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ABSTRACT:

Under the context of rapid urbanization, radiation budget is crucial to analyse the adverse climate effects in urban environments,
especially for mega-cities. Selected Beijing city and surrounding regions as the study area, this paper investigated the spatial
distribution patterns and temporal variations of radiation budget based on integration of remote sensing images and ancillary data.
Landsat-5 Thematic Mapper (TM) images and meteorological data acquired in the summer and winter were used to calculate land
surface parameters and the net radiation flux. Validation with in situ measurement shows that the calculation of net radiation yielded
high accuracy. In order to understand the spatial patterns of radiation budgets, the net radiation flux, albedo, and land surface
temperature were analysed 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 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.

1. INTRODUCTION 2. STUDY AREA AND DATA

Fast urbanization induces adverse climatic effects for urban Beijing city and surrounding regions were selected as the study
environments and surrounding areas, even for local and macro area (Fig.1).

scale regions. Radiation budget, which is also named as net
radiation flux and defined as the difference between the
incoming and outgoing radiation fluxes at the surface of earth
(Bisht et al., 2005), plays as the dominant element of energy
exchange between land surface and atmosphere. Because of
intense human activities and complicated artificial landscapes,
the radiation budget in urban environment is different from that
of natural surfaces greatly. This has become one of the focuses
of urban environment researches.

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 radiation budget in the urban
and suburban areas (Chrysoulakis, 2003; Frey et al., 2007; Rigo
& Parlow, 2007). It has been confirmed that the integration of
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As the capital and second largest city in China, Beijing has
been influenced by intense urban climate problems because of
its mass population, traffics and the unique physical settings.
This paper has two objectives: 1) Calculation the net radiation
flux of the urban and suburban areas in Beijing; 2) Analysis the
spatial distribution patterns and seasonal changes of radiation
budget. The results will be useful for understanding the change
rules of urbanization in the process of urban climate for such a
mega-city.

Figure 1. Map of the study area

Two Landsat-5 Thematic Mapper (TM) images, acquired on
July 4, 2004 and December 3, 2006, were utilized to examine
the spatial distribution of radiation budget in summer and
winter in the study area. Both images were geometric rectified
with ENVI soft package based on a rectified ASTER VNIR
image. Then the digital number (DN) of all bands was
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converted into at-sensor spectral radiance following the
equation below (Chander & Markham, 2003):

LA = G X Qcal + Brexca[e

rescale

Ly=at-sensor spectral radiance in W/(m® sr-pm)
G rescales Brescale=band-specific rescaling factors
O.=quantized calibrated pixel value in DNs.

where

The Second Simulation of the Satellite Signal in the Solar
Spectrum (6S) model was further applied for atmospheric
correction of bands 1~5 and 7. For the thermal band, at-sensor
brightness temperature was calculated following Chander &
Markham (2003):

— KZ
In(K, /L, +1)

B

where Tg=at-sensor brightness temperature in K
K,=607.76W/m*sr-um

K;=1260.56K

Each image was classified into seven types of land cover: forest,
crop, soil, grassland, high-rise building surface, low-rise
building surface and water, through the combined method of
maximum-likelihood and visual interpretation. Cirrus clouds
and their shadows were masked out for the image of July 6,
2004. Random samples were utilized to assess the classification
accuracy, it was found that the resultant classification accuracy
for the summer and winter images was 83.67% and 86.90%,
respectively.

The ground conventional meteorological data including
atmospheric temperature and relative humidity used in this
study were acquired from observations of the automated
weather stations (AWSs) managed by Beijing Meteorological
Bureau. In order to account altitude, atmospheric temperature at
each station was interpolated following the routine proposed by
Kato & Yamaguchi (2005), while the relative humidity was
interpolated with the Inverse Distance Weighting (IDW) to the
entire study area. The hourly integrated of the total incoming
solar radiation (MJ/m?) (sum of the direct solar radiation and
the downward solar diffuse radiation at the ground surface)
measured at Beijing Weather Observatory (39°48'N, 116°28'E)
was converted to hourly averaged data (W/m?), which was
assumed to be constant throughout the study area because of its
limited extent.

3. METHODOLOGY
3.1 Calculation of net radiation

The net radiation flux can be calculated by (Sheng ef al., 2003):
R =R (1-a)+ee,0T' —eoT}! 3)

R,=net radiation at the ground surface in W/m®
R=the total incoming radiation at the ground

Where

surface in W/m?
a=the surface broadband albedo
e=land surface emissivity
g,~atmospheric emissivity

(1) o=Stefan-Boltzmann constant
T,=atmospheric temperature near ground
surface in K
T=land surface temperature in K

3.2 Albedo

According to Liang (2000), the surface broadband albedo can
be retrieved based on the spectral albedo for Landsat TM data:

a=03560, +0.130,
+0.373, +0.085¢, +0.072a, —0.0018

“)

2
where o;~=surface reflectance in band i for Landsat

TM data

3.3 Land surface emissivity

In this study, the land surface emissivity was estimated
following the NDVI Thresholds Method (NDVI™) proposed
by Sobrino et al. (2001). The readers are encouraged to refer to
Sobrino et al. (2004) and Stathopoulou et al. (2007).

3.4 Land surface temperature (LST)

Land surface temperature is one of the most important
parameters in land surface processes. Qin et al. (2001) proposed

a mono-window algorithm for estimating land surface
temperature:
T. =[a(l-C-D)+(b(1-C-D)+C+D)T,-DT,]/C )
C=er (6)
D=(1-7)[1+(1-¢&)r] @)
where a=-67.355351

b=0.458606

7=the total atmospheric transmissivity of the
thermal band

4, RESULTS
4.1 Validation of the net radiation flux

The hourly integrated net radiation fluxes measured at Beijing
Weather Observatory between 10:00am and 11:00am of local
time at these two dates were converted to hourly averaged data
(W/m?) and were used to validate the accuracy of the estimated
net radiation fluxes. The result is displayed in Table 1. It can be
concluded that the estimation of the net radiation flux reached
high accuracy.
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Hourly

Estimated Absolute Relative
averaged
Date N R, error error
n 2 2 ()
(W/md) (W/m?) (W/m®) (%)
2004-7-6 619.44 576.4 -43.08 -6.955
2006-12-3 144.44 162.1 17.63 12.21

Table 1. Comparisons of in situ measured and estimated net
radiation (R,)
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Figure 2. Net radiation (Unit: W/m?) on July 6, 2004. The black
patches denote the masked-out clouds and their shadows.
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Figure 3. Net radiation (Unit: W/n*) on December 3, 2006

4.2 Spatial patterns of net radiation

Fig.2 indicates that urban area of the Beijing was a “basin” of
the net radiation in the summer. The net radiation exhibited a
complicated spatial distribution pattern, which obtained a
concentric structure. The net radiation flux was about
537.1~578.3 W/m’ within the Third Ring Road. While in the
south part of the city, the net radiation was mostly less than
537.0 W/m® from the Third Ring Road to the Sixth Ring Road,
the north part of the city and the hilly areas located in the
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northwest part had higher net radiation, about 578.4~683.1
W/m’. Water bodies observed net radiation flux higher than
683.2 W/m”.

The mean of the net radiation, albedo and land surface
temperature were calculated by land cover type, while
emissivity was not considered because of its limited variation
range over the entire study area. Fig.4, Fig.5 and Fig.6 describe
the three parameters of each land cover type. Different land
cover types exhibited different radiation budgets, albedo and
temperature. Darker and colder surfaces including water and
forest absorbed more net radiation, while soil and high-rise
types absorbed less because they obtain highest albedo and
temperature. The comparison of land surface temperature
between urban surface and other natural surfaces indicates that
there was intense urban heat island (UHI) effect in the summer
in Beijing.

Contrast with the summer, the urban area transferred to a
“plateau” of net radiation flux (Fig.3). The concentric pattern
was also clearly seen in the distribution map of net radiation
flux of the winter. The region within the Fourth Ring Road had
a medium value of net radiation, about 183.03~221.29 W/m>.
The net radiation of the regions located beyond the Fourth Ring
Road decreased to lower than 183.02 W/m> Reservoirs, lakes
and hilly areas absorbed the most amount of net radiation,
while the Capital Airport received the least. Comparisons
between the net radiation flux, albedo and land surface
temperature indicate that the radiation flux obtained nearly the
same spatial patters as albedo, while was reverse to land surface
temperature. Land surface emissivity exhibited less influence
on the spatial pattern of the net radiation flux.

Statistics to each land cover type explains the spatial
distribution pattern of net radiation in the winter. Soil, as the
main body of the suburban areas, exhibited brighter and hotter
than other surfaces. On the other hand, urban surface absorbed
more net radiation than soil, because of their lower albedo and
temperature. Comparisons show that there was slight urban cool
island (UCL) effect in the winter in Beijing. This is according
with Wang et al. (2007).

700
600
500

400

300

Net radiation (w.-'m:)

200

100

Soil Grass Water

Forest

Crop High-Rise Low-Rise
Land cover

I July 6. 2004 [ December 3, 2006

Figure 4. Statistics of net radiation flux on July 6, 2004 and
December 3, 2006
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Figure 5. Statistics of albedo on July 6, 2004 and December 3,
2006
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Figure 6. Statistics of land surface temperature on July 6, 2004
and December 3, 2006

4.3 Seasonal change in net radiation

As a primary parameter in land surface processes, the seasonal
variation of albedo was an important factor for causing the
difference in the radiation budgets. From summer to winter,
there were prominent decreases in albedo over all surfaces.
While water decreased about 4.14%, other surfaces reduced by
18.40%~36.47%. Decrease of albedo enhanced the ability to
absorb the total incoming radiation. On the other hand, the
amount of the incoming irradiance reaching the ground
decreased dramatically in the winter, which was determined by
solar elevation angle (SEA). When Landsat-5 passed on July 6,
2004, SEA was 62.96°, and the measured total incoming
radiation was 872.22W/m?%; while SEA decreased to 25.79° and
the incoming radiation to 375.00 W/m? on December 3, 2006. It
can be concluded that the changes in albedo and solar
irradiance led to the change in radiation budgets, but the latter
played a more important role.

Longwave emission is controlled by land surface temperature.
In the winter, because the energy absorbed by land surfaces
decreased significantly, land surface temperature decreased
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accordingly. The longwave emission in the winter was only
about 33.22%~ 40.76% of that in the summer. However, the
different between the shortwave net radiation flux and the
longwave emission decrease largely in winter compared with
that in summer. It should be noted that, the heat island and cool
land caused by the thermal inertia (Wang et al., 2007), play an
importance role in the spatial patterns of net radiation fluxes in
summer and winter. As a result, the city turned into a “plateau”
in the net radiation map of the winter from a “basin” of the
summer.

5. CONCLUSTIONS

It is important to investigate the radiation budgets over urban
and suburban surfaces for urban climate research. In this paper,
the applicability and feasibility of Landsat-5 TM images in
conjunction with meteorological data were investigated to
estimate the radiation budgets in Beijing, China. Validation
using in situ measurements suggests that the estimation
accuracy for the net radiation was acceptable. It is concluded
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.

It is found that the net radiation in Beijing has unique features
with spatial distribution. In the summer, urban area was the
“basin” in the distribution map of the net radiation flux, while
transferred to the “plateau” in the winter. Concentric patterns
can be seen in the map of the radiation flux in both the summer
and the winter. This interesting phenomenon can be explained
by the distribution of albedo and land surface temperature in
urban and suburban areas. The seasonal variations of 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 in solar elevation angle.
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