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Abstract—one of the significant factors for improving the 

accuracy of Land Surface Temperature (LST) retrieval is the correct 

understanding of the directional anisotropy for thermal radiance. In 

this paper, the multiple scattering effect between heterogeneous 

non-isothermal surfaces is described rigorously according to the 

concept of configuration factor, based on which a directional thermal 

radiance model is built, and the directional radiant character for urban 

canopy is analyzed. The model is applied to a simple urban canopy 

with row structure to simulate the change of Directional Brightness 

Temperature (DBT). The results show that the DBT is aggrandized 

because of the multiple scattering effects, whereas the change range of 

DBT is smoothed. The temperature difference, spatial distribution, 

emissivity of the components can all lead to the change of DBT. The 

“hot spot” phenomenon occurs when the proportion of high 

temperature component in the vision field came to a head. On the other 

hand, the “cool spot” phenomena occur when low temperature 

proportion came to the head. The “spot” effect disappears only when 

the proportion of every component keeps invariability. The model 

built in this paper can be used for the study of directional effect on 

emissivity, the LST retrieval over urban areas and the adjacency effect 

of thermal remote sensing pixels. 

 

Keywords—Directional thermal radiance, multiple scattering, 

configuration factor, urban canopy, hot spot effect 

I. INTRODUCTION 

HE surface temperature plays an important role in the 

studies of  urban environment.  It is a key parameter for the 

estimation of heat fluxes, helps to determine the thermal 

behavior of buildings and monitor the energy exchanges that 

affect the comfort of city inhabitants. In order to obtain accurate 

urban canopy temperature from measured thermal radiance, 

atmospheric and emissivity effects should be corrected. These 

effects have been carried with several techniques since the 

1970s, which were reviewed by Becker and Li[1], Qin and 

Karnieli[2], Dash et al.[3] and many others. However, the 

radiance of urban canopy also appears significant directional 

anisotropy. It is reported that brightness temperature 

differences between off-nadir and nadir could be up to 

10°C[4],[5], with important hot spot effects. This phenomenon 

may due to the complex geometrical structure and 

 
F. A. Limin Zhao is with the State Key Laboratory of Remote Sensing 

Science, Jointly Sponsored by the Institute of Remote Sensing Applications of 

Chinese Academy of Sciences and Beijing Normal University, Beijing 100101 

China (phone: 86-010-64839949; fax: 86-010-64889562; e-mail: 
limit_zhao@163.com).  

S. B. Xingfa Gu is with the State Key Laboratory of Remote Sensing 

Science, Jointly Sponsored by the Institute of Remote Sensing Applications of 
Chinese Academy of Sciences and Beijing Normal University, Beijing 100101 

China (phone: 86-010-64839949; fax: 86-010-64889562; e-mail: 

xfgu@irsa.ac.cn). 
T. C. Tao Yu is with the State Key Laboratory of Remote Sensing Science, 

Jointly Sponsored by the Institute of Remote Sensing Applications of Chinese 

Academy of Sciences and Beijing Normal University, Beijing 100101 China 
(phone: 86-010-64839949; fax: 86-010-64889562; e-mail: yutao@irsa.ac.cn). 

heterogeneity of urban buildings. Hence the correct 

understanding of the directional anisotropy for urban canopy 

thermal radiance becomes one of the significant factors for 

improving the accuracy of surface temperature retrieval. Some 

of vegetation canopy directional radiance models that have 

been developed based on gap fractions [6]-[11], which are not 

directly suited to the urban area because the surface of 

buildings are usually solid and the gap probability is negligible . 

In the recent years many 3D models are developed to simulate 

the urban three-dimensional heterogeneity of  the thermal 

radiance, such as SUM[12],  DARTEB[13],TUF-3D[14] and 

OSIrIS[15], et al., and temperature distribution over urban 

canopies are simulated use these models[16]-[18] .  

A limitation of most directional thermal radiance models is 

that the contributions of the multi-reflection and scattering in 

canopy components cannot be accounted for or analytically 

expressed[19], [20]. The thermal reflectance for most manmade 

materials is not negligible, and the temperatures of urban 

components are at the same levels, thermal radiance is emitted 

and reflected synchronously at each component, this course 

should be attached more importance during the modeling. We 

define the concept of configuration factor, and the multiple 

scattering effect between heterogeneous non-isothermal 

surfaces of urban buildings is described rigorously, based on 

which a directional thermal radiance model is built, and the 

directional radiant character for urban canopy is analyzed. 

II. DEFINITION OF THE MODEL 

For a non-isothermal target, the effective radiance in a view 

direction could be expressed as 

 

1 1

/ ,
m m

i i i

i i

M Me a a
= =

= ∑ ∑                                (1) 

 

where M is the directional thermal radiance; Mei and ai is the 

effective radiance and projective area for component i, 

respectively. The component in the model for an urban target is 

defined as a sub-area that the surface is isothermal and 

Lambertian. Suppose that the atmosphere among surfaces is 

homogenous and without turbulence, under the condition of 

local energy balance, the effective radiance Mek of unit area for 

component k is the sum of its own thermal radiance and the 

incident radiation for reflectance. The effective radiance Mek of 

component k can be expressed as 
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Fig. 1 Illustration of the three dimensional iso-thermal heterogeneous 

surfaces 
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where ε is the emissivity, B is the blackbody’ energy flux 

density in W m
-2

, A is the area of surface and f(αv,φv,βk,φk) is the 

projection function, where αv, φv, βk, φk is the view zenith and 

azimuth, and the surface gradient and direction, respectively. If 
|αv−βk| ≥ π/2, then component k is invisible, and ak = 0.  

Ek is the incident radiant flux (unit: W/m
2
), which can be into 

two parts: 
air

kE and
envi

kE  

 

,air envi

k k kE E E= +                              (3) 

 

where 
air

kE  is the sky irradiance(normally including clouds and 

atmosphere radiant), which can be calculated using the 

empirical models which were built according to the 

near-surface temperature, humidity and cloud cover 

etc[21]-[23], it can also be calculated using simulation tools 

such as MODTRAN. Therefore, the method for calculating
envi

kE is mainly discussed in this paper. 

envi

k
E is the radiant flux emitted and scattered from other 

components when going through the medium(generally is the 

atmosphere). Some energy is absorbed when getting across the 

medium and this part will increase the radiance of the medium. 

We define a finite micro-area dAi on component i and a finite 

micro-area dAk on component k. Suppose the length of the 

line-of-centers between dAi and dAk is r, and the included angle 

between r and the normal line of dAi, dAk, is θi, θk, respectively. 

The description of θi, θk and r can be shown in Fig.1. We define 

a configuration factor dFdi-dk, which means the proportion that 

energy flux project from micro-area dAi to dAk with respect to 

the total radiant emitted from dAi, hence 
2cos cos /di dk i k kdF dA rθ θ π− = . The irradiance from dAi to dAk 

can be computed as 

 

[ ( , ) ( , )]envi i air di dk i
di dk

k

Me r B r dF dA
E

dA

τ λ α λ −
−

+
= ,        (4) 

 

where τ(λ,r) is the transmisivity of the medium with wavelength 

λ and optical path length r, and α(λ,r) is its absorptivity; Bair is 

the near-surface atmospheric radiant flux. Hence the radiant 

flux from i to k can be computed as 
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If the absorption and radiance of the medium among 

components are ignored, (5) can be simplified as 
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where 
2

cos cos1

i k

i k

i k i k
A A

i

F dA dA
A r

θ θ
π− = ∫ ∫  is defined as the 

configuration factor from component i to k.  
envi

k k
A E is the total of the radiant flux from all other 

components, that is 

 

1

m
envi envi
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Hence the incident radiant Ek of the component k is 

 

1

,
m

air envi
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The configuration factor Fi-k has the following three 

characteristics: <1> symmetrical, AiFi-k = AkFk-i; <2> complete, 

to a closed space composed by s components, 
1

1
s

k i

i

F −
=

=∑ ; <3> 

additive. If i is divided into n parts, then
1

n

k i k j

j

F F− −
=

= ∑ . 

According to <1> and (5), Ek can be defined as 

 

1

m
air

k k i k i

i
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When (9) is substituted into (2), the effective radiance Mek of 

component k can be computed as 

 

1

(1 )
m

air

k k k k k i k i

i

Me B E Me Fε ε −
=

 
= + − + 

 
∑ .       (10) 

 

The configuration factor is merely related to the shape of the 

component and the spatial relationship between components. 

For simple targets such as row structures, the configuration 

factor can be calculated using algebraic method, integral 

θi 

θk 

r 

dAi 

dAk 

Ai 

Ak 
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method and graphical method, etc., while for complex 

conditions, finite element method can be applied.  

On the conditions that the shape and distribution of each 

components, the emissivity, geometry of solar-target-sensor, 

and atmospheric parameters are acquirable, (10) is a m 

dimensional equation set with m unknown number, which is 

resolvable.  

III. MAIN RESULTS  

The model is applied to a typical urban canopy structure as 

shown in Fig.2. The surface is classified to 2 kinds of 

components: the sunlit areas and the shaded areas. Each area 

may be constituted with the roof, the wall or the street; hence 

the urban canopy components can be divided into 6 main kinds. 

Assuming that thermal difference between the sunlit and 

shaded wall is ∆Tw, and difference between the sunlit and 

shaded street is ∆Ts, the angle between the roof and the wall is 

90°, and the solar azimuth is similar with the direction of the 

street and the solar zenith is αs. The values of input coefficients 

are shown in Table I. The sunlit proportions are calculated from 

the solar position and the geometric positions of every 

component. The effective thermal radiance of urban canopy 

from the model is shown in Fig.3. It can be concluded that the 

component temperature is the most significant factor to 

directional brightness temperature (DBT) for urban canopy. 

The DBT changing curves is smoothed by the multi-scattering 

effect while be enhanced in magnitude, and the magnification 

extent correlates highly with the temperature differences, 

emissivity and the spatial structure. The “hot spot” phenomena 

occur when the proportion of high temperature component in 

the vision field came to a head. On the other hand, the “cool 

spot” phenomena occur when low temperature proportion came 

to the head. The “spot” effects disappear only when the 

proportion of every component keeps invariability. 

 

 
Fig. 2 The 3D structure of typical urban buildings 

 

 
Fig. 3 The canopy directional brightness temperature in different case 
Case A: Twall_sun=315K, ∆Tw=0K, ∆Ts=3K; Case B: Twall_sun =315K, ∆Tw =7K, 

∆Ts =3K; Case C: Twall_sun =320K, Tstreet_sun=315K, ∆Tw =5K, ∆Ts =0K. 

REFERENCES   

[1] F. Becker and Z. Li, "Surface temperature and emissivity at various 
scales: Definition, measurement and related problems," Remote Sensing 

Reviews, vol. 12, pp. 225-253, 1995. 

[2] Z. Qin and A. Karnieli, "Progress in the remote sensing of land surface 
temperature and ground emissivity using NOAA-AVHRR data," 

International Journal of Remote Sensing, vol. 20, pp. 2367-2393, 1999. 

[3] P. Dash, F. Göttsche, F. Olesen and F. Fischer, "Land surface temperature 
and emissivity estimation from passive sensor data: theory and 

practice-current trends," International Journal of Remote Sensing, vol. 

23, pp. 2563-2594, 2002. 
[4] J. P. Lagouarde and M. Irvine, "Directional anisotropy in thermal infrared 

measurements over Toulouse city centre during the CAPITOUL 
measurement campaigns: First results," Meteoro. Atmos. Phys., vol. 102, 
pp. 173-185, 2008. 

[5] J. A. Voogt and T. R. Oke, "Effects of urban surface geometry on 
remotely-sensed surface temperature," International Journal of Remote 

Sensing, vol. 19, pp. 895-890, 1998. 

[6] X. Li and A. H. Strahler, "Modeling the gap probability of a 
discontinuous vegetation canopy," IEEE Transactions on Geoscience and 

Remote Sensing, vol. 26, pp. 161-170, 1988. 

[7] G. Yan, L. Jiang, J. Wang, L. Chen and X. Li, "Thermal bidirectional gap 
probability model for row crop canopies and validation," Science in 

China Series D: Earth Sciences, vol. 46, pp. 1241-1249, 2003. 

[8] L. Chen, Z. Li, Q. Liu and S. Chen, "Definition of component effective 
emissivity for heterogeneous and non-isothermal surface and its 

approximate caculation," International Journal of Remote Sensing, vol. 

25, pp. 231-244, 2004. 
[9] T. YU, X. GU, G. Tian, M. Legrand, F. Baret, J. Hanocq, et al.,"Modeling 

directional brightness temperature over a maize canopy in row structure," 

IEEE transactions on geoscience and remote sensing, vol. 42, pp. 
2290-2304, 2004. 

[10] C. François, C. Ottlé and L. Prévot, "Analytical parameterization of 

canopy directional emissivity and directional radiance in the thermal 
infrared. Application on the retrieval of soil and foliage temperatures 

TABLE I 
INPUT PARAMETER VALUES FOR THE MODEL 

Symbol Description Initial value 

αs solar zenith 15.0 ° 

r width of the roof 0.3 m 

h height of the wall 0.5 m 

W width of the street 0.7 m 

εroof roof emissivity 0.975 

εwall wall emissivity 0.96 

εstreet street emissivity 0.95 

Troof_sun temperature of sunlit roof 310.0 K 

Twall_sun temperature of sunlit wall 308.0 K 

Tstreet_sun temperature of sunlit street 320.0 K 

∆Tw temperature difference between the 

sunlit and shaded wall 

6.0 K 

∆Ts temperature difference between the 

sunlit and shaded street 

15.0 K 

 



International Journal of Engineering, Mathematical and Physical Sciences

ISSN: 2517-9934

Vol:5, No:11, 2011

1782

 

 

using two directional measurements," International Journal of Remote 

Sensing, vol. 18, pp. 2587-2621, 1997. 
[11]  Q. Liu, H. Huang and W. Qin, "An extended 3-D radiosity-graphics 

combined model for studying thermal-emission directionality of crop 

canopy," IEEE transactions on geoscience and remote sensing, vol. 45, 
pp. 2900-2918, 2007. 

[12] A. Soux, J. A. Voogt, and T. R. Oke, "A model to calculate what a remote 

sensor ‘sees’of an urban surface," Boundary-Layer Meteorology, vol. 
111, pp. 109-132, 2004. 

[13] J. P. Gastellu-Etchegorry, E. Martin and F. Gascon , "DART: A 3-D 

model for simulating satellite images and surface radiation budget," 
International Journal of Remote Sensing, vol. 25, pp. 75-96, 2004. 

[14] E. S. Krayenhoff and J. A. Voogt, "A microscale three-dimensional urban 

energy balance model for studying surface temperatures," 
Boundary-Layer Meteorology, vol. 123, pp. 433-461, 2007. 

[15] T. Poglio, S. Mathieu-Marni, T. Ranchin, E. Savaria and L. Wald, 

"OSIrIS: a physically based simulation tool to improve training in thermal 
infrared remote sensing over urban areas at high spatial resolution," 

Remote Sensing of Environment, vol. 104, pp. 238-246, 2006. 

[16] J. A. Voogt, "Assessment of an Urban Sensor View Model for thermal 
anisotropy," Remote Sensing of Environment, vol. 112, pp. 482-495, 
2008. 

[17] J. P. Lagouarde, A. Hénon, B. Kurz, P. Moreau, M. Irvine, J. Voogt, et 
al., "Modelling daytime thermal infrared directional anisotropy over 

Toulouse city centre," Remote Sensing of Environment, vol. 114, pp. 

87-105, 2010. 
[18] J. Sheng, J. P. Wilson and S. Lee, "Comparison of land surface 

temperature (LST) modeled with a spatially-distributed solar radiation 
model (SRAD) and remote sensing data," Environmental Modelling & 

Software, vol. 24, pp. 436-443, 2009. 

[19] J. A. Sobrino, J. C. Jiménez-Muñoz and W. Verhoef, "Canopy directional 
emissivity: Comparison between models," Remote Sensing of 

Environment, vol. 99, pp. 304-314, 2005. 

[20] M. Menenti, L. Jia and Z. Li, "Multi-angular thermal infrared 
observations of terrestrial vegetation," in Advances in Land Remote 

Sensing: System, Modeling, Inversion and Application, S. Liang, Ed., ed 

Berlin: Springer, 2008, pp. 51-93. 
[21] A. J. Prata, "A new long-wave formula for estimating downward 

clear-sky radiation at the surface," Quarterly Journal of the Royal 

Meteorological Society, vol. 122, pp. 1127-1151, 1996. 
[22] S. Niemelä, P. Räisänen and H. Savijärvi, "Comparison of surface 

radiative flux parameterizations: Part I: Longwave radiation," 

Atmospheric Research, vol. 58, pp. 1-18, 2001. 
[23] M. G. Iziomon, H. Mayer and A. Matzarakis, "Downward atmospheric 

longwave irradiance under clear and cloudy skies: Measurement and 

parameterization," Journal of Atmospheric and Solar-Terrestrial Physics, 
vol. 65, pp. 1107-1116, 2003. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First A. Limin Zhao earned B.A. and M.A. degrees in surveying 

engineering in 2003 and geographical information science and cartography in 
2007, respectively, from China University of Petroleum (East China), and a 

Ph.D. degree in resource and environment remote sensing from Nanjing 

University, Nanjing, China.He is currently with the State Key Laboratory of 
Remote Sensing Science, Institute of Remote Sensing Applications, Chinese 

Academy of Sciences, Beijing. His research interest is application of remote 

sensing to the urban and agricultural environment. 
 

Second B. Xingfa Gu received the Ph.D. degree in physical methods in 

remote sensing from the University of Paris VII, Paris, France, in 1991.He 
joined the National Institute of Agronomical Research, Avignon, France, in 

1993. He has worked on the radiometric calibration of optical remote sensing 

sensors. His main research interest is the quantitative remote sensing 
applications in the visible/near-infrared and thermal infrared domains. 

 

Third C. Tao Yu received the B.A. degree in applied physics from the 
Beijing Science and Technology University, Beijing, China, in 1989, the M.A. 

degree in geoscience from the University of Science and Technology of China, 

Beijing, in 1996, and Ph.D. degree in applied physics from Lille Science and 
Technology University, Lille, France, in 2002.He is currently with the State 
Key Laboratory of Remote Sensing Science, Institute of Remote Sensing 

Applications, Chinese Academy of Sciences, Beijing. His research interest is 
the remote sensing applications to urban and agricultural environment. 


