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Abstract: In this paper we explore the performances and the opportunities provided by the
European satellite Sentinel-1 for water resource management applications in low-income
countries. The analysis is supported by a synthetic aperture radar (SAR) simulator, which
allowed the quantification of the expected characteristics of Sentinel-1 products in three
applications: interferometric digital elevation models (DEMs) generation, land cover
mapping and estimation of water volumes retained by small reservoirs. The obtained results
quantitatively show that Sentinel-1 data characteristics are fully suitable for most of the
application already explored in the recent SAR literature.
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1. Introduction

The United Nations estimated that, by 2025, 1.8 billion people will live in regions characterized by
water scarcity and two-thirds of the world’s population will be faced with a lack of water [1]. According
to recent studies about the growth of global population (up to 8.3 billion in 2030 [2]), in ten years, water
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scarcity could affect almost 5.5 billion people. This scenario is also exacerbated by desertification
(principally caused by unsustainable land management practices) which increases the pressure on water
resources worldwide [3]. In fact, desertification, land degradation and drought globally affect 1.5 billion
people, 24% of which are in Sub-Saharan Africa [4].

Today, about 66% of Africa is arid or semi-arid and more than one-third of the Sub-Saharan
population lives in a water-scarce environment with less than 1000 m? available per capita [5]. In these
areas, rural population mainly relies on small reservoirs for water harvesting in the rainy
season [6]. As an example, in Burkina Faso, it is estimated that 1700 reservoirs are actually employed
for agricultural activities, livestock watering and human consumption [7]. They are used to cultivate in
counter-season, incrementing the food production and, therefore, the resilience to famine.

Despite their crucial importance, many small reservoirs are neither monitored nor surveyed, due to
high costs required by the setup and management of a sensor network. Hence, a complete and
up-to-date catalog of location and maximum capacity of the reservoirs is not available, even because
they are often built by an initiative of farmers’ associations, without general planning.

In this context, remote sensing could be a powerful instrument, allowing a strong reduction of costs
and time necessary to obtain relevant information for an effective management of water resources. Thus
far, remote-sensing projects have mainly embraced the use of optical data (even thanks to the availability
of free LANDSAT imagery), accepting the risk of acquisitions affected by cloud cover, a frequent event
in the rainy season.

The use of Synthetic Aperture Radar (SAR) data was rather limited in past applications because of
the high costs of data and the complexity of their interpretation by non-expert users. Moreover, the recent
SAR literature about water resources monitoring in semi-arid regions is mainly related to sensors
(ENVISAT, ERS and more) with low resolution (almost 20 m) imaging capability [8—10].

The most relevant project from the last few years in terms of water resources monitoring is the TIGER
initiative, promoted by the European Space Agency (ESA) [11], which aims at assisting African
countries to collect, analyze and disseminate water-related geo-information through the exploitation of
remotely sensed data. Under the aegis of TIGER, several activities and projects regarding water-related
issues have been supported. TIGER thus represented a framework within which European institutions
and local African partners shared experiences and expertise stimulating the dissemination and the
enforcement of respective knowledge. This led to the achievement of remarkable results as, for example,
in the fields of trans-boundary groundwater management [12], land cover mapping [13], water bodies
detection [14] and small reservoirs bathymetry [8].

Valuable results have been obtained relating basins’ surface areas with retained water volume for
northeastern Ghana [9]. These relations are extremely useful since they allow for the extraction of the
available water volume through the estimation of a reservoir’s surface. This activity can be successfully
carried out with remotely sensed data, thereby avoiding expensive bathymetric surveys.

These expressions can be extended to other morphologically similar areas, where bathymetric surveys
and/or a suitable DEM are not available. In particular, the almost uniform morphology of the Sahelian
region gives the opportunity to use few calibration gauges. This possibility was also supported by the
results of the comparison between area—volume relationships extracted from two datasets belonging to
different areas of the Sahelian region [15].
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The introduction of the new generation of high-resolution sensors (such as COSMO-SkyMed,
TerraSAR-X and Sentinel-1) allows for an effective monitoring of small reservoirs. In fact, as discussed
in [15], COSMO-SkyMed imagery has been successfully employed for the study of basins with extension
of few thousand square meters. The data on water retention at reservoirs can be used also for the
implementation and calibration of hydrological models, as suggested in [16]. One of the main limits of
COSMO-SkyMed imagery is the significant cost required for acquiring a complete dataset.

The recent launch of Sentinel-1, the new ESA SAR sensor, solves the problems related to the cost of
images, since ESA proposes a free data distribution policy. The interpretation of the SAR images is still
a limit for the diffusion of this technology, because the image characteristics depend on the geometrical
and electromagnetic properties of the observed surfaces. The comprehension of the geometric distortions
introduced by the side-looking acquisition mode [17] and of the non-linear electromagnetic scattering
phenomena that contribute to the SAR signal formation requires the quantitative knowledge of the
interactions between the transmitted electromagnetic field and the physical surfaces of the imaged scene.
Therefore, several works in the past literature expressed the necessity of remote sensing processing
chains devoted to produce results that could be easily interpreted by the potential end-users [18-20].

In this paper, we present an analysis of the potentiality of Sentinel-1 in water resource monitoring
activities. The analysis is supported by a SAR raw signal simulator and is focused on applications
concerning water-related problems in semi-arid regions.

The work is organized as follows. In Section 2, we recall the main characteristics and results of the
Water Resources Management in Semi-Arid Regions (WARM-SAR) project, which produced
significant results for water resource management from high-resolution SAR data. Sections 3—5 deal
with an analysis of the new opportunities offered by Sentinel-1: in Section 3, the main characteristics of
the mission are recalled; Section 4 is devoted to introducing the SAR simulator used for the quantitative
analysis of the Sentinel-1 performances; and, in Section 5, we present the results obtained by processing
the simulated Sentinel-1 images. We provide specific results aimed at the production of DEM and related
products, land cover maps and monitoring of water volumes. Implications of the use of this new sensor
in the hydrological modeling of the study area are discussed throughout the examples. Conclusions are
drawn at the end of the work.

2. Water Resources Monitoring in Semi-Arid Regions: The WARM-SAR Project

In this section, we recall the results of the WARM-SAR project, which is devoted to exploring the
possible uses of SAR images for water resource monitoring.

WARM-SAR exploited a set of 16 stripmap (3 m resolution) and 7 spotlight (1 m resolution) images
with coverage of almost one year and a half, provided at no cost by the Italian Space Agency (ASI) under
the aegis of the 2007 COSMO-SkyMed Announcement of Opportunities [21]. The SAR images cover a
rectangular area of almost 1600 km? of the Yatenga district in the north of Burkina Faso, a small West
African country where nearly 80% of the 14 million inhabitants live in rural areas and the main economic
activity consists of subsistence farming and ranching. More than two million people are food insecure
and about 34% of the population is subject to chronic malnutrition [22]. The region is characterized by
a semi-arid climate, with a rainy season lasting three months.
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In the frame of the WARM-SAR project, we developed specific applications for low-income countries
characterized by a semi-arid climate. In order to estimate the performance expected by the use of Sentinel-1
data in a similar context, in this section we recall the basic principles of the following applications:

1. Digital Elevation Models (DEMs) generation and related products;
2. Land cover mapping;
3. Monitoring of water volumes retained at reservoirs.

2.1. Digital Elevation Models (DEM) Estimation and Related Products

In [23], a reliable DEM was extracted by means of an interferometric processing of two images
acquired at the end of the dry season, when the interferometric coherence is expected to be sufficiently
high. The resolution of the DEM (9 m, obtained by the 3-multilook of the 3 m input SAR data) is
significantly higher with respect to those previously available: SRTM (resolution 90 m) and ASTER
(resolution 30 m). The availability of such a high-resolution DEM allows the estimation of the
bathymetry of the small reservoirs that dry up completely at the end of the arid season [15] and the
derivation of an analytical relation between reservoirs’ surface area and retained volume.

The estimate of the reservoirs bathymetry from remotely sensed imagery provides valuable
information about reservoir capacity. In fact, in Sahel, where sedimentation of the reservoirs due to
strong soil erosion is extremely fast [24] and quickly changes the topography, there is a lack of updated
topographic information. The average sedimentation rates for six reservoirs of the study area were
estimated, concluding that, in about 20-30 years, most of the studied reservoirs lost more than 70% of
their original capacity [25].

2.2. Land Cover Map Production

The availability of repeated acquisitions offered by new-generation sensors opens new perspectives
for remote-sensing applications in semi-arid environments through the definition of new products which
fully exploit the particular Sahelian climate [23]. In fact, as discussed in [19], the occurrence of a
condition of aridity of the scene at the peak of the dry season makes it possible to establish
a reference scenario for the other available images. The procedure for building the Level-1a products is
presented in [19] and an example relevant to a small reservoir of the Yatenga district is depicted in
Figure 1. The reference image, loaded on the blue band, was acquired at the end of April, i.e., at the peak
of the dry season. The test images and the interferometric coherence are assigned to the green and red
band, respectively.

This combination of bands makes easy the users’ pre-attentive processing, i.e., the unconscious
accumulation of information from the environment [26], since it allows for an association between
relevant physical features of the scene and the colors restituted by the RGB map, which is consistent
with human expectation. With reference to Figure 1, this happens, as an example, for seasonal water,
and for seasonal vegetation, which are displayed in blue and green, respectively.

As for the seasonal water, the blue color results from the prevalence of the backscattering from rough
soil emerging in the dry season image (blue band) when there is no water in the intake, with respect to
the backscattering from flat water surface occurring in wet season images (green band).
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As for the seasonal vegetation, the green color results from the prevalence of the backscattering from
the vegetation emerging in the wet season images (green band) with respect to the backscattering from
rough surfaces occurring in the dry season image (blue band), in absence of vegetation [27].

In both the cases, the coherence (red band) is almost null.

When the electromagnetic response of the reference image and of the test image is comparable, the
map exhibits a cyan tonality. Where both the reference and test image are covered by surface water, due
to the weak electromagnetic response in these two bands, the composition restitutes the black color (see
the dark area in the immediate proximity of the dam in Figure 1).

Figure 1. Level-1a product detail of a small basin near to the Aoérama settlement (test image
31 August 2010).
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The main characteristics of the Level-1a products are the congruence with human vision, which allows
for an immediate understanding of the more relevant natural cycles of a semi-arid environment (i.e., those of
water and of vegetation), and the class detachability. The latter, in particular, makes these products very
attractive for supervised classification procedures, even using extremely simple algorithms.

The aforementioned characteristics of Level-1a imagery provide a tool for a quick estimation of the
reservoirs’ surface areas for several basins, from which it is possible to retrieve the retained water volume,
as is explained in Section 5. Thus, these products can be managed by a large variety of scientists and
researchers, even non-experts in SAR issues, and could, therefore, potentially increase the use of such
data, thereby bringing benefits to water-related research activities.

2.3. Monitoring of Water Volumes Retained at Reservoirs

The areas covered by water were extracted by the intensity SAR images despeckled using an optimal
weighting multitemporal De Grandi filter [28]. This technique allows amplifying the water—land contrast
and producing more accurate information on the extension of water surfaces. A further speckle reduction
was obtained by a spatial multilooking, which reduced the images’ resolution to 9 m, in accordance with
DEM resolution.
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The coupled measures of water surface and DEM led to the estimation of water volumes retained by
the dam. The retrieved data were used to validate a simple hydrological model [15]. The time evolution
of the water storage was computed by the implementation of a balance between the incoming and
outgoing water flows.

In order to validate the model, the computed storages are compared with those extracted from SAR
data. In spite of the assumptions made and of the uncertainties linked to the estimation of some of the
input data, the model was able to catch the overall behavior of the system and, therefore, can be used for
the simulation of different scenarios of water abstraction from the reservoirs and, therefore, to optimize the
resource management. Another important application of the proposed model is the estimation of the impact
of small reservoirs on the downstream flow, which a crucial information in case of water conflicts [8].

3. Sentinel-1: The Mission

Despite the great potentiality offered by WARM-SAR and similar projects, the scaling and the
capillary diffusion of the derived products is still constrained by technical and economical limits,
especially in low-income countries, where most of the potential beneficiaries of the proposed products
can not sustain the cost of commercial data.

The aim of the Sentinel mission is to support the Copernicus program, offering a significant scientific
opportunity thanks to: (i) a broad variety of sensing methods, (ii) the compatibility with past ESA
mission (in the case of SAR this holds for ERS and ENVISAT) [29], and (iii) the distribution policy,
which will guarantee free, full and open access to data. Therefore, the capacity of acquiring, interpreting
and processing Sentinels’ data will be crucial for the success of projects involving geographical
information.

Sentinel-1 is a two-SAR satellite constellation designed to guarantee global coverage with a revisit
time of 6 days. The first satellite (Santinel-1A) was launched on 3 April 2014. A 12-meter long radar
working in C-band was successfully deployed and is starting to acquire images all over the world.
Sentinel-1A is placed in a near-polar, sun-synchronous orbit with a 12-day repeat cycle and 175 orbits
per cycle. Both the satellites of the Sentinel-1 constellation share the same orbit plane with a 180° orbital
phasing difference.

Sentinel-1 is designed to work with four different possible operative modes: (i) stripmap, (ii) wave,
(i11) interferometric wide swath and (iv) extra wide swath. It supports dual polarization acquisition
(HH + HV or VV + VH) for all the modes, with the exception of the wave mode (see Table 1). The
medium resolution of the stripmap is very close to the resolution of the images used for the development
of the products introduced in Section 2. In the following sections, also with the use of
a SAR raw signal simulation, we present a study of the expected performances of Sentinel-1 in the design
and development of the products presented in the frame of the WARM-SAR project.

Table 1. Sentinel-1 operative modes.

Mode Swath (km) Resolution (m X m) Polarization
Stripmap 80 5x%x5 Dual
Wave 20 5%x5 Dual
Interferometric WS 250 5 %20 Dual

Extra WS 400 20 x 40 Single
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4. Sentinel-1: SAR simulation

In this section, we introduce the basic concepts of SAR raw signal simulation, which is here used to
simulate both Sentinel-1 and COSMO-SkyMed data and to discuss the expected performances of
Sentinel-1 in the development of the WARM-SAR applications described in Section 2.

Let x and 7 be the independent space variables, standing respectively for azimuth and range. By using
primed coordinates for the independent variables of the SAR raw signal, s(x’,»"), this can be expressed
as [30]:

s, ) = [[y(x,r)gx’ —x,v" —r;7r)dxdr, (1)

where y(x, ) is the reflectivity pattern of the scene, and g(x" — x,r" — r; r) the unit impulse response
of the SAR system [30]. Therefore, in order to obtain s(x’,7") we need to evaluate both the reflectivity
function and the impulse response of the system.

The evaluation of the reflectivity function requires the use of adequate electromagnetic scattering
models, able to provide the solution of interest as a function of the considered sensor and surface
parameters. Hence, we need a description of the macroscopic aspects of the surface at the scale of the
sensor resolution: this is accomplished by providing as input to the simulator a DEM. The behavior of
the DEM is then approximated using a two-scale model [30], i.e., using plane facets, over which a
microscopic random roughness is superimposed. Then, the mean square value of the field backscattered
from each facet can be evaluated providing an adequate stochastic description of the microscopic
roughness. The roughness can be described using parameters resulting from the introduction of different
models for the shape of the surface [31]: in the present paper, the roughness is described through a fractal
fractional Brownian motion (fBm) process [31], i.e., using only two independent parameters, the Hurst
coefficient H and the topothesy T [m]. Finally, to complete the description of the surface, the relative
dielectric constant € and the conductivity ¢ [S/m] of the observed surface must be provided as input to
the simulator. The small perturbation model, with the appropriate fractal power law spectrum, can be
then used for the evaluation of the reflectivity function of the surface [31].

Note that the reflectivity function is evaluated in a ground range—azimuth reference system and is
necessary to project it in the sensor-centered slant range—azimuth reference system. After this
transformation, the obtained reflectivity function is filtered according to the impulse response of the
SAR system, providing as output the raw signal, as shown in Equation (1). In order to compute the
impulse response, the radar and orbital parameters of the sensor are needed: satellite height # and velocity
v, the sensor look angle 0 and frequency fo, the chirp duration 7and bandwidth B, the sampling rate f,
and the pulse repetition frequency PRF. Finally, after standard focusing, the obtained raw signal provides
the final simulated complex SAR image. The block diagram of the algorithm employed to evaluate the
raw signal is depicted in Figure 2.

Another important aspect of the simulation procedure is the appropriate inclusion of the speckle
effect [32]. Its presence is accounted for thanks to the aforementioned two-scale model. In fact, thanks
to this approach, the spatial scales both smaller and larger than the resolution can be treated differently.
In particular, the signal macroscopic behavior is described evaluating the mean square value of the field
scattered from the plane facets locally approximating the considered surface, assuming knowledge of
the microscopic roughness parameters (/ and 7) and the electromagnetic parameters (€ and 6) of the
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surface [31]. Conversely, the microscopic behavior, which determines the presence of speckle, is
introduced via a statistical model: in this paper, we assume a fully developed speckle [32,33], and the
amplitude—signal value obtained for each facet is multiplied by one specific realization of a Rayleigh

random variable [30].

Figure 2. Block diagram of the SAR raw signal simulation. Radar (RD) and orbital (OD)
data, along with the geometric (z) and electromagnetic (€ and ) parameters of the surface

1 3

D L ) =
. SAR Transfer ‘
e(x.,y) Seatienng Function

G(x,»)

are the required inputs.

In Table 2, the parameters used for the simulation of Sentinel-1 and COSMO-SkyMed images are
reported. With these parameters, we obtain a pixel spacing in azimuth—ground range on the final images
of 4.66 m x 5 m for Sentinel-1 and 2.08 m x 2.33 m for COSMO-SkyMed.

Table 2. Simulation parameters.

Simulation Parameter Sentinel-1 COSMO-SkyMed
h [km] 693 619.6
v [m/s] 7 7.5
0[] 30 33.6
fo [GHz] 5.405 9.3
T [us] 35 35
B [MHz] 60 65.64
fs [MHz] 60 116.25
PRF [Hz] 1500 3612.7

5. Sentinel-1: Opportunities

The simulator presented in the previous section allows for a quantitative estimation of the
performances of Sentinel-1 mission in water resource management applications. In the following, some
applications will be discussed and the quality of the expected products compared with those obtained in
the framework of the WARM-SAR project (see Section 2).
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5.1. DEM Estimation and Related Products

The use of interferometric techniques for the evaluation of a DEM is in principle replicable with
Sentinel-1 data. The difference in spatial resolution in stripmap mode (3 m for COSMO-SkyMed, 5 m
for Sentinel-1) will cause a corresponding reduction of the resolution of the DEM from 9 m to 15 m.
Such a limitation is not significant for many of the applications proposed in the WARM-SAR project.

As discussed in Section 2, both optical and SAR data can provide observations of the reservoirs’
retention area, while, in the absence of bathymetric information, the retained volumes remain unknown. To
overcome this limitation, it is possible to use relationships between reservoirs’ storage volumes and areas,
which in case of homogeneous morphology can be valid for an entire region. For instance, an area—volume
relation was developed in literature [34] performing an extensive bathymetric survey in the Upper East
Region of Ghana:

Volume = 0.00857 area' 43¢’ (2)

Starting from SAR-derived data, a regression analysis was applied in order to obtain an area—volume
relationship for the Yatenga district [15]:

Volume = 0.1012 area''®’ (3)

In order to assess the potentiality of Sentinel-1 data for this kind of application, the DEM acquired in
the WARM-SAR project was resampled at the Sentinel-1 scale and a new dataset of area—volume for the
Laaba reservoir was built. This dataset was compared to the one obtained for the same reservoir using the
DEM extracted from COSMO-SkyMed satellite imagery in the WARM-SAR project framework.

The analysis of the DEMs was performed computing the areas of water surfaces at fixed heights, with
a step of 0.3 m. The water volumes stored in the reservoir for each step were calculated as a sum of those
contained in each pixel of the water surface, which is assimilated to a water column, whose height /. is

given by:
hyec=hs—h 4)

where /. is the elevation of the equipotential surface traced by the basin, and /4 is the DEM height
corresponding to the considered pixel. The water volume V' contained in the whole reservoir is then
estimated as the summation of all the volume contributions, given as the product of the pixel area S: and

the water column height Zw:

V:ZSithc (5)
i

In Figure 3, the results obtained through the DEM analysis and the application of the area—volume
relationship proposed in [15] for the Yatenga region are plotted. The overall trend is similar for both the
analyzed DEMs. An apparent anomaly occurs for low water surface areas in the Sentinel-like DEM
(for example, three blue dots refer to the same area but to different volumes). This is because the lowest
area values correspond to few pixels, which in the Sentinel-1 DEM have a surface of 225 m?. The higher
resolution of COSMO-SkyMed-derived DEM made possible to compute more reliable values of the
retained volume for such areas. This effect depends both on the morphology of the region and on the
interpolation that produced differences in height between adjacent pixels greater than 0.3 m.
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The above described effect allows the estimation of the range of areas that can be safely retrieved by
Sentinel imagery. In principle, reservoirs covered by some thousands of square meters can be effectively
monitored. We can also remark that the area—volume relationship proposed in [15] underestimates the
reservoir volume when the water surface is in the range between 1000 and 20,000 km?.

Figure 3. Laaba’s storage volumes as a function of the corresponding surface areas.
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5.2. Land Cover Map Production

In this paragraph, we use the simulator presented in Section 4 to quantitatively evaluate how the land
cover products developed in the frame of WARM-SAR can be replicated with Sentinel-1 data.

Table 3. Parameters used in the simulations

Simulation Parameter Terrain Water
€ 4 40
o[ S/m] 0.001 1
H 0.8 0.75
s [m'#] 0.1 0.01

As an example, we simulate the temporal evolution of the Laaba basin’s water levels, by using an
approach similar to that implemented in [34] for the simulation of flooded scenes. In particular, we modify
the initial DEM (acquired when the basin is empty, see Section 2.2) reproducing the progressive filling of
the basin with water-height steps of 0.5 m. We set the roughness (Hurst coefficient H and standard deviation
at unitary distance s) and electromagnetic parameters (dielectric permittivity € and conductivity &) of the
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terrain and water-filled area to typical values (see Table 3). In Figure 4, we show the DEMs with different
water levels that were given as input to the simulator. It is worthwhile to note that with respect to the DEM
presented in [23], a local adaptive filter (see [35]) has been applied in order to reduce the noise due to the
presence of vegetation on the boundary of the water surface.

Figure 4. Laaba basin, 3D representation of the DEM used for SAR simulation. Water
contour height: 341 m (a), 340.5 m (b), 340 m (c), 339.5 m (d), 339 m (e) and 338.5 m (f).
A vertical stretching factor has been applied for visualization purposes.

The simulated data have been processed in accordance with the approach presented in [19], where
Level-1a products were defined. In Figure 5, we show the simulated Level-1a products for a scenario
relevant to the Laaba reservoir, filled with different water levels. A simple classification rule, as
explained in Section 2.4, allows the extraction of the water surface from the different acquisitions. It is
worthwhile noting that, except for the area covered by water, the Level-1a products exhibit a substantial
balance between the test and reference intensity channels, providing an almost homogeneous cyan
background. This is due to the fact that the simulator does not take into account the presence of
vegetation, and the dielectric constant of terrains outside the reservoir was fixed to a constant value in
all the simulated images.

The contrast between water and terrain backscattering is very similar to that of the actual
COSMO-SkyMed data. This result is supported by the analysis of the expected backscattering at
the X- and C-bands.

In Figure 6, we provide the backscattering coefficient of a typical rough soil, characterized by Hurst
coefficient H = 0.8 and standard deviation at unitary distance s = 0.1 m!*”, as a function of the incidence
angles typical of remote-sensing applications (from 15 to 45 degrees). The curves have been evaluated
with the small perturbation method (SPM) [31] for the HH polarization. The backscattering behavior is
similar at the X- and C-bands. Similar results can be obtained at VV polarization.



Remote Sens. 2014, 6 10687

Figure 5. Laaba basin, simulated Sentinel-1 Level la products. Water contour height:
(a) 341 m, (b) 340.5 m, (¢) 340 m, (d) 339.5 m, (e) 339 m and (f) 338.5 m. The spatial
resolution is 5 X 5 m.
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Figure 6. Backscattering coefficient from a rough terrain as a function of the incidence
angle, evaluated with the SPM at X- (blue line) and C- (red line) bands.
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For water surface identification purposes, it is reasonable to analyze how the contrast between the
water and the terrain backscattering is influenced by the frequency. In Figure 7, we plot the ratio between
the backscattering coefficient of a rough terrain and of a water surface (see the parameters defined in
Table 3) as a function of the incidence angle. The result shown in Figure 7 shows that, despite a small
reduction, the contrast is still sufficient (almost 17 dB in the considered range of angles) to identify the
area covered by water with the techniques presented in the frame of the WARM-SAR project.

Figure 7. Ratio between the backscattering coefficient of a rough terrain and of surface water
as a function of the incidence angle evaluated with the SPM at X- (blue line) and
C- (red line) bands.
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5.3. Monitoring of Water Volumes Retained at Reservoirs

In order to evaluate the potentiality of Sentinel-1 in measuring water volumes in semi-arid regions, we
compared a series of simulated COSMO-SkyMed images superimposed to a 9 m spatial resolution DEM and
a series of simulated Sentinel-1 images superimposed to a 15 m spatial resolution DEM for different levels
of the water contour height. The results of the comparison are shown in Figure 8 for the Laaba reservoir.
Such a comparison provides an estimation of the effect of the loss in spatial resolution introduced by Sentinel-
1 with respect to the COSMO-SkyMed products used in the WARM-SAR project.

Figure 8. Laaba basin: Surface water as function of the contour height.
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Figure 9. Laaba basin: retained water volume as function of the contour height.
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As expected, the discrepancy between Sentinel-1 (blue curve) and COSMO-SkyMed (orange curve)
arises especially when the basin tends to fill up. In fact, when the water level increases, its contour is better



Remote Sens. 2014, 6 10690

delineated by the higher COSMO-SkyMed resolution. The error introduced by the loss in spatial resolution
is in the order of 15%—-20% and it is almost constant for water contour height € [339.5, 341].

The estimated surface is then used for computing the water volume retained into the basin considering
each pixel belonging to the water mask extracted from the simulated Level-1a products as a water
column, as explained in Section 5.1.

Results of this analysis are shown in Figure 9. The errors in the estimation of the surface areas do not
affect significantly the retained volume calculation since they are mainly located at the boundary of the
basin, where the contributions to the summation of (4) are small.

6. Conclusions

In this paper we explored the potentiality of the Sentinel-1 mission in providing data and value-added
information for water resource management applications. The study has been supported by the use of a
SAR raw signal simulator, achieving an innovative framework for the analysis of Sentinel-1 performances.

The results expected by the use of 5-meter resolution Sentinel-1 images in water-related projects were
compared to those obtained by the use of 3-meter resolution COSMO-SkyMed imagery in the previously
developed WARM-SAR project. The SAR raw signal simulator allowed the estimation of the expected
differences of performances due to resolution and frequency. The quantification of the differences in the
scattering mechanisms between the X- and C-bands was also presented.

Three classes of applications were investigated: (i) the creation of an interferometric DEM and
related products, (ii) the production of land cover maps, and (iii) the monitoring of water volumes
retained at reservoirs.

As for the interferometric applications, the ratio between Cosmo-SkyMed and Sentinel-1 resolution
is 0.6. Such a factor quantifies also the loss of resolution on the production of the DEM. In addition, we
achieved a quantitative estimation of the degradation of performances that would be obtained by
replicating most of the products obtained in WARM-SAR with Sentinel-1 data. In particular, we
experimented that the Sentinel-1 and COSMO SkyMed derived DEM provide comparable results in the
extraction of the relation between reservoir surface area and retained water volume for all the reservoirs
whose extension is higher than one thousand square meters.

As for the production of land cover maps, the SAR raw signal simulator led us to simulate, present
and interpret Sentinel-1 Level-lo products. Appropriate electromagnetic models were used to
demonstrate that the radiometric contrast between water and rough surfaces at the C band is about 2 dB
lower than at X band for incidence angles in the range between 15° and 45°. Such a result demonstrates
that land cover maps obtained by Sentinel-1 will guarantee class separation comparable to that obtained
by Cosmo-SkyMed images.

As for the monitoring of water volumes retained by reservoirs, we experimented that the loss in spatial
resolution introduced by Sentinel-1 imagery produces a discrepancy in the order of 15%—-20% in the
estimation of reservoir surface area with respect to COSMO-SkyMed images. However, this error is
reduced to about 12% in the estimation of retained volumes since it is limited at the reservoirs’ borders.

In synthesis, this work presented a new framework for simulating Sentinel-1 data and related products.
It provides the opportunity to predict and control quality parameters of the Sentinel-1 SAR data and
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products, whose high informative content, conjugated with the open access policy, represents an
extraordinary opportunity for future projects, mainly in low-income countries.
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