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Abstract— The road surface roughness directly influences 
the grip and skid resistance of the vehicles. Since these 
parameters are relevant for the safety of the road users, they 
have to be continuously monitored to keep track of its changes. 
The potential of airborne polarimetric SAR to remotely 
monitor the road surface roughness is investigated in this study 
using fully polarimetric X-band data acquired with DLR’s 
airborne radar sensor F-SAR. The polarimetric analysis 
revealed that the anisotropy and coherency matrix (T3) 
elements are sensitive to the road surface roughness. 
Additionally SAR backscatter based empirical models for 
surface roughness estimation were investigated. 
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I. INTRODUCTION 

The road infrastructure plays a major role in the 
economic growth of a country and issues with traffic 
infrastructure affect a nation’s progress. Moreover, the 
condition of the road infrastructure has a major influence on 
safety, health and driving comfort [1]. The road surface 
roughness is one of the important parameters which affects 
the ‘grip’ or ‘skid resistance’ of the vehicle. A sufficient 
amount of skid resistance is required for performing safe 
acceleration, deceleration and steering maneuvers. Several 
studies have proven that poor skid resistance leads to a 
higher accident probability [2]. So, the road surface 
roughness needs to be continuously monitored to keep track 
of its present condition and changes.  

In Germany, the road surface roughness is measured 
manually using measurement vehicles. But, this requires 
enormous costs for the entire road network because of its 
labor-intensive and time-consuming nature [3]. This study 
focuses on evaluating the potential of SAR to remotely 
estimate the road surface conditions on a large scale. So far, 
not much literature for road surface roughness estimation is 
available. The prime objective of this study is to investigate 
and develop efficient and reliable methods for road surface 
roughness estimation. 

II. METHODOLOGY 

A. SAR polarimetry based approach 

The Polarimetric Synthetic Aperture Radar (PolSAR) is 
an advanced imaging radar system that uses the different 
polarization states of an Electromagnetic (EM) wave with the 
same center frequency to analyze the scattering information 
from different ground targets on the Earth’s surface [4].  

The polarimetric information obtained as 4 channels can 
be represented in the form of the Pauli basis vector (݇௣) as 
follows [5]: 

݇௣ = 1√2൭ܵுு +	ܵ௏௏ܵுு −	ܵ௏௏2ܵு௏ ൱. (1) 

By multiplying the Pauli basis vector with the transpose 
of its complex conjugate, the 3x3 coherency matrix ܶ3 = ݇௣	.		݇௣∗் can be obtained [6], [7]. The coherency matrix ܶ3  can be used to derive the polarimetric parameters 
sensitive to the Root Mean Square (RMS) height (ℎ௥௠௦ ) 
which is widely used for the vertical roughness 
characterization (2): 

ℎ௥௠௦ = ඨ∑ ൫ℎ௜ − ℎത൯ଶ௡௜ୀଵ݊ − 1 	 (2) 

 

where ℎ௜ is the vertical height at location ݅ and ℎത  represents 
the mean vertical height of the surface for ݊ samples [8], [9]. 

From the PolSAR data, the remotely sensed parameter 
 can be derived which represents the effective vertical (ݏ݇)
roughness. In this study, the polarimetric scattering 
anisotropy generated from the eigenvalues of the coherency 
matrix ܶ3  and the elements of the ܶ3  matrix itself is 
considered to generate the ݇ݏ parameter. 

According to the eigendecomposition theorem, the 3x3 
coherency matrix ܶ3 can be represented as follows [10]: ܶ3 = ሾ ଷܷሿሾΣଷሿሾ ଷܷሿିଵ. (3)

The 3x3 real, diagonal matrix ሾΣଷሿ  contains the 
eigenvalues of ܶ3 [11]: 

ሾΣଷሿ = ൥ߣଵ 0 00 ଶߣ 00 0  ଷ൩ (4)ߣ

where ∞ ଵߣ	< > 	 ଶߣ > 	 ଷߣ > 0	. 
The anisotropy parameter (ܣ) is generated as follows [6], 

ܣ :[12] ,[11] = ଶߣ ଶߣଷߣ	− ଷߣ	+ . (5) 

The effective vertical roughness ݇ݏ  can be estimated 
from anisotropy as follows [8], [9]: ݇ݏ = 1 − (6) .ܣ

So, the ݇ݏ  estimated using the anisotropy parameter is 
based on the 2nd and 3rd eigenvalues of the coherency matrix. 

The ݇ݏ  can also be estimated from the ଶܶଶ  and ଷܶଷ 
elements of the coherency matrix as follows [6], [9]: 

 



ݏ݇ = 1 −	 ଶܶଶ −	 ଷܶଷଶܶଶ +	 ଷܶଷ. (7) 

B. Empirical backscatter model-based approach 

The Oh models developed in 1992 [13], 2004 [14] and the 
Dubois model developed in 1995 [15] for surface roughness 
and soil moisture estimation are considered here. These 
models were originally developed for bare soil and 
agricultural fields. The usability of these models for the 
surface roughness estimation of an asphalt road is evaluated 
in this study. 

The inversion of the Oh model 1992 is based on solving the 
following non-linear equation using a root solving algorithm: 

൬2ߨߠ ൰ ଵ୻೚ ൤1 −	 Γ௢൨√0.23ݍ +	ඥ݌ − 1 = 0. (8) 

The above non-linear equation needs to be solved iteratively 
to estimate the Fresnel reflectivity of the surface at nadir 
(Γ௢ ). The parameter ߠ  is the incidence angle, ݌ is the co-
polarized ratio and ݍ is the cross-polarized ratio. The ݇ݏ can 
be estimated from the Γ௢ as follows: 

ݏ݇ = lnۈۉ
݌൫ඥۇ + 1൯ቀ2ߨߠ ቁ ଵଷ୻೚ ۋی

 (9) .ۊ

The inversion of ݇ݏ using the Dubois model is a two-step 
non-iterative process. The 1st step is to estimate the dielectric 
constant ( ߝᇱ) as follows: ߝᇱ
= 	 ൬log10 ൬(ߪுு௢ )଴.଻଼ହ଻ߪ௏௏௢ ൰ 10ି଴.ଵଽcosଵ.଼ଶߠ	sin଴.ଽଷߠ	ߣ଴.ଵହ൰−0.024 tan ߠ  

(10) 

where	ߪுு଴ 	and	ߪ௏௏଴  are the co-polar sigma nought values for 
HH and VV channels respectively. The 2nd step is to derive 
the ݇ݏ from the estimated dielectric constant ( ߝᇱ) as follows: ݇ݏ = ுு௢ߪ	 ଵ/ଵ.ସ10ଶ.଻ହ/ଵ.ସ sinଶ.ହ଻ߠcosଵ.଴଻ߠ 10ି଴.଴ଶఌᇲ୲ୟ୬ఏିߣ଴.ହ. (11) 

In the Oh model 2004, the surface moisture (݉ݒ)  is 
estimated to derive the ݇ݏ in contrast to the Oh model 1992. 
The surface moisture (݉ݒ ) is estimated by solving the 
following non-linear equation using an iterative root-finding 
algorithm: 

1 − ൬ 90൰଴.ଷହ௠௩షబ.లఱߠ ݁ି଴.଺ହ ൥ቈ−3.125 ln ቊ1
− ቋ቉଴.ହହ଺൩ଵ.ସߠ଴.଻cosଶ.ଶݒ௏ு௢0.11݉ߪ − ݌ = 0.  

(12) 

Then the ݇ݏ is estimated as follows: ݇ݏ = ൤−3.125	ln ൜1 −  ൠ൨଴.ହହ଺. (13)ߠ଴.଻cosଶ.ଶݒ௏ு௢0.11݉ߪ

The Root Mean Square (RMS) height (ℎ௥௠௦ ) can be 
derived from the ݇ݏ using the following equation: 

ℎ௥௠௦ = (14) (௖ߣ/ߨ2)ݏ݇

where ߣ௖ is the center frequency of the SAR system. 

The ݇ݏ values estimated from the Oh models have a validity 
range of 0.1 < ݏ݇	 < 6.0 [13], [14]. This corresponds to a  ℎ௥௠௦ validity range of 0.49 mm < ℎ௥௠௦ < 29.82 mm for a X-
band sensor with 9.60 GHz frequency.  For the Dubois 
model, the measured ݇ݏ values are valid when ݇2.5 > ݏ and 
the incidence angle (ߠ) >30௢  [15]. This corresponds to a ℎ௥௠௦ validity range of ℎ௥௠௦ < 12.43 mm for a X-band sensor 
with 9.60 GHz frequency. 

III. STUDY AREA AND DATASETS 

The first study area is the Kaufbeuren test site located in 
Bavaria, Germany, and the second study area is the test site 
near the motorway intersection Cologne-East, also Germany, 
where the “Bundesanstalt für Straßenwesen (BASt)” operates 
the duraBASt test site. 

The Kaufbeuren test site was a former military airfield 
and includes the runway, taxiways and parking areas 
composed of different materials (e.g., asphalt, concrete) and, 
thus, have a different surface roughness (Fig. 1). 

 
Fig. 1. Kaufbeuren test site showing zoomed view of  the cracked parking 

area 

The duraBASt test site contains road surfaces made of 
different materials (asphalt, concrete, etc.) having also 
different roughness. 

 
Fig. 2. Cologne motorway intersection showing zoomed view of two 
duraBASt test sites 

 The X-band quad-pol data acquired with DLR’s airborne 
F-SAR sensor over these two test sites are used for this 
study. 



IV. PRELIMINARY RESULTS 

This study was started in September 2019 and the initial 
results of the road surface roughness using the techniques 
described in the previous section are discussed here.  

Fig. 3 shows the intensity HH image of the Kaufbeuren 
test site. The runway and the cracked parking area are 
indicated in the image.  

Fig. 4 shows the intensity HH image of the Cologne 
motorway intersection. One of the duraBASt test sites shown 
at the right top position in Fig. 2 is indicated in Fig. 4. 

 
Fig. 3. Intensity HH image of the Kaufbeuren test site 

 

 
Fig. 4. Intensity HH image of the duraBASt test site 

Fig. 5 (a) shows the ℎ௥௠௦ image of the cracked road area 
shown in Fig. 1 and its surrounding grasslands estimated 
from the anisotropy parameter. The cracked road areas and 
the grasslands are showing similar values of ℎ௥௠௦  and the 
smooth road sections are showing comparatively lower 
values of ℎ௥௠௦  . The cracked road area shown by the red 
circle in Fig. 5 (a) is having a mean ℎ௥௠௦ value of 2.89 mm 
and the smooth road area shown by the yellow circle is 
having a mean ℎ௥௠௦ value of 2.15 mm. 

Fig. 5 (b) shows the ℎ௥௠௦ image generated from the ܶ3 
matrix elements. A similar trend in roughness variation can 
be observed in both figures. But, Fig. 5 (b) shows higher 
values of roughness for the same areas in Fig. 5 (a). The 
cracked road area shown by the red circle is having a mean ℎ௥௠௦  of 3.83 mm and the comparatively smooth road area 

shown by the yellow circle is having a mean ℎ௥௠௦ value of 
2.57 mm. The roads and surrounding grasslands can be better 
differentiated in Fig. 5 (b) compared to Fig. 5 (a). 

 

 
(a) 

 
(b) 

Fig. 5. ℎ௥௠௦ images; (a) from Anisotropy; (b) from the T3 matrix.

 
Fig. 6. ℎ௥௠௦ image of Kaufbeuren test site generated using Dubois model 



Fig. 6 shows the ℎ௥௠௦  image of the entire Kaufbeuren 
test site generated using the empirical Dubois model. The 
zoomed view on the left top side of the image shows the 
cracked road area shown in Fig. 5. Here also a higher value 
of ℎ௥௠௦ can be observed at the more cracked locations. The 
zoomed view on the right bottom of the image shows the 
region of the runway with different road materials (asphalt 
and concrete). So, the difference in the ℎ௥௠௦  between 
different road materials can be clearly identified here. But, 
this difference in ℎ௥௠௦  can also be probably due to the 

change in the dielectric constant of the two road materials 
which needs to be further investigated. 

Fig. 7 (a) shows the Google Earth view of the duraBASt 
test site and the AutoBahn. The smooth regions and 
comparatively rough regions of the duraBASt test site are 
indicated in Fig. 7 (a). A change in appearance of the 
Autobahn road surface can be seen in the Google Earth 
image which may be due to the different material 
composition which is also highlighted in Fig. 7 (a).  

 
(a)

 
(b) (c)

Fig. 7. duraBASt test site images; (a) Google Earth image; (b) ℎ௥௠௦ image generated using Oh 2004 model; (c) ℎ௥௠௦ image generated using Dubois model



Fig. 7 (b) shows the ℎ௥௠௦  image generated using the 
empirical Oh 2004 model. By comparing Fig. 7 (b) with Fig. 
7 (a) it can be seen that the smooth region highlighted in Fig. 
7 (a) is having lower values of ℎ௥௠௦  in the 0-1 mm range 
appearing in purple colour. The comparatively rough regions 
shown in Fig. 7 (a) can be found to be showing higher values 
of surface roughness in the 4-5 mm range appearing in green 
colour (Fig. 7 (b)). It can also be found that the highlighted 
portions of the autobahn are also showing a change in 
roughness values in Fig. 7 (b). 

The ℎ௥௠௦  image generated using the Dubois model is 
shown in Fig. 7 (c). By comparing Fig. 7(c) with Fig. 7 (b) it 
can be seen that the change in surface roughness at the 
highlighted regions in Fig. 7 (a) can be better distingushed in 
Fig. 7 (c). But the smooth regions are showing comparatively 
higher values of surface roughness in Fig. 7 (c) compared to 
Fig. 7 (b). But these results needs to be further analysed with 
respect to the ground truth to validate the absolute surface 
roughness values. 

V. CONCLUSION 

Polarimetric data are sensitive to road surface roughness 
and thus show great potential for wide-area road surface 
condition monitoring. The anisotropy and ܶ3  matrix 
elements are showing a variation in (ℎ௥௠௦) between smooth 
and cracked road regions. The empirical models developed 
for the surface roughness and soil moisture estimation of 
bare soils and agricultural lands have the potential to 
estimate the millimeter level surface roughness of smooth 
road surfaces. Compared to the SAR polarimetry-based 
approach, the SAR backscatter based empirical models are 
less affected by noise and provides a better differentiation 
between the road and surrounding regions. The Dubois 
model is showing better discrimination between the smooth 
and rough road regions compared to the other models. But, 
all the results estimated using the different models need to be 
validated with respect to the ground truth data. Because so 
far, although the models provided the surface roughness 
results with mm as unity, it is not clear whether these 
estimated “absolute/average roughness” values really 
represent the true surface roughness and this investigation is 
currently in progress. Also, futher experiments are planned 
using a Ka-band sensor which, due to the smaller 
wavelength, will be much more sensitive to the roughness 
differences and suitable for detecting smaller cracks and 
potholes. 
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