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ABSTRACT

Small reservoirs represent life and opportunities for many rural communities due to their multiple usages
such as watering of gardens, brickmaking, small fisheries, and livestock watering. However, very little
information on their surface areas and storage is available in the public domain because. The knowledge
base and management is usually limited to localised systems. Earth observation offers opportunities for
rapid assessment of the surface areas of these reservoirs and a means to compute storage using other indirect
methods. Sentinel-1 Synthetic Aperture Radar (SAR) has the advantages of being weatherproof and can
operate day and night therefore it can offer a continuity of datasets as compared to optical sensors however
it is hard to interpret. Data availability is no longer an issue like before, because of the European Space
Agency (ESA) currently has an open data policy. The purpose of this study was to monitor small reservoirs
of different within Zimbabwe using Sentinel-1 SAR, which was not possible before because of the non-
availability of operational SAR system. Sentinel-1 SAR images acquired in the interferometric wide (IW)
swath mode at an incident angle between 30 and 46 degrees trained on Sentinel-2 and Landsat-8 Modified
Normalised Difference Water Index (MNDWI) water body masks were used to extract ArcGIS format
polygons. Optimal 6VV and o VH thresholds were identified to be -18 dB for VV and -22 dB for VH
through trial and error. The extracted surface areas were tested against an insitu dataset collected by taking
GPS points around the shoreline of the reservoirs using metrics of Relative Mean Absolute Error (RMAE)
and Relative Bias. The datasets were highly correlated but gave a low accuracy of 63.1 %, which could be
attributed to a difficulty in extracting a reliable dataset due to the presence of vegetation along the shorelines
of most of the twenty-one reservoirs surveyed. Other sources of the error could be noise within the SAR
images themselves, and the thresholding methods, however there were no major differences between the
VV and the VH polarised surface area extractions. Visual inspections of extracted polygons were used to
decide on their performance. Overall, the VH polarisation had higher extractions than the VV, which had
some inconsistencies and mis classifications. Generally, Sentinel-1 SAR performed much better on relatively
larger reservoirs than on small ones leading to possible conclusions that size, location and geometry have
an effect on the backscatter signals received and transmitted over a water body. A more rigorous method
of determining the threshold and a more improved method of collecting the in-situ data set could help in
reducing some of the error. A time series analysis captures the match in surface area dynamics and the
seasons of the year. Usage played a role on the smaller reservoirs under intensive usage, however the best
performing reservoir is used for irrigation but was extracted more accurately because it has less vegetation
along its shoreline.

Key words: Backscatter, Polarisation, Small reservoir, Surface area, Accuracy
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1. INTRODUCTION

1.1.  Background

Water is indispensable and represents physical, social, spiritual, political, economic and environmental
realms in its cyclic nature (Juuti & Katko, 2004) It has helped generations of mankind shape their livelihoods
locations of its abundance and ease of portability (Strang, 2004, Sedlak, 2014). Across history, civilisations
have acquired skills to manage water, such as storage, conveyance, diversions, and demand management
because it renews itself. Despite it being renewable, water shortages are on the increase in many regions of
the world (Eliasson, 2014). This is mainly due the pressures exerted by increasing complexity in competitive
water related demands and increasing global populations which raise the potential of a global water crisis
(Postel, 2006). Alarming statistics from United Nations (2017) indicate that 40 % of the global population
is already affected by water scarcity with approximately 1.7 billion people currently living in river basins
where water use exceeds replenishment and this is a characteristic of most arid climates.

The majority of semi-arid zones in the world are located in developing countries (Finch, 1997). These areas
are usually characterised by erratic seasonal rainfall patterns causing floods and droughts (Rodrigues et al,
2012). However, damming of rivers and streams to create reservoirs for storing excess water for use during
dry months or flood control is a coping mechanism. The terms daw and reservoir, are often used
interchangeably, but for consistency, reservoirwill be used in this study. Classification of man-made reservoirs
is normally based on storage capacity, dam wall height and material used in construction. Substantial
information on large reservoirs is usually available from websites, water authorities and databases (I.ehner
et al., 2011; Lehner & Doll, 2004; Liebe, van de Giesen, Andreini, Walter, & Steenhuis, 2009) while that of
small reservoirs is sparse or unavailable.

Zimbabwe is a semi-arid country located in Southern Africa. It has distinct wet and dry seasons with rainfall
between November and March (Unganai & Mason, 2002). Excess water is stored in surface water reservoirs
that were constructed in most parts of the country, however other areas rely on groundwater especially in
the dry season. The Zimbabwe National Water Authority (ZINWA) is mandated by law to manage all water
resources in Zimbabwe, but we have instances where water bodies are operated by cities, private entities
and other public institutions as well (Zimbabwe Parliament, 1998). Small reservoirs make up a significant
proportion of the total number of reservoirs in Zimbabwe. However, crucial information such as storage
capacities, spatial distribution and water quality is not readily available which is quite common in many
developing countries (Rodrigues et al, 2012). Most of these small reservoirs have not been accepted as
important components of the of river basin hydrology and catchment management in general (Sawunyama
et al, 2000), yet they provide value to many communities due to their multiple uses.

Globally and even within Zimbabwe, varying definitions of what constitutes a small reservoir exist. These
definitions do not necessarily concur with each other (Payen, Faures, & Vallée, 2012) because classification
is based not only on size but a combination of criteria. International bodies such as the international
Commission on Large Dams (ICOLD), World Bank and the Food and Agricultural Organization (FAO)
have their own different combinations of standardised criterias. There seems to be a wide acceptance that a
capacity >1 000 000 m3 defines a small reservoir (Pawson et al, 2010; Payen et al., 2012). However, reservoirs

as small as 0.1 ha in surface area do occur which therefore makes it difficult to place them within context.
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1.2. Academic context

The Zimbabwe National Water Authority (ZINWA) is a statutory body created through the Zimbabwe
National Water Authority Act, (Chapter 20:25) to enforce the Water Act (ZINWA, 2016). Its mandate by
law is to manage all water resources within Zimbabwe at national, catchment and sub-catchment scales. The
latest Zimbabwe National Water Policy document acknowledges the existence of unconfirmed figures of
resetvoirs of vatying sizes within rural or farming areas (Government of Zimbabwe, 2013). However, the
information is limited to local knowledge about the reservoir (Chimowa & Nugent, 1988). Important
information that helps in water management such as the storage capacities and their usage is either poorly
represented or unavailable (Mugabe et al., 2003). The policy also stipulates that Rural District councils
(RDC), will manage small resetvoirs in Zimbabwe, but is not explicit on how they should play their role to
achieve policy objectives. It is also crucial to note that abstraction from most small reservoirs is classified
as primary purposes and no therefore no payment for water is required according to the Water Act
(Zimbabwe Parliament, 1998). Changes in land tenure systems have resulted in more farm-based reservoirs
changing ownership from private protected state to communal property. Storage capacity and planning
information related to the usage of these reservoirs was lost in the transition. Most small reservoirs have
aged, and most have silted up due to lack of clear protection, management and maintenance.. The risk
associated with siltation (Chitata, et al., 2014), washing away (Rukuni, 2006) or drying up before the end of
the dry season is unknown. Management has for the most part been the responsibility of communities who
may not have adequate capacity to allocate, optimise and enforce the use of scarce water resources, especially
during dry months.

The lack of information on the current storage or water levels of small surface water reservoirs is twofold:
1) delineating and calculating the surface area occupied by a reservoir at a specific time and ii) estimation of
the volume of water within that reservoir at that specified time. This can be addressed in-situ, via earth
observations or an integration of the two methods. Field measurements are often costly and time consuming
(Lu et al, 2013; Rodrigues et al., 2012), while remote sensing methods can offer rapid and updated datasets
at regular time intervals. The different earth observation techniques have their advantages and disadvantages
over each other. For instance, optical remote sensing is affected by cloud coverage, while that from the
microwave portion of the electromagnetic spectrum has all weather capability (Lillesand, Kiefer, &
Chipman, 2004), but are more difficult to interpret. Within Africa, work was successfully carried out to
identify and retrieve surface areas of small inland water bodies using mainly optical imagery. Liebe et al.,
(2009), Meigh, (1995), and Sawunyama et al.,(2006) used Landsat imagery in West Africa and Southern
Affica respectively. Other optical datasets such as TERRA/MODIS were used in West Africa (Magome,
Ishidaira, & Takeuchi, 2003) for the same purposes.Synthetic Aperture Radar (SAR) datasets from the
Japanese Earth Resource SAR (JER-1/SAR), Environmental Satallite Advanced SAR (ENVISAT ASAR)
and COnstellation of small Satellites for the Mediterranean basin Observation (COSMO-SkyMed) satellites
were used by (Amitrano, Martino, lodice, Riccio, & Ruello, 2017; Eilander, 2013; Magome et al., 2003)
respectively to extract water body surfaces in Burkina Faso and Ghana.

Computing the capacity or volume of a reservoir solely using remote sensing is currently not possible.
Storage capacities are typically determined from bathymetry exercises, which are time consuming and
expensive, however there is an established relationship that exists between surface area, depth and volume
of a small reservoir (Liebe, (2002). Additionally, Sayl et al, (2017), elaborated that there is a correlation
between the geometry of a reservoir, its surrounding topography and its volume. Regression can then be
used to produce individual functions which can be averaged to give a mean basin-specific rating curve
(Mitchell, 1976; Rukuni, 2006) which are then used to translate area to volume. This is achieved on the basis
that reservoirs located in areas of the same physiographic structure have closely related geometry and depths
(Grin, 2014). Other studies (Ran & Lu, 2012; Rodrigues et al., 2012; Sayl et al., 2017) developed area-capacity
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functions for small reservoirs in the Yellow, Preto and Euphrates basins respectively using the same
methods.

The European Space Agency (ESA) supervises the development of the Sentinel satellites, of which Sentinel-
1 SAR is a component. It comprises a pair (Sentinel-1A and B) of near-polar sun-synchronous orbiting
satellites, launched on 3 and April of 2014 and 2016 respectively (Copernicus, 2018; Minchella, 2016). The
Sentinel-1 C-band imaging SAR is responsive to land surface roughness, near surface soil moisture and open
watet bodies. It potentially delivers images in dual polarizations of VV+VH or HH+HYV (Potin et al, 2016).
Images are freely downloadable from the Sentinels Science data hub
(https://scihub.copernicus.ecu/dhus/#/home) and other free SAR data platforms such as the Alaska
Satellite Facility (https://vertex.daac.asf.alaska.edu/). SAR has the major advantages of day and night
operation and the ability to penetrate through atmospheric debris and clouds resulting in all acquisitions
being useful unlike optical sensors. As been discussed in the previous section, SAR imagery has been used
before for retrieval of surface areas of small reservoirs. Prior to the open data policy from 2010 monitoring
of small reservoirs using SAR imagery was not possible because images were not available on an operational
basis. The launch of Sentinel-1 SAR coupled with its high accuracy and the open data policy opened up new
opportunities to exploit its capabilities to frequently monitor small reservoirs (Amitrano et al., 2014).

1.3.  Research objectives and questions

The main objective of this study is to estimate the dynamics of the surface areas and compute the storage
of small multi-purpose reservoirs located in the Midlands Province of Zimbabwe using Sentinel-1 SAR in
combination with the optical imagery (Sentinel-2 or Landsat-8). The following specific objectives were
formulated for achieving the main objective:

) Design and perform a ground truth sampling data set that enables validation of the EO-based
surface area estimates for a number of reservoirs varying in size and usage (e.g. community,
smallholder farmers, and farming).

i) Develop a method for delineation of the boundary of small reservoirs and applying the high
temporal resolution and dual-polarization capability of Sentinel-1 SAR data in combination
with optical imagery (Sentinel-2 MultiSpectral Imager (MSI) or Landsat-8 Operational Land
Imager (OLI).

iif) Validate the EO-based surface area estimates using field data and determine the performance
of EO-based methods.
1v) Analyze the temporal fluctuations in the storage of various type of small reservoirs.

Based on the research objectives, the following research questions were formulated:

1) What are the challenges in ground sampling?

i) Is Sentinel-1 SAR an effective data source for retrieving surface area of small reservoirs?

1) What is the impact of reservoir size on the accuracy of the retrieval methodology?

iv) How does storage fluctuate in different sizes of reservoirs over time and how is it related to
usage?

1.4. General research methods

The research had two components, fieldwork and remote sensing. Fieldwork was carried out from 9-21
September 2017 to acquire the in-situ dataset. It involved the collection, processing and computation of the
surface areas of 21 small reservoirs of varying sizes and produce ArcGIS format polygons of reservoirs at
the time of satellite overpass. Remote sensing datasets covering the study area were downloaded from their
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respective archives, pre-processed and sutface areas of the same reservoirs extracted for comparison with
the field data acquired in September 2017. The remotely sensed datasets are, Sentinel-1 SAR, Sentinel-2 MSI
and Landsat-8 OLL. Figure 1 shows a scheme of the methods adopted in this research.

Landsat-8 ou/ /'Sentinel—z MS/ Sentinel-1 SAR

'

| Pre-process | | Pre-process |

' v

GeoTIFF
(VV+VH)

Water index

!

Water body mask

Water body?

Ye-—%Water pixcH b::;t:;p /

Reserve

Surface area idati
Validationy surface 2

Validated
surface are

Reservoir Calculate
Volume Volume

Fignre 1-1. Scheme of the processes followed in the course of this research

1.5. Thesis Structure

The thesis is outlined in seven sections. Chapter 1 introduces the subject, the academic context, objectives
and formulate research questions. Chapter 2 gives an overview of a literature search on the subject. Chapter
3 describes the study area and the in-situ dataset. Chapter 4 discusses the remotely sensed datasets and their
pre-processing. Chapter 5 describes the methods used in the analysis in detail. Chapter 6 presents and
discusses the results of the different analyses. Chapter 7 presents the conclusions, limitations and
recommendations from this research. References and appendices are presented at the end of the document.
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2. LITERATURE REVIEW

21.  Defining a small inland reservoir

Small water bodies are various types of water storage systems that include ponds, pools, weirs, canals and
lakes that occur everywhere. This desctiption is inadequate to desctibe a reservoir, therefore the input of
regulation, control or management of water helps to align the definition to explicitly refer to a resetvoir
(Ignatius, 2009). In simple terms, the dam refers to a structure constructed to stop the flow of water across
a stream in order to raise the level of water and create an impoundment of water behind it, which becomes
the reservoir. Classification of a typical water storage reservoir is usually based on purpose, construction
material used, wall height and capacity (SANCOLD, 2017). For the purposes of clarifying the ambiguity on
what constitutes a small reservoir, different definitions of a small reservoir are shown in Table 2.1.

Table 2-1. List of International and Zimbabwean definitions of a small reservoir

Organisation Variable Reference

Dam wall height  Capacity

WCD++ <15m <1 000 000m? (WCD, 2000)
USA# <10.6 3700 440 m3 (Nebraska Department of Natural
Resources, 2013)

ICOLD* <5-15m <3 000 000 m3 (FAO, 2007)

IWMI~ <7.5m <1 000 000 m3 (Venot & Hirvonen, 2013)

- 500000-1000 Zimbabwe Water Act (1998)
000 m?

DWR* <8 m <1000000m>  (Mazvimazvi et al, 2004)

ZINWA* <10m 1 000 000 m? Muyambo (2000)

*Zimbabwe Department of Water Resources  *International commission on large dams, ## Zintbabwe National Water Authority

Y World Commission on Dams, #United States of America ~International Water Management Institute

None of the descriptions above suits the perceptions of most small reservoirs as adopted in this research.
The closest definition is the one given by Eilander (2013), which however falls short in fully describing the
majority of small reservoirs, which are realistically between 0.1 and 30 ha in surface area.

2.2.  Importance of small reservoirs

Studies catried out in the Limpopo basin under the Small Reservoirs Project (SRP) framework (Andreini et
al., 2009), informed on the socio-economic importance of small reservoirs. (Mufute, 2007; Munamati &
Senzanje, 2015; Sawunyama et al., 2006). However, sustainable utilisation and management of small
reservoirs in other areas of the country is setiously affected by lack of current data (Chitata et al., 2014). The
role of small reservoirs within the overall hydrological systems is still largely undervalued by the focus on the
bigger reservoirs which supposedly provide ‘higher returns’ to society (Downing, 2010). In terms of density,
distribution and functionality, small reservoirs combined, meet local needs for many communities (Simmers,
1999) and have a lesser ecological footprint on the environment compared to large reservoirs (Hughes et al,
2010). There is mention, in Dalu, Clegg, & Nhiwatiwa (2013), of the existence of between 50 to 100000 small
reservoirs in the Southern African Development Community (SADC) region. Approximately 14000 of these
were located in Zimbabwe according to Marshall & Maes, (1994). Chimowa & Nugent (1988) also cited
approximately 9800 entries while Senzanje et al, (2008), and Senzanje & Chimbari (2002, unpublished), also
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mention approximtely 10000 reservoirs. However, there is no existing public registry to support these facts
as is the case in South Aftica, Lesotho and Swaziland (Mantel et al, 2017).

Traditionally, water usage has been monitored using existing water measuring devices installed on water
storage reservoirs usually during construction. However, within Africa in general, in-situ monitoring has
financial, institutional and spatial limitations (Ballatore et al, 2014). Additionally, reservoir capacities are not
static and change with aging of the reservoir and increasing water demand. Water measuring infrastructure
and devices have a tendency to either malfunction or become obsolete and have prohibitive replacement
costs (Duy, 2015) Access may be hindered by topography, vegetation regrowth, conflicts, armed conflicts
and natural disasters. In-situ systems for small reservoirs are very limited within developing nations which
makes the use of earth observation technology an available option to fill the gap (Avisse, Tilmant, Francois
Miiller, & Zhang, 2017; Ballatore et al., 2014) by providing reasonable estimates for monitoring purposes,
usually in combination with other available methods to maintain continuity in data collection.

2.3.  Synthetic Aperture Radar and water body extraction

The term Radio Detection and Ranging (RaDAR) refers to active systems, which operate from the microwave
region of the electromagnetic spectrum within wavelengths of Imm-1m (Awange & Kyalo Kiema, 2013). It
records the features of objects on the earth’s surface just like optical systems but retrieves different detail
(Lillesand, Kieffer, & Chipman, 2004). Other than weather independence, RaDAR possesses day and night
capabilities and operate at a prescribed wavelength, and polarisation (Campbell & Wynne, 2011)(Campbell
& Wynne, 2011). Historically, Seasat was the first civilian space-borne imaging RaDAR satellite to launch a
SAR sensor in 1978 and was primarily designed for oceanic studies (Natural Resources Canada, 2017).
Notable satellite missions that followed the launch of the Seasat are outlined (ESA, 2017b; Madry, 2013):

i) ENVISAT ASAR

if) RADARSAT

1) ERS1 (1991-2000. ESA’s first EO satellite and long term satellite radar imager).

iv) Shuttle Radar Mission Topography Mission (SRTM) (From 2000 and produced a near global

high resolution interferometric DEM which had the highest resolution for that time).
V) Tandem-X (2010-2014).
vi) Sentinel-1 (The current mission of the ESA supporting SAR data).

SAR is an imaging side-looking RaDAR system that uses the Doppler shift principle from the platform’s
forward motion for improving spatial and azimuth resolution by simulating a larger antenna from a smaller
one (Chan & Koo, 2008). Very high-resolution commercial SAR systems such as Cosmo Sky-Med,
TerraSAR-X and Radarsat can achieve around 3 m, while Sentinel-1 provides 10 m. Table 2.2 shows the SAR
frequency bands and satellites that operate in them.

Table 2-2. Definition of SAR Radar frequency bands

SAR band Frequency (GH;) Wavelength (cm) Example satellite

P 0.230 -1 130 - 30 BIOMASS

L 1.0-2.0 30-15 Seasat, SIR-A & B, ALOS-1 & 2, JER-1

S 2.0-4.0 15-75 Immarsat, ALMAZ-1, HJ-1-C

C 4.0-8.0 7.5-3.75 ERS-1 & 2, STRM, ENVISAT, Sentinel-1,
Radarsat-1 &- 2

X 8.0-12.5 3.75 -2.40 SRTM, TerraSAR-X, TanDEM-X,

COSMO-Skymed
Adapted from (Lillesand et al., 2004, ESA, 2017a)




MONITORING SMALL RESERVOIRS IN ZIMBABWE'S MIDLANDS PROVINCE USING SENTINEL-1 SAR

The satellite transmits microwave pulses to the earth’s surface, which is then returned to the satellite sensor
as backscatter to create an image (ESA, 2009). Interaction with different material on the ground is based on
the surface roughness and the three scattering mechanisms, ie. specular, diffuse and double
bounce(Woodhouse, 2006). SAR allows us to receive and send signals based on the different combinations
of the vertical and horizontal polarisations however it is sensitive to surface roughness resulting in possible
misclassifications (Lavender & Lavender, 2016). Specular or mirror-like reflection is dominant on calm water
surfaces and the low signal received at the sensor produces dark tones on the image (Woodhouse, 2000).
Diffuse scattering becomes more dominant on rough surfaces (vegetation and soil) and gives an intermediate
amount of backscatter (Natural Resources Canada, 2017). The information retrieved by SAR data find
applicability in many applications, such as change detection in water resources, flood monitoring and disaster
management.

In SAR imagery, various supervised and unsupervised classification methods for separating water bodies
from land exist. However, histogram thresholding is the most common. It consists of establishing a value /ess
than or equal to which pixel values are selected and classifying everything else as non-water to achieve a
separation (Bolanos et al, 2016). Researchers have used automatic extraction threshold selection methods,
such as the Otsu algorithm resulting in an image with two classes (Li & Wang, 2017). Variations of the Otsu
algorithm such as, the Valley-Emphasis method (Duy, 2015), and the box classifier by Yang & Zmuda, (1998).
In addition, tools such as the Forest non-Forest Class Extraction (FnFCE) were developed in Canada for
Radarsat 1 imagery (Short, Brisco, & Landry, 2011). The growing Bayesian classifier
methodologies((Amitrano et al., 2014; Eilander et al., 2014) and application of neural networks (Pham-Duc,
Prigent, & Aires, 2017) were used to achieve separation.

24.  Remote sensing from optical imagery

The Landsat programme became the first moderate resolution civilian remote sensing system in 1970 (Madtry,
2013). It has produced the longest global coverage of satellite data series, which has helped in the
development of several scientific and commercial applications. On the other hand, the French Satellite Pour
I’Observation de la Terre (SPOT) program pioneered commercial satellite imagery with an impressive ground
resolution of 10 m from 1986 (Chevrel, Courtois, & Weill, 1981). Several new satellites such as IKONOS,
GeoEye, and Quickbird joined the space fleet thereafter. Currently, more than 30 countries worldwide which
operate different categories of remote sensing instruments which offer various types of products of very high
(< 5 m), high (5 30-m), medium (30-100 m) and low (250-1,000 m) spatial resolution (Stanniland & Curtin,
2013). Within the developing world, South Africa, Ghana, Nigeria, Brazil and India currently operate space
programs.

The use of remote sensing has become one of the most exciting and important methods used in monitoring
of the Earth’s surface including surface water bodies (Haibo et al, 2011). It offers rapid and consistent
methods of identifying and monitoring dynamics within water bodies (Zhai et al., 2015). The open data
policies of space agencies such as NASA and ESA have assured the availability of free satellite datasets, which
can also be manipulated using open source software such as QGIS, SNAP or ILWIS with the requisite skills.

2.5.  Masking water bodies using optical satellite images

Water indices enhance the electromagnetic signal for specified pixels using the visible, near-infrared (NIR),
mid-infrared (MIR) and the shortwave infrared (SWIR) bands (Sisay, 20106). They are simple band math ratios
using the difference and the sums of reflectance in the chosen bands. There are four categories of methods
used in the extraction of water bodies from satellite imagery, i.e. thematic classification, linear unmixing, and
two-band spectral indices (Feyisa, Meilby, Fensholt, & Proud, 2014). However, the two-band spectral indices
method is the most popular and was used to develop water-sensitive indices which are: 1) Normalised
Difference Vegetation Index (NDVI), (Rouse, Hass, Schell, & Deering, 1973), ii) Normalised Difference
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Water Index NDWI) (McFeeters, 1996) and a Modified Normalised Difference Water Index (MNDWI),
(Xu, 20006).

Notably, the majority of the indices were developed from Landsat products such as Landsat Thematic
Mapper and Enhanced Thematic Mapper. Newer documented indices include: SWI (simple water index),
(Malahlela, 2016), AWEI (Automated Water Extraction Index), Feyisa et al, 2014), NWI (New water index),
(Haibo, Zongmin, Hongling, & Yu, 2011). Additionally, water bodies were mapped at different scales such
as global (Downing, 2010), regional (Scholz, 2015) and localised, (Donchyts et al, 2016). Some researchers
such as Acharya et al, (2017) blend these indices while others chose to apply indexing in specialised areas
such as cryospheric lakes (Jawak & Luis, 2015; Jawak et al 2015).

To give more detail on the classic indices, it is worthy to mention that NDVI was the basis of the
development of the common water indices. It was developed by (Rouse et al., 1973) for detecting
qualitative aspects in vegetation but was found to be a useful water mask as well ( La, Del, & Hamsom,
1987). It uses the difference between strongly reflected and the absorbed NIR and Red light in water
(Equation 2 1). Water bodies give very low positive or even slightly negative NDVI values, which normally
range between -1 and +1.

NDVI = (NIR — Red)/(NIR + Red) 2.1

The NDWI has two versions, one related to vegetation (Gao, 1996) and the other that applies to open water
(McFeeters, 1996). It was developed to take advantage of the maximum reflectance in the gteen, while
minimizing the low reflectance of the NIR bands by water bodies (Rokni et al, 2014). The result is a single
band mask with positive values signifying water and negative values for non-water features. NDWI
(Equation 2.2) has been used widely for water body remote sensing (Yang et al, 2017, Elsahabi et al, 2016;
Gautam et al, 2015; Jawak & Luis, 2015; Li et al., 2013) but has been critiscised for overestimating the sizes
of water bodies and failing to discriminate between urban areas and water bodies (Du et al., 2016).

NDWI = (Green — NIR)/(Green + NIR) (2.2)

A modification of the NDWI was developed by replacing the NIR with the SWIR band and the fact that
water absorbs energy at NIR and SWIR wavelengths (Equation 2.3). Modified NDWI (MNDWI) was found
to have a remarkable improvement on the shortcomings of the NDWI because it enhances open water bodies
while suppressing signals from built-up areas, soil and vegetation (Xu, 2000). The major advantages of using
the MNDWI spectral index is that it consistent (Murwira et al, 2014), however it is affected by shadows near
mountains or hilly terrain. Generally, MNDWI values > 0 indicate water while those < 0 imply all other
feature classes.

MNDWI = (Green — SWIR1)/(Green + SWIR1) 2.3)

2.6.  Small reservoir capacity estimates

Reservoir capacity refers to the maximum amount of water that can be stored in a given reservoir. It is
primarily derived from preliminary hydrographic surveys, design reports and measurement of topographic
maps with electronic planimeters (Ran & ILu, 2012). Loss of capacity in existing inland surface water
reservoirs occurs due to natural or accelerated sediment deposition related to rainstorms and land use
practises (Chitata et al., 2014). Periodic bathymetric should be carried out using acoustic instruments
mounted on boats to create contour surfaces from the bottom to the top of the lake. The resulting data can
be loaded into GIS-based software such as Surfer, Global mapper or ArcGIS for analysis and storage
computation based on the geometry of the reservoir. Sawunyama (2005) documented some simple methods

for computing the capacity of a small reservoir by measuring the throwback, maximum width and maximum
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depth using a distance measuring devices and a graduated depth-measuring probe. Measurements of the
throwback and the width can be measured from satellite images or Google Earth. Hudson, (1998), developed
the following formula for rapid estimation of reservoir capacities based on the geometry of the reservoir
(Equation 2.4)

=22 (2.4)
Where: C =Reservoir capacity (m?)
D = the maximum water depth m)
W = the width of water surface (m)

T= the maximum “throwback” from the spillway crest level (m)

Studies carried out to develop methods of translating area to a volume, such as The Small Reservoirs Project
(http://www.smallreservoirs.org/), developed methods that were applied to small reservoirs that do not have
very deep valley cross sections volume. Studies developed relationships of the format in Equation (2.5) and
three area capacity relationships developed in different basins within Zimbabwe in 1976, 2004 and 2005 are
shown in Table 3.

V = kAY (2.5)

Where V = Storage/Volume (m?)
k = basin derived coefficient

A = Surface area (m?)
y = basin detived exponent

Table 2-3. Storage-Area relationships developed in Zinbabiwe

Units
Basin Coefficient ~ Exponenty Area Capacity  Reference
&
National 2.646 1.5 Ha 103m?3 (Mitchell, 1976)
Mzingwane 0.023083 1.3272 m? m? (Sawunyama et al., 2006)
National 7.2 0.77 m? 10°m3 (Mazvimazvi et al., 2004)

Although these capacity-area functions were developed using different techniques, times and purposes, there
is a reasonable agreement about the possibility of extrapolation to other regions especially within Africa
(Grin, 2014; Liebe, 2002). Additionally, geo-morphologically similar regions have almost similar constants
and coefficients, however caution is necessary when using these models (Annor et al., 2009; Ran & Lu, 2012)
unless they go through rigorous testing and validation. There is a risk associated with using methods
developed for another area because of uncertainties related to the variations in shapes and sizes of reservoirs
(Sawunyama, 2013).
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3.1.  Midlands province

The study area of is located within the Midlands Province of Zimbabwe within the administrative districts
of Gweru and Shurugwi (Figure 3.1). Gweru is the provincial capital and is Zimbabwe’s third largest City,
which is located in the centre of the country. The Midlands Province is located in Agro-ecological zoning 111
(Vincent and Thomas in 1960), although a review has been proposed based on climatic changes (Mugandani
et al, 2012). The Province normally receives between 550 and 750 mm of rainfall per annum. The majority
of the Midlands province is semi-arid to arid with relatively flat and homogenous topography except for the

mountainous landscape surrounding the great dyke in Shurugwi District, which has average elevations of
1400 m above sea level.
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Figure 3-1. The Midlands province and the location of the study area
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Small perennial streams in mountainous regions do occur within Shurugwi, Zvishavane and Chiwundura
districts. The City of Gweru itself is generally located at the tail ends of three distinct ZINWA catchments
of Gwaai, Runde and Sanyati flowing in different directions. Within the Midlands Province, there is a
substantial number of reservoirs ranging from < 0.5 to approximately 60 ha in surface area, which are mainly
used for water supply, irrigation, mining, fisheries or livestock watering. Information on the number of small
reservoirs in the Midlands is presently limited to localised knowledge or private databases, but are expected
to be in their thousands. Information on the ground is rather fragmented, but suggest that reservoirs were
mainly constructed pre and post-independence in 1980’s. The smallest administrative unit in Zimbabwe is a
ward and the Shurugwi and Gweru districts have 10 and 12 wards each. Senzanje and Chimbari (2002,
unpublished) reported that a deliberate policy meant to provide at least a reservoir for each village in the
ward to address water needs was the dtiver to the construction of most small earth and concrete resetrvoirs
found in Zimbabwe.

Ungauged reservoirs within a radius of 60 km of Gweru located Runde, Gwaai or Sanyati catchments were
identified from Google Earth. Twenty-one of the reservoirs of varying sizes were chosen for the study. Figure
3-2 shows the location of the study area.
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Figure 3-2. Location of all the reservoirs that formed the in-sitn dataset

32.  In-situ data set

The in-situ dataset consisted of twenty-one small reservoirs. The data were collected between the 8t and 215t
of September 2017 by walking around the perimeter of each reservoir and registering multiple points using
a hand-held Garmin eTrex 30x GPS (3-5 m accuracy) unit to map the outline. The methodology used
followed the procedure from Cecchi (2009), which was also successfully applied in most research on small
reservoirs (Grin, 2014; Annor et al., 2009, Sawunyama, 2005, Liebe, 2002) for obtaining a ground dataset. All
the reservoirs had earth embankments except for Lucilla Poort, Maguma and Mtebekwe, which were
constructed from concrete. Figure 3-3 (1-6) shows some views of selected reservoirs taken during the in-situ
data collection.
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1. Msotswane, 2. Mutorahuku, 3.Chekabana, 4. Somabula, 5. SomKhaya and 6 Ngamo

Fignre 3-3. Images of selected reservoirs during in-situ data collection
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Table 3-1. Full list of reservoirs that formed the in-situ dataset

Name Area of location Usage Catchment

Council Rural livestock Sanyati

Ingwe Rural livestock Sanyati

Shagari Rural livestock Gwaai

Zaloba Former commercial farm  livestock Sanyati

Maguma_wier Rural Irrigation gardens, livestock Sanyati

Mtebekwe Rural/former commercial ~Irrigation/livestock Runde

wier

Msoro Rural Brickmaking, livestock Gwaail

Vunku Old small scale rural livestock Gwaai
farms

Hovelands Educational Institution Commercial Sanyati
farm

SoNgwenya Rural Gardens, brick making Gwaai

St Patricks Rural Irrigation, livestock, fishing Sanyati

Somkhaya Rural Livestock, brickmaking Gwaai

Mkoba Rural Irrigation, livestock, fishing Gwaai

Chekabana Old smallscale rural Livestock/fishing Gwaal
farming zone

Fletcher Semi_urban/peti utban Peri_urban, recreational Runde

for educational institutions

Mutorahuku  Rural Irrigation & livestock Sanyati

Ngwena Former commercial farm  Irrigation, smallscale Runde

Musotswane Half rural/half Primary water supply & livestock ,fishing  Sanyati
government training
institution

Somabula Former commercial Primary water supply Runde
farming

Lucillia Poort  Mining Mining & Irrigation Runde

Ngamo City of Gweru reservoir Livestock & wildlife Gwaai

3.3.  Procedure of recording vertices

Vertices were recorded as ecither waypoints or tracks on the GPS receiver depending on the difficulty of
accessing the shoreline. Some of the reservoirs have intensive grass and reeds growing on their edges thereby
inhibiting accurate access to the shoreline from outside the reservoir. Fishermen usually create permanent
tracks towards the water during fishing expeditions and these gave a way to access the shoreline and record
the GPS points. In some circumstances, where the shoreline was clear, the area function of the GPS unit was
used. After the fieldwork exercise, the GPS data was offloaded using EasyGPS (TopoGrafix, 2016) and then
exported to Global mapper 18 (Blue Marble Geographics, 2017) to digitise into ArcGIS format polygons.
Figure 3.4 shows the result of carrying out the procedure of collecting multiple points around the shoreline
of the Somkhaya reservoir. It is mainly used for livestock watering and had a perimeter of 947.38 m and a
surface area of 2.301 ha at time of fieldwork.
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Figure 34. Extraction of the shoreline of the Sombkbaya reservoir (12/09/2017)

3.4. Digitising the in-situ dataset

The surface areas the digitised ArcGis format polygons were simultaneously computed during the digitising
process. A 10% margin of error in surface area extraction was adopted due to issues related to the accessibility
of the shoreline. The data was separated into two sets and thirteen reservoirs were dropped from further
analysis and are presented in Table 3.2.
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Table 3-2. List of reservoirs dropped from further analysis

ID Reservoir Surface area  Remarks
ha

2 Lucillia Poort  30.53 Mountainous. Difficult to access the shoreline at some points.
10  Somkhamba 5 Heavily silted with vegetation in the centre of the reservoir
11 St Patricks 3.97 Small size

wier
12 SoNgwenya 3.4 small size
13 Hovelands 2.689 Heavy vegetation on the edges. Shoreline not easy to access.
14  Vunku 2.3 Medium dense vegetation on the edges, small size
15  Msoro 1.705 Small size
16 Mtebekwe 1.385 Long and narrow

wier
17  Maguma wier  0.788 Long and very narrow
18  Zaloba 0.52 Small size
19  Shagari 0.47 Very small in size
20 Ingwe 0.388 Very small in size
21  Council 0.333 Very small in size

Eight reservoirs of different sizes were chosen for further analysis and are presented in Table 3.3.
Table 3.3. Reservoir surface area calenlation for the selected reservoirs

Sonrce: Fieldwork exercise 8-20 September 2017

ID Reservoir Area Area Area [-10% error]
(Ha) (m?) (m?)

1 Ngamo 37.06 370632 333569

2 Somabula 21.660 216600 194940

3 Msotswane 20.240 202400 182160

4 Ngwena 10.870 108700 97830

5 Fletcher 9.540 95400 85860

6 Mutorahuku 8.990 89900 80910

7 Chekabana 7.930 79300 71370

8 Mkoba 7.620 76200 68580
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4. SATELLITE IMAGERY

41. Sentinel-1 SAR

Sentinel-1 SAR is part of the European Copernicus program and comprises a pair (Sentinel-1A and B) of
near-polar sun synchronous orbiting satellites. For Zimbabwe, Sentinel-1 SAR observations are available as
in the Interferometric Wide (IW) swath mode VV and VH dual-polarisations although it potentially delivers
images in HH, VV, HH+VV and VV+VH (Table 4.1) every 12 days. (Potin et al., 20106).

Table 4-1. Characteristics of Sentinel-1 SAR sensor.

Source:  bttps:/ [ sentinel.esa.int/ web/ sentinel/ missions/ sentinel-1/ instrument-payload/ resolution-swath

Mode Incidence Resolution Swath Polarization

Angle width (H-Horizontal, V-Vertical)
Stripmap 20 - 45 5x5m 80 km HH+HV, VH+VV, HH, VV
Interferometric 29 - 46 5x20m 250 km HH+HV, VH+VV, HH, VV
Wide swath
Extra Wide 19 - 47 20 x 40 m 400 km HH+HV, VH+VV, HH, VV
swath
Wave 22 —35;35 - 38 5x5m 20x20km HH,VV

One hundred and thirty-three Level-1 Ground Range Detected (GRD) Sentinel-1 C-band (5.405 GHz)
images collected in the Interferometric Wide swath (IW) mode were downloaded from the Sentinels Science
data hub (b#tps:/ [ scibhub.copernicus.en/ dhus/ #/ bome, last visited on 10 October 2017). Pre-processing of the
downloaded images using the Sentinel Application Platform (SNAP) downloaded from the ESA website

(btep:/ [ step.esa.int/ main/ download/) was carried out using an automated processing chain constructed in graph

builder. Geometric corrections, (Range Doppler shift terrain, and incidence angle normalization), and
application of a 3x3 median speckle filter to reduce random noise (Amitrano et al, 2015; Liu, 2010),
conversion from intensity (m? m-2) to decibel (dB), mosaicking and final sub-setting to give output GeoTIFF
raster images with three bands (VH, VV and Elevation) were carried out.

After the pre-processing, thirty —four subsets in GeoTIFF layer stacked raster images had 3 bands of VV,
VH and Elevation and were analysis ready products. Three subset images were from the Sentinel-1 A sensor
while the rest were from the Sentinel-1 B sensor. Table 4.2 shows a list of the SAR images, which are
identified by the date of image acquisition.
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Table 4-2. Final GeoTIFF images used for the study

Satellite Date
1 Sentinel-1A 25/04/2015
2 Sentinel-1A 19/02/2016
3 Sentinel-1A 28/09/2016
4 Sentinel-1B 10/10/2016
5 Sentinel-1B 22/10/2016
6 Sentinel-1B 03/11/2016
7 Sentinel-1B 15/11/2016
8 Sentinel-1B 27/11/2016
9 Sentinel-1B 09/12/2016
10 Sentinel-1B 21/12/2016
11 Sentinel-1B 02/01/2017
12 Sentinel-1B 14/01/2017
13 Sentinel-1B 26/01/2017
14 Sentinel-1B 07/02/2017
15 Sentinel-1B 19/02/2017
16 Sentinel-1B 03/03/2017
17 Sentinel-1B 15/03/2017
18 Sentinel-1B 27/03/2017
19 Sentinel-1B 08/04/2017
20 Sentinel-1B 20/04/2017
21 Sentinel-1B 02/05/2017
22 Sentinel-1B 14/05/2017
23 Sentinel-1B 26/05/2017
24 Sentinel-1B 07/06/2017
25 Sentinel-1B 19/06/2017
26 Sentinel-1B 01/07/2017
27 Sentinel-1B 13/07/2017
28 Sentinel-1B 25/07/2017
29 Sentinel-1B 06/08/2017
30 Sentinel-1B 18/08/2017
31 Sentinel-1B 30/08/2017
32 Sentinel-1B 11/09/2017
33 Sentinel-1B 23/09/2017
34 Sentinel-1B 05/10/2017
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Individual Sentinel-1 SAR image bands are Grey scale, however it is possible to view them in Red, Blue and
Green (RGB) representation. Figure 4-1 shows a Sentinel-1 SAR image covering the study area in RGB.
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Figure 4-1. Sentinel-1 SAR image in RGB presentation

4.2.  Delineation of water reservoirs using Sentinel-1 SAR

Water bodies have the lowest backscatter values against a distinctly dark tone due to specular reflection, and
characteristic shape of the resetvoir. Backscatter thresholding (White, Brisco, Dabboor, Schmitt, & Pratt,
2015), is the most common method of thresholding used for separating water bodies. This is a simple
supervised classification method where a user selects a threshold and all pixels within the image with a
backscatter will be compared against the threshold are compared (Duy, 2015).

43.  Landsat8OLI

The Landsat 8 OLI was launched by NASA in February 2013 (Ko et al, 2015). It has nine 9 spectral bands
(Table 4-3), 16 days temporal resolution and a spatial resolution of 30 meters for bands 1 to 7 and 9 (Barsi
et al, 2014). It has a swath width covering 185 km and has been used in some studies for water body mapping
and land surface monitoring in general (Wang et al, 2016).
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Table 4-3. Rearranged Landsat-8 OLI spectral bands.

Source, USGS, 2015

. Band EM zone reference  Wavelength Resolution

No (um) (m)

1 Ultra Blue 0.435 - 0.451 30
(coastal/aerosol)

2 Blue 0.452 - 0.512 30

3 Green 0.533 - 0.590 30

4 Red 0.636 - 0.673 30

5 NIR 0.851 - 0.879 30

6 SWIR1 1.566 - 1.651 30

7 SWIR2 2.107 - 2.294 30

8 Panchromatic 0.503 - 0.676 15

9 Cirrus 1.363 - 1.384 30

10 TIRS1 10.60 - 11.19 100 * (30)

1n TIRS2 11.50 - 12.51 100 * (30)

Landsat-8 OLI images that were cloud free and acquired at the beginning of the dry season (or end of the
rainy season) which occurs from the end of March to mid- April and eatly September 2016 and 2017 were
downloaded from https://glovis.usgs.gov/app. last visited on 10 October 2017. Table 4-4 shows the list of

images used in this study.

Table 44. List of clond free Landsat 8§ OLI images selected for the study

Row Path Acquisition date
1 170 073 26/03/2016
2 170 074 26/03/2016
3 170 073 02/09/2016
5 170 074 02/09/2016
6 170 073 29/03/2017
170 074 29/03/2017
7 170 073 05/09/2017
8 170 074 05/09/2017

Downloaded Landsat-8 OLI products are radiometrically calibrated, orthorectified, and suitable for pixel-
based time series analysis (USGS, 2015, Xie et al, 2016). They were pre-processed using SNAP 5.0 toolbox
through the procedutes of change of geolocation (imagery was geolocated in zone 36 N), layerstacking,
mosaicking, resampling and subsetting to create an output 5-band raster using bands 2,3,4,5 and 6. Index
bands for NDVI, NDWI and MNDWI (Table 4-7) were created from their standard formulas using
Envi+IDL 8.5 (Harris Geospatial Solutions, 2016).
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One of the Landsat-8 OLI images that were used in this study is shown in Figure 4.2
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Fignre 4-2. Landsat-8 OLI image in RGB presentation

44.  Sentinel-2 MSI

Sentinel 2 MSI is a high resolution, wide-swath (290 km) multi-spectral imaging sensor carried on twin
satellites (Sentinel-2A and 2B) that were launched in June 2015 and March 2017 respectively (ESA, 2015).
Sentinel-2 MSI was designed to give a 12-day temporal resolution with one satellite and has the following

characteristics from 13 spectral bands (Table 4.5).
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Table 4-5. Rearrangement of Sentinel-2 spectral bands according to a common resolution.

Source: (ESA, 2015)

Band No EM zone reference Wavelength Resolution
(um) (m)
2 Blue 0.49 10
3 Green 0.56 10
4 Red 0.665 10
8 NIR 0.842 10
5 Vegetation Red Edge 0.705 20
6 Vegetation Red Edge 0.74 20
7 Vegetation Red Edge 0.783 20
8A Narrow NIR 0.865 20
11 SWIR1 1.61 20
12 SWIR2 2.19 20
1 Coastal aerosol 0.443 60
Water vapour 0.945 60
10 Cirrus 1.375 60

Sentinel-2 level 1 (L1C) scenes are provided as orthorectified, geolocated and radiometrically calibrated
products in the safe format (Vanhellemont & Ruddick, 2016). Two tiles of Sentinel 2, KQU and KRU cover
the study area and the list of cloud free images acquired at the end of the wet season and timing of fieldwork

are listed in Table 4.6.

Table 4-6. List of cloud free Sentinel-2 MSI images available for the study area

Tile Tile Acquisition date

1 170 KQU 26/03/2016

2 170 KRU 26/03/2016

3 170 KQU 17/04/2016

5 170 KRU 17/04/2016

6 170 KQU 02/04/2017
170 KRU 02/04/2017

7 170 KQU 09/09/2017

8 170 KRU 09/09/2017

Sentinel 2 images were pre-processed using the SNAP 5.0 toolbox and bands 2, 3, 4, 8 and 11 were of interest.
Band 11 of Sentinel-2 has a spatial resolution of 20 m while the rest are 10 m The fusion of bands
methodology described in Wang et al., (2016), was used to match band 11 with bands 2, 3, 4 and 8. A layer
stacking of the five bands to create a mosaic was done using cropping and export tools (Appendix-1 shows
the metadata from a processed image). in Global mapper (Blue Marble Geographics, 2017). The resulting
subsets were loaded into ENVI 5.3 + IDL 8.5 (Harris Geospatial Solutions, 2016) to create a further 3 bands
using optical water indices.
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An example of the Sentinel-2 MSI images that were used in this study is shown in Figure 4.3
£
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Figure 4-3. Sentinel-2 MSI image in RGB representation
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5 METHODS

5.1.  Masking of water bodies using optical imagery

The water indices of NDVI, NDWI and MNDWI bands were created from the expressions shown in
table 5.1 because the two sensors have different band combinations; therefore band math expressions for
water indices are different. Table 5.1 shows the expressions that were used

Table 5-1. Calenlated water indices, their formulae and applicability to each sensor

Index Formulae Landsat8 Sentinel-2
NDVI (NIR — Red)/(NIR + Red) B5-B4 B854
B5+B4 B8+B4
NDWI (Green — NIR)/(Green + NIR) B3-B5 B3-B8
B3+B5 B3+B8
MNDWI (Green — SWIR1)/(Green + SWIR1) ~ B3-B6 B3-Bl1
B3+B6 B3+B11

To separate water bodies and other classes, single band water masks were cteated from water indices from
both optical datasets. They consisted of either water (1) in black or land, which was white in colour (0).
It was observed that there was a different range of pixel values for each water body, image and sensor;
therefore, it was necessary to establish a threshold value. A scan of the edges and the smallest portions of
watetr bodies while observing pixel values across all the indices at the indices at the same spot was used
to pick a random minimum initial value. Trial and error, using band math expressions was used until an
acceptable cleat separation between land and water was achieved. Equations 5.1-5.3 show the format of

the expressions that were used.

If NDVI>-Threshold then Waterbody else Land (5.1)
If NDWI <Threshold then Waterbody else Land (5.2)
If MNDWI< Threshold then Waterbody else Land (5.3)

The results of the water body masking process were saved as GeoTIFF images and visually compared
for their efficiency in separating land and water bodies. Figure 5.1 shows images of water body masks

created from a Landsat OLI image.
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Figure 5-1. Masking of water bodies on a Landsat-8 image

Figure 5-1 shows the different water masks derived from thresholding on a Landsat-8 image. Green
markings on the NDVI and NDWI show those instances of misclassification. Agricultural land was
classified as water in the NDVI, while the NDWI had issues with the built up areas. MNDWI gave a
better separation compared to the other 2.
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Figure 5-2. Masking of water bodies on a Sentinel-2 image

In Figure 5-2, water masks derived from a Sentinel-2 image show the same pattern as Landsat-8, however
the NDVI index had problems separating built up areas as well. The water masking indicated that MNDW1I
performed better than NDVI and NDWI in the separation of land and water bodies in the study area, and
was therefore adopted for use. Differences were observed in thresholds between images and sensors which
made it necessaty to threshold individual images differently as recommended by Clement, Kilsby, & Moore,
(2017). Table 5.1 shows the different thresholds used for generating the MNDWI water body used for this

study.
Table 5-2. Thresholds applied to the different images

Image Threshold
S2_20170909 >0.012
S2_20160417 >0.01
1.8_20170402 >0.002
1.8_20170905 >(.52
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5.2, Accuracy assessment and threshold determination

A calibration exercise using the September 2017 remote sensing datasets acquired during the fieldwork period
was carried out. There were no images acquired on the same day, reasonable matching was however done to
ensure a reasonable comparison. Table 5-2 shows the matching of September 2017 Sentinel-1, Sentinel-2 and

Landsat 8 images used in the calibration and accuracy assessment.

Table 5-3. Matching of September 2017 remote sensing datasets for calibration and acenracy assessment

Sentinel-2 Landsat-8 Sentinel-1
2017.09.09 2017.09.05 2017.09.11

The MNDWI water masks were combined with Sentinel-1 SAR images to form a new 4-band raster using
ENVI 5.3. The new images were saved as ENVI standard and exported to SNAP 5.0 for production of
combined water body maps using different thresholds. Thresholds [VH (-21, -22, -23, -24, and -25) and VV
(-16,-17, -18, -19 and -20)] were decided upon after analysing backscatter values on water bodies of different
sizes for each respective o VV or 6 VH band image. Band math expressions of the format shown in Equations
5.3 and 5.4 wete used to achieve the separation.

1t 6 VH < (backscatter value) and MINDWI==W aterbody then Waterbody else Land (5.3
If 6 VV < (backscatter value) and MINDWI== Waterbody then Waterbody else Land  (5.4)

The resulting water body maps were converted to GeoTIFF format and exported into Global Mapper for
extraction of water body polygons. Surface ateas and perimeter values were generated simultaneously
generated during the digitising process and reports in csv format generated (Appendix 3 and 4). Extracted
surface area values were compared against the in-situ dataset using the metrics of Relative Mean Absolute
Error (RMAE) and Relative Bias (RBias). Equations 5.5 and 5.6 show the formulation of these metrics.

1 « | In—sit—Ext |
RMAE = =) ——— .
2T it | (5.5)
. 1 Average In—sit—Average Ext
Rbias = Ly, 14veras erage Ext | (5.6)
n<| Average In—sit |

Where In-sit = In-situ value surface atea (from fieldwork)

Ext = Extracted surface area (from satellite images)

The differences between RMAE and Rbias and the correlation between the in-situ and the extracted
datasets were also computed. An accuracy analysis for surface area retrieval from remotely sensed
datasets was compared against the in-situ dataset as a measure of their accuracy and reliability using
average relative absolute error (RMAE). Five datasets are available for September 2017 and consist
of the in-situ, Sentinel-2, I.andsat-8, Sentinel-2+Sentinel-1 and Landsat-8+Sentinel-1. All extractions

of surface area polygons were carried out using the raster to vector conversion tool in QGIS.

5.3. Sentinel-1 SAR time series

A time series was developed from surface area extractions from Sentinel-1 SAR images trained on the April
Sentinel-2 image using /f functions in SNAP. The same threshold was applied on the SAR images because
they were acquired using the same incidence angle. Equations 5.3 and 5.4 (above) were applied on the SAR
images only because the April Sentinel-2 derived water mask was used throughout. The thresholds applied
for creating binary images for the MNDWI band and those used on Sentinel-1 SAR images are shown in
Table 5-3.
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Table 54. Thresholds applied on the optical and SAR images

Image Band Threshold

Sentinel-2 20160417 S2_MNDWI >0.012

All Sentinel-1 images VH <-22dB
\A% <-18 dB

Reservoir outlines were extracted from the new binarised VH or VH images using raster to vector conversion
tools in QGIS. For those reservoirs that had detached water pixels, merging of polygons and summing up
of attributes was done using geometry tools. The generated surface area extraction report was exported into
a spreadsheet for analysis.

5.4. Translating Area to Volume

Developing a rating curve for each reservoir is time consuming and intensive, however it was not possible in
this research. Remote sensing is not able to extract the volume therefore three basin-derived Surface area-
Volume relationships based formulas developed in Zimbabwe were used instead. A comparison of the three
methods was based on how best the equations represented storage. The theory behind the relationships
between surface area and the depth makes assumptions that reservoirs located in the same physiographic
area have almost similar shapes. The most common shape in Aftrica is a square pyramid diagonally cut in half
(Magome et al., 2003) however, realistically multiple other shapes do exist. The formulas (Mazvimazvi et al.,
2004; Mitchell, 1976; Sawunyama, 2005) have different basin specific constants and exponents that were
developed for different regions within Zimbabwe. Surface area extractions for each respective Sentinel-1
SAR/Sentinel-2 trained extraction were converted to storage for each reservoit. The computed volumes were
summed up and plotted against time to explain the dynamics of storage volumes from each formula.
However, there was no in-situ dataset to validate which therefore made it difficult to conclude.
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6 RESULTS & DISCUSSION

6.1. ldentifying a suitable threshold

To identify optimum threshold values, an extraction and a comparison of 6VV and 6VH, derived surface
areas of selected water reservoirs against the in-situ dataset was carried out using the Metrics of RBias and
RMAE statistics. The initial thresholds were -16 dB for 6 VV and -18 for the 6 VH. Trial and error of
incremental values was used for identifying the threshold. Tables 6-1 shows the errors that were obtained
from Sentinel-1 SAR trained on Landsat-8 image while Table 6.-2 shows the ones from Sentinel-1 trained
on Sentinel-2.

Table 6-1. Error propagation on Sentinel-1 SAR trained on Landsat- §

VH \'A%

-21 -22 -23 -24 -25 -16 -17 -18 -19 -20
RMAE 0.403 0425 0450 0484 0573 0465 0446 0477 0495 0.538
RBias 0.359 0380 0.404 0439 0518 0437 0404 0435 0455 0.500

Correlation 0986 0986 0984 0.980 0.975 0964 0985 0985 0983 0976
RMAE-RBias 0.044 0.044 0.046 0.045 0.055 0.028 0.042 0.042 0.039 0.038
Relative absolute error (-)

Reservoir -21 -22 -23 -24 -25 -16 -17 -18 -19 -20

Mkoba 0.500 0.510 0.553 0.572 0.671 0.464 0488 0519 0541 0.573
Chekabana 0.459 0482 0.506 0.532 0.618 0496 0507 0544 0.575 0.629
Mutorahuku  0.146  0.180 0.220 0.258 0.425 0210 0.206 0265 0.283 0.353
Fletcher 0.441 0452 0473 0.510 0.601 0463 0512 0512 0515 0.564
Ngwena 0.738 0.763 0.778 0.808 0.848 0.738 0.752 0.775 0.785 0.804
Msotswane 0.347 0382 0404 0485 0.613 0577 0426 0474 0494 0.549
Somabula 0.288 0312 0310 0.330 0.386 0452 0337 0359 0367 0374
Ngamo 0.306 0320 0351 0377 0421 0318 0338 0367 0398 0.458

Table 6.2. Error propagation on Sentinel-1 SAR image trained on Sentinel-2

VH \'A%

-21 -22 -23 -24 -25 -16 -17 -18 -19 -20
RMAE 0329 0367 0359 0469 0569 0396 0420 0441 0477 0.519
RBias 0276 0315 0309 0423 0.510 0342 0367 0389 0.431 0.478

Correlation 0.990 0991 0990 0981 0.981 0991 0990 0.989 0.986 0.980

RMAE-RBias 0.053 0.053 0.050 0.046 0.059 0.055 0.053 0.052 0.047 0.041
Relative absolute error (-)

Mkoba 0.397 0458 0430 0.547 0.646 0458 0489 0495 0.525 0.550

Chekabana 0.420 0445 0449 0469 0.657 0486 0.511 0548 0.580  0.630

Mutorahuku  0.122 0.198 0.164 0.331 0460 0228 0.252 0301 0347 0.395
Fletcher 0.432 0452 0458 0559 0.654 0484 0492 0506 0537 0.574
Ngwena 0.587 0599 0.596 0.687 0.760 0.619 0.635 0.635 0.655 0.683

Msotswane 0313 0347 0343 0527 0594 0396 0431 0465 0512  0.560

Somabula 0.176 0203 0.198 0301 0376 0.268 0298 0294 0319 0.343
Ngamo 0.189 0.237 0.237 0332 0404 0232 0255 0285 0345 0415
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A comparison of the two datasets shows a slightly higher cotrelation and slightly lower error and bias when
the Sentinel-2 image is used. Across both datasets, there is a decrease in error, as the value of 6VH becomes
smaller i.e. -21 to -22 dB It is also the same situation with the cVV where lowering the threshold introduces
more etror. There is less error within larger sized reservoirs than smaller ones throughout. Figures 6.1 and
6.2 further illustrate the differences between the two polarisations.
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Figure 6-1. Analysis of error on the Landsat-8 image, 20170905 image
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Figure 6-2. Analysis of error on the Sentinel-2, 20170909 image

Overall, there is a very large error but a low proportion of the error consists of the bias. There is less bias for
the VH compared to the VV polarisation. Somabula and Ngamo are larger reservoirs that are not under
intensive usage which have high performance. However, the Mutorahuku reservoir is under intensive
irrigation but performed much better than the three larger reservoirs. Mkoba is also under intensive usage
but did not perform as well as Mutorahuku while Chekabana and Fletcher also performed pootly even though
they are also not under serious usage. It is difficult to conclude that performance was related to usage,
however the Mutorahuku reservoir had an easily accessible shoreline all round which played a big role in its
performance. Using the Sentinel-2 image gives better results than the Landsat, confirming its superior
resolution, although it is still difficult to draw a conclusion on which polarisation performs better.

To further explain the differences, the Ngwena reservoir which performed the worst in the analysis are
compared with the best performing Mutorahuku reservoir (Tables 6.1 and 6.2) at the same thresholds of
oVV and ¢ VH to give a better indication of the best estimate of the threshold. Figures 6.3 to 6.6 show
surface area extractions of the Ngwena and Mutorahuku reservoirs from different the same test thresholds
for both Sentinel-2 and Landsat-8.
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Figure 6-3. Finding the optimal threshold on Ngwena using Sentinel-1 SAR and Sentinel-2
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Figure 64. Finding the optimal threshold on Ngwena using Sentinel-1 SAR on Landsat-8

Figures 6-3 and 6-4 show the extractions of the Ingwe reservoir trained on Sentinel-2 and Landsat-8
respectively. Detected water pixels are shown in blue while the darker tone shows land. On Sentinel-2, there
are less misclassified pixels manifesting as gaps on the edges and inside the reservoir on both illustrations
compared to Landsat-8. Extractions of surface area covered by the reservoir are also higher on the 6VH
threshold of -22 dB and -18 dB for 6VV respectively. On Landsat-8, all the extractions of surface area using
both polarisation were not very different from each other. Appendix .

Mutorahuku reservoir was the best performing in consistency in surface area extraction and error analysis.
Its images are shown in Figures 6.5 and 6.6.
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Figure 6-5. Finding the optimal threshold on Mutorabuku using Sentinel-15AR on Sentinel-2

L 3
-18 dB_VH

o

-l dB_VV -8 dB_VV 20 dB_VV

Figure 6-0. Finding the optimal threshold on Mutorabukn using Sentinel-1 SAR on Landsat-§

The extractions on Mutorahuku are relatively consistent with each other and therefore, deviating from the
thresholds of -18 dB for VV results in some loss of water pixels. Loss of water pixels is mainly from the
edges on the VH polarisation when 6VH is high and from inside the resetvoir when it is lower than -22 dB
Visually, the retrievals are not very different and the figures above helped to take a decision on the optimum
thresholds from the five that were tested for each polarisation. Overall, thresholds of -18 dB for the VV and
-22 dB for the VH were decided based on the visualisations because they indicated optimal extractions on
both reservoirs which. Both Sentinel-1 SAR polarisations are sensitive to water bodies, but in a different
manner ( Pham-duc, Prigent, & Aires, 2017) although the VH polarisation seems to be more stable and has
better discriminative capabilities. Santoro et al., (2015) mentioned that during in unfavourable windy
conditions, higher backscatter values are returned to the sensor and are therefore registered as noise on the
images. In this case, the location and orientation of the reservoir will play a role in interfering with backscatter.
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6.6. Time series

A time series was constructed from surface area extractions from both VV and VH polarisations using all
available Sentinel-1 SAR images covering the period 28/09/2016 to 05/10/2017. The high resolution
Sentinel-2 mask for 02/04/2017 was used because it has a resolution that matches Sentinel-1 SAR and
performs better than Landsat-8. The April 2 image represents the full supply capacity of all reservoirs as a
straight line. The fluctuations of surface area over time captured by Sentinel-1 SAR are shown in Figure 6.7.
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Figure 6-7. Time series of extracted surface area from selected reservoirs

Time series analyses on selected reservoirs revealed some inherent noise from data collected in 2016 data on
both polarisations but more pronounced on the VV. This could be attributed to the recalibration of the
sensor. Lower pixel counts were observed in smaller and elongated reservoirs such as Ngwena and Mkoba.
According to Clement et al, (2017), both VH and VV are subject to classification errors, but VH produces a
wider range of backscatter values leading to chances of values of lower backscatter being found in non-water
classes as well. Identification of a suitable threshold becomes difficult(Martinis et al., 2015). VH is however
suited for water body detection (Duy, 2015) while the VV is more suited to flood detection as concurred by
Clement et al, ( 2017). Reseatch catried out using Radarsat 2 suggest that the co-polarised HH and cross
polarised HV give better extractions (Bolanos et al., 2016). Pham-Duc et al.,(2017) encourage combining the
different polarisations to improve the accuracy. Across all the reservoirs disturbances were pronounced on
VV polarised images indicative of the effects of surface roughness, possible effects of geometry and
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orientation of the sensor on the dissemination of the SAR signal (Purkis & Klemas, 2011). The full storage
line (FSL) is consistently higher than the extractions. The pattern of filling and emptying capture elements
of seasonality. Filling up starts from late November until around April. The larger reservoirs Somabula,
Musotswane and Ngamo are more consistent with Ngamo almost registering very little change. Shape of a
reservoir has some influence on backscatter because reservoirs that are long and elongated and have a lower
capacity such as Ngwena and Mkoba performed pootly. While Ngamo which has a similar shape was stable.
Somabula is wide and narrows gradually and performed fairly well compared to Chekabana which is almost
similar in shape but has a lower capacity. Usage should play an important role in the dynamics of a reservoir,
however Musotswane performed best even though it is under heavy usage from irrigation same as Mkoba.
Fletcher is mainly used for recreational irrigation, and therefore it is not expected to fluctuate much.

To further illustrate the effects of physiographic parameters, extracted polygons of the Ngwena reservoir
were compared at the same scale (Figure 6.8).
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Figure 6-8. Surface area extractions on the Ngwena reservoir nsing different datasets

The lower section of the river was not read by any (only partially on Sentinel-2) of the remotely sensed
datasets which imply that SAR alone can never be better than optical data on its own.

6.7. Accuracy of retrievals

A comparison of extractions from the different remote sensing datasets against the in-situ data collected
during fieldwork was done and results are shown in Table 6.2.
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Table 6-3 Surface area retrievals from the different datasets used in the study

Reservoir In-situ  S2_20170909 1.8_20170905 S2_S1-20170911  L8_S1-20170912

Extracted surface area (m?)

Ngwena 68852 33508 22300 28747 17018
Mkoba 68580 51488 38700 37194 33617
Chekabana 71370 47350 36800 39612 36965
Fletcher 85860 61655 52500 47628 47088
Mutorahuku 80910 78000 70600 64925 66364
Musotswane 182160 144114 119900 119020 112542
Somabula 194940 157339 136200 155393 134147
Ngamo 333569 284803 235400 254486 226949

An illustration of calculated relative errors and the efficiency with which each remotely sensed dataset is
able to outline the surface areas of each reservoit is presented in Figure 6.3).

=o—82_20170909  —e—S2_S1-20170911 L8_20170905 L8_S1-20170912

80.00

70.00

60.00

50.00

40.00

Relative absolute error (%)

30.00

20.00

10.00

0.00

Ngwena Mkoba Chekabana Fletcher Mutorahuku  Musotswane Somabula Ngamo
—=o—S2_20170909 51.00 24.92 34.00 28.00 4.00 21.00 19.00 15.00
=0-S82_S1-20170911 58.00 46.00 44.00 45.00 20.00 35.00 20.00 24.00
1820170905 68.89 44.00 48.00 39.00 13.00 34.00 30.00 29.00
L.8_S1-20170912 75.00 51.00 48.00 45.00 18.00 38.00 31.00 32.00
Reservoir

Figure 6-9. Comparison of relative errors from the different datasets

By comparison, Sentinel-2 retrievals are superior. Reservoir characteristics, location and size play a major
role as well in the retrieval. Ngwena and Mutorahuku reservoirs stand out as the best and worst performing
resetvoirs overall. The larger reservoirs of Ngamo and Somabula have very little error associated with them
and the performance in extracting the surface area is comparable. The average error for each remote
sensing dataset is computed and the efficiency with which each dataset is able to extract the surface area is

indicated (Table 6.2).
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Table 64. Average relative absolute errors and inferred accuracy of each dataset

Sentinel-2 Landsat-8 S-1+S-2 Mask S-1+L-8 Mask
RMAE (%) 249 38.2 36.7 42.4
Average Accuracy (%) 75.1 61.8 63.3 57.6

Accuracy of retrievals are very low when using LLandsat-8 while Sentinel-2 is much better at 75% accuracy.
Sentinel-1 SAR in this is 63% accurate.

6.8. From surface area to storage

Translating the surface area to capacity was achieved by converting extracted surface areas from the VH-
polarisation using the three formulas developed in Zimbabwe (Mitchell, 1976; Mazvimavi et al, 2004;
Sawunyama et al, 2006. The three formula use different units and were standardised to a common unit (103
m?). The computed dataset across all 32 available images was averaged to capture total storage across all
reservoirs per method. The derived dataset was plotted against time of image acquisitions and is illustrated

in Figure 6-10.
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Figure 6-10. Fluctuations in storage in selected reservoirs

The results reflect consistent underestimation by the Mazvimavi et al, 2004 formula which makes it weakly
incomparable to the other methods. Data from 2016 is still noisy just like in the time series, with characteristic
lower values. There is an increase increase in storage as shown by Mitchell, 1976 and the Sawunyama et al,
2006 formulas between January and February 2017, which coincides with the peak of a normal rainfall season.
Storage slightly decreases around early march and steadily increase towards the end of the rainfall season in
April. There is another uncharacteristic increase in storage in August but a general trend in lower storage,

which starts picking up at the last image of the series on 05/10/2017.
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7. CONCLUSIONS, LIMITATIONS & RECOMMENDATIONS

71.  Conclusions

The major objective of this study was to monitor dynamics of surface areas of small multi-purpose reservoirs
not covered by institutional monitoring frameworks. Remote sensed data from a seties of Sentinel-1 SAR
images was used in combination with optical datasets from Sentinel-2 and Landsat-8 to extract the surface
area occupied by water bodies per image acquisition based on backscatter readings. Additionally, a fieldwork
exercise was carried out between 9 and 21 September 2017 to compile an in-situ dataset for comparison
purposes with satellite retrievals.

The following conclusions were deduced with respect to each specific research question:

1) What is the impact of reservoir size on the accuracy of the retrieval methodology?

e  What are the challenges in ground sampling?

Fieldwork was successfully carried out between 9 and 21 September 2017. Twenty-one reservoirs of between
0.3 to 35 ha in surface area were visited to extract outlines of their shorelines using a handheld GPS and
other data such as usage, condition and wall heights. Permissions and access were a challenge especially with
local users for some of the selected reservoirs but were resolved. Usage of reservoirs is almost the same i.e.
providing primary water usage needs for mostly rural communities although some provide water for irrigation
or mining as additional usage. There were also problems with accessing the shorelines of almost all the
reservoirs. Some of the reservoirs had tall grass and reeds growing around the edges of reservoirs and
sometimes inside the reservoirs, which made access to the shoreline very challenging. Sometimes there was
deep water under grass as well. One of the reservoirs was built in mountains that made it very dangerous to
walk around cliffs.

The data collection method used resulted in possible over estimation of extracted surface areas despite that
10% of the surface area was removed to cater for the possible error. Walking around a reservoir is probably
not the best way to obtain a ground truth dataset. A small boat would have done a better job since it will be

floating in the water

i) Is Sentinel-1 SAR an effective data source for retrieving the surface areas of small
reservoirs ?

Generally, the use of Sentinel-1 SAR for monitoring water bodies is not common because of the difficulty
of obtaining consistent results. The VV-polarisation is affected more by variations in the wind compared to
the VH-polarisation. Reservoirs located in open grasslands and have elongated and narrow shape, such as
Ngwena and Mkoba reservoirs, had inconsistent retrievals. However, there are significant differences
between Mkoba and Ngwena because of location. Those with a wider shape and gradual narrowing
performed better i.e. reservoirs Mutorahuku and Fletcher. SAR signals in the VH polarisation can be used as
a reliable remote sensing estimate although due care needs to be taken into consideration because of its
tendency to underestimate the surface areas. Most reservoirs have vegetation around them while one had
vegetation growing within the reservoir, which affects the SAR signal and hence retrieval of the surface area.
There is less noise in reservoirs with less vegetation around them as experienced with Mutorahuku reservoir,
which only has vegetation on one side.
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e What is the impact of reservoir size on the accuracy of the retrieval methodology?

Bigger sized reservoirs (>10 ha at least) in surface area generally performed better than the smaller ones
because they are less affected by the edge effect. Small sized reservoirs performed pootly because of
challenges with vegetation on the edges and inside the reservoirs. Geometry and location seemed to play a
role in the dissemination of the SAR signal. Smaller elongated teservoirs had poor retrievals than bigger
reservoirs of the same shape.

i) How does storage fluctuate in different sizes of reservoirs fluctuate over time and how
is it related to usage?

Storage fluctuation mainly depends on usage and other loses. However, the three larger reservoirs of
Somabula, Ngamo and Musotswane are mainly in primary use and therefore are not expected to fluctuate
much. Some of the small to medium sized reservoirs for instance Mkoba and Mutorahuku were mainly built
for irrigation programs and are therefore subject to usage and we would therefore expect higher fluctuations
for them. In the absence of in-situ data for storage, it was difficult to validate the storage capacities computed
using three methods developed in Zimbabwe. However, the use of generalized volume area relationships is
discouraged because small reservoirs come in different shapes and sizes and my not suit relationships
developed in other basins. At the end of the day, there are too many uncertainties and errors introduced
which may be difficult to quantify, therefore storage- area relationships these models should be used with
caution.

7.2. Limitations

The following limitations were encountered:

e It is difficult to obtain an accurate delineation of the shoreline of a reservoir by walking around it
using a handheld GPS. This is because of the grass, reeds and shrub species which grow along the
shoreline and make it impossible to access in most instances. Sometimes there will be water under
grass, which cannot be read by remote sensing sensots.

e Some reservoirs had reeds inside water or islands, which could not be easily delineated during
fieldwork.

e  One of the reservoirs was located in a mountainous area and had dangerous cliffs, which made it
difficult to delineate accurately and was therefore eliminated from further analysis.

e There is a challenge obtaining weather and water related data from authorities because of either
scarcity or prohibitive costs.

7.3. Recommendations

e Investigate the influence of the shape and location of a reservoir on the SAR backscatter.

e Compare the results using another SAR satellite such as RADARSAT 2 and also compare the use
of the HH polarisations.

e A high resolution DEM could be useful in checking the topography in areas with small reservoirs
which should give a fairly accurate estimate of the depth so as to support remotely sensed surface
areas with other geometric relationships to estimate the storage.
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APPENDICES

Appendix 1. Typical retrievable metadata file for Sentinel-2 subsets from Global mapper

DESCRIPTION=Subset_S2_20170909.1if
UPPER LEFT X=742443.180

UPPER LEFT Y=7885429.960

LOWER RIGHT X=841823.180

LOWER RIGHT Y=7804139.960

WEST LONGITUDE=29° 18.27147' E
NORTH LATITUDE=19° 5.73188" S
EASTLONGITUDE=30°15.77197' E
SOUTH LATITUDE=19° 50.62825" §

UL CORNER ILONGITUDE=29° 18.27147"' E
UL CORNER LLATITUDE=19° 6.58614' §
UR CORNER LONGITUDE=30° 14.89266' E
UR CORNER ILATITUDE=19° 5.73188' §
LR CORNER LONGITUDE=30° 15.77197' E
LR CORNER LATITUDE=19° 49.73855"' §
LI CORNER LONGITUDE=29° 18.89599' E
LI CORNER LATITUDE=19° 50.62825"' §
PROJ_DESC=UTM Zone -35 | WGS84 | meters
PROJ_DATUM=WGS84

PROJ_UNITS=meters
EPSG_CODE=EPSG:32735

COVERED AREA=807860 ha

NUM COLUMNS=9938

NUM ROWS=8129

NUM BANDS=5

COLOR BANDS=0,1,2

PIXEL WIDTH=10 meters

PIXEL HEIGHT=10 meters

BIT DEPTH=80

SAMPLE TYPE=Unsigned 16-bit Integer
PCS_CITATION=WGS 84 /| UTM zone 35S
GT_CITATION=GCS_WGS_1984
PHOTOMETRIC=RGB Fuil-Color
BIT_DEPTH=80
SAMPLE_FORMAT=Unsigned Integer
ROWS_PER_STRIP=1
COMPRESSION=None

ORIENTATION=row 0 top, col 0 lbs

PIXEI, SCALE=(10,10,1)
TIEPOINTS=(0.00, 0.00, 0.00 ) --> ( 742443.180, 7885429.960, 0.000 )
MODEL,_TYPE=Projection Coordinate System
RASTER_TYPE=Pixel is Area
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Appendix 2. Insitu data set retrieval GPS to digitising

wkt_geom MAP_NAME |GM_LAYER |NAME PERIMETER |ENCLOSED_A m’ |Area_Ha
Polygon ((763519.06580859923| Total_Reservoirs| All_Reservoirs |Chekabana 1922 m 79253.50 7.93
Polygon ((767253.26518673379] Total_Reservoirs| All_Reservoirs |Msoro 664.3 m 18960.93 1.90
Polygon ((766269.49199975212| Total_Reservoirs|All_Reservoirs | Mkoba 2000 m 75794.83 7.58
Polygon ((759344.22235793073| Total_Reservoirs|All_Reservoirs [Vunku 947.38 m 23018.39 2.30
Polygon ((753783.73961161600{ Total_Reservoirs| All_Reservoirs |SoNgwenya 1043 m 33865.78 3.39
Polygon ((757731.69103841914|Total_Reservoirs|All_Reservoirs | Shagari 278.88 m 4692.81 0.47
Polygon ((782371.73546598595| Total_Reservoirs| All_Reservoirs |Somabula 3816 m 216629.60 21.66
Polygon ((818043.21633277530| Total_Reservoirs|All_Reservoirs|Lucillia Poortdd 7503 m 305298.31 30.53
Polygon ((806572.96906995389| Total_Reservoirs|All_Reservoirs |Hovelands 877.67 m 26885.81 2.69
Polygon ((809132.02635974343| Total_Reservoirs|All_Reservoirs |Council 308.49 m 3333.77 0.33
Polygon ((808495.37532222457|Total_Reservoirs|All_Reservoirs | Ingwe 305.57 m 3884.47 0.39
MultiPolygon (((807777.231208] Total_Reservoirs|All_Reservoirs | Maguma_wier 795.35m 8798.53 0.88
Polygon ((807991.09170575963| Total_Reservoirs| All_Reservoirs |Musotswane 4019 m 202430.41 20.24
Polygon ((788645.65612822095{ Total_Reservoirs|All_Reservoirs | Ngwena 3000 m 76503.11 7.65
Polygon ((798584.26452169008| Total_Reservoirs| All_Reservoirs | Fletcher 1735m 89936.03 8.99
Polygon ((820947.06017321033| Total_Reservoirs|All_Reservoirs |[Mtebekwe wier] 1973 m 13845.42 1.38
Polygon ((807961.66484514297|Total_Reservoirs|All_Reservoirs | Mutorahuku 2225 m 95402.65 9.54
Polygon ((807072.04330766550| Total_Reservoirs|All_Reservoirs |St Patricks 1780km 47286.94 4.73
Polygon ((788177.09107151138| Total_Reservoirs|All_Reservoirs | Zaloba 335.94 m 5260.12 0.53
Polygon ((753814.91245103080| Total_Reservoirs|All_Reservoirs | Somkhaya 1324 m 52638.04 5.26
Polygon ((787910.41120598185| Total_Reservoirs| All_Reservoirs [INgamo 8033 m 370632.20 37.06
Appendix 3. a digitising report showingthe Polygons in world Knowledge text

L8-20170905_S1-20170911

wkt_geom -19 VH NAME LAYER PERIMETERENCLOSED_A

Polygon ((753840.2370 SoNgwenya |Reservoir |494 m 12405

Polygon ((788818.7365Ngwena Reservoir [1270 m 22090

Polygon ((763532.5958 Chekabana Reservoir |1297 m 38081

Polygon ((766279.9625Mkoba Reservoir |1445 m 40267

Polygon ((798202.2472|Fletcher Reservoir |1359 m 50528

Polygon ((807612.8468 Mutorahuku |Reservoir |1666 m 71527

Polygon ((807091.2263(Musotswane |Reservoir |2763 m 125145

Polygon ((783318.5953]Somabula Reservoir |2695 m 144297

Polygon ((807237.6204Musotswane |Reservoir |2842 m 120553

Polygon ((783417.3556 Somabula Reservoir |2758 m 139981

Polygon ((787753.3658 Ngamo Reservoir [6328 m 235233

wkt_geom -21 VH NAME LAYER PERIMETERENCLOSED_A

Polygon ((753931.0328 SoNgwenya |Reservoir |225 m 1935

Polygon ((788821.8792Ngwena Reservoir [1269 m 18816

Polygon ((766284.4931Mkoba Reservoir |1185 m 34259

Polygon ((763532.1719Chekabana  |Reservoir |1214 m 38599

Polygon ((798228.3344|Fletcher Reservoir |1307 m 48027

Polygon ((807608.3449 Mutorahuku |Reservoir |1686 m 69063

Polygon ((807203.0160 Musotswane |Reservoir |3029 m 118896

Polygon ((783410.4016Somabula Reservoir [2665 m 138749

Polygon ((787475.2125Ngamo Reservoir |6683 m 231558
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Appendixc 3. Portion of time series exctractions for the V'H polarisation

28/09/2016 | 10/10/2016 | 22/10/2016 | 03/11/2016 | 15/11/2016 | 27/11/2016 | 09/12/2016

Ngwena 17400 17000 16500 15850 17800 19415 20680
Chekabana 26400 26000 24800 25100 25400 20800 23800
Mkoba 35000 36300 34400 32200 40100 17600 29200
Fletcher 45400 45300 38800 37000 42600 36900 32700
Mutorahuku 64600 63900 64000 50200 67700 60500 51800
Musotswane 69900 72100 70800 75500 71500 59268 67700
Somabula 125600 124800 121900 120500 126400 124300 118300
Ngamo 265550 265500 263600 256200 261600 255800 254969
21600 21600 21600 21600 21600 21600 21600

31300 31300 31300 31300 31300 31300 31300

56500 56500 56500 56500 56500 56500 56500

57600 57600 57600 57600 57600 57600 57600

95500 95500 95500 95500 95500 95500 95500

137800 137800 137800 137800 137800 137800 137800

151600 151600 151600 151600 151600 151600 151600

265520 265520 265520 265520 265520 265520 265520

Appendixc 5 Selected Time portion of the time series showing storage calcnlations

Mitchel 2.646(A/10000)"1.5 (1073 m?)
Saunyama (0.023A"1.3272) /1000 10"3m3
Mazvimavi (7.2A0.77)/1000 10”3 m?

17400 17000 16500 15850 17800 19415 20680
Mitchell 6.07 5.86 5.61 5.28 6.28 7.16 7.87
Sawunyama 9.80 9.50 9.14 8.66 10.10 11.34 12.33
Mazvimavi 13.26 13.03 12.73 12.34 13.49 14.43 15.15
26400 26000 24800 25100 25400 20800 23800
Mitchell 11.35 11.09 10.33 10.52 10.71 7.94 9.72
Sawunyama 17.05 16.70 15.69 15.94 16.20 12.42 14.86
Mazvimavi 18.28 18.07 17.42 17.58 17.74 15.21 16.88
_ 35000.00 36300 34400 32200 40100 17600 29200
Mitchell 17.33 18.30 16.88 15.29 21.25 6.18 13.20
Sawunyama 24.78 26.01 24.22 22.19 29.69 9.95 19.49
Mazvimavi 22.71 23.36 2241 21.30 25.22 13.38 19.76
_ 45400.00 45300 38800 37000 42600 36900 32700
Mitchell 25.60 25.51 20.22 18.83 23.27 18.76 15.65
Sawunyama 35.01 34.90 28.42 26.68 32.17 26.59 22.65
Mazvimavi 27.75 27.70 24.59 23.71 26.42 23.66 21.55
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Appendixc 4. Error analysis from Landsat 8 and Sentinel 1 extractions

| Satellite area (m?)

VH vV
In-situ
ThteshS%R :‘r‘éia(ce 21 22 23 24 -25 -16 17 -18 -19 -20
Reservor m?)
Mkoba 68580 | 41372 | 37194 | 39070 | 31061 | 24258 | 37139 | 35023 | 34636 | 32552 | 30838
Chekabana 71370 | 41420 | 39612 | 39327 | 37877 | 24459 | 36670 | 34935 | 32261 | 30009 | 26440
Mutorahuku | 80910 | 71079 | 64925 | 67614 | 54093 | 43731 | 62494 | 60481 | 56544 | 52872 | 48919
Fletcher 85860 | 48759 | 47028 | 46521 | 37877 | 29723 | 44335 | 43596 | 42412 | 39791 | 36602
Ngwena 71681 | 29572 | 28747 | 28981 | 22417 | 17197 | 27322 | 26174 | 26174 | 24705 | 22712
Msotswane | 182160 | 125191 | 119020 | 119610 | 86133 | 73927 | 110027 | 103644 | 97474 | 88929 | 80096
Somabula 194940 | 160561 | 155393 | 156319 | 136337 | 121582 | 142701 | 136837 | 137603 | 132835 | 128162
Ngamo 333569 | 270571 | 254486 | 254572 | 222944 | 198670 | 256124 | 248467 | 238490 | 218434 | 195253

Appendix 6. Area storage relationships derived from the 3 equations

—&— Mitchell, 1976 Sawunyama et al, 2006  —®— Mazvimavi, 2004

o
s

Capacity (10° m?)

50.00 /
;"//Vv \ U
0.00 50000.00 100000.00 150000.00 200000.00 250000.00 30000000

Surface Area (m?)

Area capacity relationships for the study area derived from existing models

Generally, all the models agree to a point between 70000 to 75000 m? in surface area. The Mazvimavi et al,
2004 shows that it does not perform very well with larger capacity reservoirs where it largely underestimates
storage capacity (Mazvimavi, personal communication, February 2018). The other two models are however
strongly related to each other and their competence could be validated using insitu data or other available
geometric methods. Noticeably, even with the Sawunyama et al, 2004 and Mitchell, 1976 model, there is an
indication of very low capacity to surface area judging from the slopes of the graphs which leads to the need
of further investigation of the topography of the area using google earth based SRTM (30

Overall, the selected reservoirs are shallow and estimated maximum depths are between 2-5 m. the
relationship between the surface area capacity curves therefore points to shallower reservoirs.

It is however difficult to develop and recommend a capacity-area relationship of scientific integrity without
as a high resolution DEM and depth because small errors can easily affect the reliability of estimates. There
is a large variation in reservoir geometries within the study area, which subsequently implies a wide range of

storage capacities for a given surface area. In reality, geometries tend to vary between catchments due to
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Appendix 7. Time series for some reservoirs

Reservoir surface area (m’)

o

tvois surface aten (m2

Res:
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(Grin, 2014; Hayashi & Van Der Kamp, 2000).
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