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Abstract

:

The prediction of arid region flash floods (magnitude and frequency) is essential to ensure the safety of human life and infrastructures and is commonly based on hydrological models. Traditionally, catchment characteristics are extracted using point-based measurements. A considerable improvement of point-based observations is offered by remote sensing technologies, which enables the determination of continuous spatial hydrological parameters and variables, such as surface roughness, which significantly influence runoff velocity and depth. Hydrological models commonly express the surface roughness using Manning’s roughness coefficient (n) as a key variable. The objectives were thus to determine surface roughness by exploiting a new high spatial resolution spaceborne synthetic aperture radar (SAR) technology and to examine the correlation between radar backscatter and Manning’s roughness coefficient in an arid environment. A very strong correlation (R2 = 0.97) was found between the constellation of small satellites for Mediterranean basin observation (COSMO)-SkyMed SAR backscatter and surface roughness. The results of this research demonstrate the feasibility of using an X-band spaceborne sensor with high spatial resolution for the evaluation of surface roughness in flat arid environments. The innovative method proposed to evaluate Manning’s n roughness coefficient in arid environments with sparse vegetation cover using radar backscatter may lead to improvements in the performance of hydrological models.
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1. Introduction


Over the last decades, a global increase in the occurrence of floods, the mortality rate and the size of the population affected by floods was reported [1]. In Europe, for example, more people are at risk from floods than a century ago [2]; a large number of these floods are linked by some to climate changes [3], which may in the future even increase flood hazards [4]. Amongst the different types of floods (fluvial, urban and costal), flash floods are among the most catastrophic disasters, causing the highest number of deaths worldwide [1]. In arid regions, which often suffer from a lack of development, flash floods can be generated in very short time frames; this may be put at risk both human life and infrastructures [5,6,7]. Therefore, it is essential to acquire information regarding the magnitude and frequency of flash flood events in such areas with the aim of ensuring human life and infrastructure such as bridges and dams. Typically, this information is extracted by using hydrological models. In such models, overland flow generation is reliant upon the simultaneous reaction of numerous variables, including surface roughness. This variable has a marked influence on runoff velocity and depth in that increased surface roughness will lead to reduced runoff velocity but also to increasingly deep surface detention, which will, in turn, cause high transmission losses [8]. The roughness scale is influenced by the local geology, geomorphology, surface micro-topography and vegetation cover [9,10,11]. Of particular interest to us are arid environments, which are commonly characterized not only by poor soils, exposed bedrock, low density vegetation cover, high evaporation, and a relatively high rainfall–runoff ratio but also by infrequent low rainfall [5,7,12,13]. The rainfall is often localized and convective, with relatively high rainfall intensities [5,6,14,15].



In hydrological models, surface roughness is expressed by using a hydraulic roughness parameter as a key variable, since surface roughness influences the dynamics and infiltration depth of flood waves, controls the runoff velocity as the runoff flows down the catchment towards the channels, and affects the hydrograph’s timing and peak discharge [11,16,17]. Surface roughness can be estimated using Manning’s roughness coefficient (n) for both overland and channel roughness [10,18,19]. This parameter has found application in flood studies, flood-plain management, and the design of infrastructure, including bridges and roads across flood plains, with a significant number of studies using Manning’s n as input for hydrological models: to mention but a few, Arcement & Schneider [18], El Bastawesy et al. [19], Hernandez et al. [11], Michaud & Sorooshian [9], Semmens et al. [20] and Woolhiser et al. [21].



Manning’s n roughness coefficient is expressed as follows [16]:


  n =    R  2 / 3    S  1 / 2    V   



(1)




where R is the hydraulic radius, S is the average slope, and V is the mean velocity of flow (averaged with depth).



Previous studies investigated the potential of integrating hydraulic roughness in the form of Manning’s n and remote sensing data to quantify river discharge [17,22,23]. However, commonly they assigned the Manning’s roughness coefficient based on land-cover/land-use class types interpreted from remote sensing [24,25,26]. Due to the high influence of vegetation on runoff generation, various remote sensing methods were developed to estimate hydraulic roughness over humid environments using remote sensing, such as using multispectral-based vegetation indices or light detection and ranging (LiDAR) [17,27]. These studies classify the different vegetation types and correlate them to the roughness coefficient. However, the low vegetation cover in arid environments makes it impractical to use most of these approaches in arid regions.



Despite the known importance of the influence of surface roughness on flow characteristics, obtaining spatially detailed hydraulic roughness ground measurements over large areas, such as on a basin scale, is both impractical and expensive [28], especially in arid environments, which are often remote and difficult to access. For this reason, for many years, catchment characteristics were obtained by using point-based measurements. However, a broader picture of surface characteristics can be obtained by applying remote-sensing technologies, which can provide continuous spatial hydrological parameters and variables on a large scale. Among these technologies, spaceborne synthetic aperture radar (SAR) technologies can deliver exclusive information on processes that influence the state and evolution of the Earth’s crust [29]. In particular, data from high-resolution SAR sensors, such as Constellation of Small Satellites for Mediterranean basin Observation (COSMO)-SkyMed, Advanced Land Observing Satellite (ALOS), TerraSAR-X, and RADARSAT-2, can be used to provide improved surface characterization. SAR technologies can also be used to create spatially determined surface roughness maps at a roughness scale closer to the observed scattering [30]. Such extracted roughness data can be used for different applications, including erosion prediction, soil moisture estimations, surface runoff modeling and for estimating the age of desert alluvial surfaces [28,31,32,33]. However, to the best of the authors’ knowledge, no attempt has been made so far to correlate between radar backscatter and Manning’s roughness coefficient in an arid environment.



Since it was our intention in this study to exploit SAR technology to generate surface roughness maps, let us now take a brief look at the relevant physics of this technology. When radar waves encounter a rough surface, some of the energy is backscattered and is received by the antenna of a suitably located sensor [34]. Radar backscatter is influenced mainly by the depression and incidence angles, the wavelength, and the polarization of the radiation, the electrical characteristics of the surface materials (which are strongly influenced by water content, expressed as the dielectric constant), the look direction, and the phase difference between the radar waves [35,36]. Properties of natural surfaces, such as roughness, soil characteristics, surface micro-topography, and vegetation cover, also affect radar backscatter [37,38,39]. The Rayleigh criterion shows that, given constant system parameters (wavelength, incidence angle and flat surface), the backscatter will be a function of the surface roughness on a scale similar to the radar wavelength, i.e., shorter wavelengths are more sensitive to surface roughness [36,40]. In practice, in arid climates, humidity can be taken as constant and, therefore, the radar’s surface backscatter over flat areas (defined as slopes less than 15%) in arid environments is influenced essentially only by the surface roughness [41].



In summary, hydrological models and runoff models, such as KINEROS2, commonly express surface roughness using Manning’s roughness coefficient (n) as the most meaningful surface hydrology roughness parameter. Any improvement in the determination of Manning’s coefficient would obviously significantly enhance such models. The objective of this research was thus to examine whether radar backscatter from spaceborne SAR systems can be exploited to determine Manning’s roughness coefficient by establishing the correlation between radar backscatter and Manning’s roughness coefficient.




2. Methods


2.1. Study Area


The study area comprised the arid, medium-sized (total area of 76 km2) Rahaf watershed, located in the south of the Judean Desert, Israel (Figure 1). The higher western part of the catchment, which is 560 m above sea level, has lower temperatures and a higher mean annual rainfall than the eastern side in the Dead Sea valley, which is 400 m below sea level. The mean annual rainfall on the western and eastern sides of the catchment is 130 mm and 50 mm, respectively. In the Rahaf watershed, the desert lithosoils are shallow, the terrain is governed by exposed Turonian limestone and Senonian chalk bedrocks, and the vegetation cover is very sparse and concentrated mainly along streams. This site was chosen because its surface hydrology has been well studied and documented [15,42,43].




2.2. SAR Data and Processing for Roughness Extraction


COSMO-SkyMed (constellation of small satellites for Mediterranean basin observation) X-band (λ = 3.1 cm) images were used. The SAR images were acquired on 11 April 2011 using vertical–vertical (VV) polarization with a 2.5-m spatial resolution (pixel size). The COSMO-SkyMed data were converted to Sigma 0 (dB), rotated, transposed using Environment for Visualizing Images (ENVI) 5.1, and then geometrically corrected using ArcMap 10.2. The final outcome of this process is presented in Figure 2.



A high-resolution geomorphological map of the Rahaf basin was produced using WorldView-2 multispectral satellite imageries; the results display a high spatial resolution map that classifies the basin into seventeen land cover classes. Of these, 14 are different geomorphological units, two are man-made objects (roads and urban areas) and one contained desert vegetation. As the vegetation cover in our study area is very sparse (only 0.3% of the basin), it was excluded from the subsequent analyses. Although the urban areas and the roads are not geomorphological features, they are important hydrologically. Due to their imperviousness, they tend to produce high volume runoff as the rainfall cannot infiltrate into the soils [3,45]. Next, a number of units suitable for roughness extraction were chosen. As seven of the remaining 16 units in the study area covered less than 2.8% (each) of the region, wide-spread units better representing the geomorphology of the basin were selected. Of the remaining nine units in the study area, six different flat geomorphological units, which cover ~50% of the basin area, were found suitable for roughness extraction. These six units were identified and mapped on the basis of field surveys, a 4-m DEM-based slopes map and WorldView-2 multispectral satellite imageries. For each of the selected geomorphological units, regions of interest (ROI) were sampled with the aim of obtaining the first four statistical moments (average, standard deviation, skewness, and kurtosis) for roughness extraction. Figure 3 shows radar and ground photographs of the six selected units.




2.3. Field Roughness Measurements


Surface roughness in the field can be measured using a variety of different technologies, such as profilometers (sometimes called pinmeters or profilers) [32,46], laser scanners [32,37,47], ground-based LiDAR [48] and airborne LiDAR [49]. In this study, to determine the correlation between the radar backscatter and the surface roughness, the first step was to measure all six geomorphological units in the field with a profilometer, a simple and relatively inexpensive instrument that produces a replica of the surface height variability at 1-cm horizontal spacing. The profilometer used in this study is 1.2 m long (Figure 4). It contains 101 small holes, into each of which is threaded a 1-m long metal rod. The holes are spaced at intervals of 1 cm. The profilometer is connected to two tripods that are used for levelling and holding the instrument. A plastic board located at the rear of profilometer bears two 30-cm rulers—one on each side—with line scale marks at 1-cm intervals. Although the profilometer is a relatively low-tech instrument for measuring surface roughness, it produces reliable and accurate results and was widely used in previous studies for roughness measurements in the field (e.g., Blumberg & Freilikher [37], Mattia et al. [50], Bryant et al. [46], Alvarez-Mozos et al. [51], and Rahman et al. [28]).



To obtain the surface roughness from these field measurements, the commonly used root mean square heights (RMSh) parameter was calculated as follows:


  R M S h =    1 n   ∑  i = 1  n     (   z i  −  z ¯   )   2     



(2)




where   n   is the number of height measurements,    z i    is a single measurement, and   z ¯   is the mean of the height measurements [46].



The field roughness measurements (Figure 4) of the six geomorphological units were conducted in five steps as follows: (1) flat surfaces (slopes less than 15%)—without any exceptional micro-topography or unusually large or small stones—that characterize the specific unit were selected; (2) inside the selected area, two 2-m cross strips were measured with a measuring tape; (3) in each 2-m strip, five profilometer measurements were carried out every 50 cm. After positioning the profilometer in place, the rods were threaded into the holes, with the procedure performed gently so as to prevent the rods from penetrating the soil or from moving stones; (4) the properties of the specific measurement were documented on a small board, including the name of the unit, the measurement serial number, and the directionality of the profilometer; (5) roughness measurements were photographed with an SLR camera. The photographs were used for image processing through MATLAB, to extract each rod’s height in centimeters, and to calculate the RMSh.





3. Results


3.1. COSMO-SkyMed Imagery Analysis


The COSMO-SkyMed imagery analysis results, presented in Figure 5, show that the geomorphological unit with the lowest backscatter (expressed in dB) was the carbonite desert pavement unit (−10.63 dB on average), while the highest backscatter values were measured for the stony dolomitized limestone unit (−6.87 dB on average). The standard deviations of the sampled pixels in all the geomorphological units were found to be relatively similar, with values ranging between 5.58 and 5.82 dB.



The skewness values of the sampled pixels in all the geomorphological units were also found to be relatively similar, ranging between −0.91 (carbonate desert pavement) and −1.19 (chalk with fine chert cover). The lowest kurtosis value of the COSMO-SkyMed sampled pixels was that calculated for the chert desert pavement (1.62), and the highest was the value for the chalk with the fine chert cover (2.81).




3.2. Surface Roughness-Field Measurements


The results of the field measurements for surface roughness using the profilometer (expressed as RMSh) for the six selected flat geomorphological units in the study area showed that the smoothest geomorphological unit was the carbonite desert pavement (RMSh of 0.82 cm), and the roughest was the stony weathered chert (RMSh of 1.773 cm). The results indicate that the six units can be roughly divided into three groups: (1) carbonite desert pavement; (2) chert desert pavement and chalk with fine chert cover; and (3) rough stony desert alluvium, stony dolomitized limestone, and stony weathered chert.



Our study area has very few slope features, and because surface roughness is the variable that has the greatest effect on the radar backscatter in flat arid environments [41], one can assume that the variability of backscattering in COSMO-SkyMed imagery did indeed result mainly from the surface roughness. The retrieved results revealed that the smoothest measured geomorphological unit in the study area was the carbonite desert pavement (similar to the field measurements), but—unlike the profilometer measurements—the roughest was the stony dolomitized limestone. We note that the latter unit has an exceptionally high average dB value compared to all the other units (Figure 5). The strong backscatter from the stony dolomitized limestone may be attributed to the micro-topography created by a dolomite “plate-like” geological phenomenon. These plate-shaped dolomites have previously been studied by Raz [52], who described them as brown surface lumps with a diameter ranging between tens and hundreds of meters. Some of them have a topographic depression in the center that is filled with aeolian dust (see location for example: Lat. 31.266781° Long. 35.338309°). Therefore, the strong backscatter is probably related to slopes rather than to roughness. We thus decided to remove this unit from the analysis of the SAR-based data.




3.3. Correlation between the SAR Backscatter and Surface Roughness


An examination of the relationship between the COSMO-SkyMed backscatter and the surface roughness as measured in the field (RMSh) revealed a strong correlation, R2 = 0.97, when the “problematic” stony dolomite unit was excluded from the analysis (Figure 6).




3.4. Using SAR Backscatter for the Evaluation of Manning’s n


The correlation between the magnitude of the radar backscatter and Manning’s n values for the 16 geomorphological units identified in the study area is shown in Figure 7. This graph also includes the five geomorphological units that were measured in the field and analyzed in this study using COSMO-SkyMed SAR imagery. Manning’s n values for these 16 geomorphological units were determined based on the work of Engman [10], Arcement & Schneider [18], and Woolhiser et al. [21] where equivalent units exist in the literature; the rest were determined based on field judgment experienced expert opinion. In Figure 7, the 16 geomorphological units are ordered according to their roughness level.



The results shown in Figure 7 were very satisfactory in terms of the agreement of the positioning of the five units on the graph according to backscatter values and also according to the RMSh obtained from field measurements and their Manning’s n values. Therefore, a schematic diagram, Figure 8, was constructed to evaluate Manning’s n values from SAR backscatter (dB) over the study area, even for surfaces for which field measurements were not available.



The method used in this study enabled us to create a surface roughness map of the study area, expressed in terms of the Manning’s n roughness coefficient, as shown in Figure 9.





4. Discussion


This study was set to originally estimate the Manning’s n roughness coefficient using SAR data. Manning’s n is very often used as an input in modeling overland roughness, e.g., Arcement & Schneider [18], El Bastawesy et al. [19], Hernandez et al. [11], Michaud & Sorooshian [9], Semmens et al. [20] and Woolhiser et al. [21], and as such, its extraction is of high importance.



After examining the correlation between radar backscatter and Manning’s roughness coefficient in an arid environment, our results suggest that high spatial resolution spaceborne SAR technology can be used to estimate Manning’s n roughness coefficient.



The correlation (R2 = 0.97) between the COSMO-SkyMed radar backscatter and the measured surface roughness in the field survey, as shown in Figure 6, illustrates that the novel methodology suggested in this study, which uses radar backscatter as an indicator of the surface roughness in flat arid environments, is indeed suitable for evaluation of surface roughness from X-band COSMO-SkyMed imagery.



The correlation between remote sensing data and Manning’s roughness coefficient was studied in the past. Smith et al. [53] showed that airborne remote sensing, such as photogrammetry and LiDAR, has the potential to provide new methods for estimating Manning’s n. More recent studies investigating the association between SAR backscatter, roughness, and Manning’s n have focused mainly on large floodplains in humid climates. These studies used either airborne SAR (e.g., Horritt et al. [54]) or low spatial resolution spaceborne SAR (e.g., Tarpanelli et al. [55]) to calibrate Manning’s n values for channels and floodplains. Mtamba et al. [56] created a Manning’s roughness coefficient map based on vegetation classes and Manning’s values found in the literature for the large tropical Mara wetland in East Africa. Their map was derived from a Landsat TM-based vegetation map and relative surface roughness from SAR imagery. Unlike previous studies, the technique presented in the current study presents an innovative method using high-resolution spaceborne SAR to evaluate Manning’s n in arid landscapes. In contrast to airborne SAR, spaceborne SAR has worldwide coverage and a high temporal resolution and is not affected by weather; it is therefore the preferable technology for such a task.



The correlation between the magnitude of the radar backscatter and Manning’s n values for the geomorphological units identified in the study area (Figure 7) shows that the ordering on the graph of the five geomorphological units, whose RMSh was measured in the field, follows the same pattern as the positions determined by their radar backscattering. Moreover, the order assigned to these five units was the same as that for the Manning’s n values. Based on the results, we are confident that an accurate evaluation of Manning’s n values could be achieved by using COSMO-SkyMed backscatter (dB), on the condition that the surface sampled in the SAR imagery is flat, dry, and free of vegetation (i.e., conditions commonly characteristic of arid environments). This proposed methodology is highly important in arid environments as they are remote and tend to have low accessibility; therefore, conducting detailed ground measurements of hydraulic roughness over large areas is very difficult and costly.



As Manning’s equation is the most commonly adopted approach by engineers to predict runoff generation [54], our method may be relevant in modeling of other types of flooding.



The implementation of our innovative method to estimate Manning’s roughness coefficient may also be applicable for evaluating the potential impacts of urban pluvial flooding in urban areas. Urban pluvial flooding, which is also flash in its nature, caused by high intensity rainfall, which go beyond the capacity of the drainage systems [57]. Similar to fluvial flash floods, Manning’s n is also used for modelling pluvial flood risks [58]. As the main factors influencing the development of pluvial flash floods are climate changes, rapidly and widespread urbanization and the expansion of unsustainable urban areas [59,60], the importance of rapid large-scale estimations of Manning’s roughness coefficient is highlighted. By improving the models’ ability to predict regions that are likely to suffer from flooding, engineers may easily identify where flood-defenses need to be built and where to concentrate the efforts in structures reinforcement. However, it is important to note that our method is valid for arid regions with sparse vegetation cover and not for vegetated catchments. Future study should address the question how applicable is this method in regions with denser vegetation cover or in urban areas.



Hydraulic roughness maps have been recognized to be useful for hydraulic modelling [17]. Our method can be used to generate Manning’s n roughness coefficient maps of areas of interest similar to the one we created of the Rahaf basin, as shown in Figure 9. The information provided by such maps can be useful for engineers and hydrologists for planning infrastructure, including bridges and dams, over watersheds. Ideally, this study would have included a comparison of hydrological model performance using, for example, a constant Manning’s n in space and a Manning’s n allocated using the produced spatially distributed map. Unfortunately, running a hydrological model with variable Manning’s values became impossible within the scope of the project; such a sensitivity test will be done in future work. We are confident that our new method may also be used to evaluate the Manning’s roughness coefficient for large dry arid streams in addition to arid plains. It may be expected that ongoing advances in spaceborne SAR technology, including in sensors with high spatial resolution, will enable—in the future—a more accurate evaluation from space of Manning’s roughness coefficient for most of the streams in catchment areas in arid environments, which can lead to improvements in the performance of hydraulic models.




5. Conclusions


This study used high spatial resolution remote sensing for the hydro-geomorphologic analysis of the Rahaf arid basin. As opposed to previous studies of this nature, which have focused mainly on large humid watersheds, the current research focused on an arid environment and used newly available high spatial resolution spaceborne X-band SAR to estimate surface roughness and to examine the correlation between radar backscatter and Manning’s n roughness coefficient.



The results of this study demonstrate a strong correlation (R2 = 0.97) between the COSMO-SkyMed backscatter and surface roughness. It was thus demonstrated that data from an X-band spaceborne sensor with high spatial resolution, such as COSMO-SkyMed, is suitable for evaluating surface roughness in flat arid environments. The correlation between Manning’s n values and the SAR surface roughness evaluation enabled us to create a schematic diagram that can be used—instead of field measurements—to estimate Manning’s n values for arid plains. Future study may explore the added value of using a Manning’s n assigned using a spatially distributed map. It is likely that, as spaceborne SAR technology improves, this method will also be found applicable for evaluating the Manning’s roughness coefficient for large dry arid channels and hence lead to improvements in the performance of hydrological models.
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Figure 1. Map of the Rahaf watershed outline by the black line in the enlarged right figure, the rain gauges, and the location of the hydrometric station. 
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Figure 2. Constellation of small satellites for Mediterranean basin observation (COSMO)-SkyMed synthetic aperture radar (SAR) image of Rahaf basin. Because most of the radar’s energy is reflected away from smooth surfaces, the tone of these surfaces in the image will appear dark, while lighter image tones are caused by the backscatter energy from rougher surfaces back to the antenna [44]. 
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Figure 3. The six geomorphological units and the regions of interest (ROIs) from which the pixels were sampled for roughness extraction (a.1–f.1). The geomorphological unit as photographed in the field and the number of sampled pixels for each unit (a.2–f.2). WorldView-2 image of the ROI region (a.3–f.3). The ROIs used for roughness extraction from COSMO-SkyMed image. 
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Figure 4. The profilometer as used in the field to measure a stony dolomitized limestone unit. The tips of the 101 rods are colored red to increase contrast from the background. The outcome provides a replica of the surface height variability at 1-cm horizontal spacing. 
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Figure 5. The COSMO-SkyMed average backscatter (dB) of the sampled pixels used to extract the surface roughness of the six selected geomorphological units. In brackets, the Manning’s n values as determined for each unit based on existing literature and fieldwork. 
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Figure 6. Correlation (R2 = 0.97) between the COSMO-SkyMed backscatter and the surface roughness as measured in the field (root mean square heights (RMSh)). 
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Figure 7. Manning’s n values of the 16 geomorphological units in the study area ordered according to their roughness level. The six geomorphological units that were analyzed using the SAR data are colored in blue. 
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Figure 8. Schematic diagram that enabling the evaluation of Manning’s n values by using COSMO-SkyMed backscatter (dB). The blue color in the diagram represents low Manning’s n values (smooth surface), and the red color, high Manning’s n values (rough surface). 
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Figure 9. Manning’s n roughness coefficient map of the Rahaf basin. 
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