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ABSTRACT: 

 

We projected incident surface solar radiation (SSR) over China in the middle (2040–2059) and end (2080–2099) of the 21st century 

in the Representative Concentration Pathway (RCP) 8.5 scenario using a multi-model ensemble derived from the weighted average 

of seven global climate models (GCMs). The multi-model ensemble captured the contemporary (1979–2005) spatial and temporal 

characteristics of SSR and reproduced the long-term temporal evolution of the mean annual SSR in China. However, it tended to 

overestimate values compared to observations due to the absence of aerosol effects in the simulations. The future changes in SSR 

showed increases over eastern and southern China, and decreases over the Tibetan Plateau (TP) and northwest China relative to the 

present day. At the end of the 21st century, there were SSR increases of 9–21 W m-2 over northwest, central, and south China, and 

decreases of 18–30 W m-2 over the TP in June–July–August (JJA). In northeast China, SSR showed seasonal variation with increases 

in JJA and decreases in December–January–February. The time series of annual SSR had a decreased linear trend for the TP, and a 

slightly increased trend for China during 2006–2099. The results of our study suggest that solar energy resources will likely decrease 

in the TP under future climate change scenarios. 
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1. INTRODUCTION 

1.1 General Instructions 

Incident surface solar radiation (SSR) is the fundamental energy 

source for the earth, directly influencing climate, the hydrologic 

cycle, ecological systems, and human life. SSR has been 

measured worldwide since the 1950s. Long-term records 

indicate lower values (also known as global dimming) during 

the 1950s–1980s and higher values (global brightening) during 

the 1980s–2000s (Wild et al., 2005). Decadal changes in SSR 

are correlated with temperature, which are also responsible for 

the absence of global warming in the 1950s–1980s (Stanhill and 

Cohen, 2001; Wild et al., 2007; 2009). Wang and Dickinson 

(2013) calculated that the decrease in SSR was responsible for 

a > 0.2°C decrease in mean temperature during May–October in 

the 1940s–1970s, and a decrease around 0.2°C during 

November–April in the 1960s–1970s. However, the suppression 

of global warming through a decrease in SSR disappeared until 

the mid-1980s, when dimming gradually transformed into 

brightening (Wild et al., 2009). Since then, a marked and rapid 

increase in temperature (Wild et al., 2007) has transpired due to 

the greenhouse effect that has occurred concurrently with 

brightening.  

 

Several studies have linked variation in SSR with the global 

water cycle (Liepert et al., 2004; Wild et al., 2008; Wang et al., 

2010). Roderick and Farquhar (2002) reported that the decrease 

in evaporation was consistent with the observed decrease in 

SSR during the past 50 years, possibly because changes in SSR 

cause perturbations in the surface radiation and alter the energy 

available for evaporation (Wild et al. 2004). In addition, SSR is 

a major energy source for the melting of snow and ice, and has 

direct effects on cryospheric changes. Ohmura et al. (2007) 

found that the mass balance in Europe peaked around 1940–

1980, and has drastically decreased since 1990. This is also 

consistent with decadal SSR variation (Wild et al., 2009). Solar 

dimming possibly counteracted the greenhouse effect through 

the 1980s, so that no significant changes in glacier size 

occurred in this period. However, it ended in the mid-1980s, 

and since then, greenhouse effects in combination with global 

brightening have caused accelerated melting, resulting in the 

rapid shrinkage of glaciers.  

 

Solar dimming/brightening also significantly influences plant 

photosynthesis in terrestrial ecosystems. However, in addition 

to the total amount of SSR, diffuse radiation is also key in this 

context (Wild et al., 2009), as it reduces the increased 

atmospheric CO2 concentration (Farquhar and Roderick, 2003) 

and affects the global sink of terrestrial carbon (Mercado et al., 

2009). Gu et al. (2003) estimated that diffuse radiation from the 

volcanic eruption of Mount Pinatubo in June 1991 enhanced 

photosynthetic production of a deciduous forest by 23% in 1992 

and 8% in 1993 in North America.  
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As above mentioned, variation in SSR is considered crucial for 

understanding the decadal changes in various climatic factors 

on the Earth, which for the most part, can be detected from 

direct measurements (Augustine et al., 2000; Ackerman and 

Stokes, 2003; Philipona et al., 2004; Dutton et al., 2006), 

indirect proxy measurements (planetary albedo, diurnal 

temperature range, sunshine duration, and pan evaporation; 

Roderick and Farquhar, 2002; 2004; Harries et al., 2005; 

Abakumova et al., 2008; Sanchez-Lorenzo et al., 2008; 

Makowski et al., 2009; Palle et al., 2009; Wang and Dickinson, 

2013; Liu et al., 2015; Manara et al., 2015), and satellite-

derived products (Pinker et al., 2005; Hinkelman et al., 2009; 

Zhang et al., 2015). Furthermore, global climate models (GCMs) 

are powerful tools for investigating the mechanisms and effects 

of decadal variation in SSR in the climate system (Romanou et 

al. 2007; Wild, 2008; Ruckstuhl and Norris, 2009). However, 

few studies have used GCMs, which are considered to be the 

only method that can predict changes in SSR under future 

climate scenarios (Wild et al., 2009; 2015). Wild et al. (2015) 

used a multi-model ensemble to predict changes in SSR during 

2006–2049 under a climate change scenario of high greenhouse 

gas (GHG) emissions, although their study did not evaluate and 

validate the model’s performance for the present-day climate.  

 

Evaluating future changes in SSR increases our understanding 

of the possible impacts of climate change and provides an 

assessment of the potential effects on socio-economic 

development. For example, projections of SSR are useful to 

evaluate solar power (Burnett et al., 2014; Wild et al., 2015), 

which is considered an important form of energy supply due to 

its renewable and carbon-free properties, and offers an excellent 

option to meet the rapidly growing energy requirements in the 

context of emissions reductions in China during the next few 

decades. Therefore, in this study, we used an ensemble of 

multi-GCM outputs to validate their ability to simulate SSR in 

present-day China, and then predicted changes of SSR in a 

climate change scenario of high GHG emissions. 

 

 

2. DATA AND MODEL DESCRIPTION 

The simulated data were obtained from GCMs participating in 

Phase 5 of the Coupled Model Intercomparison Project (CMIP5; 

Taylor et al., 2012). CMIP5 provides a framework for 

coordinated climate change experiments for the assessment of 

the Fifth Intergovernmental Panel on Climate Change 

Assessment Report (IPCC AR5, 2013). In this study, the 

climate scenario used was Representative Concentration 

Pathway 8.5 (RCP8.5; Moss et al., 2010), which represents a 

high level of GHG emissions leading to radiative forcing of 8.5 

W m-2 at the end of the 21st century (Riahi et al., 2011).  

 

Seven GCMs listed in Table 1 were interpolated to 0.1° × 0.1° 

grids using the bilinear method, and then combined as an 

ensemble by the weighted average. The selected seven GCMs 

were due to their better performance in terms of simulated 

climatology over East Asia (Xu and Xu, 2012). The following 

elements were analyzed: surface downward solar radiation 

under all-sky weather conditions, total cloud fraction and cloud 

height. The SSR data used to validate GCM performance were 

obtained from the Chinese regional surface meteorological 

features dataset developed by the Data Assimilation and 

Modeling Center for Tibetan Multi-spheres (Yang et al., 2010; 

Chen et al., 2011), which is based on the National Aeronautics 

and Space Administration/Global Energy and Water Cycle 

Experiment–Surface Radiation Budget (NASA/GEWEX–SRB) 

radiation data integrated with meteorological observations from 

the Chinese Meteorological Administration. More details are 

described in Yang et al. (2010) and references therein. The 

dataset covers the period of 1979–2010, with a temporal 

resolution of 3 h and a horizontal resolution of 0.1° × 0.1°. We 

defined the reference period representing contemporary climate 

from 1979 to 2005. The projections for 2040–2059 and 2080–

2099 were defined as the middle and end of the 21st century, 

respectively. 

 

No. Model Resolution (Lon. × Lat.) References 

1 CanESM2 2.81° × 2.81° Chylek et al. 2011 

2 GFDL–ESM2M 2.50° × 2.00° Dunne et al. 2012 

3 IPSL–CM5A–LR 3.75° × 1.88° Dufresne et al. 2013 

4 MIROC–ESM 2.81° × 2.81° Watanabe et al. 2011 

5 MRI–ESM1 1.13° × 1.13° Yukimoto et al. 2011 

6 NorESM1–ME 2.50° × 1.88° Tjiputra et al. 2013 

7 BCC–CSM1.1(m) 1.13° × 1.13° Wu et al. 2010 

Table 1. Description of GCMs used in this study 

 

3. VALIDATION OF PERFORMANCE OF THE 

MULTI-MODEL ENSEMBLE  

To evaluate the performance of the multi-model ensemble, the 

simulated seasonal averaged SSR was compared to observations 

for each season (Figure 1). The spatial distribution of SSR 

showed an increase from southeast to northwest China and 

displayed topographical effects in the west. The highest SSR 

was located over the Tibetan Plateau (TP), whereas the lowest 

values occurred over the Sichuan Basin. Seasonal variation 

displayed maximum SSR values in June–July–August (JJA) and 

minimum values in December–January–February (DJF). In 

March–April–May (MAM), SSR ranged from 180 to 300 W m-2 

over the TP, with the highest values over the west, and the 

lowest over the southeastern TP. Over the Yungui Plateau 

(located in southwest China) and northwest China, including 

Xinjiang and Inner Mongolia, SSR values ranged from 160 to 

240 W m-2. In eastern China, SSR showed a zonal gradient with 

high values (140–210 W m-2) in the north and low values (120–

160 W m-2) in the south of the Yangtze River. In the Sichuan 

Basin where the lowest SSR values occurred, SSR reached 120 

W m-2 in MAM. In JJA, the spatial distribution of SSR across 

China showed a similar pattern, but with higher values 

compared to MAM. The maximum SSR increased to 180–220 

W m-2 in south China. In northwestern China and the TP, SSR 

increased by 20–30 W m-2 in JJA compared to MAM. It should 

be noted that SSR began to decrease in September–October–

November (SON), and the values were in the range of 160 to 

240 W m-2 over the TP, and 90 to 120 W m-2 over the Sichuan 

Basin. The lowest solar radiation decreased by 60–120 W m-2 

compared to JJA, and occurred in DJF over most regions of 

China. 

 

A comparison between simulations and observations indicated 

that the multi-model ensemble performed well in terms of the 

spatial distribution and seasonal cycle of SSR in China. For 

example, low SSR over the southeastern TP in JJA due to the 

extensive cloud coverage caused by the Indian summer 

monsoon was reproduced reasonably well in the simulations. 

However, the multi-model ensemble tended to overestimate 

observed SSR values. The root mean-square deviation (RMSD) 

of the simulated SSR ranged from 0 to 20 W m-2 in the TP and 
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northwest Chino, and from 20 to 70 W m-2 in southern and eastern China across all of the seasons. 

 

Figure 1. Seasonal average SSR (units: W m-2). Observations (first row), simulations (second row), RMSD (third row). MAM, JJA, 

SON, and DJF are presented in each column from left to right. 

 

The highest overestimates of simulated SSR were in the 

Sichuan Basin in DJF, where the RSMD reached 80 W m-2.The 

biases are probably due to the fact that the historical ensemble 

experiments did not consider the effects of aerosols, which 

significantly contribute to the reduction in SSR over China 

(Menon et al., 2002; Qian et al., 2006; Guo et al., 2011; Liu et 

al., 2015). They can change SSR by scattering and/or absorbing 

solar radiation in the atmosphere depending on their optical 

properties (Lacis and Hansen, 1974). In addition, aerosol 

particles acting as cloud condensation nuclei (CCN) can modify 

SSR by altering a cloud’s optical properties and lifetime 

(Haywood and Boucher, 2000).  

 
The interannual variability of SSR can be represented by 

standard deviation (SD). The SD of observed SSR showed a 

decreasing trend from southeast to northwest China (Figure 2). 

The maximum SD occurred in south China in JJA, with values 

between 18 and 22 W m-2. The SD of SSR was < 6 W m-2 in 

SON and DJF over the TP (excluding the southeastern TP), 

Xinjiang, and Inner Mongolia, whereas values were between 6 

and 16 W m-2 in southern China. Compared to observations, the 

multi-model ensemble satisfactorily reproduced the general 

observed spatial patterns of high SD in southwest, and low 

values in northwest China. However, the simulated SD was 

significantly underestimated, with biases in the range of 8 to 10 

W m-2 in south China. It should be noted that the model’s 

performance for simulating interannual variability was not as 

accurate as for simulating climatic average. As discussed above, 

the simulations for the reference period did not include aerosol 

effects, which are considered to be one of the most significant 

factors affecting variation in SSR. Aerosol emissions have 

increased during recent decades in accordance with socio-

economic development, which would have significant effects 

on the interannual variation in SSR over China.  

 

The observed annual mean SSR was lower during 1979–1989, 

and then stabilized and was slightly higher from 1990 to 2005 

(Figure 3a). The linear trend in observed SSR has shown lower 

values during recent decades, which is consistent with in situ 

observations reported in previous studies (Che et al., 2005; Shi 

et al., 2008; Tang et al., 2011; 2013). The multi-model 

ensemble was able to reproduce a slightly lower linear trend in 

annual mean SSR. However, the simulations failed to capture 

the inflection (in 1989/1990) in the time evolution of annual 

averaged SSR. Furthermore, the multi-model ensemble 

overestimated SSR values and produced less interannual 

variability compared to observations due to the simulations 

excluding the effects of aerosols. Monthly averaged simulated 

SSR yielded higher values in JJA and lower values in DJF 

(Figure 3b), which corresponded to the seasonal variation in 

spatial distribution. Hence, the simulations were able to 

reproduce the monthly variation, but with overestimates 

compared to observations. Overall, the multi-model ensemble 

was capable of capturing the spatial and temporal features of 

SSR in China. Comparison with observations showed some 

biases, such as overestimation of the seasonal mean values, and 

underestimation of the interannual variability in SSR over 

eastern and southern China. These discrepancies are probably 

due to the fact that the simulations did not include the effects of 

aerosols, which can reduce solar radiation in the atmosphere. 

Nevertheless, we conclude that the multi-model ensemble 

performs well for application to climate change studies. 
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Figure 2. Standard deviation of SSR for observations (first row) and simulations (second row). MAM, JJA, SON, and DJF are 

presented in each row from top to bottom. 

 

 

 

 

 
Figure 3. Time series of area-averaged SSR over China (units: W m-2). (a) annual; (b) monthly 

 

4. PROJECTION OF SSR UNDER THE RCP8.5 

SCENARIO 

The changes in spatial distribution of SSR in the mid- and end-

term of the 21st century relative to 1979–2005 are shown in 

Figure 4. SSR was increased over southern and eastern China in 

each season. In northwest China and the TP, SSR was 

decreased throughout the year. In the mid-term, the greatest 

variation occurred in JJA and showed significant decreases of 

3–18 W m-2 over the TP and northwestern China, and increases 

of 3–15 W m-2 over northeast, east, central, and south China. In 

MAN and SON, changes in SSR displayed a similar spatial 

distribution, but with a smaller magnitude compared to those in 

JJA. In DJF, SSR decreased by 3–9 W m-2 over the TP and 

north China, and increased by 3–12 W m-2 over southeast 

China. In the end-term, the changes in SSR showed a similar 

spatial distribution to the mid-term; however, they were greater 

compared to the mid-term. For example, decreases in SSR 

varied from 18 to 30 W m-2 over the TP in JJA in the end-term 

relative to the reference period. Changes in SSR are likely 

caused by variation in clouds in the RCP8.5 scenario. In 

northeast, central, east, and south China, changes in total cloud 

fraction had a significant impact on SSR variation. For example, 

in DJF, the decreased total cloud fraction led to a decrease in 

SSR over northeast China, whereas the increased total cloud 

fraction led to decreases in SSR over south and east China. 

However, it should be noted that no correlation between SSR 

and total cloud fraction was observed over the TP and parts of 

northwestern China (e.g., reduced total cloud fraction did not 

result in higher SSR over the TP in MAM). Yang et al. (2012) 

reported that the total cloud fraction was not a predominant 

factor leading to SSR variation over the TP, and that solar 

dimming over the plateau was probably due to an increase in 

water vapor and deep convective cloud.Based on satellite data 

and surface meteorological observations, Li et al. (2004) 

reported that the total cloud fraction over the TP and northwest 

China was significantly lower than that over southern and 

eastern China. However, convective clouds accounted for 

nearly 50% of the low cloud coverage in the TP and northwest 

China, which should act as a primary factor affecting SSR 

variation. Over the TP, total cloud fraction decreased slightly, 

whereas average cloud thickness was significantly deeper due 

to more significant convective events induced by warming in 

the RCP8.5 scenario. The combined effects of these processes 

caused a decrease in SSR over the TP.However, in the plain 

regions, increased cloud thickness was unable to offset the 

effect of SSR increases caused by significant decreases in total 

cloud fraction in the future relative to the present-day scenario. 

We suggest that changes in total cloud fraction can be used to 

explain variation in SSR over south and east China, whereas  
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Figure 4. Changes in SSR (units:W m-2) in the mid-term (first row) and end-term (second row) of the 21st century relative to 1979–

2005. MAM, JJA, SON, and DJF are presented in each column from left to right. Regions of statistical significance > 95 % level are 

stippled. 

 

SSR should be associated with convective clouds over the TP 

and northwest China. 

 

Changes (relative to the reference period) in annual SSR 

averaged over area in China and the TP showed different 

patterns during 2006–2099 (Figure 5a). For the entire area of 

China, average annual SSR was decreased in 2006–2030, and 

then was slightly increased through 2099; however, the SSR 

values were low, in the range of –2 to 2 W m-2. The values of 

SSR averaged over area showed small changes relative to the 

significant spatial difference in the variation in SSR between 

northwestern (increased SSR) and southeastern (decreased SSR) 

China. For the TP, changes in SSR averaged were larger than 

those for the entire area of China, and showed gradual decreases 

from 2006 to 2099, which also corresponded to variation in the 

spatial patterns of SSR over the TP. In the end-term of the 21st 

century, the area-averaged SSR values decreased by 4–8 W m-2 

compared to those in the reference period. The changes in 

monthly averaged SSR also differed between entire China and 

the TP (Figure 5b). For China, the monthly mean SSR only 

showed increases from May to September, with a maximum 

increase in 2 W m-2 occurring in July for the mid-term, and of 

4.5 W m-2 in June for the end-term. In the other months, the 

decreases in SSR were in the range of 0 to 2 W m-2. For the TP, 

monthly averaged SSR was decreased throughout the year. The 

lowest value of 8 W m-2 occurred in August for the mid-term, 

and of 10.5 W m-2 in June for the end-term. Changes in monthly 

averaged SSR in the end-term showed a similar pattern, but 

were larger than those in the mid-term. 

 

Figure 5. Time evolution of changes in area-averaged SSR over China (units: W m-2) relative to the reference period. (a) annual; (b) 

monthly 

 

 
 
 

5. SUMMARY AND CONCLUSIONS  

Incident SSR is a key factor influencing climate system. 

However, few studies have focused on projections of SSR under 

future climate change scenarios, or the potential impacts of 

global warming on SSR variation. In this study, a multi-model 

ensemble derived from the weighted average of seven GCMs 

from CMIP5 was used to investigate changes in SSR over 

China in the RCP8.5 scenario. The multi-model ensemble 

performed well in reproducing the spatial distribution of SSR in 

each season. The simulations reproduced the observed 

decreased values in annual mean SSR during 1979–2005 and 

provided reasonable values of the monthly variation. Due to the 

fact that the modeling experiments did not consider the 

dimming effects of aerosols, both the spatial distribution and 

annual/monthly temporal evolution from the simulations 
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produced overestimates compared to observations, which led to 

underestimates of the interannual variability of SSR.  

 

SSR increased over south and east China, but decreased over 

the TP and northwest China in the mid-term of the 21st century 

relative to the present day, which was similar to the spatial 

patterns in the end-term, with higher variation. The greatest 

increases in SSR occurred over the TP in JJA in the end-term, 

with values between 18 and 30 W m-2. The spatial variation in 

SSR in northeast China displayed seasonal variation, with 

increases in JJA and decreases in DJF. Annual SSR was 

characterized by significantly lower values averaged by area for 

the TP, and a slightly increased pattern for entire China during 

2006–2099 relative to the reference period. Monthly SSR 

variation showed increases of 2–4 W m-2 in JJA for area-

averaged values for all of China, and decreases of 4–10 W m-2 

for the TP. The changes in SSR had different patterns between 

the TP and east China, which is probably due to differences in 

the effects of clouds caused by warming in the RCP8.5 scenario. 

The decrease in the total cloud fraction led to predominantly 

higher SSR over eastern and southern China. In the TP, 

enhanced convective events increased average cloud thickness, 

which is also considered to be an important factor for 

decreasing SSR.  

 

Since the 1980s, numerous solar energy projects have been 

promoted on the TP. Currently, as the region in China with the 

most solar energy resources, about 400 solar photovoltaics 

power plants are located in Tibet (Cai and Zhang, 2006). In 

addition, solar thermal energy is widely applied through solar 

heaters, cookers, and in buildings. Our results imply that solar 

energy resources will decrease in the TP in future climate 

change scenarios, which will likely impact the promotion of 

carbon-free and clean energy. 

 

It should also be noted that the effects of aerosols (absorbing 

and scattering optical properties) and variation in land cover, 

which are considered to be two key factors affecting SSR, were 

not taken into account in this study. Further studies are required 

that focus on evaluating the contributions of these factors to 

variation in SSR, which will further our understanding of the 

mechanisms derived from anthropogenic perturbations and their 

effects on climate changes in the future. 
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