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Abstract 
In an attempt to reduce the positional uncertainty in SAR images depicting floods and lakes, 
thereby largely improving the spatial accuracy of SAR-derived maps, this paper presents a 
Monte Carlo (MC) simulation-like image shifting procedure that shifts the X and Y coordinates 
of a SAR image until an acceptable minimum absolute error in elevation between the left and 
right flood extent level is found, whilst assuming a horizontal water surface on river cross 
sections. Independent Check Points (ICPs) indicating flood positions at bridges and elevated 
roads and railways are integrated with the MC-based procedure to provide direct validation of 
the image shifts. The proposed method, which requires hydraulic as well as event knowledge, 
greatly improves the positional accuracy of SAR-derived flood maps and thus presents an 
inviting alternative to adjust the initial inaccurate geo-referencing often encountered with SAR 
images. The importance of applying the proposed method is illustrated by applying it to a 
flood inundation model calibration procedure using a SAR-derived flood extent.  

Keywords: SAR flood imagery, geometric correction, Monte Carlo Simulation, flood 
inundation model calibration, positional uncertainty 

1 Introduction and motivation 
Uncertainty in many forms is present in all geospatial data. One of the main sources of 
uncertainty is the geometric correction process, especially the image rectification step and 
resulting errors. Erroneous geometric image correction provides the opportunity for a large 
number of errors to enter the system and propagate. This is of particular importance with 
images from Synthetic Aperture Radar (SAR), which uses a side-looking imaging mode. This 
mode of acquisition leads to geometric distortion (Huang et al., 2004), such as shadow or 
layover, and this in turn will inevitably lead to false conclusions regarding the accuracy, 
reliability and effectiveness of any SAR-derived end product.  

Consequently, it is important for SAR applications to rectify geometric distortions and create 
ortho-images (Huang et al., 2004). This said, it should be noted that the rectification stage is 
often considered to be the most time-consuming step in the entire image processing chain (De 
Roo et al., 1999). The geometric correction problem becomes very apparent when attempting 
to register a SAR-derived map with another kind of map or reference, e.g. when trying to 
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calibrate or evaluate inundation models with SAR-derived flood extent maps or when 
overlaying SAR flood maps with other feature maps or flood model simulations. If the two 
data sets are not accurately registered, the assessment of map accuracy is hampered (Foody, 
2002). Such an assessment may be at the start of a flood hazard management strategy, and thus 
misregistration will substantially limit the value of remote sensing for flood inundation model 
calibration or, more generally, for flood management. Moreover, in flood risk assessment 
studies, spatial accuracy is of paramount importance as it is the factor that determines whether 
a given building is mapped as flooded or dry. This shows that, as argued by Toutin (2004), 
multi-source data integration for applications requires geometric processing adapted to the 
nature and characteristics of the data in order to keep the best information from each dataset. 

The following section outlines two existing techniques that are generally used to rectify SAR 
images. However, these methods are often time-consuming, difficult to apply and the resulting 
transformed images are most likely to contain a considerable number of location (i.e. 
positional) errors. A number of reviews of the reliability and accuracy of existing methods 
exist (e.g. Huang et al., 2004; Toutin, 2004; Cheng, 2006) but to date, few, if any, methods 
exist to correct for the initial location error.  

Therefore, the aim of this study is to present a fully automatic, easy to implement and effective 
method to fine-tune or adjust the initially obtained ortho-rectification accuracy with SAR 
images. The newly proposed method is based on Monte Carlo (MC) simulation and shifts the 
X and Y coordinates of a geo-coded image until an acceptable minimum absolute error in 
elevation between the left and right flood extent level is found, whilst assuming a horizontal 
water surface on river cross sections. This assumption obviously restricts the presented 
technique to flood (or lake) images but is nonetheless thought to be useful for flood 
management and flood inundation model calibration studies that use SAR images. The success 
of the method will be illustrated with an example of a SAR-based calibration of a hydraulic 
flood propagation model (HEC-RAS, USACE).  

2 Existing SAR image rectification methods 
Generally, two commonly used SAR image rectification techniques exist. The most often used 
procedure to ortho-rectify the SAR data to a map projection is the use of a rigorous geometric 
model, ground control points (GCPs) and a digital elevation model (DEM). Reported accuracy 
usually varies between one and two pixels. However, it is difficult to minimize geo-referencing 
errors, as the collection of GCPs is often problematic. According to Cheng (2006), existing 
sources of GCPs may not be available and it is often prohibitively expensive to collect new 
points. Also, unlike optical satellite sensors, it can be very difficult to identify GCPs on both 
the SAR image and a reference map (De Roo et al., 1999; Cheng, 2006).  

Orbital geometry methods are based on the knowledge of the characteristics of the orbit of the 
satellite platform (Mather, 2001). The orbital parameters relate the image coordinates to a 
known geographical coordinate system. For example, ENVISAT carries the Doppler 
Orbitography and Radio-positioning Integrated by Satellite (DORIS) microwave tracking 
system. The instrument measures the exact geolocation of all ASAR products to within 4.5 cm 
using ephemeris (i.e. orbital) parameters (Cheng, 2006). However, ortho-rectification based on 
ephemeris data is not advisable unless all orbital parameters for a given image are known and 
the user is familiar with using them in a rectification process. Even then, there is no guarantee 
that without the use of precise GCPs the image is ortho-rectified accurately. Problems caused 
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by errors in handling certain variables in the instrument’s processor for example are reported 
by ESA (ESA, 2006; Cheng, 2006). 

The difficulties and problems related to commonly used ortho-rectification methods for SAR 
images highlight the need for an easy-to-implement technique that adjusts the initially obtained 
geo-coding error. It should be noted that in order to apply the presented algorithm, the SAR 
image depicting the flood event needs to be geo-referenced as accurately as possible 
beforehand. In other words, the MC-based image shifting procedure is not an automated geo-
referencing algorithm but a tool to fine-tune geo-referencing thereby increasing its accuracy. In 
the past this has been a limiting factor in using remotely sensed data for hydraulic model 
calibration or other flood management related studies. 

3 Test site, available data and algorithm description 

3.1 Test site 
The study site at the River Alzette is located downstream of Luxembourg City between the 
gauging stations at Steinsel and Mersch (Figure 1). It is characterized by a relatively flat 
floodplain. The reach is 10 km long and has an average width of about 300 m. The River 
Alzette basin has a size of approximately 1175 km2, the main channel has an average depth of 
around 4 m and an average slope of 0.05 %. The investigated flood event of January 2 2003 
has a return period of about five years with a peak discharge of approximately 69 m3s-1. 
Although the villages along this river stretch have been subject to frequent flooding in the past 
two decades and thus reflect the need for a more effective flood management, no severe 
flooding of houses was recorded for the 2003 flood.  

Nonetheless, the database for this study illustrates that for the investigated flood event, the 
reach is well documented: 

1. An ortho-rectified, dual polarized ENVISAT-1 ASAR image (VV, VH) of the 
January 2 2003 event acquired with C-band at 5.3 GHz and with an incidence angle 
of 35°. The image was recorded at the time of flood peak. 

2. Continuous upstream (Steinsel) and downstream (Mersch) discharge measurements. 
3. In situ measurements of maximum water height. 
4. 36 measured cross-sections to determine channel and floodplain geometry for the 

hydraulic flood model. 
5. A LiDAR DEM of the floodplain at a spatial resolution of 2 m and a vertical 

accuracy of ±15 cm, which is used to extract the water heights at the maximum flood 
extent. 

6. A flooded aerial photography of the same river reach acquired in December 1995. 
The photographs were taken shortly after flood peak, which is estimated at around 
90 m3s-1, i.e. at a higher magnitude than the 2003 flood. 

7. Six evenly distributed independent check points (ICPs). 
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Figure 1 Study area showing bridges and main transport ways. ICPs are also shown. 

3.2 Image pre-processing 
The ASAR-VH image is ortho-rectified with a 75 m resolution DEM. This DEM provides 
suitable resolution to apply a SAR geometric acquisition model that uses satellite navigation 
and instrument configuration data. However, four GCPs are selected within the test site to 
correct ephemeris data in order to ensure the best possible match of the image with the rest of 
the database already built over the area (Matgen et al., in press). The total RMS pixel error is 
estimated to less than two pixels with respect to an independent validation database. An image 
subset of the River Alzette comprising the river reach between the downstream and upstream 
end of the test site is created to facilitate further image processing. Finally, a 5x5 adaptive, 
edge-preserving smoothing filter (Frost) is applied to reduce image speckle. 
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3.3 HEC-RAS 
HEC-RAS is a one dimensional flood flow routing model that performs unsteady flow 
simulations by solving the 1D St Venant equations. The required input data consists of 
topographic data, channel and floodplain geometry represented by means of cross-sections, the 
dimensions of hydraulic structures and the boundary conditions at the upstream and 
downstream end of the river reach. The description of the flood propagation is based on the 
Manning-Strickler formula, which means that channel and floodplain roughness coefficients 
are the parameters that need to be calibrated in order to minimize the difference between 
simulations and observations (Matgen et al., 2004). This calibration can either be achieved by 
selecting roughness values from a table in the literature or, more objectively, using a Monte 
Carlo based approach whereby many simulations with randomly selected parameter sets are 
run and the optimal set is selected according to a threshold value in model performance (cf. 
Beven, 1993). 

The latter calibration procedure seems well adapted to SAR remote sensing-based model 
conditioning, given the relatively high level of uncertainty present in SAR images (cf. 
Schumann et al., 2005). However, there are few studies that have used SAR-derived data, such 
as flood extents, to calibrate flood models within such a framework (Pappenberger et al., 2005; 
Matgen et al., 2004; Horritt, 2000; Aronica et al., 2002; Bates et al., 1997; Hunter et al., 2005; 
Schumann et al., 2005). 

For this study, the approach by Schumann et al. (2005) is used to demonstrate the effectiveness 
of the proposed geo-referencing adjustment algorithm. 

3.4 Algorithm description 
The proposed image shifting procedure for SAR flood images is a straightforward algorithm 
that uses Monte Carlo simulation. MC simulation may have many possible definitions and they 
vary according to the field in which the technique is applied. An appropriate definition for this 
study would be, a technique used in computer simulations that uses sampling from a random 
number sequence to simulate characteristics or outcomes with multiple possible values.  

Starting with the ortho-rectified ASAR image, for each HEC-RAS floodplain cross-section 
water heights in cm accuracy are extracted from the LiDAR DEM both on the left and the right 
flood extent. These flood boundary marks represent the starting position from which the entire 
ASAR image subset will be shifted 3000 times in each of the four geographical directions by a 
random amount between –100 m and 100 m. In other words, the X coordinate together with 
the corresponding Y coordinate of every mark along the flood extents are moved to the East 
(+n m) or West (-n m) and to the North (+n m) or South (-n m), respectively. So, each image 
shift is composed of a pair of X and Y coordinate shifts. For each pair, the water height is 
again extracted from the DEM on each cross-section and for each extent, assuming that the 
extracted water level is horizontal. To simplify complex channel/floodplain interactions, 1D 
hydraulic flood models assume a horizontal water surface at each cross-section normal to the 
direction of flow, such that the momentum exchange between the channel and the floodplain is 
negligible (USACE, 2002). This justifies the assumption of a horizontal water surface in this 
study. 

The final shifting values for coordinates X and Y are found by minimizing the mean absolute 
error (MAE) in elevation for the entire floodplain composed of the selected HEC-RAS cross-
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sections. The error function for the MC-based image-shifting algorithm that needs to be 
minimized is given by equation 1.  

∑
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1
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where, for each one of the 3000 image shifts: 
EMAE – denotes the mean absolute error in elevation (m), 
N – is the number of HEC-RAS cross-sections across the entire floodplain and ranges 

from 1 to 36 in downstream direction, 
Li – stands for the DEM-derived left bank elevation, 
Ri – stands for the DEM-derived right bank elevation. 

Each image shift is validated in turn by comparing the new flood extent position to six evenly 
distributed ICPs (Figure 1) located where flood waters hit against bridges, roads or railways on 
both the ASAR image and aerial photography of a flood event that occurred in 1995. The latter 
had a much higher discharge and thus by selecting flood extent positions at bridges and at 
higher altitudes located transport ways on the 2003 ASAR image, the same positions are 
chosen on the extents of the 1995 flood to give the ICPs’ coordinates. In other words, the 
image-shifting algorithm presented requires hydraulic as well as event knowledge. The image 
shift which minimizes equation 1 should also give the minimum positional error when 
validated with the ICPs. 

In order to illustrate the importance of fine-tuning the geo-referencing in flood studies, results 
obtained when calibrating the HEC-RAS flood model with a SAR-derived extent before and 
after applying the image shift are outlined. 

4 Results and discussion 
The ASAR image was geo-corrected to an initial accuracy of approximately two pixels. The 
flood extent was then extracted using the thresholding method described by Schumann et al. 
(2005). Using the high-resolution LiDAR-derived floodplain DEM, elevation data were then 
extracted for the left and right flood boundaries on each of the 36 HEC-RAS cross-sections 
considered.  

 
Figure 2 Plot of the left and right flood extent levels. 
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As can be seen in Figure 2 there are several locations where there is considerable disagreement 
between the left and right extents and thus the hydraulic assumption of horizontal water levels 
across the floodplain is violated for most cross-sections. It should be noted that achieving a 
satisfactory initial geo-referencing is very difficult as hardly any clearly identifiable objects 
that could be geo-located accurately on a map were present in the ASAR image. Therefore, it 
is necessary to apply the fine-tuning algorithm described in section 3.4 in order to minimize 
the impact and error when using the SAR-derived extent in GIS-based operations. 

Three thousand image displacements were performed using random X and Y coordinate shifts 
between –100 and +100 m (Figure 3) on each occasion. Each changed image position is 
directly compared to the ICPs and the best shift should give the closest distance to the ICPs 
(m) while at the same time minimizing the elevation difference between left and right extents. 
The best shift was found when moving the X coordinate 64.72 m to the West and the Y 
coordinate 33.43 m to the North (Figure 3).  

 
Figure 3 Three thousand random image shifts. 

The initial elevation difference (Figure 2) was reduced by as much as 70 % for the entire 
reach. Only one outlier was detected after image shifting was applied (Figure 4). The mean 
absolute deviation from the ICPs before applying the algorithm was 53 m and 45 m for the X 
and Y coordinates, respectively. After the best shift was applied to the image, this deviation 
reduced to 17 m and 14 m respectively, i.e. half the initial ASAR pixel size of 25 to 30 m.  
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Figure 4 Plot of the left and right extent levels after applying the MC-based image-shifting algorithm. 

The results demonstrate the importance of considering hydraulic, terrain and event knowledge 
when geo-referencing a SAR flood image. This is reinforced by the following example of 
using a SAR-derived flood extent for calibration of the 1D HEC-RAS flood propagation model 
in a GIS environment. 

4.1 The impact of the proposed algorithm on flood model calibration: an example 
The following example is based on the approach adopted by Schumann et al. (2005) who used 
the same ASAR-derived flood extent as in this study (without applying the algorithm) to 
calibrate the 1D HEC-RAS model in a Monte Carlo-based framework. 

In a thorough GIS overlay operation procedure, Schumann et al. (2005) applied commonly 
used spatial performance measures to assess the level of agreement between HEC-RAS 
simulations of the River Alzette 2003 flood run with randomly selected roughness coefficients 
and the ASAR-derived flood extent. Performance measures that are consistent with the user’s 
best judgment on the modelled system are selected to determine the interval of equally 
performing roughness coefficients.  

In this study, the Kappa statistic and the threat score (TS) (cf. Schumann et al., 2005) are 
selected and applied in an overlay operation to give the level of agreement between the ASAR-
derived extent and multiple model simulations, before and after image shifting. According to 
the ASAR-derived observations, the roughness values to be chosen for a consistent flood 
simulation lie between 0.04 and 0.07 before applying the MC-based image-shifting algorithm. 
This includes the roughness coefficient of 0.0625, found when calibrating the model with the 
field-based high water marks. However, as can be seen from Figure 5, all performance values 
for this roughness range are only moderate to low, which is mainly due to local positional 
uncertainty of the initial ASAR-derived extent. 
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Figure 5 Performance measure sensitivity to a change in channel roughness before and after reducing the 

positional uncertainty of the ASAR image; a) TS, b) Kappa. 

Fine-tuning the position of the flood extent, thereby reducing the positional uncertainty gives 
not only higher performance values but also changes the range of optimal model parameter 
sets by significantly constraining the interval of equally good roughness coefficients to [0.06, 
0.07].  

This case study illustrates that positional uncertainty in remotely sensed images could lead to 
considerable uncertainty in the results obtained, which the user may not be aware of. The 
proposed algorithm can be applied to reduce this uncertainty. 

5 General comment and conclusion 
Geometric processing of remote sensing images is a key issue in multi-source data integration, 
management and analysis for many applications (Toutin, 2004). New remotely sensed data 
processing techniques and approaches such as SAR data for flood hazard management 
(Matgen et al., in press; Schumann et al., submitted) requires new needs for geometric 
corrections. In this context, an innovative geo-referencing fine-tuning algorithm is presented. 
Although, the proposed method is restricted to flood imagery and requires an accurate DEM 
both in terms of its vertical measurement and geo-referencing, the results are promising when 
compared to other, more conventional, geo-referencing adjustment techniques, such as simply 
using GCPs in addition to ephemeris data or increasing the number of GCPs. Accurately 
locating well-defined GCPs on distorted SAR (flood) images with only moderate spatial 
resolution (>10m) is a very difficult task and thus requires an alternative, such as the proposed 
MC technique. An example of flood model calibration with SAR data illustrates well the 
hidden impacts of positional errors on the calibration results. It is shown that combining 
different sources of research knowledge (e.g. image processing, statistical computing and 
hydraulics) can lead to a significant reduction in positional uncertainties. This provides a 
higher confidence level in the processing and modelling steps in the combined fields of remote 
sensing and hydrology. 
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