method is to more accurately and quickly estimate sunshine duration using only FY-2G hourly total cloud amount data. It does not rely on polar satellite data. Even though its resolution is relatively high, the number of satellite transits per day is limited, which makes it difficult to obtain daytime details. Nor does it depend on meteorological station observation data other than for initial calibration. Since the 1970s, more countries have launched more meteorological satellites, usually with data products that include hourly total cloud amount data. Consequently, the proposed method has the potential to estimate sunshine duration or radiation data for climate change and radiation balance research on a global scale in the long-term.



Previous researchers found that there is a linear or non-obvious non-linear relationship between relative sunshine duration and mean cloud cover or cloud types during the day and night [14,21,25], while the proposed method in this paper showed that a significant non-linear relationship exists between relative sunshine duration and daytime mean total cloud coverage amount, especially for the spring and winter seasons. Consequently, using seasonal-based equations for estimation provides estimates more consistent with ground observation data. Similarly, the use of daytime mean total cloud coverage amount in this paper, rather than the average total cloud coverage amount during the day and night, is the more appropriate choice. Figure 8 shows the relationships between measured daily relative sunshine duration for the 18 meteorological stations for 2017 and 2018 and the average total cloud coverage amount during the day and night calculated based on Equation (6) with parameters j and k set to 0 and 23, respectively. It is apparent that the relationship, either linear or non-linear, is relatively weak, with correlation coefficients less than 0.6. Sunshine duration is mainly affected by differences in the total cloud coverage amount between sunrise and sunset. The differences in total cloud coverage amount at night will not affect sunshine duration. Since the World Meteorological Organization (WMO) defines sunshine duration as the number of hours for which the direct solar irradiance is above 120 W/m2, while the direct solar irradiance at night is significantly less than 120 W/m2. In addition, compared with the sunshine duration estimation method based on hourly cloud classification of geostationary meteorological satellite [9] (name, cloud classification-based method). The maximum value of R2 between the sunshine duration estimate based on seasonal-based equations proposed in this paper and the sunshine duration measured is 0.951. Except for the tuotuohe station, the R2 value of all other ground stations is greater than 0.900, and the RMSE value range is from 0.779 to 0.979 h/day, while the range value of R2 for the cloud classification-based method is from 0.850 to 0.925 h/day, and the RMSE value range is from 1.105 to 1.626 h/day. This indicates that the proposed method in this paper is better than the cloud classification-based method due to the same cloud type in a region that may differ in total cloud amount.



Spatial interpolation methods based on meteorological stations for determining sunshine duration across a region require relative uniformity across the region or a dense network of observation stations. The Three-River Headwaters Region has clear topographic variability as well as relatively few meteorological stations, which are also unevenly distributed. Consequently, no matter the interpolation method used, an accurate representation of the spatial distribution of sunshine duration is almost impossible to achieve using ground-based methods. Furthermore, due to the effects of topography, some areas or some stations have low direct solar irradiance. Thus, real sunshine durations are relatively low. This leads to lower correlations between the measured sunshine duration and the estimated sunshine duration, as shown in the results for the Tuotuohe and Qingshuihe stations. Additionally, a remotely sensed image describes the sunshine duration value for discrete geo-referenced area-scaled pixels. For FY-2G cloud amount data, the pixel value represents the average sunshine duration over a 5 km × 5 km area. Meteorological station measurements of in-situ sunshine duration are a point value, which significantly differs from the area covered by a pixel. In addition, due to the scale effect caused by the difference in spatial resolution, some small clouds may not be recorded by the satellite data, given its 5-km resolution. Yet, it may reduce direct solar irradiance to below 120 W/m2 on the ground, which impacts sunshine duration data at a meteorological station. Therefore, some outliers would be expected in Figure 4 and Figure 5, where area-based estimated sunshine duration is compared with point-based measured sunshine duration.



The proposed method is empirically based. Although there is a clear relationship between daytime mean total cloud coverage amount and sunshine duration, the coefficients in Equation (7) are empirically derived. They need to be fitted based on least square or other methods using meteorological station data. Their specific values in Equation (14) are optimal only for the Three-River Headwaters Region. They must be recalibrated using sunshine duration data from local meteorological stations when the proposed method is applied in other regions. Similarly, sunshine duration will also be affected by the geographical latitude and time of year. They are zero in polar regions in the winter. All these factors need to be considered in the future development of sunshine duration datasets. If done appropriately, such datasets could provide independent information to improve, or even replace, the interpolation of station-based sunshine duration data provided by data service organizations or meteorological departments, as well as expand geographic coverage to areas underserved by meteorological stations. This could substantially enhance the ability to conduct global and related research.




5. Conclusions


In this paper, a new method was proposed to estimate sunshine duration based on hourly total cloud amount data between sunrise and sunset from China’s FY-2G geostationary meteorological satellite. The method constructs a new index, daytime mean total cloud coverage amount, and provides parameter estimates for quadratic equations relating this index to relative sunshine duration in different seasons. The estimated sunshine duration from the proposed method was validated with ground observation data for 2016 from 18 meteorological stations in the Three-River Headwaters Region of Western China. The validation results show that the coefficient of determination (R2) between estimated and measured sunshine was at least 0.894, the RMSE was 0.977 h/day or less, the MAE was 0.824 h/day or less, the RE was 0.150 or lower, and the value of d was 0.963 or greater for all stations, which illustrates that daily sunshine duration estimates using the proposed method closely correspond with daily sunshine duration measurements. Combined with data for maximum possible sunshine duration, these equations can also estimate regional-scale sunshine on a seasonal basis with higher precision than traditional methods. This was demonstrated over the entire Three-River Headwaters study region by comparing the spatial distribution of sunshine duration estimated from season-based equations with results from three different interpolation methods based on ground observations. The point-scale verification with daily observation data and the regional scale comparison with traditional interpolation methods show that the proposed method can capture the spatial variation of sunshine duration with a high degree of accuracy and precision. The study demonstrates that total cloud amount data from a geostationary satellite can be used successfully to estimate sunshine duration. This has significant application potential in the study of atmospheric energy balance and climate change from the local to the global scale.
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Figure 1. Location of the study area including 18 meteorological stations and digital elevation model data (DEM). 
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Figure 2. Relationship between estimated daytime mean total cloud coverage amount and measured relative sunshine duration for 18 meteorological stations from 1 January 2017 to 31 December 2018. 
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Figure 3. Relationship between daytime mean total cloud coverage amount and relative sunshine duration for 18 meteorological stations by season for 2017 and 2018. 
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Figure 4. Comparison of estimated daily relative sunshine duration by Equations (13) and (14), and measured daily relative sunshine duration at the 18 meteorological stations for 2016. 






Figure 4. Comparison of estimated daily relative sunshine duration by Equations (13) and (14), and measured daily relative sunshine duration at the 18 meteorological stations for 2016.



[image: Atmosphere 11 00026 g004]







[image: Atmosphere 11 00026 g005 550] 





Figure 5. Comparisons of estimated daily relative sunshine duration by Equations (13) and (14), and measured daily relative sunshine duration at the 18 meteorological stations by season in 2016. 
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Figure 6. Validation of the measured sunshine duration and estimated sunshine duration for individual meteorological stations in the Three-River Headwaters region in 2016. 






Figure 6. Validation of the measured sunshine duration and estimated sunshine duration for individual meteorological stations in the Three-River Headwaters region in 2016.



[image: Atmosphere 11 00026 g006]







[image: Atmosphere 11 00026 g007 550] 





Figure 7. Spatial distribution of sunshine duration estimated by the proposed model (first column), Inverse distance weighted interpolation (IDW) method (second column), Kriging method (third column), and spline method (fourth column) in different seasons of 2016 over the Three-River Headwaters region. 






Figure 7. Spatial distribution of sunshine duration estimated by the proposed model (first column), Inverse distance weighted interpolation (IDW) method (second column), Kriging method (third column), and spline method (fourth column) in different seasons of 2016 over the Three-River Headwaters region.



[image: Atmosphere 11 00026 g007]







[image: Atmosphere 11 00026 g008 550] 





Figure 8. Relationship between average total cloud coverage amount during the day and night and measured relative sunshine duration for 18 meteorological stations from 1 January 2017 to 31 December 2018. 
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Table 1. Station names, numbers, and coordinates.






Table 1. Station names, numbers, and coordinates.





	Station Name
	Longitude E (°)
	Latitude N (°)
	Elevation (m)





	Qiabuqia
	100.62
	36.27
	2835.00



	Guizhou
	101.43
	36.03
	2237.10



	Wudaoliang
	93.08
	35.22
	4612.20



	Xinghai
	99.98
	35.58
	3323.20



	Guinan
	100.75
	35.58
	3120.00



	Tongren
	102.02
	35.52
	2491.40



	Tuotuohe
	92.43
	34.22
	4533.10



	Zaduo
	95.30
	32.90
	4066.40



	Qumalai
	95.78
	34.13
	4175.00



	Yushu
	97.02
	33.02
	3681.20



	Maduo
	98.22
	34.92
	4272.30



	Qingshuihe
	97.13
	33.80
	4415.40



	Guoluo
	100.25
	34.47
	3719.00



	Dari
	99.65
	33.75
	3967.50



	Henan
	101.60
	34.73
	3500.00



	Jiuzhi
	101.48
	33.43
	3628.50



	Nangqian
	96.48
	32.20
	3643.70



	Banma
	100.75
	32.93
	3530.00
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Table 2. Statistics for the estimation of relative sunshine duration at 18 meteorological stations daily from 1 January to 31 December, 2016 over the Three-River Headwaters region.
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	Time
	R2
	MAE
	RMSE
	d
	RE





	Annual
	0.890
	0.068
	0.087
	0.970
	0.142



	Four seasons
	0.928
	0.057
	0.071
	0.981
	0.115
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Table 3. Statistics for the estimation of relative sunshine duration at all 18 meteorological stations daily by season in 2016.
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Seasons

	
Annual

	
Four Seasons




	
R2

	
MAE

	
RMSE

	
d

	
RE

	
R2

	
MAE

	
RMSE

	
d

	
RE






	
Spring

	
0.897

	
0.079

	
0.099

	
0.955

	
0.168

	
0.927

	
0.064

	
0.079

	
0.972

	
0.135




	
Summer

	
0.932

	
0.062

	
0.081

	
0.979

	
0.144

	
0.955

	
0.051

	
0.062

	
0.988

	
0.110




	
Autumn

	
0.916

	
0.065

	
0.082

	
0.975

	
0.139

	
0.928

	
0.059

	
0.074

	
0.981

	
0.125




	
Winter

	
0.840

	
0.065

	
0.085

	
0.955

	
0.120

	
0.893

	
0.053

	
0.066

	
0.971

	
0.093
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Table 4. Statistics for the estimation of daily sunshine duration (h) at each of the 18 meteorological stations daily in 2016.
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Station Name

	
Observed Average

(h)

	
Annual

	
Four Seasons




	
Estimated Average (h)

	
R2

	
MAE (h/day)

	
RMSE (h/day)

	
d

	
RE

	
Estimated Average (h)

	
R2

	
MAE (h/day)

	
RMSE (h/day)

	
d

	
RE






	
Qiabuqia

	
8.189

	
8.243

	
0.891

	
0.749

	
0.995

	
0.968

	
0.121

	
8.045

	
0.934

	
0.629

	
0.809

	
0.982

	
0.100




	
Guizhou

	
7.713

	
7.824

	
0.923

	
0.738

	
0.957

	
0.977

	
0.124

	
7.542

	
0.951

	
0.583

	
0.779

	
0.987

	
0.103




	
Wudaoliang

	
7.690

	
7.538

	
0.848

	
0.974

	
1.203

	
0.956

	
0.156

	
7.555

	
0.920

	
0.738

	
0.886

	
0.977

	
0.115




	
Xinghai

	
7.505

	
7.665

	
0.911

	
0.828

	
1.072

	
0.970

	
0.143

	
7.556

	
0.944

	
0.646

	
0.816

	
0.984

	
0.109




	
Guinan

	
7.509

	
7.683

	
0.905

	
0.785

	
1.014

	
0.973

	
0.135

	
7.603

	
0.939

	
0.622

	
0.801

	
0.984

	
0.107




	
Tongren

	
6.984

	
7.241

	
0.923

	
0.736

	
1.014

	
0.978

	
0.136

	
7.166

	
0.945

	
0.604

	
0.800

	
0.985

	
0.115




	
Tuotuohe

	
8.261

	
7.761

	
0.853

	
0.957

	
1.138

	
0.951

	
0.138

	
7.802

	
0.894

	
0.824

	
0.977

	
0.963

	
0.118




	
Zaduo

	
6.811

	
6.829

	
0.868

	
0.874

	
1.091

	
0.995

	
0.160

	
6.867

	
0.914

	
0.685

	
0.871

	
0.977

	
0.128




	
Qumalai

	
7.331

	
7.270

	
0.858

	
0.878

	
1.119

	
0.961

	
0.153

	
7.289

	
0.909

	
0.724

	
0.894

	
0.975

	
0.122




	
Yushu

	
6.565

	
6.732

	
0.846

	
0.967

	
1.205

	
0.957

	
0.183

	
6.725

	
0.904

	
0.774

	
0.958

	
0.974

	
0.146




	
Maduo

	
7.696

	
7.410

	
0.881

	
0.918

	
1.169

	
0.963

	
0.152

	
7.382

	
0.930

	
0.745

	
0.933

	
0.977

	
0.121




	
Qingshuihe

	
7.023

	
6.935

	
0.843

	
0.914

	
1.161

	
0.957

	
0.165

	
6.948

	
0.901

	
0.740

	
0.920

	
0.974

	
0.131




	
Guoluo

	
7.083

	
7.147

	
0.889

	
0.832

	
1.085

	
0.970

	
0.153

	
7.117

	
0.926

	
0.687

	
0.890

	
0.981

	
0.126




	
Dari

	
6.714

	
6.881

	
0.897

	
0.821

	
1.057

	
0.972

	
0.157

	
6.892

	
0.932

	
0.683

	
0.867

	
0.981

	
0.129




	
Henan

	
7.073

	
7.078

	
0.889

	
0.874

	
1.127

	
0.969

	
0.159

	
7.051

	
0.933

	
0.701

	
0.876

	
0.982

	
0.124




	
Jiuzhi

	
6.931

	
7.061

	
0.899

	
0.773

	
1.040

	
0.972

	
0.150

	
7.020

	
0.939

	
0.624

	
0.805

	
0.984

	
0.116




	
Nangqian

	
7.037

	
7.114

	
0.875

	
0.776

	
1.012

	
0.966

	
0.144

	
7.098

	
0.902

	
0.682

	
0.898

	
0.974

	
0.128




	
Banma

	
6.394

	
6.834

	
0.871

	
0.957

	
1.164

	
0.960

	
0.182

	
6.812

	
0.916

	
0.803

	
0.979

	
0.972

	
0.153
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