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Abstract

:

Surface longwave radiation is sensitive to climate change on Earth. This study first comprehensively evaluates the accuracies of surface longwave upward radiation (SLUR) and surface longwave downward radiation (SLDR) among the mainstream surface longwave (LW) radiation products (GLASS, CERES SYN and ERA5); then, the global annual mean values of surface LW radiation as well as its temporal variations from 2003 to 2020 are quantified. The ERA5 SLUR and SLDR show the best accuracies by direct validation, with biases/Stds/RMSEs of −1.05/18.34/18.37 W/m2 and −9.41/24.15/25.92 W/m2, respectively. The GLASS SLUR has the best accuracy under clear-sky conditions with a bias/Std/RMSE of −6.73/14.21/15.72 W/m2. The accuracy of the GLASS SLDR is comparable to CERES SYN. The merit of the GLASS LW radiation is that it can provide rich spatial details due to its high spatial resolution. The global annual mean SLUR is 399.77/398.92/398.19 W/m2, and that of the SLDR is 342.64/347.98/340.47 W/m2 for GLASS, CERES SYN and ERA5, respectively. The interannual variation trends for the three products produce substantially growing long-term trends for the global mean SLUR and SDLR over the globe and land, while there are almost no trends over the ocean. The long-term trends of the seasonal mean SLUR and SDLR in the Northern and Southern Hemispheres are asymmetrical. Our comprehensive evaluation and trend analysis of the mainstream surface LW radiation products can aid in understanding the global energy balance and climate change.
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1. Introduction


The surface energy balance (SRB), consisting of surface longwave (LW) radiation and shortwave (SW) radiation, is a fundamental determinant of the Earth’s climate and its changes in the past, present and future [1,2]. Significant efforts have been made to estimate surface LW and SW radiation from various satellite observations [3]. Usually, surface LW radiation consists of three parts: surface longwave upward radiation (SLUR), surface longwave downward radiation (SLDR), and surface longwave net radiation (SLNR).



SLUR and SLDR dominate SRB at nighttime and most times of the year in the high altitude and polar regions. Over the years, a great deal of progress has been made in the estimation of SLUR and SLDR from remote sensing and this has led to three classic surface LW radiation products: the International Satellite Cloud Climatology Project-Flux Data (ISCCP-FD) (approximately 280 km) [4,5], the Global Energy and Water Cycle Experiment Surface Radiation Budget (GEWEX-SRB) (approximately 100 km) [6,7] and NASA’s Clouds and the Earth’s Radiant Energy System (CERES) synoptic (SYN) satellite product (CERES-SYN) (approximately 100 km) [8,9]. Additionally, the latest ERA5 (approximately 25 km) from the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis provides a global surface LW radiation product [10]. The ISCCP-FD and GEWEX-SRB datasets furnish a 24.5-year continuous record of global LW radiation fluxes from July 1983 to December 2007 [11], while the CERES SYN 1deg (from May 2000 and July 2002 onward for Terra and Aqua) and ERA5 (from 1979 onward) produce and archive long time series records of global LW radiation fluxes. They all share the feature of a coarse spatial resolution, which typically limits their use in studying global SRB changes [12,13]. The Global Land Surface Satellite (GLASS) Surface Longwave Radiation Product is the first high-spatial-resolution (1 km) product that was generated from MODIS data from 2000 through 2020 [14], and freely released to the public in 2018.



Although many studies have been conducted to evaluate these surface LW radiation products [15,16,17,18,19,20,21], a consistent conclusion regarding the accuracy of these products is difficult to make due to the differences in the site measurements used, evaluation method and product version. It is essential to collect as many site measurements as possible to comprehensively evaluate the abovementioned surface LW radiation products and draw a clear conclusion on the overall accuracy of these products to facilitate their usage.



Attempts have been made to quantify the global mean magnitudes of the surface radiation budget. Disagreements in published SRB estimates have persisted, resulting in widely disparate magnitudes of available SRB components of up to 15 W/m2 on a global mean basis, which has serious implications for the global water cycle at the surface, as the SRB is the primary driver of evaporation [2,22]. Earlier, the Earth Radiation Budget Experiment (ERBF) first provided the chance for quantification of the global energy balance in the Sun–Earth–Space system, but large discrepancies existed in the global mean surface SLDR, reaching 10~20 W/m2 [23,24], which was also reflected in the fifth phase of the Coupled Model Intercomparison Project (CMIP5) [25]. Then, with the advent of satellite programs such as ISCCP-FC, GEWEX-SRB and CERES and reanalysis products from the European Centre for Medium Range Weather Prediction (e.g., ERA Interim and ERA-40), many efforts were made to estimate the global mean surface SLUR and SLDR [26,27]. Nevertheless, inconsistencies typically arise in analyses by different groups. For example, the global mean SLDR estimated by Stephens et al. [22] is 13 W/m2 higher than that reported by Trenberth et al. [2], but 5 W/m2 higher than that reported by L’Ecuyer et al. [28]. Climate models have also been applied in the study of the global surface mean SLUR and SLDR [25]. The latest estimate of the global surface energy balance is by Wild [29]: a global surface mean SLUR and SLDR of 399.9 W/m2 and 343.8 W/m2, respectively. Although estimates of the global mean SLUR and SLDR have large disparities, a consensus has been reached that the global mean SLUR and SLDR are below 400 W/m2 and slightly above 340 W/m2, respectively [30]. This can be used as a criterion for evaluating other newly developed surface LW radiation products or climate model outputs.



A full representation of the global radiation and energy budget is a necessary, but insufficient step toward a comprehensive understanding of the Earth’s SRB, and a detailed spatially and temporally resolved budget analysis is also needed [30]. However, the spatial resolution of the existing long time series satellite products or reanalysis radiation products is relatively coarse and larger than ~25 km, except for the GLASS surface LW radiation products that provide the potential to achieve a finely detailed spatial analysis of the global surface energy balance. According to the literature, the periods of the publicly available global energy balance datasets are inconsistent and typically only up to 2010, but in the period 2011~2020, the frequently extreme climate causes surface energy imbalance [22]. Thus, it is necessary to re-quantify the components of the surface energy balance using the data covering 2010–2020.



The purpose of this study is twofold. The first is to comprehensively evaluate the accuracy of the high-resolution GLASS surface LW radiation product, the widely used satellite SRB radiation product CERES, and the recently released reanalysis SRB radiation product ERA5. The second is to obtain global annual mean values of surface LW radiation, and the temporal variation in the annual mean surface LW radiation globally, over land and ocean, and on a seasonal scale in the Southern and Northern Hemispheres over the period 2003–2020. The article is structured as follows: Section 2 describes the GLASS surface LW radiation, CERES SYN and ERA5 surface LW radiation products, as well as the ground measurements in this study. Section 3 describes the data processing, quality control, and validation indices. Section 4 focuses on the validation and comparison of the three surface LW radiation products and the uncertainty in calculating the global annual mean surface LW radiation. Section 5 summarizes the main findings of this study.




2. Data


2.1. Ground Measurements


Most of the ground-measured surface LW radiation was from 141 previously collected globally distributed flux sites, including 10 sites from the Asian network of flux stations (AsiaFlux) [31], 30 sites from AmeriFlux [31], 31 sites from the Baseline Surface Radiation Network (BSRN) [32], 40 sites from the Coordinated Energy and Water Cycle Observation Project (CEOP), 11 sites from the Third Tibetan Plateau Atmospheric Scientific Experiment (TIPEX-III) [33] and 19 sites from the Multiscale Observation Experiment on Evapotranspiration over heterogeneous land surfaces in the middle reaches of the Heihe River Basin (HiWATER-MUSOEXE) [34]. Details on the site information and measuring instruments can be found in Zeng, Cheng and Dong [20] and Zeng and Cheng [35]. To collect as many sites as possible, 40 additional sites were collected in this study, especially in the polar regions, i.e., latitudes above 65°N and 65°S, and the period of the collected site measurements was as long as possible to compensate for the scarcity of the number of sites. The additional sites include 7 sites from Surface Radiation Budget Monitoring (SURFRAD), 11 sites from AmeriFlux, 4 sites from BSRN, 4 sites from CEOP, 2 sites from the European Fluxes Database Cluster (EFDC), 2 sites from FluxNet and 14 sites from the Programme for Monitoring of the Greenland Ice Sheet (PROMICE). Finally, a total of 181 surface LW radiation sites were used in this study. Table 1 shows the number and time resolution of flux sites from 10 flux networks. Figure 1 shows the spatial distribution of the 181 collected flux sites.



Quality control was applied to the data before use to evaluate the surface LW radiation products as follows: (1) the entire record of data with invalid values and bad quality flags was removed, and (2) unreasonable values (SLUR > 800 or SLUR < 0, SLDR > 500 or SLDR < 0) were removed by manual inspection.




2.2. CERES SYN 1deg Edition 4A


The CERES-SYN 1deg Ed4A product combines CERES and MODIS observations from the Terra and Aqua satellites and 3-hourly geostationary (GEO) data to provide global observations of radiant fluxes for the TOA and surface, and fluxes at four atmospheric pressure levels (70, 200, 500 and 850 hPa) [9,36], computed hourly in approximate equal-area grid boxes using the Langley Fu-Liou radiative transfer code [36,37]. CERES SYN 1deg Ed4A data are available at five different temporal resolutions (1-hourly, 3-hourly, daily, etc.) on a 1° × 1° latitude by longitude grid globally, which is currently available from March 2000 to April 2022. CERES SYN 1deg Ed4A are improved from the SYN 1deg Ed3A product, which is explained in the associated documentation at the project website. The SLUR and SLDR from the Edition 4A CERES SYN 1deg_1Hour and SYN1deg_1Month datasets from 2003 to 2020 were used in this study. They were used in Section 4.1 and Section 4.2, respectively.




2.3. ERA5 Reanalysis


ERA5 data are produced using four-dimensional variational (4D-Var) data assimilation and model forecasts in CY41R2 of the ECMWF Integrated Forecast System (IFS). The ERA5 has hourly output with a spatial resolution of 0.25° and is the fifth and newest generation reanalysis product for the global climate and weather from ECMWF. Currently, these data can record the global atmosphere, land surface and ocean waves in detail from 1950 onward [10]. The ERA5 reanalysis dataset contains more output parameters, such as the 100 m wind product, radiation and temperature, which benefit from a decade of model physics, core dynamics, and data assimilation advances. ERA5 replaces the ERA-Interim reanalysis (spanning 1979 onward). Compared with the ERA-Interim, many aspects of the ERA5 datasets have been improved, including the radiation scheme, the calculation of the surface LW radiation using McRad [38], and the replacement of the previous surface LW radiation parametrization proposed by Morcrette [39]. In this study, we downloaded the ERA5 SLDR and SLNR datasets with the time resolution of one hour from 2003 to 2020, and the SLUR was obtained by subtracting the SLNR from SLDR.




2.4. GLASS Surface Longwave Radiation Product


The GLASS surface LW radiation product is the newest long-term high-spatial-resolution surface LW radiation dataset [14]. It was produced from 2000 through 2020 using MODIS observations on Terra and Aqua satellites, which are polar-orbiting satellites that pass over a given location twice per day for a total of four daily observations. It is an instantaneous product with a spatial resolution of 1 km. The GLASS surface LW radiation product provides the SLUR, SLDR and SLNR, quality control, latitude and longitude datasets. The clear-sky SLUR and SLDR were derived from the developed hybrid methods of Cheng and Liang [40] and Cheng et al. [41], respectively. The cloudy-sky SLUR was derived using the Stefan–Boltzmann equation with the broadband emissivity (BBE) from the GLASS BBE product [42,43] and the reanalysis surface temperature from MOD06/MYD06. The cloudy-sky SLDR was derived using the single-layer cloud method [44]. The algorithms and production details for the GLASS surface LW radiation product have been described in detail by Zeng, Cheng and Dong [20].





3. Methods


3.1. Data Processing


To better evaluate the surface LW radiation products with the ground measurements, spatial–temporal matching was first conducted. For temporal matching, the recording time of all sites was set to UTC format. The nearest-neighbor method was used to obtain the matched ground measurements using the overpass time of the surface longwave radiation product as a reference. For instance, the difference between the site observation time and satellite overpass time was required to be less than 15 min if the temporal resolution of the site measurements was 30 min. For spatial matching, the spherical distances between the site geographical locations and the coordinates of the GLASS, CERES SYN and ERA5 pixels or grids were calculated. For CERES SYN and ERA5 surface LW radiation products, since they are stored in the form of a global latitude and longitude grid, the grid with the shortest distance was selected to match the in situ sites, whereas for the GLASS surface LW radiation product, which is stored as a 1354 × 2030 swath unit, each site was matched up with the GLASS pixel with a spherical distance of less than 1 km.



In addition, the GLASS surface LW radiation products were upscaled to 25 km × 25 km and 100 km × 100 km by arithmetic averaging to evaluate the CERES SYN and ERA5 LW surface radiation products. Taking the site location as the window center, the pixels falling within the window of different spatial resolutions were averaged as the final radiation value to implement the subsequent evaluation, subject to 95% of the pixels being effective within the window.



The quality control of cloud masks for the three products is different. The following quality control criteria are applied to the three surface LW radiation products: the cloud mask of the GLASS surface LW radiation products come from MOD/MYD 35_L2 and have four cloud conditions, including confidently clear-sky (QC = 3), possibly clear-sky (QC = 2), uncertain condition (QC = 1) and cloudy sky (QC = 0). During the validation, a QC of 3 or 2 denotes clear-sky conditions, and a QC of 0 denotes cloudy conditions. The all-sky condition includes the four QC types.



ERA5 provides a cloud amount dataset with a range of 0~1. When the cloud amount is greater than or equal to 0.05, the grid cell is clear-sky; otherwise, the grid cell is considered cloudy-sky. CERES SYN does not provide cloud information, so the clear or cloud grids were identified by the cloud amount of ERA5. The all-sky condition does not consider the cloud amount.



In this study, the daily GLASS surface LW radiation values were first calculated at a 5 km spatial resolution from the instantaneous GLASS surface LW radiation provided, with four values per day. The monthly GLASS surface LW radiation values were then calculated using the daily GLASS surface LW radiation that had at least 25 valid values. Both CERES SYN and ERA5 provide monthly data that we used directly. Finally, the monthly dataset was averaged to derive the annual surface LW radiation for the GLASS, CERES SYN and ERA5 datasets.




3.2. Evaluation Metrics


The bias, standard deviation (Std) and root-mean-square error (RMSE) were used to evaluate the three surface LW radiation products. The bias was derived from the differences between the three surface LW radiation products and ground-measured values. The positive biases may be offset by negative biases, Std was calculated to measure the dispersion degree of bias, and a larger value of Std implies a worse performance of the surface LW radiation products [45]. Hence, the Std was applied to reflect the ability and stability of surface LW radiation products to match the ground measurements. RMSE was calculated to measure the deviation between the retrieved value and true value, which is a good measure of precision for the surface LW radiation product.




3.3. Mann–Kendall Trend Test


The Mann–Kendall (M-K) nonparametric test was used for the spatiotemporal analysis of the three surface LW radiation datasets at each grid. By computing the M-K statistic S, the statistical significance of the trends (5% significance level) was examined in this study, and each grid value was compared with all subsequent data values (S). The generated trends describe the total 18-year variation (from 2003 to 2020) at each grid across the research domain by both the size and sign of the resultant trend coefficients (slopes). The detailed formulae are as follows [46]:


  S =   ∑  i = 1   n − 1      ∑  j = n + 1  n   sgn (  X j  −  X i  )      



(1)






  sgn (  X j  −  X i  ) =     + 1 ,   i f   (  X j  −  X i  ) > 0     0 ,   i f   (  X j  −  X i  ) = 0     − 1 ,   i f   (  X j  −  X i  ) < 0      



(2)






  V a r ( S ) =   n ( n − 1 ) ( 2 n + 5 ) −   ∑  p = 1  q    t p  (  t p  − 1 ) ( 2  t p  + 5 )     18    



(3)






  Z =       S − 1     V a r ( S )     ,   i f   S > 0     0 ,   i f   S = 0       S + 1     V a r ( S )     ,   i f   S < 0      



(4)




where X is the length of the record at a given grid cell,   V a r ( S )   is the variance,  Z  is the standardized test statistic, and when   n > 10  , the presence of a statistically significant trend was tested using the M-K statistic Z [47]. We employed the M-K trend test in this work to assess the trend of each grid of surface LW radiation products over the entire 18-year period at the spatial scale. If the Z values are positive, it indicates that the LW value of this grid is a growing trend over the period 2003–2020; otherwise, it shows the reverse trend.





4. Results and Discussion


4.1. Validation with Ground Measurements


4.1.1. Direct Validation


The validation results of GLASS surface LW radiation under both clear and cloudy conditions are shown in Figure 2. Figure 2a,b show that the GLASS SLUR is underestimated under clear- and cloudy-sky conditions, with a bias of −6.73 and −7.01 W/m2, respectively, and the corresponding Std/RMSE values are 14.21/15.72 and 19.56/20.78 W/m2. In Figure 2c,d, the GLASS SLDR performs better under the clear-sky condition than that under cloudy-sky conditions. The bias/Std/RMSE for clear-sky GLASS SLDR is 2.42/27.97/28.08 W/m2, while the cloudy-sky GLASS SLDR is seriously underestimated with a bias of −15.86 W/m2, and the corresponding Std/RMSE of 36.18/39.5 W/m2.



Under the possibly clear-sky condition (QC = 2), the bias/Std/RMSE of the GLASS SLUR and SLDR are −5.84/15.53/16.59 and −4.38/25.15/25.53 W/m2, respectively. Under uncertain conditions (QC = 1), the bias/Std/RMSE of the GLASS SLUR and SLDR are −3.73/20/20.34 and 30.99/46.12/55.57 W/m2, respectively. The results show that the accuracies of GLASS SLUR under possibly clear-sky conditions are close to those under clear-sky conditions. Hence, we took the possibly clear-sky condition (QC = 2) as the clear-sky condition in this study. On the contrary, the SLDR is more susceptible to cloud conditions. Clouds introduce significant uncertainty into the SLDR estimate. On the one hand, the cloud mask flag of uncertain conditions contributes uncertainties to the GLASS SLDR [35]; on the other, the employment of cloud top temperature instead of cloud base temperature in the single-layer cloud model also contributes uncertainties to the GLASS SLDR.



We also validated the global accuracies of ERA5 and CERES SYN under clear- and cloudy-sky conditions, and the detailed results are shown in Table A1. For the SLUR, the bias/Std/RMSE for ERA5 and CERES SYN are −4.17/20.52/20.94 and −2.85/23.28/23.46 W/m2 under clear-sky conditions, and −0.48/17.85/17.86 and −3.24/25.47/25.68 W/m2 under cloudy-sky conditions, respectively. GLASS SLUR performs best under clear-sky conditions and ERA5 SLUR performs best under cloudy-sky conditions. CERES SYN SLUR is the worst. Regarding SLDR, the bias/Std/RMSE of the ERA5 and CERES SYN SLDR are −9.16/21.39/23.26 and 5.29/33.07/33.49 under clear-sky conditions and −9.45/24.59/26.35 and −7.42/34.26/34.86 W/m2 under cloudy-sky conditions, respectively. ERA5 SLDR performs best under both clear-sky and cloudy-sky conditions, and the accuracy of the GLASS SLDR and CERES SYN SLDR is comparable.



Figure 3 shows the global accuracies of the GLASS (1 km), CERES SYN (1°) and ERA5 (0.25°) SLUR and SLDR products. The scattered points for the SLUR are slightly gathered near the 1:1 line. The GLASS SLUR product (Figure 3a) has bias/Std/RMSE values of −7.63/19.5/20.94 W/m2. The corresponding error indicators for the CERES SYN (Figure 3c) and ERA5 SLUR (Figure 3e) are −3.18/25.15/25.35 and −1.05/18.34/18.37 W/m2, respectively. The results show that the ERA5 SLUR performs the best, followed by the GLASS and CERES SYN SLUR.



For the SLDR, the scattered points are also gathered near the 1:1 line. The bias/Std/RMSE for GLASS (Figure 3b) is −8.22/36.71/37.62 W/m2. The corresponding error indicators for the CERES-SYN (Figure 3d) and ERA5 SDLR (Figure 3f) are −5.57/34.22/34.67 and −9.41/24.15/25.92 W/m2, respectively. The results show that the three SLDR products are obviously underestimated. SLDR is more susceptible to the atmosphere and cloud conditions. For GLASS and CERES SYN SLDR, the overall poor accuracy was mainly caused by the poor accuracy of the cloudy-sky SLDR estimate, as shown in Table A1. GLASS SLDR was calculated by the employment of the cloud top temperature instead of the cloud base temperature. We have developed the method for estimating the cloud base temperature [48] and will update the SLDR estimate. CERES SYN SLDR was calculated by the fixed cloud thickness for low, middle and high clouds [49], which inevitably led to the error in calculating the cloud contribution. The underestimation of ERA5 SLDR may be caused by the error or lack of the measured data in the process of 4D-Var data assimilation. The accuracy of ERA5 is superior to that of GLASS and CERES-SYN. This result is consistent with the results of Tang et al. [17], which indicates that the ERA5 SLDR product is more accurate than the CERES SYN SLDR product based on the RMSE indicator.




4.1.2. Spatial Representativeness of the Direct Validation Results


Compared with the CERES SYN and ERA5 surface LW radiation products, the GLASS surface LW radiation product has unparalleled advantages in describing the heterogeneity of surface LW radiation in detail due to its high spatial resolution. This makes the GLASS surface LW radiation product more suitable for regional agricultural and hydrological research. We illustrated its advantage by comparing the differences between the GLASS and ERA5 SLDR and the ground truth under different cloud conditions, which are divided into three cases, i.e., clear sky, partly cloudy sky, and cloudy sky. As GLASS and ERA5 provide inconsistent cloud information, the cloud condition was made consistent to explain the heterogeneity within the ERA5 SLDR grid by setting three cases, as shown in Table 2.



The DRA site with the desert land type in the SURFRAD network was chosen to explain the spatial heterogeneity of SDLR. Figure 4 shows the differences between the GLASS and ERA5 SLDRs under three types of cloud amounts. After spatially matching the ERA5 SLDR with the GLASS SLDR, difference maps were created by subtracting the matched ERA5 SLDR from the GLASS SLDR pixels (25  ×  25 GLASS pixels in one ERA5 grid).



Under Case 1, the site-measured SLDR is 349.1 W/m2, and the ERA5 SDLR and the averaged GLASS SLDR within the ERA5 grid are 318.68 W/m2 and 319.91 W/m2, indicating that the SLDRs of both products are underestimated by ~29 W/m2. As shown in Figure 4a, the differences between the GLASS SLDR and ERA5 SLDR are spatially distributed and vary on each 1 km grid; the differences are approximately −10~10 W/m2, as shown in Figure 4d.



The same regularity persists in Cases 2 and 3, but the spatial differences between the GLASS SDLR and ERA5 SDLR are more pronounced, as shown in Figure 4b,c. Under Case 2, the site-measured SLDR is 282.0 W/m2, and the ERA5 SDLR and the averaged GLASS SLDR within the ERA5 grid are 318.68 W/m2 and 319.91 W/m2, indicating that the SLDRs of both products are underestimated by ~29.0 W/m2. However, the SLDR differences can reach 125 W/m2 for certain GLASS SLDR pixels (Figure 4e), even though the average difference within the EAR5 grid is ~37.0 W/m2.



Under Case 3, the site-measured SLDR is 280.3 W/m2, and the ERA5 SLDR and the averaged GLASS SLDR within the ERA5 grid are 245.45 W/m2 and 272.98 W/m2, respectively. However, the SLDR differences can reach 130 W/m2 for certain GLASS SLDR pixels (Figure 4f), even though the average difference within the EAR5 grid is ~28.0 W/m2.



The difference between the averaged GLASS SLDR within the EAR5 SLDR is the largest under partly cloudy-sky conditions. There are probably two reasons: one is that the accuracy of the cloudy-sky SLDR estimate algorithm is poorer than that of the clear-sky algorithm; the other is that the cloud mask may not be good and misclassification may exist. Clearly, there is strong heterogeneity in the coarse resolution SLDR product, and 1 km GLASS SLDR can exhibit stronger spatial details in the SLDR.



As a result, the direct validation of the coarse resolution surface LW radiation product with flux measurements is not appropriate. The validation results lack representativeness.




4.1.3. Spatial Distribution of the Validation Results


To further explore the spatial variability of the accuracy of the three surface LW radiation products, the global spatial distributions of the bias, Std and RMSE at each site were determined. The detailed results in North America, Asia, Europe, South America, Antarctica and the Arctic are shown in Appendix Table A1.



Figure 5 shows the spatial distributions of the bias of the SLUR and SLDR for the three surface LW radiation products. As a whole, most sites have negative biases, suggesting that three SLUR products are underestimated. For GLASS and CERES SYN, there are almost always negative biases (−20~0 W/m2). Additionally, there are at least 10 sites located in North America, Asia, the Arctic and Europe with negative biases smaller than −20 W/m2 for GLASS SLUR and positive biases greater than 20 W/m2 for CERES SYN SLUR. For ERA5, positive biases (0~10 W/m2) are mainly widespread in North America, Antarctica and Asia, while negative biases (−10~0 W/m2) are mostly found in North America, the Arctic, Europe and North America, especially the negative biases of six sites that are more than 30 W/m2.



Regarding SLDR, the biases for the three LW radiation products are mainly negative and show a large spatial variation. The biases are −8.22, −9.41 and −5.57 W/m2 for GLASS, ERA5 and CERES SYN SLDR under all-sky conditions, respectively. For GLASS, the negative biases (−30~−10 W/m2) are mainly widespread in North America, Europe, Asia, and the Arctic. The biases in South America are smaller than −30 W/m2, while those in Antarctica are mainly larger than −20 W/m2. For CERES SYN, most sites have positive biases (0~10 W/m2) in the above four subregions. The biases in South America primarily range from −10~10 W/m2, while those in Antarctica are mainly smaller than 10 W/m2. For ERA5, negative biases smaller than −10 W/m2 are prevalent in North America, Europe, Asia and Antarctica. The biases in the Arctic are smaller than −20 W/m2. The biases in South America are mainly in the range of −20~10 W/m2. These results show that the GLASS and ERA5 SLDR tend to be seriously underestimated, which is consistent with the results shown in Table A1.



Figure 6 shows the spatial distribution of the Std of the SLUR and SLDR. The three SLUR products perform better in the Arctic, Antarctica and Europe and worse in Asia. The Stds for the ERA5 SLDR are all smaller than those for GLASS and CERES SYN SLDR. The Stds of GLASS and ERA5 SLUR are lower than those of CERES SYN SLUR. GLASS and ERA5 have a lower Std (10~20 W/m2), mainly in North America, the Arctic, Antarctica, South America and Europe, and are ~10 W/m2 for some sites in North America, the Arctic and Europe, and 20~30 W/m2 in North America and Asia; the corresponding overall Stds are 20.98/19.87, 18.11/16.98, 13.01/12.03, 18.59/14.09, 17.56/15.7 and 26/23.06 W/m2, respectively, as shown in Table A1. The Stds of CERES SYN SLUR mainly range from 15~30 W/m2 in the above regions, and the corresponding overall Stds are mainly more than 23 W/m2, except for Antarctica, which is 16.2 W/m2. The spatial distributions of the Stds for GLASS and CERES SYN have larger spatial heterogeneity than those of ERA5. There are four sites where the Stds for GLASS and CERES SYN exceed 30 W/m2, but only one for ERA5. Overall, the GLASS and ERA5 SLUR products perform better than the CERES SYN product.



Regarding SLDR, ERA5 has the lowest Stds compared to GLASS and CERES SYN. The Stds of ERA5 SLDR range from 10~20 W/m2 in Asia and South America, 15~25 W/m2 in North America, Europe and Antarctica, and 20~30 W/m2 in the Arctic. For CERES SYN, although just a few sites in North America, Asia, and Europe have Stds between 15 and 25 W/m2, the majority of Stds are larger than 30 W/m2 globally. For GLASS, practically all of the Stds are greater than 30 W/m2. As indicated in Table A1, the Stds for GLASS and CERES SYN nearly surpass 30 W/m2 in six subregions, whereas the ERA5 Stds are approximately 25 W/m2. This demonstrates that the spatial distribution of the Stds for the three products is in accordance with the overall Stds in the six subregions shown in Table A1. Taken together, the results indicate that the ERA5 SLDR product performs the best among three SLDR products based on the Std.



Figure 7 shows the spatial distribution of the RMSE of the SLUR and SLDR at each site. The overall trends are similar to those of the Std for SLUR and SLDR. For SLUR, the RMSEs for GLASS and ERA5 are mainly in the range of 10~25 W/m2 and 5~25 W/m2, respectively, while those for CERES SYN are distributed in the range of 15~25 W/m2. The RMSEs for ERA5 in Asia are smaller than those for GLASS and CERES SYN, with values of approximately 30 W/m2. The RMSEs for ERA5 and GLASS are less than 20 W/m2 in Antarctica, but those for CERES SYN are less than 30 W/m2. The corresponding overall RMSEs for ERA5 and GLASS are 21.84/19.87, 20.46/17.23, 13.94/12.53, 23.91/14.1, 20.69/16.48 and 26.5/23.07 W/m2 in North America, the Arctic, Antarctica, South America, Europe and Asia, respectively, whereas those for CERES SYN are approximately 25 W/m2, except that for Antarctica, which is 16.48 W/m2. These results show that the ERA5 and GLASS SLUR products perform better than the CERES SYN SLUR product. The RMSEs for the three SLUR products exhibit a large spatial variability.



As far as SDLR is concerned, the RMSEs for ERA5 are mainly in the range of 15~30 W/m2, and ERA5 performs worse in the Arctic, with all RMSEs greater than 25 W/m2. The RMSEs are mainly greater than 30 W/m2 for GLASS and CERES SYN. Particularly for GLASS, the RMSEs reach 40 W/m2, as shown in Table A1, mainly due to the poor estimation of SLDR under cloudy-sky conditions because the SLDR retrieval is particularly sensitive to errors in certain cloud parameters and atmospheric states [50], especially the cloud phase, cloud base temperature, screen-level temperature and humidity. The SLDR is more susceptible to cloud properties than atmospheric states if cloudiness persists, and satellite-derived SLDR is still inhomogeneous [51], which can also be seen in Figure 6. In addition, the inability of MODIS measurement to see through clouds can also lead to uncertainties in the SLDR [44]. Together, these results demonstrate that the ERA5 SLDR product performs better than the GLASS and CERES SYN SLDR products. A common characteristic of the three SLDR products is that their RMSEs perform poorly in the Arctic.



According to the evaluation results mentioned above, the ERA5 reanalysis product outperforms the GLASS and CERES SYN products. The accuracy of the GLASS SLUR has the best performance under clear-sky conditions. Furthermore, the high spatial resolution GLASS LW radiation product can provide the rich spatial information than cannot be obtained from the coarse resolution ERA5 and CERES SYN surface LW radiation products.





4.2. Cross-Evaluation with the GLASS Surface LW Radiation Product


As shown in Figure 4, SLDR has a strong heterogeneity in 1 km spatial scale, let alone the ERA5 SLDR and CERES SYN SLDR. Usually, flux towers measure SLDR and SLUR with a footprint ranging from tens to hundreds of meters [52]. For example, the BSRN, Ameriflux, Asia, and FLUXNET networks use towers with variable heights that are determined by the height of the trees. The effective heights of most towers are approximately 2~40 m, and the projected FOV on the surface is approximately 18~505 m. As a result, the representativeness of the flux measurements is not sufficient, and the spatial mismatch between the site measurements and satellite pixel or reanalysis grid may cause potential errors in the direct validation, especially for heterogeneous landscapes.



Follow the study of Liang et al. [53], we used the GLASS surface LW radiation product as a bridge to evaluate the CERES SYN and ERA5 surface LW radiation products. The bias of the GLASS surface LW radiation product was first removed using the validation results in Section 4.1.1. For example, if the bias in the GLASS SLUR was positive, we subtracted the positive bias value from the GLASS SLUR and named it the bias-corrected GLASS SLUR, and vice versa. Then, the bias-corrected GLASS surface LW radiation product was aggregated to 0.25° and 1° to evaluate the ERA5 and CERES SYN LW radiation products, respectively. The evaluation results are shown in Figure 8.



The bias, Std and RMSE of ERA5 SLUR are 1.26, 17.39 and 17.44 W/m2, and the values are −3.18, 25.15 and 25.35 W/m2 for CERES SYN SLUR. Compared to the direct valuation results, the bias and Std change very little, whereas the RMSEs decrease by 0.93–3.37 W/m2. The bias, Std and RMSE of ERA5 SLDR are −9.32, 33.54 and 34.81 W/m2, and the values are −5.16, 32.86 and 33.25 W/m2 for CERES SYN SLDR. The absolute values of bias are slightly decreased and the RMSE of ERA5 SLDR increases by 8.79 W/m2, while the RMSE of CERES SYN SLDR decreases by 1.44 W/m2.



As a whole, the evaluation results were not significantly improved using the bias-corrected GLASS surface LW radiation product. We should continue to improve the accuracy of the GLASS surface LW radiation product such as incorporating the topographic effects [54]. In addition, it is also urgent to develop an effective upscaling method suitable for handling large differences in scale.




4.3. Global Annual Mean of Surface LW Radiation


In this section, the global annual mean of surface LW radiation fluxes in the period 2003~2020 were computed using Equation (5) for GLASS, CERES SYN, and ERA5. The M-K test technique was used to compare the spatiotemporal variation in three surface LW radiation products over 18 years.



To characterize the variation in global surface LW radiation, the latitude-weighted average method was used to calculate the global mean surface LW radiation value:


    L W  ¯  =    ∑  L W cos (  θ i  )      ∑  cos (  θ i  )      



(5)




where     L W  ¯    is the latitude-weighted average,   L  W i    is the grid value of the surface longwave radiation and    θ i    is the latitude of each grid value. This method does not consider the effect of the area or grid size [55] and can minimize the effect of differences in the actual area among product grids at different latitudes [56].



4.3.1. Spatial Distribution of the Global Annual Mean Surface LW Radiation


Figure 9 shows the geographical distribution of the global annual mean SLUR and SLDR over the period 2003~2020. The spatial patterns are consistent and agree in magnitude. The surface LW radiation values steadily decrease from the middle and low latitudes toward the north and south poles. The annual mean SLUR and SLDR at the North Pole are usually greater than those in Antarctica, which indicates that Antarctica is colder than the Arctic, as reflected in the differences in surface temperature. Greenland is also colder than the other Arctic regions. At the boundary of Antarctica, the annual mean SLUR and SLDR begin to increase slowly along the ocean and are consistent with those of the North Pole. Note that the SLUR and SLDR values of the Qinghai–Tibet Plateau (TP) are relatively lower than those of its surrounding regions due to its complex climatic conditions and terrain, even though the TP is located in the middle latitudes. It is worth noting that the annual mean values of ERA5 SLDR distributed in the western TP are lower than those of the GLASS and CERES SLDR. In addition, the SLUR is larger in the Sahara, Kalahari, Australian and Arabian Deserts at mid- and low latitudes (15~35°N and 15~35°S), while it is relatively lower in the Taklimakan and Turkestan Deserts. However, for the above deserts, the SLDR is larger near the equator. The desert in the former is warmer because of the climate, and that in the latter is colder because of the terrain. The same cause is at work in the Andes mountains, where the SLUR and SLDR are evidently lower than those in the surrounding geographical areas.



The global mean statistics of the surface LW radiation are listed in Table 3. The global mean GLASS, CERES SYN and ERA5 SLUR are 399.77, 398.92 and 398.19 W/m2, respectively. The values are close to those reported by previous studies [22,26,28,29]. The differences among these global mean SLURs are less than 1~2 W/m2 worldwide.



The land mean SLUR for GLASS, CERES SYN and ERA5 are 378.98, 380 and 375.20 W/m2, within a range of 5 W/m2 or less. The land mean SLUR here is approximately 3~9 W/m2 larger than that of ERA-Interim (370.6), ERA-40 (371.0), JRA-25 (372) and NRA2 (369.1) calculated by Berrisford, Kållberg, Kobayashi, Dee, Uppala, Simmons, Poli and Sato [26]. The ocean mean SLUR for GLASS, CERES SYN and ERA5 are 408, 409.26 and 408.38 W/m2, respectively, which are consistent within 1.5 W/m2. The ocean mean SLUR for four different reanalysis products are 408.6, 408.5, 409.7 and 407.9 W/m2 by Berrisford, Kållberg, Kobayashi, Dee, Uppala, Simmons, Poli and Sato [26]; the ocean mean SLUR for CMIP5 climate models (2000–2005) is 409 W/m2 by Wild, Folini, Hakuba, Schär, Seneviratne, Kato, Rutan, Ammann, Wood and König-Langlo [25]. Here, the ocean mean SLUR for GLASS, CERES SYN and ERA5 over the period 2003–2020 match well with those in previous studies, which indicates that the ocean SLUR remains unchanged from then to now, whereas the land mean SLUR shows a slight increasing tendency.



There are large differences in the calculation of the global mean SLDR by different researchers. The global mean GLASS, CERES SYN and ERA5 SLUR SLDR are 342.64, 347.98 and 340.47 W/m2, respectively. The difference is as high as 7.51 W/m2. The global mean SLDR difference is 12.6 W/m2 from the previous studies in Table 3. If we did not consider the value from Trenberth et al. [2] that calculates the global mean values with two years’ data, the difference is within 4.6 W/m2. The changing trend of the global mean SLDR from CERES is reasonable, i.e., increasing from 333 W/m2 to 347.97 W/m2, in the context of global warming.



The land mean SLDR of GLASS, CERES SYN and ERA5 are 311.34, 322.38 and 308.39 W/m2, the corresponding values are 355.86, 361.96 and 354.95 W/m2 over ocean, respectively. The differences are relatively larger than those at the global level. The SLDRs of GLASS and ERA5 are close to the estimate of 307  ±  3 W/m2 over land and 356  ±  3 W/m2 over the ocean in Wang and Dickinson [57].
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Table 3. Comparison of the global mean surface LW radiation calculated from different data sources.






Table 3. Comparison of the global mean surface LW radiation calculated from different data sources.





	Products
	SLUR (W/m2)
	SLDR (W/m2)
	Time
	Reference





	CERES early
	396
	333
	March 2002–May 2004
	Trenberth, Fasullo and Kiehl [2]



	ERA-Interim
	397.7
	341.2
	1989–2008
	Berrisford, Kållberg, Kobayashi, Dee, Uppala, Simmons, Poli and Sato [26]



	CERES
	398
	345.6
	2000–2010
	Stephens, Li, Wild, Clayson, Loeb, Kato, L’Ecuyer, Stackhouse, Lebsock and Andrews [22]



	CERES EBAF
	398
	344
	March 2000–February 2010
	Kato, et al. [58]



	CERES, ISCCP-FD, 2B-FLXHR-lidar and C3M
	399
	341
	2000–2009
	L’Ecuyer, Beaudoing, Rodell, Olson, Lin, Kato, Clayson, Wood, Sheffield and Adler [28]



	43 CMIP5 climate models, ERA
	399.9
	343.8
	2000–2014
	Wild [29]



	GLASS
	399.77/378.98/408.54
	342.64/311.34/355.86
	2003–2020
	This study



	CERES SYN
	398.92/380/409.26
	347.98/322.38/361.96
	2003–2020
	This study



	ERA5
	398.19/375.38/408.38
	340.47/308.39/354.95
	2003–2020
	This study







Note: The global mean SLUR and SLDR for GLASS, CERES SYN and ERA5 represent the globe, land and ocean from left to right.











In short, the global annual means of the GLASS, CERES SYN and ERA5 SLUR are less than 400 W/m2, and those of the SLDR are slightly above 340 W/m2, which is consistent with recent findings.




4.3.2. Temporal Variation in the Annual Mean Surface LW Radiation


We calculated the temporal change trend (i.e., annual change rate) of the surface SLDR at each grid by the M-K test method, and the results for SLDR are shown in Figure 10. On land, the annual change rate of the GLASS SLDR clearly increased in some regions located in low- and mid-latitude land areas. There is a growth of 2~3 W/m2 per year in Africa, South and East Asia, and North and South America, and about 1 W/m2 per year in Eastern Europe and North Asia. Almost 90% of significant trends are positive trends in Australia and South America. The annual change rate of the CERES SYN SLDR slightly increased in Eastern Europe and North Asia, similar to that of GLASS SLDR. There is apparently a decline of 1~2 W/m2 per year in South America and Australia, contrary to that of the GLASS SLDR. The annual change rate of the ERA5 SLDR also slightly increased in Eastern Europe and North Asia, similar to that of the GLASS and CERES SYN SLDR. In other regions, there is a slightly increased and sporadic distribution. The ERA5 SLDR shows no obvious annual change rate compared to the GLASS and CERES SYN SLDR.



For the ocean, the annual change rate of the GLASS SLDR clearly increased in the Arctic Ocean, especially in the areas above Eastern Europe and North Asia, with growth of 1~2 W/m2 per year. There is an increase of 0.5~1 W/m2 per year in the North Pacific, North Atlantic, Indian and North Atlantic Ocean, and a clear decrease amount of about 1 W/m2 per year in the Weddell Sea. The annual change rate of CERES SYN SLDR has a growth of about 1 W/m2 per year in the Arctic Ocean above Eastern Europe and North Asia, the North Pacific and South Pacific Ocean close to North and South America, and the Indian Ocean, while there is a decline of 1 W/m2 per year in the North Atlantic Ocean close to Greenland and the Pacific Ocean near the Australia coast. The annual change rate of ERA5 SLDR slightly increased by 1 W/m2 per year in the Arctic Ocean, North Pacific Ocean, North Atlantic, and South Pacific Ocean close to the Australia coast.



Generally, the GLASS SLDR shows clear increasing trends in the majority of areas where the global warming effect is exacerbated year after year. The CERES SYN SLDR indicates a decrease in Australia and South America. By contrast, the annual change rate of ERA5 SLDR has no obvious decrease or increase. There may be two reasons for this: (1) the M-K test is more accurate at fine spatial scales and can better describe surface types or variables with trends over time [59], and (2) there are significant uncertainties in the surface LW radiation information offered by different datasets, as demonstrated in Section 4.1, which have not been addressed [22]. The spatial distributions of SLUR variation rates for the three products are similar to those of SLDR variation rates, and are not analyzed in this paper.



Figure 11 displays the temporal variations in the global annual mean surface LW radiation. For the annual mean SLUR, the linear trends for CERES SYN are similar to those of ERA5 for the globe and land, 0.11/0.13 W/m2 globally and 0.17/0.19 W/m2 on land, respectively. GLASS shows an obvious increasing trend globally and on land, particularly on land, with a trend of 0.51 W/m2 per year. For the ocean, the temporal fluctuations and values of the three SLUR products, particularly GLASS, practically overlap.



For the annual mean SLDR, the linear trends are 0.05/0.18/0.24 W/m2 globally, 0.05/0.20/0.48 W/m2 on land and 0.05/0.18/0.14 W/m2 in the ocean for the CERES SYN, ERA5 and GLASS SLDR, respectively. GLASS has an apparent growing tendency both globally and on land compared with ERA5; GLASS shows a trend of 0.49 W/m2 per year on the land, and the difference in the annual mean of both increases with time. For the ocean, the linear trends in GLASS and ERA5 are consistent, and the curves nearly overlap. The CERES SYN has almost no linear trend over the globe, land and ocean.



The seasonal properties of the SRB also fundamentally influence the regional climate and its variability. Figure 12 depicts the seasonal fluctuations in the annual mean SLUR in the Southern Hemisphere (SH) and Northern Hemisphere (NH). In contrast to those in the SH, the annual mean SLUR during four seasons in the NH displays rising linear trends. From spring to winter in the NH, the linear trends of GLASS vary from 0.35 to 0.2 W/m2 per year, while those of CERES SYN are 0.19, 0.17, 0.16 and 0.17 W/m2 by season and those of ERA5 are 0.17, 0.16, 0.14 and 0.17 W/m2, which indicates that the linear trends in CERES SYN are comparable to those in ERA5 throughout the four seasons in the NH. In the SH, the linear trends of GLASS are 0.19, 0.09, 0.11 and 0.16 W/m2 and those of the ERA5 are 0.15, 0.1, 0.1, and 0.1 W/m2 in autumn, winter, spring and summer, respectively. The linear trends of GLASS are larger than those for ERA5 in the SH. CERES SYN has no obvious linear trends and are less than 0.09 W/m2. Compared with the NH, the linear trends for the three products in the SH are relatively lower. The above results show that the SLUR is very asymmetrical during the four seasons in the Northern and Southern Hemispheres.



Figure 13 shows the seasonal variations in the annual mean SLDR of the Southern and Northern Hemispheres. The annual mean SLDR of CERES SYN throughout the four seasons remains almost unchanged in the NH and SH. From spring to winter in the NH, the varying linear trends of GLASS from 0.35, 0.35, 0.33 and 0.23 show growing tendencies compared with those of ERA5, which are 0.21, 0.23, 0.23 and 0.21 W/m2 by season. Only in winter does the linear trend of GLASS coincide with that of ERA5. A similar situation also occurs during the four seasons in the SH, but the linear trends in GLASS and ERA5 are slightly weaker than those in the NH. This demonstrates that the linear trends in SLDR are also very asymmetrical during the four seasons in the Northern and Southern Hemispheres.



In summary, the three LW radiation products produce substantially different long-term trends in the annual mean SLUR and SDLR. The linear trends in the global and land mean CERES SYN SLUR are similar to those of ERA5. The linear trends of the ocean mean that GLASS SLUR and SLDR are in agreement with those of ERA5. The long-term trends of the seasonal mean SLUR and SDLR in the NH and SH are asymmetrical. This is a result of the asymmetrical atmospheric heat transport across the equator [60]. Evidently, the seasonal increase tendency of the SLUR and SDLR in the NH is greater than that in the SH.






5. Conclusions


Accurate estimates of surface LW radiation and its temporal changes are important for determining global energy and hydrological cycles and understanding climate sensitivity. This study quantifies (1) the accuracies of surface LW radiation from GLASS, CERES SYN and ERA5 products with 181 sites collected from 10 different flux networks and (2) global annual mean values and its temporal variation from 2003–2020.



According to the direct validation, the global accuracies of the ERA5 SLUR and SLDR are the best, with bias/Std/RMSE values of −1.05/18.34/18.37 W/m2 for SLUR and −9.41/24.15/25.92 W/m2 for SLDR, respectively. The performance of the GLASS SLUR is better than that of the ERA5 SLUR under clear-sky conditions, with a bias/Std/RMSE of −6.75/14.18/15.17 W/m2. The CERES SYN SLUR has a bias/Std/RMSE of −3.18/25.15/25.35 W/m2. The accuracy of two satellite SLDRs (GLASS and CERES SYN SLDR) is comparable, but poorer than that of the ERA5 SLDR, with bias/Std/RMSE values of −8.22/36.71/37.62 W/m2 and −5.57/34.22/34.67 W/m2, respectively. The bias/Std/RMSE of ERA SLDR are −9.41/24.14/25.92 W/m2. Compared to coarse resolution surface LW radiation product, GLASS LW radiation can provide rich spatial details due to its high spatial resolution. In addition, we are updating the production of the cloudy-sky SLUR using our newly developed cloudy-sky land surface temperature retrieval algorithms and products [61,62,63,64,65,66], and updating the cloudy-sky SLDR production using the cloud base temperature [48,67]. The accuracy of the GLASS cloudy-sky SLUR and SLDR could be improved.



When the bias-corrected GLASS surface LW radiation products were used to evaluate the coarse resolution CERES SYN and ERA5 surface LW radiation products, the evaluation results were not significantly improved compared to the direct validation. Both the algorithms for producing the GLASS surface LW radiation product and the upscaling method for generate coarse resolution surface LW radiation product should be improved in the future.



The spatial distributions of the global annual mean for the GLASS, CERES SYN and ERA5 SLUR and SLDR are consistent in spatial pattern and agree in magnitude. The global annual mean SLUR for GLASS, CERES SYN and ERA5 are 399.77, 398.92 and 398.19 W/m2, and SLDR are 342.64, 347.98 and 340.47 W/m2, respectively, which are in line with the previous findings.



Varying degrees of long-term increasing trends appeared in the global mean SLUR and SDLR of the three LW radiation products. The linear trends in the global and land mean GLASS SLUR and SLDR show obvious growing tendencies, followed by ERA5 and CERES SYN. The long-term trends of the seasonal mean SLUR and SDLR in the Northern and Southern Hemispheres are very asymmetrical. The seasonal increasing tendency of the SLUR and SDLR in the Northern Hemisphere is greater than that in the Southern Hemisphere.
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Table A1. Accuracies of the GLASS, ERA5 and CERES SYN SLUR and SLDR in regional and continental scales.






Table A1. Accuracies of the GLASS, ERA5 and CERES SYN SLUR and SLDR in regional and continental scales.





	
Region

	
Product

	
Sky Conditions

	
SLUR (W/m2)

	
SLDR (W/m2)




	
Bias

	
Std_Bias

	
RMSE

	
Bias

	
Std_Bias

	
RMSE






	
North America

	
GLASS

	
All-sky

	
−6.07

	
20.98

	
21.84

	
−7.04

	
36.19

	
36.87




	
Clear-sky

	
−5.06

	
14.61

	
15.46

	
−5.21

	
24.63

	
25.17




	
Cloud-sky

	
−4.82

	
21.51

	
22.05

	
−14.36

	
38.18

	
40.79




	
ERA5

	
All-sky

	
0.2

	
19.87

	
19.87

	
−6

	
21.62

	
22.44




	
Clear-sky

	
−3.44

	
21.82

	
22.09

	
−4.08

	
18.8

	
19.24




	
Cloud-sky

	
1.38

	
19.04

	
19.09

	
−6.61

	
22.42

	
23.38




	
CERES SYN

	
All-sky

	
1.88

	
29.17

	
29.23

	
2.1

	
34.95

	
35.01




	
Clear-sky

	
−1.46

	
26.47

	
26.51

	
9.36

	
33.72

	
35




	
Cloud-sky

	
2.97

	
29.92

	
30.07

	
−0.23

	
35.02

	
35.02




	
Asia

	
GLASS

	
All-sky

	
−5.13

	
26

	
26.5

	
−11.7

	
39.59

	
41.29




	
Clear-sky

	
−7.89

	
19.7

	
21.22

	
−8.26

	
24.86

	
26.19




	
Cloud-sky

	
−3.36

	
26.43

	
26.64

	
−16.68

	
41.07

	
44.33




	
ERA5

	
All-sky

	
−0.52

	
23.06

	
23.07

	
−13.92

	
24.9

	
28.53




	
Clear-sky

	
−4.04

	
24.99

	
25.32

	
−13.71

	
21.56

	
25.55




	
Cloud-sky

	
−0.11

	
22.79

	
22.79

	
−13.94

	
25.23

	
28.82




	
CERES SYN

	
All-sky

	
−0.63

	
27.24

	
27.24

	
−7.2

	
33.03

	
33.81




	
Clear-sky

	
−6.37

	
22.9

	
23.77

	
4.54

	
34.26

	
34.56




	
Cloud-sky

	
0.05

	
27.63

	
27.63

	
−8.44

	
32.66

	
33.73




	
Europe

	
GLASS

	
All-sky

	
−10.93

	
17.56

	
20.69

	
−15.77

	
35.54

	
38.88




	
Clear-sky

	
−9.43

	
13.1

	
16.15

	
−4.94

	
19.36

	
19.98




	
Cloud-sky

	
−9.63

	
16.12

	
18.78

	
−22.76

	
34.53

	
41.36




	
ERA5

	
All-sky

	
−5.01

	
15.7

	
16.48

	
−9.06

	
21.03

	
22.9




	
Clear-sky

	
−5.64

	
19.48

	
20.28

	
−4.65

	
13.17

	
13.96




	
Cloud-sky

	
−4.96

	
15.35

	
16.13

	
−9.39

	
21.47

	
23.43




	
CERES SYN

	
All-sky

	
−7.36

	
21.56

	
22.78

	
−5.66

	
32.96

	
33.44




	
Clear-sky

	
−3.19

	
23.8

	
24.01

	
3.34

	
31.22

	
31.39




	
Cloud-sky

	
−7.69

	
21.34

	
22.68

	
−6.33

	
32.98

	
33.59




	
South America

	
GLASS

	
All-sky

	
−15.05

	
18.59

	
23.91

	
−7.74

	
35.67

	
36.5




	
Clear-sky

	
−11.8

	
8.92

	
14.79

	
1.86

	
22.97

	
23.05




	
Cloud-sky

	
−12.41

	
17.67

	
21.59

	
−15.64

	
35.36

	
38.66




	
ERA5

	
All-sky

	
0.33

	
14.09

	
14.1

	
−4.43

	
25.03

	
25.42




	
Clear-sky

	
−8.37

	
12.5

	
15.04

	
3.56

	
23.45

	
23.72




	
Cloud-sky

	
0.43

	
14.08

	
14.09

	
−5.06

	
25.05

	
25.55




	
CERES SYN

	
All-sky

	
3.85

	
23.88

	
24.19

	
1.68

	
31.37

	
31.42




	
Clear-sky

	
−3.76

	
20.45

	
20.79

	
16.19

	
30

	
34.09




	
Cloud-sky

	
3.93

	
23.9

	
24.23

	
0.55

	
31.2

	
31.2




	
Antarctica

	
GLASS

	
All-sky

	
−5

	
13.01

	
13.94

	
12.2

	
35.22

	
37.27




	
Clear-sky

	
−1.74

	
8.71

	
8.88

	
37.4

	
16.59

	
40.91




	
Cloud-sky

	
−7.1

	
14.6

	
16.23

	
−8.71

	
31.75

	
32.93




	
ERA5

	
All-sky

	
3.49

	
12.03

	
12.53

	
−8.64

	
24.83

	
26.29




	
Clear-sky

	
−1.58

	
13.13

	
13.22

	
−13.93

	
21.59

	
25.69




	
Cloud-sky

	
4.31

	
11.64

	
12.41

	
−7.78

	
25.21

	
26.39




	
CERES SYN

	
All-sky

	
−3.05

	
16.2

	
16.48

	
−4.56

	
31.6

	
31.93




	
Clear-sky

	
0.02

	
12.39

	
12.39

	
5.96

	
27.66

	
28.29




	
Cloud-sky

	
−3.54

	
16.68

	
17.05

	
−6.26

	
31.87

	
32.48




	
Arctic

	
GLASS

	
All-sky

	
−9.52

	
18.11

	
20.46

	
−13.2

	
34.69

	
37.12




	
Clear-sky

	
−10.67

	
13.69

	
17.35

	
−3.29

	
26

	
26.2




	
Cloud-sky

	
−8.38

	
17.78

	
19.66

	
−16.67

	
34.98

	
38.75




	
ERA5

	
All-sky

	
−2.93

	
16.98

	
17.23

	
−12.25

	
25.91

	
28.66




	
Clear-sky

	
−6.2

	
18.25

	
19.28

	
−19.13

	
23.67

	
30.44




	
Cloud-sky

	
−2.59

	
16.81

	
17.01

	
−11.54

	
26.02

	
28.47




	
CERES SYN

	
All-sky

	
−7.07

	
22.4

	
23.49

	
−12.01

	
34.21

	
36.26




	
Clear-sky

	
−5.92

	
18.06

	
19.01

	
−4.01

	
32.58

	
32.82




	
Cloud-sky

	
−7.19

	
22.8

	
23.91

	
−12.84

	
34.27

	
36.6




	
Globe

	
GLASS

	
All-sky

	
−7.63

	
19.5

	
20.94

	
−8.22

	
36.71

	
37.62




	
Clear-sky

	
−6.75

	
14.18

	
15.7

	
2.61

	
28.02

	
28.14




	
Cloud-sky

	
−7.01

	
15.96

	
20.78

	
−15.86

	
36.18

	
39.5




	
ERA5

	
All-sky

	
−1.05

	
18.34

	
18.37

	
−9.41

	
24.14

	
25.92




	
Clear-sky

	
−4.17

	
20.52

	
20.94

	
−9.16

	
21.39

	
23.26




	
Cloud-sky

	
−0.48

	
17.85

	
17.86

	
−9.45

	
24.59

	
26.35




	
CERES SYN

	
All-sky

	
−3.18

	
25.15

	
25.35

	
−5.57

	
34.22

	
34.67




	
Clear-sky

	
−2.85

	
23.28

	
23.46

	
5.29

	
33.07

	
33.49




	
Cloud-sky

	
−3.24

	
25.47

	
25.68

	
−7.42

	
34.06

	
34.86
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Figure 1. Spatial distribution of the employed flux sites. (a) Site map of observations of surface longwave radiation. (b) Distribution map of observation sites at the North Pole (latitude above 65°N) and (c) the distribution of observation sites at the South Pole (latitude above 65°S). 
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Figure 2. Validation results for GLASS surface LW radiation under clear-sky and cloudy-sky conditions. (a,b) for GLASS SLUR, (c,d) for GLASS SLDR. 
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Figure 3. Overall accuracies of the GLASS, CERES-SYN and ERA5 surface LW radiation under all-sky conditions, respectively. (a,b) for the GLASS, (c,d) for the CERES-SYN, and (e,f) for the ERA5. 
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Figure 4. Differences between the GLASS and ERA5 SLDR at the DRA site in the SURFRAD network. (a): Differences between the GLASS and ERA5 SLDR for Case 1. (b): Similar to (a), but for Case 2. (c): Similar to (a), but for Case 3. (d–f): Corresponding frequency histograms for (a–c), respectively. Unit: W/m2. (g): Information on the GLASS QCs for Case 2. 
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Figure 5. Biases of the SLUR and SLDR for GLASS (1 km), CERES SYN (0.25°) and ERA5 (1°) at each site. Unit: W/m2. 
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Figure 6. Stds of the SLUR and SLDR for GLASS (1 km), CERES SYN (0.25°) and ERA5 (1°) at each site. Unit: W/m2. 
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Figure 7. RMSEs of the SLUR and SLDR for GLASS (1 km), CERES SYN (0.25°) and ERA5 (1°) at each site. Unit: W/m2. 
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Figure 8. Evaluation results of the ERA5 and CERES SYN LW radiation products using the bias-corrected GLASS surface LW radiation product. 
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Figure 9. Spatial distribution of the global annual mean SLUR and SLDR calculated from GLASS (5 km), CERES SYN (1°) and ERA5 (0.25°) from 2003 to 2020. 
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Figure 10. Annual change rate of the GLASS (5 km), CERES SYN (25 km) and ERA5 (100 km) land and ocean SLDR from 2003 to 2020. The pixels marked with a dot indicate their statistical significance (p-values < 0.05) based on the M-K test. 
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Figure 11. Temporal variation in the annual mean surface LW radiation over the globe, land and ocean. 
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Figure 12. Seasonal variation in annual mean SLUR of the Southern and Northern Hemispheres. 






Figure 12. Seasonal variation in annual mean SLUR of the Southern and Northern Hemispheres.



[image: Remotesensing 15 02955 g012a][image: Remotesensing 15 02955 g012b]







[image: Remotesensing 15 02955 g013 550] 





Figure 13. Seasonal variation in the annual mean SLDR in the Southern and Northern Hemispheres. 






Figure 13. Seasonal variation in the annual mean SLDR in the Southern and Northern Hemispheres.



[image: Remotesensing 15 02955 g013]







[image: Table] 





Table 1. Selected flux sites from 10 flux networks.
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	No.
	Network
	No. of Sites
	Time Resolution (min)
	URL





	1
	AsiaFlux
	10
	30
	http://asiaflux.net/, accessed on 1 June 2023



	2
	AmeriFlux
	40
	30
	https://ameriflux.lbl.gov/, accessed on 1 June 2023



	3
	BSRN
	35
	1
	https://bsrn.awi.de/, accessed on 1 June 2023



	4
	CEOP
	41
	30
	https://www.eol.ucar.edu/field_projects/ceop, accessed on 1 June 2023



	5
	EFDC
	2
	60
	http://www.europe-fluxdata.eu/, accessed on 1 June 2023



	6
	FluxNet
	2
	30
	https://fluxnet. fluxdata.org/, accessed on 1 June 2023



	7
	HiWATER-MUSOEXE
	19
	10
	https://data.tpdc.ac.cn/zh-hans/, accessed on 1 June 2023



	8
	PROMICE
	14
	60
	http://www.promice.org/, accessed on 1 June 2023



	9
	SURFRAD
	7
	1
	https://gml.noaa.gov/grad/surfrad/index.html, accessed on 1 June 2023



	10
	TIPEX-III
	11
	10
	http://123.56.215.19/tipex, accessed on 1 June 2023
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Table 2. Case descriptions and spatial details for GLASS and ERA5.
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	Case
	Description





	Case 1 (clear sky)
	The cloud QCs of all GLASS SLDR pixels in 25 km are equal to 3, and the cloud amount of the ERA5 grid is 0



	Case 2 (partly cloudy sky)
	Broken clouds in ERA5 with the cloud amount between 0.05~1, and the corresponding GLASS QCs may be equal to 0, 1, 2 and 3 in 25 km



	Case 3 (cloud sky)
	The cloud QCs of all GLASS SLDR pixels in 25 km are controlled to 0, and the cloud amount of ERA5 is 1
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