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An urban net all-wave radiation parameterization scheme is evaluated using annual datasets for 2010 recorded at a Beijing urban 
observation site. The statistical relationship between observed data and simulation data of net radiation has a correlation coeffi-
cient of 0.98 and model efficiency of 0.93. Therefore, it can be used to simulate the radiation balance of Beijing. This study ana-
lyzes the variation in the radiation balance for different underlying surfaces. To simulate radiation balance differences, we set four 
pure land-cover types (forest, grass, roads, and buildings). Keeping all other conditions inputted unchanged, we model the radia-
tion balance by changing the land-cover type. The results show that the effects of different underlying surfaces on radiation differ, 
and that there is much upward long-wave radiation, accounting for 84.3% of the total radiation energy falling incident on the land 
surface. The annual averages of net radiation for the four land-cover types are in the range of 38.2–53.4 W/m2. The net radiation 
of the grass surface is minimal while that of the roads surface is maximal. Additionally, with urbanization the net radiation values 
of common types of land-cover change, such as conversion from forest to roads, grass to roads, and grass to buildings, all have 
increasing trends, indicating that net radiation usually increases with urban sprawl. 
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Land surfaces interact with the atmosphere through the ex-
change of water, energy and momentum. Any changes in 
energy flux between the land and atmosphere will affect the 
atmospheric thermal conditions and atmospheric circulation. 
The underlying surfaces (land use/land cover classes) greatly 
affect the climate according to their physical properties, 
such as the surface albedo, roughness, and emissivity [1]. 
The components of the radiation balance, the net radiation 
in particular, are main components of the land surface en-
ergy budget and are important physical and ecological pa-
rameters in the land-atmosphere energy exchange and redis-
tribution [2]. 

The relationship between the type of urban underlying 
surface and the radiation energy budget is a core issue of 
urban climate. The effect of the urban land surface energy 

flux on local climate has been verified in many studies [3]. 
Therefore, systematic analysis of the urban radiation bal-
ance of various underlying surfaces is a basis and prerequi-
site for urban energy balance studies, and it is also im-
portant in understanding change processes of urban energy 
for different underlying surfaces and local climate caused 
by urban sprawl [4]. 

The basic characteristic of urban landscape is the spatial 
heterogeneity of its land surfaces, and differences in land-
scape composition lead to the nonuniformity of energy 
transmission and distribution. Urban land surface is a com-
plex physical interface. As surface characteristics change, 
the thermodynamic and kinetic properties of underlying 
surfaces can substantially change. All these disturbance 
factors will result in city-specific climatic characteristics. 
Most previous studies in this area of research have analyzed 
urban-rural radiation differences using climatic models, 
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terrestrial ecosystem models, or computational fluid dy-
namics models. However, as all these studies combined the 
radiation differences of landscape heterogeneity, it was dif-
ficult for them to explain the energy transformation pro-
cesses of different underlying surfaces [5], and local mi-
cro-climate characteristics within a city were not accurately 
simulated [6]. In addition, owing to the variety of influenc-
ing factors, the observations of meteorological stations 
cannot effectively distinguish the effects of underlying sur-
faces on radiation balance components, and there are even 
conflicting observation results. For example, according to 
observations made in St. Louis, White et al. [7] found that 
the net radiation in the city was less than that in the suburbs 
in summer (by 4%); the Basel Urban Boundary Layer Ex-
periment (BUBBLE) observed that urban net radiation was 
slightly less than suburban net radiation, and found that it 
was necessary to analyze the radiation differences of under-
lying surfaces in urban and rural areas [8]; and Peng et al. [9] 
showed that urban net radiation was much greater than sub-
urban net radiation. Therefore, to clarify the effects of the 
underlying surface on the radiation balance, it is necessary 
to use limited parameters by considering pure underlying 
surfaces to analyze the change processes of the land surface 
radiation budget. 

The objective of this study is to demonstrate the corre-
sponding relationship between the radiation energy flux and 
the underlying surface. A relatively new urban surface radi-
ation parameterization scheme [10] (net all-wave radiation 
parameterization, NARP) is applied to simulate the radia-
tion change processes of each underlying surface and then 
analyze the radiation changes corresponding to conversion 
of the underlying surface.  

1  Data source and methodology 

1.1  Research data 

Meteorology and radiation data were collected by the Bei-
jing urban ecosystem research station of the Chinese Eco-
system Research Network. The observation equipment was 
installed on the roof of a building of the Research Center for 
Eco-Environmental Sciences, Chinese Academy of Sciences, 
between the North Fourth Ring Road and Fifth Ring Road 
in Beijing. The observation station is a typical city office in 
a residential area (more than 70% of the surface is impervi-
ous surface). We compared the station data with another site 
data during the same time period and found that the obser-
vation data are continuous and stable. The observed indica-
tors were routine meteorological and radiation indicators 
(temperature, pressure, precipitation, relative humidity, 
wind speed, wind direction, downward short-wave radiation 
and net radiation). In this study, the data used were observa-
tions for the year 2010 with a time interval of 10 minutes. 

This study first tested the accuracy of NARP and then 
carried out simulation experiments. We artificially set four 

pure underlying surfaces, namely forest, grass, roads and 
buildings. Keeping other conditions unchanged, the radia-
tion balance for different underlying surfaces and their 
conversion were simulated by NARP.  

1.2  NARP scheme 

Net radiation (Rn) and its components can be expressed as 

 * *
nR K L K K L L         , (1) 

where K and L are the short-wave radiation and long-wave 
radiation fluxes, respectively; * denotes the net radiation 
flux; and arrows indicate the direction of the radiation flux. 
In the following text, we denote the net radiation, upward 
short-wave radiation, downward short-wave radiation, up-
ward long-wave radiation, and downward long-wave radia-
tion by qn, ku, kd, lu, and ld, respectively. 

(i) Net short-wave radiation.  Net short-wave radiation 
is expressed as 

  *
01K K   , (2) 

where 0 is the surface albedo, which is set in this study 
according to previous studies (Table 1). Albedo is a func-
tion of the sun elevation angle and land surface properties. 
Its diurnal variation can be expressed as 

      0 exp 0.1 (1 ) 21         , (3) 

where  is the maximum albedo when the sun elevation 
angle (, degrees) reaches a maximum [11]. Albedo can 
also be accurately obtained from the observed net radiation, 
downward short-wave radiation and long-wave radiation: 

  n0,d K L L R K    
   . (4) 

(ii) Downward long-wave radiation (ld).  NARP pro-
vides two methods to simulate the urban radiation balance. 
The first method is to use a single-layer atmospheric model: 

 4
sky skyL T   , (5) 

where Tsky is the bulk atmospheric temperature (K), which 
can be estimated approximately from the near-surface tem-
perature;  is Stefan’s constant; and sky is the broadband 
atmospheric emissivity, which can be separately estimated 
in clear-sky or cloudy cases. In clear-sky situations, the ex-
pression is [12] 

  0.5
clear 1 (1 )exp 1.2 3.0w w        , (6) 

where w is the precipitable water content (g/cm2) approxi-
mated by mean atmospheric values of vapor pressure (ea) 
and temperature (Ta) at the reference height in the surface 
layer: 

 a a46.5w e T . (7) 
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In the case of a cloudy day, 

 R pg w aer,clear
cos( ) ,K I z        (8) 

where I⊙ is extraterrestrial solar insolation, z is the solar 
zenith angle, and Rpgwaer is the product of transmissivi-
ties for Rayleigh scattering (R), absorption by permanent 
gases (pg) and water vapor (w), and absorption and scatter-
ing by aerosols (aer), which are functions of the time of year, 
zenith angle, latitude, surface dew point (computed from 
observed Ta and relative humidity), and surface pressure.  

The daytime cloud fraction (FCLD) is calculated as 

 CLD ,clear
1 ,F K K    (9) 

here the computing deviation of cloud fraction can be min-
imized by taking the square [12]: 

 2
sky clear clear CLD(1 ) .F      (10) 

The approach has some bias when the zenith angle is 
greater than 80° (the cosine response) [13]. Therefore, a new 
expression is considered: 

  4
a(0.015 1.9 10 )*

CLD 0.185 ,e 1T RHF     (11) 

   4
clear CLD aclear * * .1L F T        (12) 

According to Loridan and Grimoond, the simulative ac-
curacy of ld improves with the root mean square error 
(RMSE) dropping from 33.3 to 31.6 W/m2 and the mean 
bias error (MBE) reducing from 15.3 to 2.9 W/m2. In this 
study, the improved method is used to calculate ld [14]. 

(iii) Upward long-wave radiation (lu).  Upward long- 
wave radiation is given by 

  4
0 0 0 ,1L T L       (13) 

lu is mainly dependent on the surface temperature (T0) and 
emissivity. As T0 is difficult to observe over a large spatial 
region, T0 here is estimated by T0 following previous studies 
[10,15,16]. Because the air temperature and surface temper-
ature during the day (night) are quite different, kd is used to 
correct the diurnal surface temperature. The expression is 

 
4 4 3

0 0 0 a 0 a 0

4
0 a 0

4 ( )

(1 ),

aT T T T T

T cK

     

  

  

    (14)
 

where c = 0.08 [10,15]. Therefore, lu can be expressed as 

    4
0 a 0 00.08 .1 1L T K L          (15) 

Although it is difficult to make the nighttime correction, 
the effect of the nighttime correction on the overall accura-
cy is limited. This is especially true for urban centers. There 
are two main reasons for using the estimated T0. On one 
hand, the current precision level of the infrared radiometer 
is lower than 0.5C, while the technology of air temperature 

observations is mature and has relatively high accuracy. On 
the other hand, the estimated T0 meets the simulation needs 
[17], having an RMSE of 4.9–12.9 W/m2. Moreover, the 
lack of a nocturnal correction may be more acceptable in 
urban areas [10]. This is because the nocturnal release of 
stored heat from the urban fabric is sufficient to produce 
upward-directed convective sensible heat flux [18], and the 
air tends to be neutral [19]. Grimmond’s comparison test 
also confirmed that the simulated upward long-wave radia-
tion had higher accuracy at night; the RMSE was 20 W/m2 
during the daytime but dropped to about 10 W/m2 at night 
[20].  

The net radiation and four radiation components can thus 
be calculated. Among them, as an important parameter, kd 
is inputted as observation data. Albedo and emissivity 
greatly affect the results. Owing to the lack of measurement 
data for Beijing, we have mainly referenced others’ results 
in setting values [21,22]. The parameters used are given in 
Table 1. 

1.3  Accuracy test methods 

In this study, four kinds of statistical indices, namely the 
correlation coefficient (r), RMSE (W/m2), mean bias error 
(MBE, W/m2), and simulation efficiency (EF), are em-
ployed to test model accuracy. They can be respectively 
expressed as 
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where x is the simulated value, y is the observed value, and 
n is the sample number. r indicates the linear correlation 
between the observed values and the simulated values. 
RMSE evaluates the consistency between the simulated  

Table 1  Corresponding parameters of different urban underlying surfaces 

Underlying surfaces Albedo Reference Emissivity Reference 

Roads 0.125 [21] 0.95 [21] 

Buildings 0.224 [21,22] 0.91 [21] 

Forest 0.18 [21] 0.975 [21] 

Grass 0.25 [21,22] 0.93 [21] 
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values and the observed values. MBE reflects the average 
deviation between the simulated values and the observed 
values, with a positive value indicating an overestimating 
trend and a negative value indicating an underestimating 
trend, and the best MBE value thus being zero. EF is the 
consistency proportion of the simulated values to the ob-
served values, with higher EF indicating better simulation 
accuracy. 

2  Results and analysis 

2.1  NARP accuracy analysis 

NARP has been effectively verified for several cities 
[10,18,23]. To analyze the parameterization scheme’s relia-
bility in the case of Beijing, this study tests its accuracy 
with station data for the whole year of 2010. Figure 1(a) 
shows the relationship between the simulated values and the 
observed values. It is seen that almost all values appear near 
the 1:1 dotted line, with the best fit having a slope of 0.95 
and a fitting coefficient (R2) of 0.95. To visualize the daily 
matching of simulated and observed values, the daily 
changes of random 150–250 days of the year are presented 
(Figure 1(b)), and the result shows that the observed net 
radiation and the simulated net radiation are consistent. 

From the statistical results, we find that the correlation 
coefficient r is greater than 0.9 and passes the significance 
test (Table 2). Meanwhile, the monthly average RMSE is less 
than 30.0 W/m2. MBE indicates that the net radiation is un-

derestimated by NARP except in June. The absolute maxi-
ma of the monthly average MBE appear in March and Feb-
ruary, and the absolute values are all greater than 20.0 W/m2. 
EF shows that the simulation efficiency is less than 90% in 
winter (December, January, and February). A possible rea-
son may be the daily variation parameters (albedo and 
emissivity) are instead by fixed values in NARP. However, 
the annual average EF exceeds 90%, especially in the vege-
tation growing season. In summary, NARP simulates the net 
radiation well in most of the year, and can thus be used to 
analyze the radiation balance of Beijing. 

2.2  Radiation balance differences of underlying surfaces 

This study analyzes the effects of four pure underlying sur-
faces (forest, grass, roads, and buildings) on the radiation 
balance. Because kd is observation data, ld is calculated 
from the same relative humidity, temperature and other sta-
tion data (eqs. (5) and (12)), and the radiation differences of 
different underlying surfaces are thus mainly the differences 
in qn, ku, and lu. 

Figure 2(a) clearly shows the qn differences for different 
underlying surfaces (the dashed line is the 1:1 reference 
line of forest net radiation). The slope expresses the size of 
the radiation flux, the order of which is roads > forest > 

buildings > grass. Figure 2(b) presents the monthly changes 
in qn for the four underlying surfaces. It is seen that the 
maximum values of net radiation appear in June and the 
minimum values appear in December. The maximum values  

 

Figure 1  Scatter plot of simulated and observed net radiation. 

Table 2  Statistical comparisons of observed and simulated net radiation 

 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Mean 

r 0.97 0.96 0.97 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.97 0.98 

RMSE (W/m2) 34.67 37.74 43.23 29.56 31.98 21.85 25.71 29.24 18.19 24.23 27.10 33.52 29.75 

MBE (W/m2) 14.77 23.98 25.58 14.79 17.88 0.54 4.29 0.51 0.14 11.86 10.60 12.04 11.33 

EF 0.86 0.82 0.92 0.98 0.98 0.99 0.98 0.98 0.99 0.97 0.92 0.78 0.93 
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Figure 2  Net radiation differences for different underlying surfaces. 

of qn are 117.8 W/m2 for roads, 106.4 W/m2 for forest, 
101.3 W/m2 for buildings, and 95.5 W/m2 for grass. The qn 
sequences of different underlying surfaces are the same as 
in the results of Figure 2(a). We also find the net radiation 
difference between forest and buildings decreases in winter. 

The scatter plot of ku shows the change trends of differ-
ent underlying surfaces (Figure 3(a)). ku for buildings is less 
than that for grass, but it is still much larger than that for 
forest. Roads have the minimum ku, with an annual mean 
value of 18.0 W/m2. Figure 3(b) shows the overall ku is in 
the range of 10.0–60.0 W/m2. The maximum ku values for 
the four underlying surfaces are all in May. Specifically, the 

maximum values are 56.73 W/m2 for grass, 40.85 W/m2 for 
forest, 28.37 W/m2 for roads, and 50.81 W/m2 for buildings. 
These results mainly reflect the effect of surface albedo. 

lu has a large effect on net radiation, especially at night. 
Overall, the values of lu for the four underlying surfaces are 
all small (Figure 4(b)). To better indicate the differences of 
the four underlying surfaces, Figure 4(a) is an enlarged scat-
ter plot for one period of the year 2010. It shows that roads 
and forest have higher lu values, while buildings and grass 
have lower lu values and they are hard to separate. The 
monthly fluctuation range is between 300.0 and 480.0 W/m2, 
with the minimum appearing in January and the maximum  

 

Figure 3  Upward short-wave radiation differences for different underlying surfaces. 

 

Figure 4  Upward long-wave radiation differences of different underlying surfaces. 
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in July. These results are also consistent with the observed 
value for a forest area reported by Wang et al. [24]. According 
to Kirchhoff’s law and the Stefan-Boltzmann law, the surface 
emissivity and especially the surface temperature affect lu. 
The air temperature near land surface directly affects the 
surface temperature, and therefore, its variation corresponds 
well to temperature changes throughout the year.  

Table 3 presents the upward and downward (including 
short-wave and long-wave) radiation flux ratios of the four 
underlying surfaces. Simulation results show that seasonal 
variations in ratio of the four underlying surfaces have the 
same trend and the ratio differences are all small (less than 
0.02). The ratios are highest in summer followed by spring, 
autumn, and winter. The upward radiation fluxes of com-
mon urban land coverage types such as buildings and roads 
are slightly higher than those of grass and forest. However, 
given that grass and forest also cover quite a large portion 
of urban areas, the role of the ratio difference is limited in 
analyzing the urban radiation balance. 

The descending order of the five radiation components is 
lu>ld>kd>qn>ku. The annual average of lu is 386.7–  
391.4 W/m2, while the annual average of ku and qn are in 
the range of 18.0–36.0 W/m2 and 38.2–53.4 W/m2, respec-
tively. The sum of qn for buildings and roads is larger than 
that for forests and grass. However, it should be noted that 
there are still significant radiation differences among vege-
tation cover types such as forest and grass, or man-made 
types such as buildings and roads. While the upward/down-      
ward ratio differences are small between the two vegetation 
coverage types and the two man-made coverage types, even 
the ratio of grass is less than that of buildings during the 
vegetation growing season. Comparing with other studies 
shows that there are certain controversies in the result [9], 
indicating that more studies are needed. Even so, if only 
using the upward radiation fluxes to analyze the energy is-
sue, the effect of the vegetation coverage area on regulation 
of the urban energy budget would be underestimated. This 
is because vegetation generates much latent heat in the 
growing season, which has a decisive effect on energy re-
distribution. 

In fact, here ku and lu together affect the net radiation. ku 
is mainly affected by surface albedo, and its annual average 
ku for the four underlying surfaces is 28.7 W/m2. lu is 
mainly affected by the emissivity and surface temperature, 
and its annual average for the four underlying surfaces is 
389.1 W/m2, accounting for 84.3% of the total incoming  

Table 3  Upward and downward radiation flux ratios for the four types of 
underlying surfaces 

( ) ( )K L K L      Spring Summer Autumn Winter Mean 

Forest 0.89 1.03 0.87 0.71 0.88 

Grass 0.90 1.11 0.90 0.72 0.91 

Roads 0.89 1.07 0.88 0.70 0.89 

Buildings 0.92 1.10 0.90 0.71 0.91 

solar radiation, indicating its important role in the radiation 
balance.  

2.3  Net radiation differences of underlying surfaces 
changes 

The differences of underlying surfaces directly result in the 
differences in radiation balance components. There are al-
ways changes in land use/land cover with urbanization. Ad-
ditionally, the land use/land cover change will ultimately 
affect the urban solar energy income, namely the net radia-
tion. Here we analyze changes in net radiation resulting 
from underlying surface conversions one by one. Figure 5 
shows the changes in radiation components for six conver-
sions of underlying surfaces: forest to grass, forest to roads, 
forest to buildings, grass to roads, grass to buildings, and 
roads to buildings. When the conversion is in the opposite 
direction, the  signs of the corresponding values are re-
versed accordingly. 

Figure 5(a) shows the monthly radiation difference for 
conversion from forest to grass. We find that net radiation 
decreases (forest – grass > 0), and the decrease even exceeds 
10.0 W/m2 in some months. In addition, ku increases and lu 
decreases. Figure 5(b) presents the radiation difference for 
conversion from forest to roads. It is seen that qn has a re-
markable increasing trend, and it reaches a maximum in 
May. Meanwhile, ku and lu decrease over the year. Figure 
5(c) shows the radiation difference for conversion from for-
est to buildings. Overall, qn experiences a downward trend 
from March to November, namely the vegetation growing 
season, but it briefly increases in winter. Meanwhile, lu and 
ku increase throughout the year. Figure 5(d) presents the 
radiation difference for conversion from grass to roads. The 
net radiation has a greater increasing trend than that for 
conversion from forest to roads, reaching a maximum of 
25.0 W/m2 in May. ku has a decreasing trend similar to that 
for conversion from forest to roads, while lu has a slight 
increasing trend. Figure 5(e) presents the radiation differ-
ence for conversion from grass to buildings. It is seen that, 
although the radiation change is small and within a range of 
±8.0 W/m2, there is a clear change law. The net radiation 
difference for conversion from grass to roads has an in-
creasing trend, while ku and lu have decreasing trends. 
Roads and buildings are typical man-made land surfaces in 
urban areas. However, owing to the intrinsic differences of 
materials, the effects of roads and buildings on each radia-
tion component differ (Figure 5(f)). The change in qn for 
conversion from roads to buildings decreases and reaches its 
maximum of close to 20.0 W/m2 in May. Meanwhile, ku 
increases and lu decreases slightly. 

To better understand the net radiation changes of differ-
ent types of underlying surface conversion, the conversion 
matrix of the annual average qn is presented in Table 4. It 
shows that qn increases during conversion from forest to 
roads, grass to forest, grass to roads, grass to buildings, and  
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Figure 5  Net radiation differences for conversions of underlying surfaces. (a) Forest to grass; (b) forest to roads; (c) forest to buildings; (d) grass to roads; 
(e) grass to buildings; (f) roads to buildings. , Upward short-wave radiation; , upward long-wave radiation; , net radiation. 

Table 4  Annual average changes in net radiation for different conversion 
types 

 Forest Grass Roads Buildings 

Forest  6.24 8.92 1.54 

Grass 6.24  15.16 4.70 

Roads 8.92 15.16  10.46 

Buildings 1.54 4.70 10.46  

 

buildings to forest, while net radiation decreases for the 
other four conversion types. Among them, qn has a signifi-
cant increasing trend when grass is converted to roads, 
while it has only a slight change when forest is converted to 
buildings, with an annual change of 1.54 W/m2. 

In summary, when there is conversion from forest to 

roads, grass to roads, and grass to buildings, the net radia-
tion increases, and the change maxima are 13.33, 24.62 and 
6.92 W/m2, respectively. In fact, these three underlying sur-
faces conversion types are all associated with urban sprawl. 
For a city, urbanization means that farmland, grass and for-
est disappear and roads and buildings account for more land 
area year by year; therefore, in terms of underlying surfaces, 
urban net radiation has an increasing trend. The results also 
are consistent with the conclusions of Oke et al. [25]. It 
must be pointed out that conversion from forest to buildings 
is a special case, having a decreasing trend in the vegetation 
growing season but an increasing trend in winter. The net 
radiation increases in conversions from forest to grass and 
roads to buildings, which may explain why some studies 
found that rural net radiation was slight greater than urban 
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net radiation (0.1 W/m2) [8]. In addition, the net radiation 
differences fluctuate significantly in the vegetation growing 
season, implying that changes in solar zenith angle, vegeta-
tion and other factors remarkably affect the urban radiation 
balance. 

3  Discussion and conclusions 

3.1  NARP limitations 

Net radiation, as an important land-atmosphere energy ex-
change parameter, can be obtained by employing three meth-
ods. The first is direct observation; the second is model sim-
ulation, including climate models; and the third is fitting 
with other radiation components. However, quite a few net 
radiation parameterization schemes can be used to accu-
rately estimate the urban radiation balance [10]. The RMSE 
of current models is between 22.1 and 92.3 W/m2, and MEB 
values are 40.6 to 62.4 W/m2. Many models perform well 
in summer or at night, but poorly in winter or during the day. 
It is worth noting that the net radiation obtained by the or-
dinary least squares regression model based on downward 
short-wave radiation can produce better results, even achiev-
ing an RMSE of less than 30 W/m2 in some urban areas 
[20,23,26]. 

NARP was mainly proposed and developed by Holtslag 
and Crawford to simulate the radiation budget in non-urban 
natural areas [15,27]. The radiation balance is affected by 
the spatial scale. Offerle et al. improved the scheme so that 
it can be used in urban areas [10,14]. As NARP is a flat 
model, the radiation-shielding effect of buildings and multi-
ple-reflection absorption are not considered in the model, 
and it is thus only suitable for application on a local urban 
scale. Niemelä et al. [28] studied the simulation accuracies 
for urban net radiation of different parameters schemes, 
finding that under the limit of clear-sky conditions, the 
RMSE values of general schemes were 12–49 W/m2 and 
those of complex schemes were 11–19 W/m2. In this study, 
NARP has already achieved high precision, with RMSE 
29.75 W/m2, MBE 11.33 W/m2, and EF 0.93 under various 
weather conditions of the year 2010. However, the NARP 
algorithm, albedo, and space scale expansion problems still 
need to be addressed in the future. 

Albedo greatly affects simulation results but is difficult 
to determine. This study set constants corresponding to each 
underlying surface. One question is whether an appointed 
albedo value can replace the real varying albedo. According 
to the findings of Sailor and Fan, a typical albedo value may 
be better than a dynamic albedo [29]. Offerle et al. [10] 
found that the diurnal variation albedo had little effect on 
net radiation and that it did not significantly improve the 
model accuracy (RMSE dropped by only 0.6 W/m2). The 
simulation results of more than 20 models also showed that, 
comparing with the use of multiple albedo values, the use of 
a fixed albedo had minimal effect on the accuracy of 

short-wave radiation, and the use of a single underlying 
surface may produce the least error. Meanwhile, some pre-
vious studies showed that the simulation accuracy of NARP 
could be greatly improved with a precise albedo having 
diurnal variation, with the RMSE dropping by 23.8 W/m2 
and MBE dropping by 24.9 W/m2 [10]. We believe that it 
should be possible to improve the simulation accuracy when 
considering the dynamical albedo of underlying surfaces, 
but that a relatively accurate and representative albedo 
should be available.  

3.2  Conclusions 

The core issue of urban land-atmosphere energy research is 
to objectively describe the main physical process, namely 
the radiation and energy balance process. In this study, me-
teorological observation data for 2010 are used to verify 
NARP. We then set four typical urban underlying surfaces 
(forest, grass, roads, and buildings) to simulate the urban 
radiation balance using the tested NARP. The main conclu-
sions of this study are as follows: 

(1) As a general urban net radiation parameterization 
scheme, NARP can be used to simulate the radiation bal-
ance of Beijing, with annual simulation efficiency reaching 
0.93.  

(2) Radiation components significantly differ depending 
on the underlying surface. The annual averages of net radia-
tion for roads, forest, buildings, and grass are 53.4, 44.4, 
42.9, and 38.2 W/m2, respectively. 

(3) The analysis of underlying surface conversions shows 
that net radiation continues to increase when there are 
common conversion types of urban sprawl, such as conver-
sion from forest to roads, grass to roads, and grass to build-
ings. Meanwhile, the net radiation decreases during conver-
sion from forest to buildings, forest to grass, and roads to 
buildings. Therefore, we should analyze the effects of urban 
sprawl on the radiation balance according to specific con-
versions of underlying surfaces.  
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