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The surface radiation is a crucial variable for understanding global climate and eco-environment change, which exhibits significant variations over time and space. In this study, we used in situ ground observations to estimate variations of the surface radiation budget over grassland and urban areas in a subtropical humid region. Our results revealed a positive radiation budget that varied over different land covers. Specifically, grassland exhibited a higher shortwave radiation, while urban area was characterized by the higher longwave radiation. Notably, the surface radiation budget (Rn) was much greater in grassland (77.60 W2/m) than that in urban area (61.93 W2/m), which was mainly attributed to the difference in longwave radiation. Additionally, the atmospheric pressure showed a strong correlation with the radiations, while precipitation and relative humidity presented relatively weak correlations. Furthermore, the correlations with climate were stronger in grassland than that in urban areas, suggesting complex interactions with anthropogenic factors during the process of urbanization. Results of this study would help reveal the characteristics and corresponding mechanisms of surface radiation budgets, which would support climatic adaptation and ecology management.
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1. Introduction

The surface radiation budget acts as the predominant driver of Earth’s ecosystem evolution (Wild et al., 2005; Pinker et al., 2006; Lean and David, 2009; Lee et al., 2017), which strongly affects global and regional climate change (Mahmood and Hubbard, 2005; Brown and Caldeira, 2017; Lee et al., 2017), hydrological processes (Sirdas and Duran, 2008; DeAngelis et al., 2015), and terrestrial productivity (Monteith, 1972; Zhao et al., 2019). It is therefore crucial to capture the variation in the surface radiation budget to further support the sustainable management and planning (Palmer, 2012; Brown and Caldeira, 2017).

Globally, solar radiation decreases from the equator to the poles, generating an overall pattern with a positive budget at low latitudes and a negative budget at high latitudes (Trenberth et al., 2009; Feng et al., 2020, 2022). At finer scales (i.e., regional or local scales), however, the surface radiation budget varies in different regions because of the impacts of the atmosphere (Ramanathan et al., 2007; Boucher et al., 2013; Matus and L'Ecuyer, 2017; Loeb et al., 2021) and surface influences (i.e., land cover change; Dickinson and Hanson, 1984; Betts, 2001; Tubiello et al., 2015) and their complex interactions (Trenberth et al., 2009; Feng et al., 2020, 2022). For example, the higher cloud coverage in humid regions enhances the absorption of solar radiation and the release of longwave radiation to the surface, leading to complicated variations of the radiation budget (Ramanathan and Collins, 1991). Moreover, the radiation budget in urban area fluctuates significantly due to the impact of buildings and pollutants (Jin et al., 2005). Therefore, the complex interactions leave significant uncertainties on the variation in the surface radiation budget at the regional scale., which needs a full investigation.

Characterized by preferable hydrothermal conditions and dense vegetation coverage, radiation variations in subtropical humid regions exert significant effects on global climate and environmental change, which has drawn increasing attentions (Allan et al., 2010; Wohl et al., 2012; Yu et al., 2014; Li et al., 2015; Fan et al., 2018; Peters et al., 2019; Mustafa et al., 2022). In particular, different land covers strongly affect radiation variations by altering surface thermal properties (i.e., radiation reflectivity and emissivity) and land-atmospheric interactions (Dickinson and Hanson, 1984; Betts, 2001; Tubiello et al., 2015; Feng et al., 2020), representing one focus for the investigation of radiation variations.

Several approaches could be adopted to monitor surface radiation. Some researchers depicted radiation variation over large regions by using climate models (Kothe et al., 2011; Lee et al., 2017) or satellite remote sensing (Kiehl and Trenberth, 1997; Trenberth et al., 2009). Specifically, climate models utilize mathematical equations to simulate the physical processes that govern the Earth’s climate system, thereby generating estimates of the radiation budget variation on a large spatial scale. However, the various assumptions, structures, and input parameters in different climate models result in significant uncertainties in the modeling results (Kothe et al., 2011). Satellite remote sensing measures the reflection and emission of radiation, providing a large-scale view of the earth’s radiation budget. However, it is strongly affected by atmospheric conditions, which weakens the quality of the observations and the consequent radiation budget estimation (Trenberth et al., 2009). Considering these uncertainties, ground observations are required to precisely capture the radiation budget (Wild et al., 2015; Driemel et al., 2018).

This study explores the variation in the surface radiation budget across different land covers in a subtropical humid region. In our previous studies, we estimated the surface radiation balance at global (Feng et al., 2022) and regional (Ye et al., 2021) scales, but ground validation results are still lacking. Therefore, this study details the variations from ground observations, providing a complete insight for understanding the variations in surface radiation. Specifically, radiation budget variations and their correlations with climate variables were examined over grassland and urban areas by using ground observations at daily and monthly scales. The structure of this study is as follows: Section 2 details the methods and corresponding datasets used, Section 3 presents the results, Section 4 provides the discussion, and Section 5 is the conclusion. The results of this study offer more precise guidance for investigating the surface radiation budget, which could also support the validation of modeling or satellite remote sensing results.



2. Methodologies and materials


2.1. Study area

Two in situ sites in the Dongting Lake Basin of China are designed to execute the investigation (Figure 1). This basin is an important ecological zone of the middle and lower reaches of the Yangtze River, which is characterized by a subtropical monsoon climate (Yeh et al., 2014). Land cover is dominated by vegetation (i.e., forest, grassland, and farmland) in the Dongting Lake Basin, while it has suffered from rapid urbanization in recent decades and exerted significant influences on the radiation budget and local climate (Zhang and Zhu, 2009; Ye et al., 2021). Two ground observations were installed in the grassland and urban sites of the study area, respectively. The annual average temperature and precipitation are 17.9°C and 1214.9 mm in the grassland site, and 18.3°C and 1389.1 mm in the urban site. Furthermore, the two stations have similar geographic conditions, with elevations of 20 m (grassland site) and 30 m (urban site).
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FIGURE 1
 The locations of in situ observations.




2.2. Data collection and pre-processing

According to the concept of the surface radiation budget (Kiehl and Trenberth, 1997; Trenberth et al., 2009), solar radiation reaching the surface is subsequently converted into surface reflection and absorption. The absorbed radiation warms the surface and atmosphere and then triggers the emission of longwave radiation. Therefore, four components of the radiation budget [downward shortwave radiation (Rsd), upward shortwave radiation (Rsu), downward longwave radiation (Rld), and upward longwave radiation (Rlu)] are measured in this study to estimate the net surface radiation (Rn), shortwave (Rsn), and longwave (Rln) budgets. Specifically, Rsd refers to the solar radiation that reaches the earth’s surface, while Rsu is the radiation reflected or scattered by earth’s surface and transmitted toward the atmosphere. Rld is the atmosphere’s thermal emission to the surface, and the Rlu is the reflection of thermal longwave radiation from the surface. The relationships of the four components in the surface radiation budget can be expressed as:
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CNR4 and Sensors of Onset Hobo U30 are used to monitor radiation and the corresponding auxiliary variables, respectively. Specifically, the Onset HOBO U30 portable automatic weather station is an all-weather monitoring system that ensures long-term stable field observations. With the aid of 15 channels, the system allows for real-time monitoring of various environmental parameters by combining different intelligent sensors. Meanwhile, shortwave (Rsd and Rsu) and longwave (Rld and Rlu) radiation are measured by CNR4, with a sensitivity of 5 ~ 20 μV/W/m2 for shortwave radiation and 5 ~ 15 μV/W/m2 for longwave radiation. Auxiliary atmospheric variables include precipitation, atmospheric pressure, and relative humidity. The relative humidity is measured by sensors of S-THB-M002 with accuracies of ±3%. Precipitation is measured by sensors of S-RGB-M002 with a calibration accuracy of ±1%, and atmospheric pressure is measured by sensors of S-BPB-CM50 with an accuracy of ±3.0 mbar.

The radiation described above is recorded at a temporal frequency of 1 min, with meteorological data recorded at temporal frequencies of 5 min and 1 min for the grassland and urban sites, respectively. All datasets used are available for 1 Aug 2021 to 31 July 2022. We resampled the datasets at daily and monthly scales to capture the overall characteristics of the radiation variations. Variations in radiation (Rsd, Rsu, Rld, and Rlu) and the corresponding budgets are evaluated over grassland and urban areas. Furthermore, the relationships between radiation budgets and auxiliary climatic variables are analyzed to understand the related potential causality.




3. Results


3.1. Temporal variations in radiation over different land covers

Our results demonstrate the complex variations in surface radiation over different land covers (Figure 2). Generally, the difference in downward shortwave radiation (Rsd) is relatively weak between the grassland (153.30 W/m2, the annual average value) and urban areas (140.11 W/m2; Figure 2A). The lower Rsd of the urban area may result from a high concentration of aerosols, which scatter more solar radiation (Penner et al., 1992; Yang et al., 2016; Dong et al., 2019; Feng and Zou, 2019). In contrast, upward shortwave radiation (Rsu) varies across the grassland (30.61 W/m2) and urban areas (22.34 W/m2) (Figure 2B) due to the presence of heterogeneous surface thermal properties. Specifically, the lower Rsu of the urban area is mainly attributed to large areas of cement or asphalt surfaces, which help absorb more radiation (Crutzen, 2004; Zhou et al., 2014; He et al., 2022). Radiation reaching the surface subsequently warms the surface and near-surface atmosphere, triggering the emissions of longwave radiation. Due to a low heat capacity, a stronger warming effect is usually found in urban areas (Arnfield, 2003; Chen et al., 2006). This is the main physical driver of urban heat islands (Gago et al., 2013; Feng et al., 2014a,b). As a result, both Rld and Rlu are higher in the urban area (381.95 W/m2 and 437.80 W/m2) than for the grassland (373.45 W/m2 and 418.55 W/m2; Figures 2C,D).
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FIGURE 2
 Temporal variations of surface radiation of (A) Rsd, (B) Rsu, (C) Rld, (D) Rlu in grassland and urban areas from Aug 1st in 2021 to July 31st in 2022.


Another noteworthy issue concerns temporal fluctuations of radiation. Generally, shortwave radiation (Figures 2A,B) presents strong temporal fluctuations relative to longwave radiation (Figures 2C,D). Specifically, the coefficients of variation (CV) are 0.59 and 0.57 for Rsd and Rsu over grassland and 0.14 and 0.13 for Rld and Rlu. These values of CV are 0.64 (Rsd) and 0.70 (Rsu) over the urban area, while values of 0.14 and 0.16 are found for the longwave radiation measures, respectively. The main reason for this phenomenon is that shortwave radiation is mainly controlled by the direct effects of the scattering and reflection of atmospheric variables (particularly clouds and aerosols), which are characterized by significant daily fluctuations. On the other hand, longwave radiation relies on emissions from the atmosphere and surface, which are affected by the temperature with the temporal hysteretic effect (Manoli et al., 2020).

Based on Equation (1), we then estimated the shortwave (Rsn) and longwave (Rln) radiation budgets and total net surface radiation (Rn). Generally, Rsn shows a positive budget (Figure 3A), while Rln shows a negative budget (Figure 3B). Specifically, Rsn is higher for grassland (122.70 W/m2) than in urban areas (117.77 W/m2), suggesting that more radiation is stored in vegetated surfaces. In addition, the Rln for grassland (−45.10 W/m2) is lower than that for the urban area (−55.84 W/m2), which demonstrates less radiation loss. Consequently, the total net radiation of Rn is much greater for grassland (77.60 W/m2) than in the urban area (61.93 W/m2; Figure 3C). It is crucial to clarify variations in the surface radiation budget to provide useful insights for understanding the physical mechanisms of terrestrial ecosystem evolution and climate change. Physically, partial radiation is absorbed by vegetation, enhancing the ecosystem productivity (Monteith, 1972). Other adsorption radiation stored on the surface warms the surface and subsequently the air, which plays a crucial role in global climate change (Xie et al., 2015; Brown and Caldeira, 2017; Lee et al., 2017). However, synergetic estimations of components and the corresponding driving factors still pose great challenges and require full investigations.
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FIGURE 3
 Temporal variations of surface radiation of (A) Rsn, (B) Rln, and (C) Rn in grassland and urban areas from Aug 1st in 2021 to July 31st in 2022.


We also explored monthly variations in surface radiation (Figure 4). Similar to the daily results, monthly shortwave radiation (Rsd and Rsu) is higher for grassland than the urban area, while longwave radiation (Rld and Rlu) shows the opposite pattern. Furthermore, the land cover-induced Rn difference mainly originates from variations in longwave radiation, with heterogeneous surface reflectivity and thermal emissivity being the main factors involved (Dickinson and Hanson, 1984; Foley et al., 2005; Zeng et al., 2017; Li et al., 2018; Feng et al., 2020). The monthly results help reveal the potential impacts of seasonal climatic change. Most of the radiation components show single peaks, with the maximum values occurring in July. Meanwhile, the land cover-induced Rn difference is also high in the summer, with the greatest variation (35.08 W2/m) in July. The main factor involved is the direct solar radiation of the subtropical humid area in the summer, which results in the highest levels of radiation reaching the surface.

[image: Figure 4]

FIGURE 4
 Monthly variations in surface radiation among grassland and urban areas for (A) Rsd, (B) Rsu, (C) Rld, (D) Rlu, (E) Rsn, (F) Rln, and (G) Rn.




3.2. Correlations with the climatic factors over different land covers

As mentioned in the “Introduction” section, the surface radiation budget strongly correlates with climate change, which might be affected by land covers with complex interactions. We therefore evaluated the correlations between the surface radiation budget and the climatic variables of precipitation, relative humidity, and atmospheric pressure over the grassland and urban areas (Figure 5). Generally, the radiation budget shows significant correlations with atmospheric pressure (0.54 of grassland, 0.41 of urban area) but relatively weak correlations with precipitation and relative humidity. Specifically, the radiation budget shows a negative correlation with atmospheric pressure. According to the Ideal-Gas Equation, warming air tends to amplify the volume of unit air, which would result in low atmospheric pressure. Meanwhile, the correlations between Rn and precipitation and relative humidity are relatively weak, suggesting complex interactions with other factors.
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FIGURE 5
 Correlations between Rn and the atmospheric variables of precipitation (A,B), relative humidity (C,D), and atmospheric pressure (E,F) in grassland and urban areas.


In addition, the correlations are more significant for grassland than for the urban area. This might mainly be attributed to the complex anthropogenic activities occurring in urban areas, weakening the correlations between the radiation budget and natural climatic factors. In urban areas, the components of radiation are strongly affected by anthropogenic activities of urbanization. For example, the high concentrations of artificial aerosols in urban areas exert significant radiative forcing, strongly altering surface budgets and weakening their correlations with atmospheric variables (Kim and Ramanathan, 2008; Myhre et al., 2013; Lee et al., 2016).




4. Discussion

Although only two in situ sites were used in this study, the precise observations provide meaningful information for detailed analysis of radiation variations. This would minimize uncertainties in modeling-or satellite-based investigations (particularly in studies of global climate change). Global climate change is highly sensitive to radiation variations, and even minor radiation fluctuations generate intensive climatic responses (Kothe and Ahrens, 2010; Kothe et al., 2011). Generally, the annual variation in global radiation is less than 1 W/m2 (Kiehl and Trenberth, 1997; Trenberth et al., 2009; Loeb et al., 2021). To capture this variation, the error of radiation should be less than the threshold. However, the uncertainties of most modeling and satellite products are much greater than such variation. For example, Rsn obtained from CERES_EBAF-Surface_Ed4.0 achieves a mean bias and root mean square error (RMSE) of 3.40 W·m−2 and 25.57 W·m−2, respectively, at the global scale with an uncertainty level of 20.00 W·m−2 (Jia et al., 2016; CERES, 2021). Therefore, the application of in situ observations is expected to validate and improve the performance of modeling-and satellite-based investigations.

The surface radiation budget acts as the predominant driver of global climate change. A positive radiation budget existed in the study area, suggesting intensive heatwave risk in the subtropical humid region (Yu et al., 2021). Because of the high biological diversity and terrestrial productivity of the subtropical humid region, the warming climate might trigger more complex ecological or environmental responses, potentially exerting serious impacts on human survival and development, which have drawn increasing attentions (Huang et al., 2007; Sniderman et al., 2019; Aspinwall et al., 2022). Temporally, the radiation components mainly peak in the summer particularly downward radiation. An increasing frequency and intensity of summer heatwaves have been reported in recent decades (Sun et al., 2014; Christidis et al., 2015; Luo et al., 2022). A full investigation of the correlation between radiation variations and heatwaves is required to reveal the physical mechanisms of extreme events and support relevant climatic adaptations.

Anthropogenic land cover change caused significant variations in the surface radiation budget, which should be given more attention in sustainable ecosystem management and planning. It is a major focus to clarify and identify driving factors of the surface radiation budget. Most researchers have focused on the climatic impacts of radiation absorption, emissions and scattering by greenhouse gasses (GHGs), atmospheric aerosols, and clouds (Ramanathan et al., 2007; Kim and Ramanathan, 2008; Boucher et al., 2013; Matus and L'Ecuyer, 2017; Feng and Zou, 2019). In addition to atmospheric influences, characteristics of the surface, particularly vegetation change, could also affect reflection and emission by altering the surface thermal properties of albedo and emissivity (Foley et al., 2005; Zeng et al., 2017). There is consensus that albedo is much lower in vegetated regions than in sparse regions due to strong radiative absorption in the visible and near-infrared bands by chlorophylls (Knipling, 1970; Campbell and Wynne, 2011). As a result, less radiation is reflected back to space. Meanwhile, the level of emissivity is relatively high because of the water content of vegetation, suggesting that more longwave radiation is expected to be emitted (Griend and Owe, 1993; Valor and Caselles, 1996). The warming effect of low albedo and the cooling effect of high emissivity leads to a complex impact of vegetation on the surface radiation budget (Kleidon et al., 2000). Meanwhile, climatic and surface factors affect radiation with complex nonlinear interactions, leaving a great gap in clarifying the associated individual contributions (Feichter et al., 2004), which requires a full investigation in future researches.

Unavoidable uncertainty remains in our work. The greatest uncertainty is related to the limited sites used for the investigation, which made it difficult to depict spatial radiation variations. As mentioned above, this study explored the physical mechanisms of radiation variations supported by precise ground observations. It is important to systematically analyze overall patterns and physical mechanisms across different spatiotemporal scales. Therefore, multiple sources should be integrated in future research, while continuous efforts in monitoring and analysis approaches are needed.



5. Conclusion

This study used ground observations to examine the variation in the surface radiation budget and the correlations with climatic variables over grassland and urban areas in a subtropical humid region. Several conclusions can be drawn from our results:

The radiation budget varied across different land covers. Specifically, there was relatively weak variation in Rsd between grassland (153.30 W/m2) and urban areas (140.11 W/m2), while Rsu presented relatively strong variations (30.61 W/m2 for grassland and 22.34 W/m2 in the urban area). With respect to longwave radiation, both Rld and Rlu were higher in the urban area (381.95 W/m2 and 437.80 W/m2) than for grassland (373.45 W/m2 and 418.55 W/m2). This is mainly attributed to homogeneous climate conditions and heterogeneous surface properties, which controlled solar radiation reaching the surface and the emission of longwave radiation. Monthly, most of the radiation components showed single peaks, with the maximum values occurring in July. Meanwhile, the land cover-induced Rn difference was also considerable in the summer, with the most variation (35.08 W2/m) occurring in July. Finally, the Rn was much greater for grassland (77.60 W2/m) than in the urban area (61.93 W2/m), which was mainly caused by the difference in longwave radiation.

Furthermore, the correlation between the radiation budget and atmospheric variables varied across different land covers, providing useful means to understand the natural and anthropogenic factors affecting the budget. Generally, the radiation budget showed obvious correlations with atmospheric pressure, while relatively weak correlations with precipitation and relative humidity. Furthermore, the correlations are more significant for grassland than for urban area. This might be mainly attributed to the complex anthropogenic activities occurring in urban areas, weakening the correlations between the radiation budget and natural climatic factors.

Our results could be used to support modeling-or satellite-based investigations, which tend to improve the performance and reliability of research on the radiation budget. Several issues should be addressed in future research. First, the physical mechanism between the radiation budget and climate change should be explored for sustainable land management and climatic adaptation. Second, the integration of in situ and satellite observations should be executed to improve the reliability of results for large regions. The full investigations above highlight the importance of research on the radiation budget and its impacts on global climatic and environmental change. Finally, although we analyzed the temporal variation of the radiation budget through two in-situ observations, the spatial variation would be explored by integrating the ground observation and satellite remote sensing in our future researches.
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