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Abstract. Estimation of surface radiation budget is a crucial step to analyze the climate 
effects caused by rapid urbanization. This paper reports a study of the integration of remote 
sensing images and ancillary data for analyzing the spatial and temporal variations of surface 
radiation budget in Beijing, China. Landsat-5 Thematic Mapper (TM) images and 
meteorological data of Beijing metropolitan area acquired in the summer and winter were 
used to calculate land surface parameters and surface radiation fluxes, including shortwave 
net radiation, effective radiation and net radiation. Validation with in situ measurements 
shows that the calculation of net radiation yielded high accuracy. It suggests that the 
integration of remote sensing and ancillary data provide an applicable and feasible routine for 
analysis of surface radiation budget in urban environment. In order to understand the spatial 
patterns of surface radiation budgets, parameters, such as radiation fluxes, albedo and land 
surface temperature, were analyzed in terms of variations among different land cover types. 
Results indicate that the city can be characterized as a “basin” of net radiation in the summer, 
while it is characterized as a “plateau” in the winter. The albedo and land surface temperature 
were two primary factors contributing to the spatial variations of net radiation, while the solar 
elevation angle controlled the seasonal variations of the absolute amount. 
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1 INTRODUCTION 

It has been demonstrated that urbanization induces adverse climatic effects. At the macro-
scale, urbanization is one of the most important driving forces for global climate change [1]; 
while at the local scale, it creates urban climatic effects, such as urban heat islands (UHIs), air 
pollution, and so on, affecting energy consumption and the life quality of urban residents. As 
the dominant element of energy exchange between land surface and atmosphere, surface 
radiation budget is a key parameter for the climate and its changes. Surface radiation budget, 
which is also named as net radiation or radiation balance, is defined as the difference between 
the incoming and outgoing radiation fluxes including both longwave and shortwave radiation 
at the ground [2]. Because of intense human activities and complicated artificial landscapes, 
the surface radiation budget in urban environment is different from that of natural surfaces, 



such as forest, agriculture land, and so on. Surface radiation budget is one of the focuses but 
major challenges to study the energy exchange processes between land surface and 
atmosphere in the urban areas, and this issue is especially crucial for mega-cities. 

As a matter of fact, natural surfaces at different scales are the primary targets for surface 
radiation budget studies based on remote sensing models [3-6]. However, limited researches 
about the surface radiation budget in the urban environment have been reported, because of 
the complexity of urban land surfaces and difficulty in radiation fluxes measurements 
acquisition. The traditional method to investigate this problem is by using in situ 
measurements, obtaining each component of the radiation balance equation, and then 
examining the diurnal and/or seasonal variations of surface radiation budget [7-12]. With the 
advent of satellite remote sensing, especially the remote sensors with higher spatial resolution 
at thermal channels, e. g. Landsat TM/ETM+, Terra ASTER, some researchers have 
examined the applicability and feasibility of these images to investigate the surface radiation 
budget in the urban and suburban areas [13-15]. It has been confirmed that the integration of 
remote sensing images and ancillary data is an appropriate and helpful route to grasp the 
patterns of surface radiation budget in different urban areas and at different spatial and 
temporal scales. Nevertheless, the estimation accuracy of the net radiation and its sensitivity 
to the crucial parameters still need to be investigated thoroughly. On the aspect of remote 
sensing application, the spatial pattern and temporal variations of surface radiation budgets 
are attractive issues and remain to be exploited further. 

Under the unique physical settings and influenced by a fast urbanization process, the 
urban climate in Beijing has distinct features. In recent years, the adverse climatic effects 
caused by urbanization become prominent and harmful, for example, the intensity of UHI in 
Beijing is increasing with a rate of 0.31 K every 10 years [16]. This phenomenon has attracted 
the attention of ordinary people, academia and government. However, research about 
radiation budget in the Beijing metropolitan area is lacking. In this research, a practical 
approach was developed for calculating the surface net radiation by parameterizing the crucial 
factors such as the land surface emissivity, land surface temperature, surface shortwave 
broadband albedo, and longwave atmospheric counter radiation, based on the Landsat TM 
images and ancillary meteorological data. The spatial patterns and seasonal variations of 
surface radiation budget in the Beijing metropolitan area were investigated by comparisons 
between the urban and suburban areas from two Landsat TM images acquired in the summer 
and winter. The spatial patterns and seasonal variations of the land surface temperature, 
surface albedo, shortwave and longwave radiation fluxes were also discussed. The results will 
be useful for understanding the change rules of urbanization in the process of urban climate 
for such a mega-city. 

2 STUDY AREA 

The municipality of Beijing is located in northern China, from 39°26′N to 41°03′N and 
115°25′E to 117°30′E, with mountains to the west, north and northeast of the city. This region 
is in the warm temperate zone and has annual average atmospheric temperatures of about 
10.0-12.0oC. Beijing has distinct seasons, with a hot and humid summer and a cold and dry 
winter. As the capital and the second largest city in China, the municipality of Beijing has 
18.953 million inhabitants, including 15.38 million permanent residents and 3.573 non-
permanent natives. 63.25% of the total population lives in the core and the surrounding 
districts [17]. 

A region covering four downtown districts and four extended districts was selected as the 
study area (the blue rectangle in Fig. 1). Most of the terrain in the study area is flat, with the 
exception of hills located in the west and northwest. Commercial and business areas are 
concentrated in the central part of the study area, which is characterized by high-rise 
buildings and higher albedo materials. Low-rise houses covered by tiles made of lower albedo 



materials are also dispersed throughout the city, but most are concentrated in the downtown 
districts.  
 

 
 

Fig. 1. Topographic map of Beijing. The digital elevation model (DEM) is shown in 
color. The automated weather stations (AWSs) and Beijing Weather Observatory 
(BWO) are also shown in this figure. 

 

3 DATA 

3.1 Remote sensing images 

In order to examine the spatial distribution of the radiation budget in the summer and winter, 
two Landsat-5 Thematic Mapper (TM) images, dated on July 6, 2004 and December 3, 2006, 
respectively, were used in this research. Both images were acquired under clear conditions. 
The images were purchased from the China Remote Sensing Satellite Ground Station 
(CRSSG), which corrected the radiometric and geometric distortions of the images to a 
quality level of 1G before delivery. The images were further geo-rectified to a Gauss-Kruger 
projection based on a rectified ASTER image through the second order polynomial method. 
During the geometric rectification, 55 ground control points (GCP) were selected for the 2004 
image and 40 points for the 2006 image. Each image was resampled using the nearest 
neighbor algorithm with a pixel size of 30 m for all bands including the thermal band. The 
resultant root-mean-squared error was found to be 0.43 pixel for the 2004 image, and 0.48 
pixel for the 2006 image. 

Knowledge of land cover is essential for analyzing the surface radiation budget over 
different surfaces. In this research, each image was classified into seven types of land cover: 
forest, crop, bare soil, grassland, high-rise building surface, low-rise building surface and 
water (Fig. 2). For this classification we used the combined method of maximum-likelihood 
and visual interpretation. It should be noted that both high-rise building surface and low-rise 
building surface were identified through their color tones; the dry concrete, glass, and metal 
of the high-rise buildings are brighter and the tiles covering the one-two story houses in the 
downtown districts, as well as the asphalt and tar of the low-rise buildings are darker. 300 
random samples were utilized to assess the classification accuracy, and it was found that the 



resultant overall classification accuracy and kappa coefficient for the summer image were 
83.67% and 0.7977, respectively; the overall classification accuracy and kappa coefficient for 
the winter image were 81.00% and 0.7434, respectively. 
 

 
 

Fig. 2. Land cover maps of Beijing for July 6, 2004 and December 3, 2006. “High-
rise” and “low-rise” denote high-rise and low-rise buildings, respectively. 

3.2 Meteorological data 

The meteorological data were acquired from the automated weather stations (AWSs) 
managed by the Beijing Meteorological Bureau (Fig. 1). There were 29 stations with 
atmospheric temperature and 15 stations with relative humidity records for July 6, 2004, and 
39 stations with atmospheric temperature and 31 stations with relative humidity records for 
December 3, 2006. The average values of the parameters observed at 10:00 am and 11:00 am 
local time were used, because the Landsat-5 satellite passes over Beijing at approximately 
10:30 am. In order to account for altitude of the weather stations where measurements were 
recorded, the average atmospheric temperature at each station was converted to the 
atmospheric temperature at sea level and then interpolated with the Inverse Distance 
Weighting (IDW) over the entire study area. Finally, the atmospheric temperature distribution 
near land surface was calculated from the temperature distribution at sea level and the digital 
elevation model (DEM) data, assuming 0.0065 K/m as the environment lapse rate [18]. IDW 
method was also utilized to interpolate the relative humidity with the same spatial resolution. 
The hourly-integrated total incoming solar radiation (MJ/m2) (the sum of the direct solar 
radiation and the downward solar diffuse radiation at the ground surface) measured at the 
Beijing Weather Observatory (39°48′N, 116°28′E) was converted to an average value for the 
entire hour (W/m2), which was assumed constant for the entire study area. 

4 METHODOLOGY 

In order to calculate the net radiation, land surface parameters including albedo, land surface 
emissivity (LSE) and land surface temperature (LST) are required. The radiation fluxes 
contain the net radiation, the shortwave net radiation and the effective radiation, and the 
effective radiation is defined as the difference between the longwave surface emission and the 
longwave atmospheric counter radiation [2]. 



4.1 Radiometric calibration of Landsat-5 TM data 

The following equation was used to convert the digital number (DN) of all bands into at-
sensor spectral radiance [19]: 
 
 λ rescale cal rescaleL G Q B    (1) 

 
where Lλ is at-sensor spectral radiance in W/(m2·sr·μm); Grescale and Brescale are band-specific 
rescaling factors; Qcal is the quantized calibrated pixel value in DNs.  

The Second Simulation of the Satellite Signal in the Solar Spectrum (6S) model was 
applied for atmospheric correction. For the thermal band, at-sensor brightness temperature 
was calculated following the formula below [19]: 

 
 B 2 1 λ/ ln( / 1)T K K L   (2) 

 
where TB is at-sensor brightness temperature in Kelvin and K1 and K2 are pre-launch 
calibration constants. For Landsat-5 TM, K1=607.76 W/(m2·sr·μm), and K2=1260.56 K. 

4.2 Land surface parameters calculation 

Land surface albedo is the integral value for the bio-directional reflectance distribution 
function (BRDF) at all view directions. It determines the proportion of the reflected solar 
radiation to the broadband shortwave irradiance in the range of 0.30-3.00 μm. The conversion 
formula proposed by Liang [20] was used in this study. 

Land surface broadband emissivity is required to retrieve LST, but few methods have 
been developed to estimate the broadband emissivity from Landsat TM/ETM+ data. 
Considering the wide spectral range (10.40-12.50 μm) in the thermal infrared band of Landsat 
TM, we assumed the broadband emissivity was equal to the spectral emissivity of band 6 (S. 
Kato, personal communication, 18 October 2007). In this research, we calculated LSE based 
on the normalized difference vegetation index (NDVI) following [21-22]. 

If NDVI<0.20 and a pixel was water, the emissivity was assigned as εw=0.995 [23]. 
Otherwise, the pixel was considered as bare surface with sparse to no vegetation, and 
equation (3) was adopted:  

 
 30.980 0.042    (3) 

 
where ε is emissivity and ρ3 is the surface reflectance in the red channel (TM band 3). The 
origin of this equation can be traced back to [24, 21-22]. 

If NDVI>0.50, a pixel was considered fully vegetated, and the emissivity was assigned as 
εv=0.990 [21]. 

If 0.20≤NDVI≤0.50, it may be assumed that a pixel was composed of vegetation, bare soil 
or urban surfaces. It was demonstrated the measured emissivity of an urban surface was 
approximately 0.972 in Beijing [25], which was similar to that of bare soil with a value of 
0.973, simulated by [22]. Indeed, an error of 0.001 for emissivity would not induce any error 
in land surface temperature retrieval. Therefore, we assumed that 0.973 was an appropriate 
value of emissivity for both bare soil and urban surfaces. The emissivity for a mixed pixel 
was calculated as [22]: 

 
 v0.004 0.986P    (4) 

 
where Pv is the proportion of vegetation and can be calculated by the following equation [26]. 



  2

v min max min( ) /( )P NDVI NDVI NDVI NDVI    (5) 

 
where NDVImax=0.50, and NDVImin=0.20. 

LST is one of the most important parameters in land surface processes. The mono-window 
algorithm proposed by Qin et al. [27] is used to estimate the LST from Landsat TM data: 

 
 s B a[ (1 ) ( (1 ) ) ] /T a C D b C D C D T DT C          (6) 

 
where Ts is LST in Kelvin; a=-67.355351; b=0.458606; Ta is the mean atmospheric 
temperature in Kelvin; TB is at-sensor brightness temperature in Kelvin, which is defined in 
Section 4.1; C=ετ, D=(1-τ)[1+(1-ε)τ], and τ is the total atmospheric transmissivity of the 
thermal band. 

For different standard atmosphere, Qin et al. (2001) derived the simple linear regression 
for approximating Ta from the air temperature, T0, near the ground [27]. In this paper, the mid-
latitude summer model was used for July 6, 2004 and the mid-latitude winter model for 
December 3, 2006. In addition, the atmospheric transmissivity can be calculated based on the 
atmospheric water vapor content. 

4.3 Surface radiation budget estimation 

The surface net radiation flux can be calculated by [2]: 
 
 4 4
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where Rn is the net radiation flux on the ground surface in W/m2; Es is the surface shortwave 
net radiation flux in W/m2; El is the surface longwave net radiation flux in W/m2; Rs is the 
total incoming radiation at the ground surface in W/m2; α is the surface albedo; 4

a aT   is the 

longwave atmospheric counter radiation (Ld) in W/m2; 4
sT  is the longwave surface 

emission in W/m2; and σ is the Stefan-Boltzmann constant, σ=5.6696×10-8 W·m-2·K-4. 
According to the definitions, the effective radiation, E0, is equal to -El. The atmospheric 
emissivity (εa) can be calculated based on the empirical equation between the water vapor 
pressure and atmospheric temperature [28]. 

5. RESULTS 

5.1 Validation of the net radiation flux Rn 

Following the methods above, the land surface parameters and the surface radiation 
parameters were calculated for the summer and winter images (Fig. 3, Fig. 4 and Fig. 5). The 
hourly-integrated net radiation fluxes measured at BWO between 10:00 am and 11:00 am 
local time on the two dates were converted to an average value for the entire hour (W/m2) and 
were used to validate the estimated net radiation fluxes. The net radiation flux was measured 
with a net pyrradiometer. For the 2004-7-6 image, the measured and estimated Rn are 619.4 
W/m2 and 576.4 W/m2, respectively, indicating that the absolute error for Rn is -43.0 W/m2 
and the relative error is -6.94% in the summer. For the 2006-12-3 image, the measured and 
estimated Rn are 144.4 W/m2 and 162.1 W/m2, respectively, indicating that the absolute error 
for Rn is 17.7 W/m2 and the relative error is 12.26% in the winter. It can be concluded that the 
estimation of net radiation flux from Landsat TM images and meteorological data enable us to 
adequately analyze the spatial patterns and seasonal variations in the surface radiation budget 
for an urban environment. 



 

 

Fig. 3. Albedo in Beijing on July 6, 2004 and December 3, 2006. The black patches 
in (a) denote the masked-out clouds and their shadows. 

 

 

Fig. 4. Land surface temperature (in degrees Kelvin) in Beijing on July 6, 2004 and 
December 3, 2006. The black patches in (a) denote the masked-out clouds and their 
shadows. 

 

 

Fig. 5. Net radiation (in W/m2) in Beijing on July 6, 2004 and December 3, 2006. 
The black patches in (a) denote the masked-out clouds and their shadows. 



5.2 Sensitivity analysis of the net radiation flux Rn 

The calculation of net radiation requires four parameters, albedo, LST, Ld and LSE. 
Sensitivity analysis can be employed to evaluate the impact of each of these parameters 
coupled with an estimation error on the total error in the estimating the net radiation flux, 
which is given by: 
 
 n n n( ) ( )R R x x R x     (8) 

 
where x is one of the four parameters; δx is the estimated error for the variable x; and Rn(x) is 
the estimated net radiation. 

Before discussing the sensitivity analysis, it is necessary to fully explain our experimental 
setup. The averaged values of albedo, LST, Ld and LSE were selected for the sensitivity 
analysis on each date. In the summer, the averaged values of these four parameters were 0.21, 
309.8 K, 391.4 W/m2 and 0.981, respectively. The range of albedo values was within 0.10-
0.30, LST between 300.0-320.0 K, Ld 380.0-400.0 W/m2, and LSE 0.975-0.995. In the winter, 
the average values of the four parameters were 0.16, 276.0 K, 193.7 W/m2 and 0.977, and the 
range of values for these four parameters were 0.10-0.30, 270.0-290.0 K, 185.0-205.0 W/m2 
and 0.975-0.995. In order to satisfy the physical definition of LSE, only four errors on LSE 
were considered when analyzing the sensitivity, i.e., -2.0%, -1.0%, 1.0% and 2.0%.  

It can be seen from Fig. 6 that Rn was slightly influenced by the errors for the albedo 
values. When the deviation in albedo was -2.0% to 2.0%, the estimated error for the net 
radiation flux, δRn, was less than 5.2 W/m2 in the summer and 2.3 W/m2 in the winter. In 
addition, δRn increased with the value of albedo. In contrast, LST exhibited a stronger 
influence on δRn than albedo. As shown in Fig. 7, the error of Rn varied between 17.8.0 W/m2 
and 48.1 W/m2 in the summer and 11.6 W/m2 and 32.3 W/m2 in the winter. Comparing with 
the two cases mentioned above, the absolute estimated error for Rn induced by Ld is moderate, 
and varied between 3.7 - 7.8 W/m2 in the summer and 1.8 W/m2 - 4.0 W/m2 in the winter.  

The deviation in LSE had minimal influence on δRn, and its influence did not change with 
the value of LSE. In the summer, δRn introduced by emissivity ranged from 1.3 W/m2 to 2.6 
W/m2, indicating that Rn was rather sensitive to albedo. In contrast, Rn was more sensitive to 
emissivity than albedo in the winter. 

The sensitivities of Rn to these parameters were also reflected by their respective impacts 
on the spatial distribution patterns of Rn. In order to quantitatively analyze the impact of each, 
their coefficient of variation (CV), which is defined as the ratio of standard deviation to the 
mean value, was used to investigate their spatial variations. Statistics for the whole study area 
suggest the CV of albedo was 20.1% in the summer and 27.9% in the winter and its spatial 
pattern was heterogeneous. Thus, ±20.0% error was selected to analyze the sensitivity of Rn to 
albedo. It can be seen from Fig. 6 that the spatial pattern of albedo significantly influenced the 
distribution of Rn. Similarly, although the CV values for LST were 1.7% in the summer and 
0.6% in the winter, it has a significant influence on the spatial pattern of Rn. Moreover, LSE 
was stable over the study area, and its CVs were 1.0% in the summer and 0.7% in the winter. 
Therefore, it can be concluded that LSE had minimal influence on the spatial pattern of Rn. 
This is consistent with the conclusion in [14]. Thereby, more attention will be paid to both 
albedo and LST when analyzing the spatial pattern in the following sections, while Ld was not 
considered because the atmospheric state was very stable in limited spatial extent. 
 



 
Fig. 6. The variation in surface net radiation flux error depending on the albedo 
error. 

 

 

Fig. 7. The variation in surface net radiation flux error depending on the land 
surface temperature error. 

5.3 Surface radiation budget by land cover type 

5.3.1 In the summer 

Fig. 3a shows the spatial distribution of albedo when the Landsat-5 satellite passed the region 
on July 6, 2004. It is apparent that the spatial pattern of albedo was concentric, i.e., albedo 
increased from the center of the city to the surrounding suburban areas. Low values of albedo 
around 0.15-0.19 can be detected within the Third Ring Road. In the south and northeast of 
the study area, there were many patches with higher albedo values of approximately 0.23-
0.30, while in the northwest, albedo values were lower than 0.20, except for some bright 
patches. 

The distribution of LST exhibited a remarkable UHI. The outline of the UHI is 
approximately the same as the boundary of the city, with the rural area (mainly comprised of 
crops) as the background (Fig. 4a). LST decreases systematically from the center of the city 
to the suburban area. It is interesting that the LST in the southern part of the city was higher 
than in the northern part. The areas with the highest UHI intensity were located near Qianmen 
and southeast of the Fourth Ring Road and Fengtai district. Higher LST also occurred in the 
wasteland and dry river bed of Yongding River of the southern suburban region of the study 
area and at the Capital Airport located in Shunyi County. 



The net radiation exhibited a more complicated spatial distribution pattern (Fig. 5a). Net 
radiation also exhibited an obvious concentric pattern. The net radiation flux was ~537.1-
578.3 W/m2 within the Third Ring Road. Overall, the net radiation was less than 537.0 W/m2 
in the south part of the city between the Third Ring Road and the Sixth Ring Road. The north 
part of the city and the hilly areas in the northwest part of the study area had higher net 
radiation, which was ~578.4-683.1 W/m2. Water had an observed net radiation flux higher 
than 683.1 W/m2. 

The mean and standard derivation of the net radiation, shortwave net radiation, effective 
radiation, LST and albedo were calculated according to the type of land cover. Table 1 shows 
the resultant statistics. Fig. 5a illustrates that reservoirs, lakes and pools were the “hot spots” 
of net radiation. Because of their low albedo and low temperature, the water in this study 
absorbed the largest amount of net radiation, with an average value of 694.2 W/m2. Water 
exhibited the highest shortwave radiation and the lowest effective radiation. Their standard 
derivation and CV were 61.0 W/m2 and 8.8%, respectively. This indicates water presented the 
highest variations in net radiation. Moreover, the CVs for the shortwave net radiation and the 
effective radiation for water were 5.8% and 26.0%, respectively. Both were the highest values 
among the all the types of land cover. This phenomenon may be the result of spectral 
alteration induced by an excessive number of aquatic plants in summer, which disturbs the 
albedo of water. Another potential cause is the alteration of the spectral response and thermal 
properties by pollution and temporary loblolly brought on by frequent rainstorms in the 
summer [27]. 

Vegetation, including grasslands, croplands and forests, exhibited yellow to orange tones 
(Fig. 5a), indicating the vegetation absorbed more net radiation than the built-up urban 
surfaces (i.e., high-rise and low-rise building surfaces) and bare soil, but less than water. This 
is important for the photosynthesis and the accumulation of dry matter. Vegetated areas, 
especially croplands, were cooler than urban surfaces, thus inducing less longwave emissions. 
The albedo of forested areas was similar to that of low-rise buildings. They absorbed 
approximately the same amount of shortwave net radiation in our study (about 715.0 W/m2 to 
713.5 W/m2). However, croplands and grasslands were brighter than low-rise buildings, but 
darker than high-rise buildings, so these two types of vegetation absorbed more shortwave 
radiation than high-rise buildings. It should be noted that the radiation budgets of different 
vegetation types were different. Forested areas absorbed the largest amount of net radiation, 
grasslands the least, with croplands in between. These differences were caused by their 
different albedo and LST.  

Bare soil was the brightest among all the types of land cover, because of its minimal 
absorption of shortwave net radiation (about 674.9 W/m2, about 4 W/m2 lower than high-rise 
building). It was cooler than urban built-up surfaces, but hotter than the other natural surfaces 
(i.e., vegetation and water). As a result, bare soils absorbed the lowest amount of net radiation 
compared to the other types of land cover, except for high-rise buildings. 

Urban built-up surfaces, including high-rise and low-rise buildings, exhibited higher LST 
than the other land cover types, as seen in Fig. 4a. The difference between the radiation 
budgets of different urban built-up surfaces was prominent. For example, due to the high 
albedo and temperature of high-rise buildings, their net radiation was ~54.9 W/m2 lower than 
that of low-rise buildings. Most of the high-rise surfaces were rooftops, composed of concrete 
and glass, which have a high albedo and thus absorbed less shortwave net radiation. The LST 
of high-rise buildings was greatest among all the land cover types because of their 
considerable thermal capacity, which is the result of their large volumes and anthropogenic 
heat discharge from air-conditioners. In contrast, most of the low-rise surfaces were covered 
by tiles with low albedo, and absorbed more solar irradiance than the high-rise surfaces. 
There were also many trees planted around the low-rise residential houses, which had fewer 
air-conditioners than high-rise buildings for economic reasons. As a result, the temperature of 



low-rise surfaces was about 5.4 K lower than that of high-rise surfaces. Accordingly, the 
effective radiation of low-rise surfaces was 19.9 W/m2 less than that of high-rise surfaces. 

Table 1. Statistics on the calculated radiation fluxes and land surface parameters for July 6, 2004. 

Land cover 
Mean / Standard derivation 

Rn (W/m2) Es (W/m2) E0 (W/m2) Ts (K) α 

Forest 616.4 / 37.0 715.0 / 23.3 98.6 / 21.5 305.0 / 3.3 0.18 / 0.03 

Cropland 597.0 / 34.5 692.2 / 27.9 95.2 / 16.3 304.0 / 2.6 0.21 / 0.03 

Bare soil 540.1 / 45.8 674.9 / 29.4 134.9 / 26.4 310.8 / 4.0 0.23 / 0.03 

Grassland 573.7 / 34.7 685.7 / 28.8 112.1 / 20.1 307.1 / 3.1 0.21 / 0.03 

High-rise 520.2 / 36.3 678.7 / 32.1 158.3 / 25.4 316.2 / 3.7 0.22 / 0.04 

Low-rise 575.1 / 33.5 713.5 / 26.3 138.4 / 27.3 310.8 / 4.1 0.18 / 0.03 

Water 694.2 / 61.0 784.2 / 45.3 90.0 / 23.4 303.4 / 3.6 0.10 / 0.05 

5.3.2 In the winter 

Most of the surfaces exhibited blue and dark-blue tones in the winter, indicating overall lower 
albedo than in the summer (Fig. 3b). The low-albedo (lower than 0.15) regions were found 
within the Fourth Ring Road and in the hilly area in the northwest part of the study area. The 
medium-albedo (ranging from 0.15 to 0.22) regions were located in the areas surrounding the 
city. The Capital Airport exhibited the highest albedo value, which was greater than 0.30. The 
spatial pattern of LST in the winter was the inverse of the summer pattern (Fig. 4b). An urban 
cool island phenomenon occurred and the intensity of the cool island (the difference between 
the LST of urban surfaces and that of bare soil in the rural areas) was about 1.2 K. The 
northwest region revealed the highest surface temperatures. 

The concentric pattern can be seen clearly in the distribution map of net radiation flux in 
the winter (Fig. 5b). The region within the Fourth Ring Road had a medium value of net 
radiation of ~183.1-221.3 W/m2. The values of net radiation for the regions located beyond 
the Fourth Ring Road decreased to less than 183.0 W/m2. Reservoirs, lakes and hilly areas 
absorbed the largest amount of net radiation, while the Capital Airport received the least. 

Table 2 shows the resultant statistics according to the type of land cover. The analysis of 
net radiation by the type of land cover revealed the average value of net radiation in water 
was 213.6 W/m2, higher than the other types of land cover. The standard derivation and CV 
for water were 22.6 W/m2 and 10.6%, respectively, indicating that the radiation budget for 
water was more heterogeneous than the others types of land cover. Water had the lowest 
mean albedo, but the highest CV (about 51.7%). This may be the result of the mixture of 
water and ice present in the winter. The effective radiation of water in the longwave region 
was lowest among all the types of land cover because water was had the lowest temperatures. 

Forests, croplands, and grasslands all exhibited a similar amount of effective radiation 
(~132.0 W/m2), but a different amount of shortwave radiation. Croplands and grasslands 
absorbed a similar amount of solar irradiance, which was ~19.0 W/m2 lower than forests. This 
interesting phenomenon can be explained as follows. Most agricultural lands were converted 
to bare soil after harvest, leaving winter wheat as the dominating crop, which exhibited nearly 
the same spectral responses and thermal properties as the grasslands. As a result, croplands 
and grasslands obtained the same albedo and LST, inducing the equivalent amounts of the 
shortwave net radiation, effective radiation and net radiation. The LST of forested areas was 
slightly higher than that of croplands and grasslands, but the intrinsic spectral response and 



large shadows in forests reduced the albedo of forests. As a result, forests received ~19.0 
W/m2 more net radiation than the other two types of vegetated land cover. 

Table 2. Statistics on the calculated radiation fluxes and land surface parameters for December 3, 2006. 

Land cover 
Mean / Standard derivation 

Rn (W/m2) Es (W/m2) E0 (W/m2) Ts (K) α 

Forest 200.0 / 28.7 332.1 / 20.6 132.0 / 11.6 276.0 / 2.5 0.11 / 0.05 

Cropland 181.2 / 16.2 313.0 / 13.5 131.9 / 5.9 275.7 / 1.3 0.17 / 0.04 

Bare soil 174.3 / 15.1 311.1 / 13.1 136.5 / 6.9 275.0 / 1.5 0.17 / 0.03 

Grassland 180.4 / 16.1 311.8 / 14.2 131.4 / 5.3 275.7 / 1.2 0.17 / 0.04 

High-rise 182.7 / 19.1 313.0 / 16.5 129.9 / 6.1 275.4 / 1.3 0.17 / 0.04 

Low-rise 188.5 / 16.8 319.3 / 14.3 130.8 / 6.0 274.9 / 1.3 0.15 / 0.04 

Water 213.6 / 22.6 338.7 / 18.7 125.2 / 8.5 273.9 / 1.8 0.10 / 0.05 

 
Fig. 2b illustrates that of the types of land cover, bare soil was most abundant in the 

suburban areas in the winter, although there were some scattered wheat lands and golf 
courses. Bare soil absorbed the lowest net radiation, because it emitted the least shortwave 
irradiance and the most effective radiation of the different types of land. 

A difference in radiation budgets between the low-rise building and high-rise building 
surfaces was present, but was not as significant as in the summer. The average albedo of low-
rise surfaces was about 0.02 less than that of high-rise surfaces, and about differed by 6.3 
W/m2 in the amount of shortwave radiation absorbed. Since these two types of surfaces 
possessed the same LSTs and longwave radiation, the difference in net radiation fluxes was 
influenced largely by their difference in albedo. For all types of land cover, the ratio of 
effective radiation to shortwave net radiation increased in the winter, indicating that LST may 
play a less important role in the net radiation in the winter. 

5.4 Seasonal variation in surface radiation budgets 

The above analysis indicates that there were complicated seasonal variations in the radiation 
budgets and the primary factors that contributed to them (i.e., albedo and LST). Their 
magnitudes and spatial patterns in the summer and the winter were clearly different. Although 
there was a two-year interval between the acquisition dates of these images, no dramatic 
alternations in the type of land cover occurred, except for some minor expansion and 
rebuilding at the outskirts of the city. Here we examine the potential reasons for these distinct 
differences in the surface radiation budget for the summer and the winter if we ignore 
anthropogenic influences. 

The seasonal variation of albedo, a primary parameter in land surface processes, was an 
important factor in contributing to the difference in the surface radiation budgets. From 
summer to winter, there were prominent decreases in albedo over all surfaces. While the 
albedo of water decreased about 4.2%, the albedo for other types of surfaces decreased by 
18.4%~36.5%. The decrease in albedo for forested areas was the largest. Biological activities 
in vegetation decrease in winter, which may have resulted in the lower albedo for forests, 
grasslands, croplands and low-rise surfaces. In addition, albedo may have decreased in winter 
due to the lower solar elevation angle, which causes a greater number of shadows to be cast 
by high-rise buildings in the urban areas, trees and mountains. 

The decrease of albedo enhanced the ability of surfaces to absorb the total incoming 
radiation. However, the amount of the incoming irradiance that reaches the ground decreases 



dramatically in the winter, as determined by solar elevation angle (SEA). When the Landsat-5 
satellite passed on July 6, 2004, SEA was 62.96°, and the total measured incoming radiation 
was 872.22 W/m2, while on December 3, 2006 the SEA decreased to 25.79° and the incoming 
radiation to 375.00 W/m2. It can be concluded that the changes in albedo and solar irradiance 
led to the change in surface radiation budgets, but the latter played a more important role. As 
a result, the total shortwave irradiance in the winter was only ~53.6-56.8% of the total 
shortwave irradiance in the summer. 

Longwave emissions are controlled by LST. In the winter, the energy absorbed by land 
surfaces decreases significantly, thus LST decreases accordingly. The longwave emissions in 
the winter were only about 33.2%-40.8% of that in the summer. In particular, the longwave 
emissions of high-rise and low-rise surfaces decreased more dramatically, by 40.8% and 
38.8%, respectively. Furthermore, the atmospheric counter radiation was 193.7 W/m2 on 
December 3, 2006, about 49.5% of that on July 6, 2004, due to the cooler and drier 
atmosphere. As a result, effective radiation in the winter was greater than in the summer by 
17.2-39.1%, for water, forested areas, croplands and grasslands. The effective radiation of 
bare soil was the same in both seasons. Because they were substantially cooler, the effective 
radiation of high-rise and low-rise buildings decreased by 18.0% and 5.5%, respectively in 
the winter. 

A comparison between Fig. 5a and Fig. 5b suggests there were different patterns in net 
radiation in the summer and the winter. In the summer, croplands with active crops in 
suburban areas were brighter than low-rise building surfaces and absorbed less solar 
irradiance. Thus summer croplands were cooler than urban built-up surfaces because of their 
greater thermal inertia (in the range of 2000~3000 W·s1/2·m-2·K-1, according to [29]) and the 
higher evapotranspiration rate. The heating rate of urban built-up surfaces was greater than 
the suburban areas, because the evapotranspiration rate was low in the urban environment and 
the range of thermal inertia for urban surfaces were lower (in the range of 1400 W·s1/2·m-2·K-1 
for concrete and 1300 W·s1/2·m-2·K-1 for brick, according to [30]). As a result, urban built-up 
surfaces absorbed less net radiation than the suburban areas, leading to the formation of a 
“basin” in net radiation (see Fig. 5). In the winter, bare lands in the countryside had a greater 
albedo and lower thermal inertia than the urban surfaces because of low water content and 
vegetation abundance [31]. The lower thermal inertia caused the bare lands heated rapidly 
after sunrise, and the cool island phenomenon occurred. The suburban areas absorbed less 
solar irradiance but had greater effective radiation, resulting in smaller net radiation. 
Therefore, the urban region of the city produced a “plateau” in the net radiation map in the 
winter. 

6 DISCUSSIONS AND CONCLUSION 

It is important to investigate radiation budgets over urban and suburban surfaces for urban 
climate research. In this paper, the applicability and feasibility of using Landsat-5 TM images 
in conjunction with meteorological data were investigated to estimate the surface radiation 
budgets in Beijing, China. Validation using in situ measurements suggests that estimating the 
net radiation with this method is sufficiently accurate. We conclude that satellite remote 
sensing can be used as an effective technique to improve modeling and analysis of the spatial 
patterns of surface energy balance for a mega-city such as Beijing. 

The results suggest the net radiation in Beijing was controlled primarily by albedo and to 
a lesser degree by LST, while the influence of emissivity can be ignored. Different types of 
land cover exhibited different albedo and LST. Consequently they exhibited diverse radiation 
budgets, including the shortwave net radiation, the effective radiation and the net radiation. In 
particular, two types of urban built-up surfaces, i.e., high-rise and low-rise building surfaces, 
exhibited different albedo and LST. In the summer, the high-rise building surface had high 
albedo and high temperatures, which resulted in overall low shortwave net radiation and net 



radiation. The low-rise building surfaces absorbed significant quantities of solar radiation and 
were cooler than the high-rise building surfaces, and thus exhibited higher net radiation than 
the high-rise building surface. In the winter, the difference in their radiation budgets was 
smaller.  

The seasonal variations in the surface radiation budgets were also investigated. From 
summer to winter, the decrease in the shortwave net radiation and the net radiation were 
mainly controlled by the change of the solar elevation angle. In the winter, all land surfaces 
were darker, and their ability to absorb solar radiation was thus enhanced. Natural surfaces, 
including water and three types of vegetation, absorbed less longwave radiation in the winter, 
while the artificial surfaces including low-rise and high-rise buildings absorbed more because 
they were much cooler in the winter. 

The main driving force of the Earth system is radiation forcing, and a detailed and 
quantitative knowledge of the Earth radiation field is crucial for understanding and predicting 
the evolution of the components of the Earth system [13]. However, the stations for 
measuring the surface radiation budget are still rare, especially in urban areas. Advents of 
satellite remote sensing provide the possibility to map the spatial-distributed surface radiation 
budget. Optical and thermal remote sensing images with relatively high spatial resolution are 
appropriate for calculating the surface radiation fluxes in urban and suburban areas. These 
calculations can obtain acceptable accuracies, as proven by our research. Based on these 
estimated radiation parameters, influences of urbanization on surface radiation budget can be 
modeled. Although our approach is proposed for Landsat TM data, it is feasible to extend this 
approach to other remote sensing data, such as Terra ASTER, Terra/Aqua MODIS and 
NOAA AVHRR, for acquiring in-depth knowledge on the spatial and temporal variations of 
surface radiation budget. 
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