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Introduction

The world's ambition of achieving the net zero target (International Energy Agency (IEA), 2021) and carbon neutrality (United Nations (UN), 2020) by mid-21st century promotes a rapid reduction of CO 2 emissions and a clean energy transition. Surface solar radiation (R s ), especially its diffuse component scattered by gas molecules, aerosols, or cloud droplets, is a key climatic factor influencing plant photosynthesis and thus the carbon sink size of terrestrial ecosystems [START_REF] Mercado | Impact of changes in diffuse radiation on the global land carbon sink[END_REF][START_REF] Wang | Technologies and perspectives for achieving carbon neutrality[END_REF]. Diffuse radiation (R f ) reaches the surface from all angles of the hemisphere, and thus can penetrate deep into the vegetation canopy. The more even distribution of R f through the canopy increases photosynthesis of the light-limited lower leaves, whereas it decreases photosynthetic oversaturation in the upper canopy, resulting in an enhancement of radiation use efficiency for the plant overall [START_REF] Wolffe | Temporal variability in the impacts of particulate matter on crop yields on the North China Plain[END_REF]. This is commonly referred to as the "diffuse radiation fertilization effect" [START_REF] Gu | Advantages of diffuse radiation for terrestrial ecosystem productivity[END_REF]. The direct beam of R s , that is, direct radiation (R d ), on the other side, determines the utilization of renewable solar energy through the deployment of solar thermal power plants [START_REF] Zhou | Estimation of the losses in potential concentrated solar thermal power electricity production due to air pollution in China[END_REF]. Replacing traditional fossil fuel with renewable solar resource has been regarded as an important means to reduce CO 2 emissions and decarbonize energy systems [START_REF] Chen | Pathway toward carbon-neutral electrical systems in China by mid-century with negative CO 2 abatement costs informed by high-resolution modeling[END_REF][START_REF] Wang | Technologies and perspectives for achieving carbon neutrality[END_REF]. With net zero pledges of many countries around the world, solar energy development is likely to accelerate over the coming decades. Expanding the solar power capacity, as well as promoting the carbon sink of terrestrial ecosystems toward carbon neutrality, require a detailed study of the spatiotemporal features of R d and R f . Atmospheric transparency and solar elevation angle are the key factors influencing the radiative transfer processes in the atmosphere and thus regulating the amount of R d and R f received at the surface. The total solar irradiance from the Sun incident on the top of Earth's atmosphere varies <1 W m -2 over the past 9 kyr (Intergovernmental Panel on Climate Change (IPCC), 2013) and thus is usually deemed as constant, the so called "solar constant." On the way to the Earth's surface, incoming solar radiation may be extinct by radiatively active gases (e.g., water vapor), clouds or aerosols, which are factors that determine the transparency of the atmosphere [START_REF] Wild | Global dimming and brightening: A review[END_REF]. They may influence R s and the partitioning of R s into R d and R f components [START_REF] Kanniah | Control of atmospheric particles on diffuse radiation and terrestrial plant productivity: A review[END_REF]. Increased gases, clouds or aerosols in the atmosphere generally tend to decrease R d but increase R f reaching the surface [START_REF] Sanchez-Lorenzo | Global and diffuse solar radiation in Spain: Building a homogeneous dataset and assessing their trends[END_REF]. Usually, the decrease in R d is larger than the increase in R f , which then will likely induce a decrease in R s at the surface [START_REF] Power | Trends in solar radiation over Germany and an assessment of the role of aerosols and sunshine duration[END_REF]. In particular, different aerosol species play distinct roles in that sulfate aerosols primarily scatter solar radiation without much attenuation of R s , while black carbon aerosols can cause a large atmospheric solar absorption and substantial R s reduction [START_REF] Ramanathan | Atmosphere -aerosols, climate, and the hydrological cycle[END_REF][START_REF] Ren | Spatiotemporal variability analysis of diffuse radiation in China during 1981-2010[END_REF]. Such light extinction processes can be aggravated at lower solar elevation angle along a longer optical path [START_REF] Sanchez-Romero | The signal of aerosol-induced changes in sunshine duration records: A review of the evidence[END_REF]. Meanwhile, the sun's rays spread over a larger surface area, which may induce a weakened R s intensity (Y. Wang et al., 2021), but with uncertain influence on R d and R f proportions. This induces the interest to explore the effect of atmospheric transparency on the diurnal variations of R d and R f with a changing elevation of the sun.

Studies on long-term trends of R s and its R d and R f components are still largely deficient at hourly or shorter timescales due to the general scarcity of high-temporal resolution data. Conventional surface observations typically available in the form of annual, monthly, or daily means of R s indicate a "global dimming and brightening" phenomenon since the 1960s [START_REF] Ohmura | Observed decadal variations in surface solar radiation and their causes[END_REF][START_REF] Wild | From dimming to brightening: Decadal changes in solar radiation at Earth's surface[END_REF]. A similar transition from dimming to brightening since the year around 1990 has also been widely observed in R d trends, while inconsistency has been noted in R f trends in different regions over the globe (Y. Wang et al., 2020;[START_REF] Wild | Global dimming and brightening -Evidence and agricultural implications[END_REF]. Thus far, hourly evolutions in solar radiation and its widely used proxy sunshine duration have only been analyzed over a limited number of countries, for example, Germany (B. G. [START_REF] Liepert | Decline in global solar radiation with increased horizontal visibility in Germany between 1964 and 1990[END_REF], the United States (B. [START_REF] Liepert | Multidecadal solar radiation trends in the United States and Germany and direct tropospheric aerosol forcing[END_REF], Turkey [START_REF] Aksoy | Analysis of changes in sunshine duration data for Ankara, Turkey[END_REF], and Israel [START_REF] Cohen | Evidence suggesting the shortening of the day from sunrise to sunset due to global change[END_REF], for the period before the mid-1990s. How the diurnal cycles of R d and R f components vary after the transition to the global brightening phase remain to be seen.

Therefore, in this study, we aim to reveal in detail the climatology and trends of R d and R f on the diurnal scale, and discuss the driving mechanism behind and the possible implications for energy and agricultural developments.

Data and Methods

Data Quality Control

As a first step, a quality control process was applied on the surface observations of hourly solar radiation to ensure the reliability of the assessed climatology and trends. Hourly solar radiation data for R s and R f were obtained from the China Meteorological Data Service Center (http://data.cma.cn), which measured consistently since 1993 for 1-24 local time (LT) with automatic thermopile pyranometers with errors not exceeding 5% by the China Meteorological Administration (CMA) [START_REF] Shi | Data quality assessment and the long-term trend of ground solar radiation in China[END_REF][START_REF] Wang | Decadal variability of surface incident solar radiation over China: Observations, satellite retrievals, and reanalyses[END_REF]. This study was conducted on the same period of 1993-2014 with our previous work for hourly R s (Y. Wang et al., 2021). R d on the horizontal surface is calculated as the difference between R s and R f . The raw CMA data set includes 21 stations across China providing both hourly R s and R f observations. Out of these stations, 2 stations with observations less than 90% of the examined period (i.e., <20 years) were removed from further considerations; besides, 2 pairs of collocated stations were combined to complete the recording period. Suspicious data records detected during the basic quality control have been corrected by the CMA before the release of the data set. To further rule out possible outliers, physical thresholds for the hourly R s and R f observations were checked following the criteria [START_REF] Reindl | Diffuse fraction correlations[END_REF] as:

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 𝑅𝑅𝑓𝑓 ≤ 𝑅𝑅𝑠𝑠 < 𝑅𝑅𝑎𝑎 𝑅𝑅𝑓𝑓 ∕𝑅𝑅𝑠𝑠 ≥ 0.9, 𝑖𝑖𝑓𝑓 𝑅𝑅𝑠𝑠∕𝑅𝑅𝑎𝑎 < 0.2 𝑅𝑅𝑓𝑓 ∕𝑅𝑅𝑠𝑠 ≤ 0.8, 𝑖𝑖𝑓𝑓 𝑅𝑅𝑠𝑠∕𝑅𝑅𝑎𝑎 > 0.6 (1)
The hourly extraterrestrial radiation R a (MJ m -2 hour -1 ) is estimated by the Food and Agriculture Organization (FAO)-56 method [START_REF] Allen | FAO Irrigation and drainage paper No. 56[END_REF] as: (2)

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ = 12 × 60 [( 2 -
where G sc = 0.082 MJ m -2 min -1 is the solar constant, N = [1 to 366] is the day of year, the calculated φ, δ, and d r are the latitude of the station, the solar declination, and the inverse relative distance Earth-Sun, respectively.

The solar time angles at the start ω 1 , midpoint ω, and end ω 2 of the hourly period are given by: (3

⎧ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎩ 1 =
)
where t is the standard clock time at the midpoint of the hourly period; Lon z and Lon s are the longitudes of the center of LT zone and the observation station, respectively; S c is the seasonal correction for hourly solar time.

R a is defined as zero if the sun is below the horizon as indicated by ω < -ω s or ω > ω s , where ω s is the sunset hour angle:

𝜔𝜔𝑠𝑠 = arccos(-tan 𝜑𝜑 tan 𝛿𝛿) (4)

Analysis Procedure

Based on homogenous data, we examined the climatology and trends on the hourly basis of both the absolute values of R d and R f and their relative terms of R d % and R f %, that is, the ratios of R d and R f to R s , respectively. The absolute values represent the actual levels and changes of R d and R f , while the relative indices show their proportions in R s and enable the comparisons in time and space with different radiation levels. In order to analyze the variations along the year, the hourly observations were averaged into months, with 96% of them having the sampling size of >10 days per month. The missing monthly mean hourly data V i,j,k,n at hour i averaged over month j of station k in year n was then filled by linear interpolation to avoid seasonal biases in deriving annual means and trends as:

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑖𝑖 + 𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (5)
Where the trend slope a i,j,k and intercept b i,j,k are determined from the linear regression equation established by available monthly mean hourly data at the same hour i, month j, and station k over the examined years of 1993-2014.

To understand the implications for solar energy and agricultural production, we divided the stations into three regions: Region 1 (R1), solar energy resource region; Region 2 (R2), agricultural crop resource region; and Region 3 (R3), the whole China (Figure 1). The solar energy resource region is identified according to the criterion of annual mean R s > 160 W m -2 proposed by the National Energy Administration of China (http://www.nea. gov.cn/). In the R1 region, the R d resource is dominant with the ratio to R f of 1.6 on average. All examined stations in this region are with high potential for concentrated solar thermal energy generation, receiving dominantly the direct light from the sun rather than the diffuse light from the sky. The agricultural crop resource region is defined as the proportion of sown area of agricultural crops to administrative area >25%. The indices of sown area and administrative area for each station are collected from the China Statistical Yearbook 2020 (http://www.stats.gov. cn/). There is sufficient R f resource in this region, with the ratio of R d : R f < 1 over 70% of the included stations (Figure 1a). As illustrated in the data quality control step, there are in total 17 stations showing homogeneous observations of R d and R f . One station (Mohe) with R s < 160 W m -2 and sow area proportion <25% was further deleted from this research, due to its low potential for either solar energy development or crop planting. Therefore, 16 stations across China were selected for further research (Figure 1).

Dimming and brightening in the diurnal cycles of R d and R f were then explored over the divided regions at both annual and seasonal scales. Magnitude and significance at the 95% confidence level of the analyzed trends are determined by linear regression model fitting by the method of QR decomposition of a matrix into orthogonal (Q) and upper triangular (R) matrices. Former studies proposed clouds and aerosols as the most likely explanations of dimming and brightening [START_REF] Wild | Global dimming and brightening: A review[END_REF]. We therefore used the CLARA-A2. [START_REF] Stevens | MACv2-SP: A parameterization of anthropogenic aerosol optical properties and an associated Twomey effect for use in CMIP6 [Dataset][END_REF]. Moreover, AOD from MACv2 falls within spreads of modern global models as used in CMIP and AeroCom, satellite retrieval and re-analysis data based on different metrics [START_REF] Vogel | Uncertainty in aerosol optical depth from modern aerosol-climate models, reanalyses, and satellite products[END_REF]. Distinct diurnal cycles of R d , with the peak value at noon around 12 LT and low value near sunrise and sunset, can be noted over all divided regions across China (Figure 2a). Averaged across all 16 stations (R3), mean R d at middle times of the day (9-16 LT) is 264 W m -2 , which is about 9.7 times higher than the mean value (27 W m -2 ) for the hours in morning (5-8 LT) and afternoon (17-20 LT). The diurnal difference of R d is slightly larger in region R2, the coastal and densely-populated east part of China, than in the solar energy potential region (R1), the inner land western part of China with high elevation (Figure 1a). Region R1 has the most abundant R d resources over China, similar with the conclusions drawn on daily R d observations (Y. Wang et al., 2020) or estimated R d from sunshine duration [START_REF] Zhao | Essential characteristics of solar direct radiation over recent 50 years in China[END_REF]. The hourly mean values of R d in region R1 are higher than in region R2 over all hours of the day, especially toward the start or end of a day, with almost twice the magnitude on average (Figure 2a). A larger dimming trend in the diurnal cycle of R d , however, is observed in region R2 ranging from -0.4 to -10.4 W m -2 decade -1 (on average -4.2 W m -2 decade -1 ) rather than in R1 ranging from -0.1 to -7.9 W m -2 decade -1 (on average -3.5 W m -2 decade -1 ) during the examined period of 1993-2014. The dimming in R d , which is previously noted in daily observations (Y. Wang et al., 2020), is prevalent over almost all times of the day across the nation (Figures 1b and2a).

Seasonal differences in the diurnal cycles of R d are illustrated in Figure 3a. Summer and spring are the two seasons with the most intensive direct-beam light and maximum daylight hours over China. During the day, the intensity of summer R d is on average 1.1 times stronger than spring R d , with the differences being higher near sunrise and sunset but lower around noon. In general, the Sun in summer rises about 1 hr earlier and sets 1 hr later than in spring. The daylength further shortens by about one more hour both at sunrise and sunset with the approach of autumn and winter. R d received in autumn is at the intermediate level among the seasons. Poor R d resource is shown especially in morning and afternoon of the winter over region R2. Compared between regions R1 and R2, seasonal differences in the diurnal cycles of R d are more pronounced in region R1; while in region R2, the differences are small among spring, summer, and autumn seasons, but winter R d is on average about 2.9 times lower than other seasons in the diurnal cycle. For all seasons, region R1 is superior in R d resources over all hours of the day. However, there is a daytime-dependent prevailing loss in R d resources over region R1 during the examined decades (Figure 3b). Stronger dimming in the diurnal cycle of R d can be observed over region R2, despite the low R d levels, especially for the seasons of summer, autumn, and winter.

Direct Fraction R d %

As indicated by the diurnal cycle of R d % in Figures 2b and3c, R d dominates R s (i.e., R d % > 50%) at the hours with high solar elevation angle from 9 to 16 LT averaged over the 16 stations across China, at both annual and seasonal scales. The dominant role of R d in R s is mainly shown for high solar energy potential region R1 covering on average a 10-hr period of 8-17 LT. By contrast, R d % is <50% over all the hours of day averaged over region R2, with an only exception in the 10-14 LT of autumn.

During 1993-2014, R d % in China shows a consistent and significant dimming in the diurnal cycle, with an average magnitude of -4.4% decade -1 in the morning and afternoon (5-8 and 17-20 LT) and -1.5% decade -1 for the hours in between (9-16 LT), respectively. This is consistent with the diurnal evolution pattern in R s and sunshine duration with a maximal change near sunrise and sunset [START_REF] Aksoy | Analysis of changes in sunshine duration data for Ankara, Turkey[END_REF][START_REF] Cohen | Evidence suggesting the shortening of the day from sunrise to sunset due to global change[END_REF][START_REF] Liepert | Multidecadal solar radiation trends in the United States and Germany and direct tropospheric aerosol forcing[END_REF][START_REF] Liepert | Decline in global solar radiation with increased horizontal visibility in Germany between 1964 and 1990[END_REF]Y. Wang et al., 2021). Higher changing rates of R d % at the hours with low solar elevation angle can also be observed over the seasons (Figure 3d). R d % especially further weakens in region R2, with significant decreasing trends spreading over almost the whole day in the seasons of summer, autumn, and winter. The magnitude of R d % dimming reduces by half in region R1, with slight decreases occurring especially through the days of spring and winter; while recoveries in R d %, though mostly insignificant, can be noted in the morning (Figures 2b and3d).

Diffuse Radiation R f

Similar with R d , diurnal R f also peaks at noon around 12 LT and then gradually decreases to zero before sunrise or after sunset (Figure 2c). In China, the mean R f (202 W m -2 ) averaged over the hours around noon (9-16 LT) is about 5.5 times higher than that (36 W m -2 ) averaged over the hours in morning (5-8 LT) and afternoon (17)(18)(19)(20). In contrast to R d , regional and seasonal differences in the diurnal cycles of R f are relatively small (Figures 2c and3e). In general, region R2, that is, the main sown area of China, possesses larger R f resources especially at the noon of summer and autumn, as compared to region R1.

During the examined period, there is an enhancement in R f resources over China in all times and all regions. The consistent R f brightening trends spreading over China and all seasons have also been noted from daily observations during a similar period of 1993-2016 (Y. Wang et al., 2020). As shown in Figure 3f, increasing R f trends with 80% of them being significant spread over all times of the days divided by seasons and regions with nearly no exception. The increase of R f is especially significant over region R2 (Figure 1b). The magnitude of brightening in the diurnal cycle of R f ranges from 0.7 to 16.6 W m -2 decade -1 in region R2, double the size of region R1 ranging from 0.1 to 6.9 W m -2 decade -1 for 1993-2014. Seasonal comparisons suggest that, an extremely large R f brightening with the rate higher than 15 W m -2 decade -1 distributes at 10-15 LT in summer and 11-13 LT in autumn over region R2.

Diffuse Fraction R f %

An opposite diurnal cycle is shown in R f % on an annual (Figure 2d) or seasonal (Figure 3g) basis. Over the 16 stations across China, R f dominates R s (i.e., R f % > 50%) on average for 4-8 hr in the morning and afternoon of the seasons. The R f -dominated period shortens to 2-5 hr in region R1. By comparison, over the agricultural crop resource region R2, the dominant role of R f in R s lasts for the whole day covering 16, 14, and 11 hr, respectively, for the summer, spring, and winter seasons. Autumn is the only exceptional season with the dominant role of R f replaced by R d at noon in region R2.

Consistent with the widespread brightening in R f , R f % enhancements can also be observed at almost all hours of the regions and seasons, especially at sunrise and sunset with low solar elevation angle (Figures 2d and3h). Two exceptions are respectively shown in region R1 that, declines in R f %, though mostly insignificant, occur in the morning of winter, autumn, and summer seasons; and region R2 that, dramatic increases in R f % by rates of >2% decade -1 are visible through the day in the summer and autumn seasons, with R f % brightening at noon comparable to that near sunrise and sunset.

Discussions

Causes of the Diurnal Climatology and Tends in R d and R f Over China

The observed regional and seasonal differences in the diurnal cycles of R d and R f can largely be explained by changes in extraterrestrial radiation, atmospheric composition, and geographical conditions. The rich R d resources in region R1 benefits from the high elevation and the continental or plateau climate, which result in a short sunray's path and thin atmospheric layer allowing more incoming solar radiation to be received at the Earth's surface in the form of direct beam of light. The thin atmospheric layer in region R1 can also be implied from the low CFC and AOD (Figure 4). In contrast, the high amount of cloud and aerosol (Figure 4), which could induce more of the incoming solar radiation being scattered, helps in explaining the abundant R f resources in region R2 under a humid marine climate. Generally following the seasonal variations in extraterrestrial radiation, the diurnal cycles of R d and R f are most pronounced in summer and spring, followed by autumn, and weakest in winter. The comparable R d and R f resources in spring and summer might be due to the weakening of summer R s by heavy precipitation induced by summer monsoon [START_REF] Zhao | Essential characteristics of solar direct radiation over recent 50 years in China[END_REF]. Autumn has less cloudy days; thus, R d dominates R s in autumn at noon over all regions. Fossil fuel consumption for domestic heating [START_REF] Xiao | The impact of winter heating on air pollution in China[END_REF] and frequent radiation fog [START_REF] Zuo | The correlations among direct, diffuse, and total solar radiation in China[END_REF] may further contribute in the remarkable drop of diurnal R d and R f in winter. The diurnal cycle of R f is relatively weaker than that of R d for the reason that diffuse light reaches the surface from all directions with a lower intensity [START_REF] Zhu | The calculation and distribution of diffuse fadiation in China[END_REF]. Namely, R f spreads more evenly over the day than R d . Throughout the day, R f dominates the total amount of sunlight received at the surface especially at sunrise and sunset, which then replaced by R d when the solar elevation angle increases allowing the sunray passing through the atmosphere in a shorter pathway. The dominating role of R f near sunrise and sunset might be also due to the fact that gases or particles producing scattering light, for example, water vapor [START_REF] Aksoy | Analysis of changes in sunshine duration data for Ankara, Turkey[END_REF], PM 2.5 [START_REF] Guo | Impact of diurnal variability and meteorological factors on the PM2.5 -AOD relationship: Implications for PM2.5 remote sensing[END_REF], and high cloud [START_REF] Noel | The diurnal cycle of cloud profiles over land and ocean between 51°S and 51°N, seen by the CATS spaceborne lidar from the International Space Station[END_REF], are highly concentrated at hours before sunrise and after sunset of the day.

During 1993-2014, there are consistent R d dimming and R f brightening trends over most of the times of the day in China, especially at sunrise and sunset in region R2. Considering the discrepant sunrise and sunset times in time and space, our results may be influenced by the seasons or stations with longer daytime. To examine the sensitivity of our results with respect to the time frame of the day in our analysis, we further compared the trends but only for the hours of 8-17 LT with records available for all seasons and regions (see Text S1 and Table S1 in Supporting Information S1 for the details). The results suggest our conclusions still hold. Cloud and aerosol trends can generally explain the regional and seasonal differences in the diurnal changes of R d and R f . The most notable changes of diurnal R d and R f in region R2 are accompanied by the most significant increase in AOD and a slight increase in CFC (Figure 4). By comparison, in region R1, the increase of AOD is only one fifth of that in region R2, and CFC generally decreases. A significant CFC decrease occurs in winter, meanwhile, positive R d trends though mostly insignificant cover most hours of the day (Figure 2b). Similarly, the significant increase of CFC in summer is accompanied by the most significant decline in diurnal R d over region R1. CFC generally regulates the variations in diurnal R d ; while, R f brightening is largely in correspondence with the increase of AOD in all seasons and regions. Long-term and high-temporal resolution information of the possible regulating factors of solar radiation are essential for further understanding the diurnal evolutions in R d and R f .

Implications to Energy and Agricultural Development in China

China is now a global leader in the solar energy market in terms of the newly added solar photovoltaic capacity [START_REF] Zou | Market dynamics, innovation, and transition in China's solar photovoltaic (PV) industry: A critical review[END_REF]. The development of concentrating solar power industry, which largely relies on the R d energy, is however not as fast as projected [START_REF] Zhou | Estimation of the losses in potential concentrated solar thermal power electricity production due to air pollution in China[END_REF]. In this study, we identified that the concentrated R d energy resources in China mainly distribute over region R1 covering an average 10-hr period during the day. Besides, we observed comparable R d energy resources in spring and summer, in view of both the intensity of R d and the duration of R d dominating period. During the decades examined, there is a loss of R d energy resources in region R1, but mainly at sunrise and sunset (Figures 3b and3d). Therefore, the high-quality R d energy resources during the high noon of region R1 are almost unaffected by the overall dimming. The further reduction of R d energy resources in region R2, however, cannot be overlooked. Despite of the relatively low R d level, the urbanized and populated region R2 has great potential in promoting the residential uses of solar energy. To increase the efficiency of solar energy use in region R2, one potential way is to improve the quality of R d energy resources in this region by taking actions for clean air.

Despite the nationwide R d dimming, rich R f resources and their further enhancement over the eastern main sown area exhibits a positive sign for the growth of agricultural crops over China. This is based on the fertilization effect of R f on plant photosynthesis [START_REF] Gu | Advantages of diffuse radiation for terrestrial ecosystem productivity[END_REF]. Furthermore, R f brightening is most notable at sunrise and sunset when plant photosynthesis responses almost linearly to radiation variations (S. [START_REF] Wang | New calculation methods of diurnal distribution of solar radiation and its interception by canopy over complex terrain[END_REF]. Uncertainties, however, still exist in the responses of vegetation production to the changes in R f . The positive impact on crop yields from an increasing R f % might decrease after an optimum due to the reduction in R s which lower the production [START_REF] Knohl | Effects of diffuse radiation on canopy gas exchange processes in a forest ecosystem[END_REF][START_REF] Mercado | Impact of changes in diffuse radiation on the global land carbon sink[END_REF]. Besides, it has been observed that yields are more sensitive to intensity of R s rather than R f fertilization during the early reproductive stage when crops allocate carbon to seed [START_REF] Wolffe | Temporal variability in the impacts of particulate matter on crop yields on the North China Plain[END_REF]. Shallow canopies, such as grassland, benefit little from the R f fertilization [START_REF] Wild | Global dimming and brightening -Evidence and agricultural implications[END_REF]. Factors other than solar radiation, for example, temperature and vapor pressure deficit, also influence the crop production [START_REF] Gu | Advantages of diffuse radiation for terrestrial ecosystem productivity[END_REF]. Evidences are needed to further reveal the implication of global dimming and brightening and the proportion which is diffuse to agricultural production and the terrestrial carbon sink.

Conclusions

Taking advantage of 22-year of homogeneous hourly-resolution surface observations, this study documents for the first time the diurnal patterns and evolutions of R d and R f and their relative terms of R d % and R f % over China since 1993. The role of atmospheric transparency, that is, changes in cloud and aerosol, in shaping the diurnal climatology and evolutions of R d and R f are discussed. Besides, a special effort has been made by dividing China into regions to understand the implications of the diurnal characteristics of R d and R f for solar power and agricultural production, respectively. The principal findings are summarized as follows:

1. Climatological means of R d and R f at different temporal and spatial scales suggest that the diurnal cycle of R f is similar but relatively weaker than that of R d . However, opposite diurnal cycles are found for R d % and R f %. R d dominates R s (i.e., R d % > 50%) at the hours with high solar elevation angle from 9 to 16 LT, which further prolonged to 10 hr over the solar energy resource region. By comparison, R f takes the main proportion of R s mostly near sunrise and sunset. But over the agricultural crop resource region of China, we observed a dominant role of R f in R s during the whole day. 2. Since 1993, the dimming in R d and R d % and brightening in R f and R f % are especially notable over the agricultural crop resource region, which spread over almost all hours of the day. By contrast, the magnitude of diurnal changes in R d % and R f % weakens by about half over the solar energy resource region, with larger changes mainly distributing over sunrise and sunset with low solar elevation angle. 3. The different diurnal patterns of R d and R f at seasonal and regional scales can largely be explained by the factors of extraterrestrial radiation, atmospheric transparency, or geographical conditions. The diurnal evolutions in R d are generally regulated by CFC, while the observed brightening in diurnal R f is largely in correspondence with the increase of AOD in all seasons and regions. 4. Of relevance for the implications for solar power generation, the detected loss of R d is mainly at sunrise and sunset over the solar energy resource region, with little effect on the high-quality R d energy resources during the high noon. But the further reduction of R d energy resources in the agricultural crop resource region cannot be overlooked. 5. With regard to the implications for agricultural production, rich R f resources and their further enhancement over the day in the eastern main sown area exhibits a positive sign for the growth of agricultural crops over China, but with uncertainties remaining to be further explored.

Figure 1 .

 1 Figure 1. Spatial distribution of the 16 homogeneous direct (R d ) and diffuse (R f ) solar radiation stations across China. The ratio of R d to R f (denoted by stars) and the decadal R d and R f trends (denoted by triangles) during 1993-2014 are illustrated for each station in panels (a and b), respectively. The plot in panel (b) compares the decadal R d and R f trends for the divided regions: Region 1, solar energy resource region; Region 2, agricultural crop resource region; and Region 3, the whole China. The triangles with a black border indicate significant trends at the 95% confidence level.

Figure 2 .

 2 Figure 2. Diurnal means and trends of direct radiation (R d , (a)), direct fraction (R d %, (b)), diffuse radiation (R f , (c)), and diffuse fraction (R f %, (d)) compared over solar energy resource region (R1), agricultural crop resource region (R2), and the whole China (R3) for 1993-2014. The circles and the error bars are for the trend slopes and their standard errors, respectively. Significant trends at the 95% confidence level are indicated by solid circles. Note that only the hourly records available at least for a season of each year over 1993-2014 were shown.

Figure 3 .

 3 Figure 3. Seasonal comparisons in the diurnal means (left panels) and trends (right panels) of direct radiation (R d ), direct fraction (R d %), diffuse radiation (R f ), diffuse fraction (R f %) over solar energy resource region (R1), agricultural crop resource region (R2), and the whole China (R3) for 1993-2014. Significant trends at the 95% confidence level are indicated by asterisks. The four seasons are defined as 3-month average of March-May, June-August, September-November, and December-February. Note that only the hourly records available at least for 2 months of the season were shown.

Figure 4 .

 4 Figure 4. Means and trends of (a) CLARA-A2.1 cloud fraction and (b) MPI-M aerosol optical depth over different temporal and spatial scales for 1993-2014. The four seasons are defined as 3-month average of March-May, June-August, September-November, and December-February. The regions of R1, R2, and R3 represent the divided solar energy resource region, the agricultural crop resource region, and the whole nation of China, respectively. The error bars indicate the stand errors of the trends. Significant trends at the 95% confidence level are highlighted by yellow colors.

  1) sin sin + cos cos (sin 2 -sin 1)]

	= 1 + 0.033 cos = 0.409 sin 2 365	2 365 -1.39

  CFC can generally meet the accuracy requirement with an absolute mean bias <5% and the decadal stability requirement with an absolute change per decade <2% (see the Validation Report of CLARA-A2.1 cloud product). The AOD data at a spatial resolution of 1° × 1° is a combined data set of the monthly mean climatology of natural aerosols taken from MPI-M's Aerosol Climatology version 2 (MACv2,[START_REF] Kinne | The MACv2 aerosol climatology [Dataset][END_REF] and monthly means of anthropogenic aerosols from the simple plumes parameterization (MACv2-SP,[START_REF] Fiedler | First forcing estimates from the future CMIP6 scenarios of anthropogenic aerosol optical properties and an associated Twomey effect [Dataset[END_REF][START_REF] Stevens | MACv2-SP: A parameterization of anthropogenic aerosol optical properties and an associated Twomey effect for use in CMIP6 [Dataset][END_REF] as used for CMIP6 simulations. The anthropogenic AOD is based on a scaling with the historical emissions of CMIP6 up to the year 2014 and emissions from the CMIP6 scenario SSP2-45 thereafter. The global and hemispheric total column AODs in MACv2 and MACv2-SP are within the range of the spread across state-of-the-art aerosol climate models participating in the Aerosol Model Intercomparison (AeroCom) Project

1 fractional cloud cover (CFC, %) information (https://www.cmsaf.eu/) and aerosol optical depth (AOD) based on works at the Max-Planck-Institute for Meteorology (MPI-M). Derived from the Advanced Very High Resolution Radiometer observations onboard the NOAA satellites, CLARA-A2.1 CFC covers the time period from January 1982 to June 2019 with a spatial resolution of 0.25° × 0.25°. With reference to independent observation sources (e.g., SYNOP, CALIPSO) as well as satellite-based data records (e.g., MODIS, PATMOS-x), CLARA-A2.1

Acknowledgments

This research was funded by the National Natural Science Foundation of China (41971018). A. Sanchez-Lorenzo was supported by a fellowship RYC-2016-20784 and a project (PID2019-105901RB-I00) funded by the Spanish Ministry of Science and Innovation. K. Tanaka benefited from State assistance managed by the National Research Agency in France under the Programme d'Investissements d'Avenir under the reference ANR-19-MPGA-0008. M.W. acknowledges funding from the Swiss National Science Foundation (Grant Nos. 200020 and 188601). The authors also acknowledge the Editor Prof. Ping Yang, the Associate Editor and the two anonymous Reviewers for their great helps in improving the manuscript.

Data Availability Statement

The authors acknowledge the use of surface solar radiation data from the China Meteorological Data Service Center (http://data.cma.cn/en/), the CLARA-A2.1 fractional cloud cover information from the EUMETSAT CM SAF (https://www.cmsaf.eu/), and the Aerosol optical depth information from the supplementary materials of [START_REF] Stevens | MACv2-SP: A parameterization of anthropogenic aerosol optical properties and an associated Twomey effect for use in CMIP6 [Dataset][END_REF][START_REF] Fiedler | First forcing estimates from the future CMIP6 scenarios of anthropogenic aerosol optical properties and an associated Twomey effect [Dataset[END_REF], and [START_REF] Kinne | The MACv2 aerosol climatology [Dataset][END_REF] based on works at the Max-Planck-Institute for Meteorology.