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*Highlights (for review)

Highlights

e We investigate the influence of rainfall on the alluvial channels

e Important influence of the effective sediment depth and channel length on alluvial flow
e We investigate detection of water bearing sand rivers from satellite images.

e Landsat optical images showed alluvium extent and channel flooding and drying.

e There is potential to detect water bearing alluvial channels using ASAR images.
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ABSTRACT

Sand rivers are ephemeral watercourses containing sand that are occasionally flooded with
rainwater runoff during the rainy season. Although the riverbed appears dry for most of the year,
there is perennial groundwater flow within the sand. This water flowing beneath the surface is a
valuable resource for local communities; nonetheless our understanding of such river systems is
limited. Hence, this paper aims to improve our understanding of the hydrology of sand rivers and
to examine the potential use of remote sensing to detect the presence of water in the sand. The
relationship between rainfall events and changes in the water level of two sand rivers in the
Matabeleland South Province of Zimbabwe was investigated. A lagged relationship was
observed for the Manzamnyama River but for the Shashani River the relationship was seen only
when considering cumulative rainfall events. The comparison of the modelled flow as simulated
by a water balance model with observations revealed the important influence of the effective
sediment depth on the recharge and recession of the alluvial channels in addition to the length of
the channel. The possibility of detecting water in the alluvial sands was investigated using
remote sensing. During the wet season, optical images showed that the presence of water on the
riverbed was associated with a smooth signal, as it tends to reflect the incident radiation. A
chronological analysis of radar images for different months of the year demonstrates that it is
possible to detect the presence of water in the sand rivers. These results are a first step towards
the development of a methodology that would aim to use remote sensing to help reducing survey
costs by guiding exploratory activities to areas showing signs of water abstraction potential.

Keywords: Advanced synthetic aperture radar; alluvial aquifer; remote sensing; sand river; water
level; Zimbabwe
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1. Introduction

Sand rivers, also called luggas in East Africa and wadis in North Africa and the Middle East, are
ephemeral watercourses containing sand, which are flooded with rainwater runoff once or a few
times in a year (Herbert, 1998, Hussey, 1997, Nissen-Petersen, 1998). These rivers are the
prevailing river type in the arid and semi-arid regions of southern Africa (Davies et al., 1994).
Even though no water flows in the river bed for most of the year, there is perennial flow within

the sand (Herbert, 1998). Figure 1 shows a typical sand river during the wet and dry season.

In southern Africa, particularly in Botswana and Zimbabwe, sand rivers are acknowledged as a
potential source of drinking water, although their use is limited to a few small-scale water
abstraction systems in remote rural communities. These sand water abstraction systems have the
potential to augment supplies from established water supply systems, but have not been
developed nor adopted by national water supply authorities (Hussey, 2007). Hence, water from
sand rivers is not fully exploited in many areas where it could provide an essential source of
water supply. For example, in 1998 it was estimated that there were approximately 900 km of
sand rivers in Botswana with the potential to supply water to approximately a third of the country
population at the time (Herbert, 1998). However, it is not clear what the size of the resource is in

comparison with traditional surface and groundwater resources.

Shortly after a rainfall event, the water in a sand river recedes below the surface; nonetheless, it
remains accessible by digging up to a certain depth (see Figure 1(c)), which depends on the time
that elapsed since the end of the rainy season. Limited research has been conducted to date on the

factors controlling the flow within the alluvium of ephemeral rivers. Love (2013) studied the
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influence of rainfall on the discharge of sand rivers in the Zhulube catchment of the northern
Limpopo Basin of Zimbabwe. He observed that the recession after a rainfall event is typically
short, in the order of a few days, and is caused by the rapid drying out of the shallow soils. The
recesssion time was found to be longer, however, subsequent to larger floods caused by intense
precipitation. For these reasons, he identified soil types and rainfall intensity as the two main
factors influencing the recession time of a sand river. Mansell and Hussey (2005) also noted the
influence of rainfall intensity on the recession time of a sand river but found that the flow

velocity within the alluvium and the plan area of the channel were also important factors.

In Zimbabwe, sand rivers are increasingly used by non-governmental organisations (NGOs) to
provide water in water stressed communities. The suitability of a sand river for effective and
reliable abstraction of water depends on its gradient, width of the channel, the depth and grading
of sediment, as well as the permeability and porosity of the soil. Hence, before a sand river is
selected for water abstraction extensive appraisals, incorporating topographical surveys and GPS
mapping, and probing and analysis of sediments have to be carried out. Such surveys can be
costly and out of reach to many NGOs. The use of remote sensing to identify sand rivers
showing signs of water abstraction potential could potentially reduce survey costs by guiding

ground surveys to areas having shown signs of potential.

This paper comprises two objectives. The first objective aims to improve our understanding of
the hydrology of sand rivers by presenting water level measurements taken on two rivers situated
in the semi-arid region of south-western Zimbabwe, and to demonstrate how the water level in

the sand rivers is related to rainfall and the characteristics of the river channel and catchment.
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Continuous daily monitoring of the water level in a sand river using remote logging devices has
not been previously done at the scale presented here. Research has to date been limited to direct
measurements taken by research assistants, hence bringing in human error and inconsistencies,
but which are eliminated by the accuracy and precision of a well calibrated water-level logger.
The second objective is to examine the potential use of remote sensing to identify river channels
with significant sediment deposits and to detect the presence of water within the alluvium.
Previous research has shown the potential for using optical and radar images in feature
identification and moisture detection, respectively, in different land cover types, but the

usefulness of remote sensing to detect water in sand rivers has yet to be determined.

In the early 1980s detection of underground water was shown to be possible through long wave
radar such as carried by the Shuttle Imaging Radar (SIR) systems, although the detection was
only up to a few metres. Penetrations up to 6 m were documented at a 23.5 cm wavelength under
ideal conditions (Elachi et al., 1984). In general, for penetration to occur the overlying material
must be less than 2 m thick, the moisture content must be very low, and the surface must be
rough to generate enough backscatter of the radar signal (Ford et al., 1989).Very few areas in the
world are able to meet these conditions and this method is limited to buried river channels in the

deserts of North Africa and the Middle East (Abdelsalam et al., 2000).

Another possibility to detect underground water remotely is through heat detection, as saturated
soils have a greater heat capacity than dry soils (Becker, 2006). Thus, groundwater can be

detected by large-scale thermal infrared (TIR) imagery because the relatively warm groundwater,
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especially at night, provides a contrast with the cool soil temperatures (Heilman and Moore,

1982).

2. Study Area

The ephemeral river systems presented in this study, i.e., the Manzamnyama and Shashani rivers,
are both located in the Matabeleland South Province of southwestern Zimbabwe (Figure 2). The
two rivers were chosen as they are currently sustaining small-scale sand water abstraction
systems installed by the Dabane Trust. The Manzamnyama (or Nata) River flows in both
Zimbabwe and Botswana; it is 330 km long from its source to mouth, 210 km of which are in
Zimbabwe and 120 km in Botswana, and its total catchment area is 24,585 km?. The river
originates in a small farming town named Sandown located on the Zimbabwean central

watershed 50 km south west of Bulawayo and ends in the Makgadikgadi saltpans of Botswana.

Field visits together with analyses of high-resolution satellite images show that the upper
reaches of the Manzamnyama River are located in a commercial farming area where the
Mananda Dam, a major dam on the Manzamnyama River, is located. Measurements of geo-
referenced and ortho-rectified satellite images in a geographical information system (GIS) have
shown that significant sedimentation begins to occur about 65 km along the river course marking
the beginning of a 90 km stretch where the river passes through communal farming areas. It is on
this stretch where the water abstraction potential of the ephemeral river is realised with
communities relying on this water resource for domestic usage as well as for small-scale
gardening and livestock farming. Hence, the current research focuses on this 90 km long section

of the Manzamnyama River.
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The Shashani River is a major tributary of the Shashe River. Like the Manzamnyama River, the
Shashani River originates in the town of Sandown, but flows south (Figure 2). The Shashani
River is 206 km long; it also a multi-faceted river, being used for commercial water supply for
the upper half of its length and for communal water supply through sand water abstraction for the
remainder of its course. In the commercial areas the Shashani River is dammed at two locations.
The Shashani Dam is located about 37 km from the river source while the Gulati Dam is situated
55 km downstream from the first dam. The Shashani Dam was constructed to augment water
supply to the Gulati Dam, which supplies water to the Antelope Estate and Irrigation Scheme
owned by the Agricultural and Rural Development Authority (ARDA) (Gono, 2005). Most water
abstraction on the sand river is currently practised on an undammed 50 km stretch of the river,
beginning about 5 km downstream of the Gulati Dam and ending on its entry into a conservancy
zone, 65 km from its mouth into the Shashe River. The current research was conducted on this

stretch of river.

Both study sites are located in the middleveld region of the watershed plateau, a grassland region
of intermediate altitude. The middleveld has a subtropical climate, experiencing one rainy season
per year, which extends, on average, from late October to early April. Nonetheless, most
precipitation falls between November and March, with total annual precipitation averaging
around 450 mm. Rainfall in this region is erratic; it is characterised by long dry spells (Mansell
and Hussey, 2005), with a few intense storms of short duration contributing to most of total
annual precipitation (Edwards et al., 1983). Hussey (2007) showed how hot and dry areas with
long periods without any rainfall have conditions prone to the formation of sand rivers as the

incomplete weathering processes result in coarse sediment filling up river channels and retaining
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water in the pore spaces. For this reason, most rivers that originate in the middleveld are
ephemeral. Ephemeral rivers are also found in the arid lowveld region where total annual
precipitation reaches only 300 mm. This is in contrast to the higher altitude highveld region,
which receives up to 1200 mm of rainfall annually and where perennial rivers are found (Vincent

et al., 1960), but which covers only a small surface area of the country (Moyo, 1991).

Apart from major cities that rely on reservoirs for their water supply, most of the country relies
on groundwater sources. Most of tropical Africa is underlain by crystalline basement rocks and
the weathered overburden of these rocks functions as an aquifer, although the yields are typically
only 20-60 m** day™ (Chilton and Foster, 1995). The depth of groundwater varies across the
basement aquifer, but in many cases wells up to 20 m in depth are required. However, in the dry
Matabeleland region of Zimbabwe, the water table is typically between 50 and 70 m below
ground level (Lovell et al., 1994). At such depths, the water is usually saline, with salinity levels
measured by the authors as high as 2000 ppm. For people in these regions, a more accessible and
palatable water source are the sand beds of the ephemeral rivers, which provide a valuable source

of relatively clean water without expensive drilling (Mansell and Hussey, 2005).

3. Materials and Methods

The project involved the collection of water level and climatic data as well as geomorphological
characteristics of the two river channels, with a water balance model used to simulate the flow
within the alluvial sands of the two rivers. In addition, remotely sensed data were obtained to

determine the possibility of detecting water in the sand rivers.
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3.1 Water level data

Water level data were collected from two loggers positioned in piezometers installed on the
Manzamnyama and Shashani rivers during the period November 2009 to December 2010 and
October 2012 to May 2013, respectively. The loggers were set to record water level on an hourly
basis during the rainy season so as to capture the potentially rapid change in water level
occurring at that time of the year (Mansell and Hussey, 2005). During the dry season, the
recording interval was reduced to once a day at 8 am, as the change in water level is usually slow
and gradual during that season. The sensor was installed within the alluvium (Figure 3), at the
lowest estimated depth that the water level reaches annually, which is normally just before the
onset of the rainy season in October. The sensor was linked by a waterproof data cable to an
automatic logger installed on a pedestal on the riverbank. Testing was then done to ensure that
the water level logger was properly installed. The water level data were downloaded from each

logger during site visits that took place every two to three months.

3.2 Climatic data

Herbert et al. (1997) and Mansell and Hussey (2005) showed that rainfall is the main variable
affecting the recharge of the sand rivers while Mansell and Hussey (2005) also noted that
evaporation had a significant influence on the aquifer discharge when the water level is above or
very close to the surface of the alluvium. In this paper, recharge refers to an increase in water
level as a result of water reaching the saturated zone, notably following a rainfall event, but also
as a result of the horizontal flow of water underneath the surface from upstream; while discharge
refers to a decrease in water level. Hence, rainfall and temperature (the latter affecting

evaporation) were the two climatic variables assumed to affect the most the water level within
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the alluvium. Daily rainfall and temperature data were obtained from a weather station situated
in Plumtree for the period November 2009 - December 2010. The Plumtree is situated 60 km
from the research site on one of the tributaries of the Manzamnyama River (Figure 2). Data were
also obtained from Antelope Mine in Maphisa, which is on the banks of the Shashani River about

30 km upstream from the research site, for the period October 2012 - May 2013.

3.3 Water balance model

3.3.1 Model description

This study used the water balance model described in Mansell and Hussey (2005) to investigate
how the water level in the sand rivers is related to rainfall and the characteristics of the river
channel and catchment. It is a parametric model of intermediate complexity based on statistical
averaging of the main hydrological processes that has been specially developed for modelling
sand rivers. In the model, a change in water level A% over a given period Az is simulated
according to the following equation:

AAh/n = qAt + q,At + EAAt — qrecnAt Q)

where (, (a, and qrech are the outflow, abstraction, and recharge flows, respectively, A is the

surface area of the channel, E is the evaporation depth, and n is the porosity of the sand.

The model consists of 17 parameters (Table 1), with the channel width, depth of sediment, and
the initial water level collected during field research on the studied rivers in May 2014. The
values of the other parameters were as reported in Mansell and Hussey (2005). The width of the
channels was measured using a tape measure and verified by stadia tacheometry using an

automatic level. Stadia tacheometry uses the readings of the top and bottom stadia of a levelling

10
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device, which is then multiplied by a given factor to get the distance between the machine and
the point being sighted (Elhassan and Ali, 2011). GPS references of all levelling stations and
random coordinates of the edges of alluvium deposition were also collected to assist with

mapping the extent of the alluvial aquifer in a GIS.

Sand probing was used to measure the depth of sediment by inserting a six-metre long probing
rod into the sand (Figure 4). Probing enables determination of the riverbed topography and when
combined with levelling enables determination of the alluvial surface topography. During the
insertion process, a marked resistance signalled that the probe had reached the bedrock or the
clayey base of the riverbed. The initial water level was estimated by measuring the wet portion

of the probe after it had been pulled out of the sand.

3.3.2 Model calibration

The Nash-Sutcliffe Efficiency (NSE) coefficient (Nash and Sutcliffe, 1970), the Root-Mean-
Squared-Error (RMSE), and the Mean Absolute Error (MAE) were used to calibrate and validate
the water balance model. The NSE coefficient is a popular metric for the calibration and
validation of hydrologic models (Gupta et al., 2009, Afzal et al., 2015). It represents the ratio of
the residual variance, i.e., the noise, to the variance of the observations, and is computed using

the following equation:

Y 1[0t —Pe?
NSE = 1 — 2t=l0c P 2
> P 0 OF @

where 0,and P, are the observed and predicted water levels, respectively, at time t, while O is the
mean of the observations (Yang et al., 2015). The values of the NSE cofficient can range from -

oo to one with a value closer to one referring to a more accurate model. A NSE coefficient of zero

11
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implies that the model predictions are as accurate as the mean of the observations and a negative
coefficient indicates that the observed mean is better predictor than the model (Jain and Sudheer,

2008).

The RMSE measures the differences between the observed values and the values predicted by

the model using the following equation:
1
RMSE = |-37, ef A3)

where e refers to the difference between the observed and predicted values at each time step in a
time series of length n. The MAE represents the average of the absolute errors between the

observations and the modelled values:
1
MAE ==L, e @)

(Chai and Draxler, 2014). Both the RMSE and the MAE can range from zero to oo; the smaller

the RMSE and MAE, the better the model.

The calibration of the water balance model consisted of adjusting manually four of the model
parameters (highlighted in grey in Table 1) with the NSE coefficient used as an indicator of the
accuracy of the resulting model. The calibration followed a three-step iterative procedure
involving macro-level calibration, sensitivity analysis, and micro-level calibration, which was
adapted from the seven-step process proposed by Ormsbee and Lingireddy (1997) for calibrating
hydraulic networks. Macro-level calibration removes the most obvious errors, especially those

due to estimated values being based on inaccurate assumptions. A sensitivity analysis helps to

12
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determine the variables that have the greatest impact on the model output. The analysis consisted
of varying by +20% the value of each of the model inputs and calculating the change in the
model output resulting from that change (Hamby, 1995). Micro-level calibration is the final step
in which the model is fine-tuned by making minute adjustments on variables that the model is

most sensitive to.

3.4 Satellite images

Moyce et al. (2006) demonstrated the possibility of using Landsat images to identify the position
of an alluvial river channel in south-western Zimbabwe. The current study is taking this further
by examining the possibility of using those images to differentiate between rivers with and
without any water on the riverbed. Optical images from the Landsat 8 satellite were obtained
from the EarthExplorer website of the United States Geological Survey (USGS)

(http://earthexplorer.usgs.gov/) over the study areas (Table 2). Interpretation of the Landsat

images was based on supervised classification and analysis of natural look composites produced
from Band 1, Band 2, and Band 3 of the multispectral images using the Spatial Analyst extension

in ArcGIS.

The possibility of detecting water in the sand rivers through TIR imagery, as suggested in Becker
(2006), could not be pursued. This is because TIR data at a spatial resolution finer than 30 m
were not available for Zimbabwe. Further work was pursued using radar images, which, for the

two studied alluvial channels, were available at a finer spatial resolution.

13


http://earthexplorer.usgs.gov/

O©CO~NOOOTA~AWNPE

The radar images, captured by ASAR sensors aboard the Envisat satellite, were obtained from
the European Space Agency (ESA) (Table 2). Envisat was launched in 2002 and the mission
ended in April 2012 (European Space Agency, 2015). The researchers sought to determine if
ASAR images were able to penetrate the unconsolidated dry sands of the two ephemeral rivers to
produce an image of the subsurface and to relate the backscattering of that subsurface to the
typical water content of the sand river at a given time of the year. For this purpose, the ASAR
images were collected from different months during the hydrological year. However, because of
the paucity of radar images over the studied areas, the images were not all from the most recent

years but extended as far back as 2003.

The ASAR images were processed using the Next ESA Synthetic Aperture Radar (SAR) Toolbox
(NEST), which is an open source toolbox for reading, processing, analysing, and visualising

Envisat images, available from the ESA website (https://earth.esa.int/web/nest/home). NEST was

used for radiometric calibration of the ASAR images so that the pixel values of the images truly
represent the radar backscatter of the reflecting surface (Rosich et al., 2004). Radiometric
correction also enables comparison of the images acquired with different sensors or acquired from
the same sensor but at different times, in different modes, or processed by different processors (Li

etal., 2008).

4. Results and Discussion
4.1. The relationship between water level and rainfall
Figure 5 depicts the water level measurements taken on the Shashani and the Manzamnyama

rivers together with daily rainfall measurements. For the Shashani River this covers one rainy

14
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season. During that period there were a number of rainfall episodes, but the increase in water
level within the sand river can only be seen for rainfall events producing at least 10 mm of rain.
The cumulative effect of rainfall events occurring on consecutive days can also be observed and

is associated with the highest water level peaks within the alluvium.

The water level on the Manzamnyama River and the associated rainfall measurements
incorporate one hydrological year and the beginning of a second rainy season (Figure 5). In
contrast to the Shashani River, the rise in water level on the Manzamnyama River is not gradual
and occurs rather rapidly. For example, a 1.5 m rise in water level occurred within a matter of
hours in both December 2009 and 2010. Although both rivers have dams upstream of the water
level measurements, the difference in reservoir capacity as well as their management and
operation is likely to explain the difference in the hydrograph of the Manzamnyama River in

comparison with that of the Shashani River.

Storage dams alter river flows by storing water during storms and increasing flows during dry
periods (McCully, 2001). For instance, the dam on the Manzamnyama River has a capacity of
11.45 million m® compared to a combined 30 million m? for the dams on the Shashani River.
Even though it has a higher reservoir capacity, the Shashani River has a catchment area of 1400
km? with the two dams intercepting an upstream area of 670 km?, which accounts for 47% of the
catchment area. The catchment area of the Manzamnyama River is smaller at 2133 km? with the
major dam intercepting only 346 km?, which represents only 16% of the catchment area.
Therefore, even though the catchment on the Shashani River is significantly smaller, it has

greater reservoir storage capacity and a greater percentage of the catchment is dammed, thus

15
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giving the dams greater influence on the flows within the river system. The influence of the
Mananda Dam on the Manzamnyama River at the research site is much smaller as it has a

smaller reservoir capacity and impounds a smaller percentage of the catchment.

In a typical storm hydrograph, the peak runoff usually occurs sometime after the peak in rainfall.
The lag time between the two peaks depends on the time of concentration, which is the time it
takes for the river flow to reach the point being measured in the basin from the hydraulically
most remote point in the watershed (Haan et al., 1994). The time of concentration depends on a
number of factors, including the surface roughness, the shape and slope of the channel, and the
flow pattern (Paulet et al., 1998). The size of the catchment area, the level of saturation of the
soil, and rainfall intensity influence river discharge and consequently the peak of the runoff
curve (Subramanya, 2013). Prolonged storms of low intensity contribute mostly to groundwater
storage and produce relatively less runoff while high intensity storms over a small area increases

the runoff because of minimised infiltration and evaporation losses (Soliman, 2011).

The hydrograph of the Shashani River shows that before mid-December most of the rainfall
peaks have a corresponding increase in water level with a lag time of only a few days. Thereafter
there is no clear pattern and only on a few occasions is a direct relationship between a rainfall
event and an increase in water level seen. However, the cumulative impact of individual rainfall
events is reflected in a clear and gradual increase in water level within the alluvium. This is
possibly the result of sporadic episodes of convectional rains of high intensity extending over

small areas, which prevail over Zimbabwe. These rainfall events are highly localised and

16
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consequently a rain gauge at a given weather station is unlikely to be representative of the whole

catchment.

On the Shashani River, the water level, and thus the river discharge, is highest during the period
January 16-21. In that period the water level, for the first time in that rainy season, water can be
seen on the riverbed. This represents the period during which full recharge of the alluvium has

taken place (Hussey, 1997), and is therefore a window during which optical images can be used

to identify fully recharged ephemeral rivers through identification of surface flow.

4.2 Geomorphological characteristics of the channel

Figure 6 illustrates the profiles of two transects across the river about one kilometre apart on the
lower reaches of the Shashani River at the confluence with the Shashe River, close to the
location of the water level measurements. The profiles show that the top of the sand surface is
not level and there are several undulations mostly influenced by movement of sand due to
surface flow. As probing was done at the end of the rainy season, the water level is near the top

of the sand. The water level is more uniform and subtle variations are likely due to human error.

4.3. Comparison of the modelled water level with observations

Table 1 shows how the model calibration improved the model fit for the two alluvial rivers.

The model also performed well during the validation period as shown by the three indices (Table
3). The performance of the model is illustrated in Figure 7 for both the Shashani and
Manzamnyama rivers. For the Shashani River the model reproduced very well the recession (i.e.

discharge) trend during the dry season as well as some of the peaks associated with sand river

17
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recharge during the wet season. The modelled water level of the Manzamnyama River does not
appear to be visually as good as that of the Shashani River. While the model does respond with
an increased water level during the rainy season it did not reproduce well the discharge and
recharge curves. The latter could be due to local variations in rainfall in different parts of the
catchment. It was expected that the Shashani River be more unpredictable due to the effects of
the upstream dams but the modelling results seem to prove otherwise. The limitation of the
automatic logger used on the Manzamnyama River is also evident, as it only has a 1.5 m
maximum water level recording, with the flattening out clearly seen in Figure 5 when the water
level reaches 1.5 m. The same effect cannot be seen on the Shashani River where a newer logger

with a higher range (0 — 5 m) was used.

4.4. The influence of the channel characteristics on the water level

The sensitivity analysis revealed that the length of the channel and depth of sediment were the
two main model inputs affecting the accuracy of the modelled water level when compared to the
actual measurements. The channel length, which is a ratio of the channel area to the actual width
of the channel at the point being observed, is an indication of the length of the channel
contributing to flow (Mansell and Hussey, 2005). Another observation of note was that the
model better represented the water level measurements when the sediment depth in the model
was equated to the difference between the highest water level and the lowest water level as
opposed to the full sediment depth. This is referred to as the effective sediment depth, which can

be determined by averaging of annual low and high water level observations for a given river.

4.5. Image Analysis
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4.5.1. Optical images

On the optical images shown in Figure 8, the light coloured sands of the two ephemeral rivers
stand out against the green tone of the vegetation and the yellow-brown tone of the land adjacent
to the vegetation bordering the riverbed. The arrows in Figures 8(a) and 8(c) indicate the dry
riverbeds of the Manzamnyama and Shashani Rivers, respectively. Figures 8(b) and 8(d) show
the visible surface flow, which has fully submerged the two sand beds. Figure 9 is a high
resolution Google Earth image of the Save River in Zimbabwe taken on April 16 2012, which is
at the end of the rainy season. Although the image was not captured on any of the two rivers
under investigation it gives a good illustration of the sand river identification potential of optical
images. The image clearly shows differences in dry sand (labelled 1) and moist sand (labelled 2),

while also showing vegetation cover (labelled 3) and bare ground cover (labelled 4).

Identifying a river with an extensive sand bed is the first stage in the process of selecting a sand
river with the potential for a reliable abstraction of water. While there is no agreed standard for
river width and sediment depth to define an extensive river bed, the work of Dabane Trust has
recommended that a river be at least 20 m wide with a minimum sediment depth of 1.5 m.
Hence, the second step is to determine the depth of the alluvium and the water level within the
alluvium. Figures 8 and 9 show the extent of the alluvium and whether is river is saturated
through the presence of water on the surface of the alluvium. The limitation of such optical
images, however, is that they do not provide information about the depth of the alluvium.
Traditionally, identifying a river with extensive alluvial deposition would require a river basin
survey involving investigation of all known rivers. This long and expensive process is used to

find rivers with the channel width, sediment depth, and longitudinal slope meeting the minimum
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requirements for sustainable water abstraction. Satellite images thus present an opportunity for
surveyors to carry out desktop surveys and thus do field trips to verify rivers that have already

been shortlisted through the desktop survey.

Images showing visible surface flow give an indication of high water level within the alluvium,
as the presence of water on the riverbed indicates that the alluvium is saturated. The presence of
moist sands on the optimal images should not lead to the immediate conclusion that the water
table is high, however, as moist sands could also result from direct precipitation on the alluvium.
For this reason, rainfall records would be useful and moisture that is detected remotely without a
rainfall event having occurred in the last few days could then be attributed to high water levels

within the alluvium.

To interpret moisture in optical images a reference image is required. This is because moisture
alters the optical signature of the image, and the changes that moisture creates may not be
distinguishable without an image depicting the a priori conditions. In Figure 9, moist sand was
easier to pick out because the water did not fully wet the sand bed. Hence parts of the sand bed
remained dry, giving the much required reference signature that led us to conclude that the other
parts of the river channel were moist. The effect of moist sand on the recorded signature is more
pronounced in radar images than optical images. Moisture in radar images has a more predictable

signature; thereby radar images are more widely used to detect moisture than optical images.

4.5.2. Radar images
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A radar image is usually displayed as a grey scale image. The intensity of each pixel represents
the proportion of the microwave radiation that is backscattered by the surface. ASAR is an active
sensor, meaning that it sends a radar signal to the surface area of the earth to be imaged and then
records the signal that is reflected back to its sensor (Mather, 1999). This backscattering by the
surface depends on a number of factors, notably the frequency and polarisation of the radar
pulses; the incident angles of the radar beam; the types, sizes, shapes, and orientations of the
scatterers in the target area; and the moisture content of the target area (Liew, 2001, European
Space Agency, 2007). Depending on the texture of the target area, the signal can be reflected
back to or away from the sensor, or even attenuated by trying to penetrate a loosely packed
medium (Natural Resources Canada, 2003). If the signal is reflected back to the sensor the
resulting image will be brighter whilst if it is attenuated or reflected away from the sensor a

darker image results (Lacomme et al., 2001).

A smooth surface acts like a mirror for the incident radar pulse. Most of the incident radar energy
is reflected away from the sensor with very little energy scattered back to the radar sensor
(Figure 10(a)). A rough surface reflects the incident radar pulse in all directions and part of the
radar energy is scattered back to the radar sensor (Figure 10(b)); hence a rough surface will
appear brighter than a smooth surface on a radar image. For example, flat surfaces such as calm
water normally appear as dark areas in a radar image since most of the incident radar pulses are
reflected away in a specular way (Gupta, 2003, Liew, 2001). Considering a surface of the same
roughness, when the soil is dry the incident radar energy is able to penetrate into the soil surface,
resulting in less backscattered radar intensity (Figure 10(c), while for wet soils the large

difference in electrical properties between water and air results in higher backscattered radar
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intensity (Figure 10(d)), and for flooded soils the radar is reflected in a specular way off the
water surface, resulting in low backscattered intensity (Figure 10(e)). Hence the flooded area
appears dark in the ASAR image. The interpretation of a radar image is not as straightforward as
that of an optical image, however, and often requires some familiarity with the ground conditions

of the areas being imaged (Liew, 2001).

Diffused reflection takes place when a rough surface reflects the incident radar radiation in all
directions. When this occurs the amount of energy that is backscattered back depends the
properties of the ground (Abdelsalam et al., 2000). For example, trees and other vegetation are
usually moderately rough on the wavelength scale and consequently appear as moderately bright
features in a radar image. The brightness of areas covered by bare soil may vary from very dark
to very bright depending on its roughness and the moisture content of the soil. Dry rough soils
will typically appear bright in a radar image and for a similar soil roughness; a surface with

higher moisture content will appear brighter.

In January, during the peak of the rainy season, the moist river channel has a bright backscatter
level, which is as high as the surrounding ground and vegetation, suggesting a moist but not
flooded river channel (Figure 11(a)), and this continues until March at the end of the rainy
season (Figure 11(b)). In both images, the river channel can still be seen and is indicated by
arrow 1, 2 and 3. In Figure 11(a), arrows 1 and 2 point to the same river channel though
presenting contrasting backscatter signatures. Arrow 1 shows a darker contrast associated with a
flooded river channel while arrow 2 points to a brighter backscatter signature usually associated

with moist sand. Arrow 3 in Figure 11(b) shows evidence of a moist river channel characterised
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by the high backscatter signature. Unlike in Figure 11(a) there is no surface water, and no part of
the riverbed is submerged. There are subtle differences in backscatter intensity between Figures
11(a) and 11(b) resulting from differences in the level of moisture and vegetation cover at these

two different times of the rainy season.

In June, during the winter dry season, which is two months after the cessation of the rains, the
dry river channel shows high contrast with the vegetation (Figure 11(c)). This is because the
backscatter coefficient of the river is lower than that of the vegetation canopy and the
surrounding land, suggesting a dry river surface, and possible absorption of the radar signal by
the presence of water located a few centimetres below the surface. The contrast is also relatively
high in October just before the beginning of the rainy season (Figure 11(d)). On October 17
2003, the backscatter coefficient of the river, though lower than that of the vegetation canopy, is
almost equal to that of the surrounding land suggesting a dry river surface, with characteristics

similar to that of the surrounding land surface.

Figure 12 shows the variation in backscatter intensities of three different land-cover types..
These were extracted through radiometric calibration followed by supervised classification of the
cover types and statistical averaging of the backscatter intensities from each of the classes. The
average backscatter intensities show little variation over time for the vegetated land cover type.
However, as we move from the wet months of February and March to the generally drier April,
there is an increase in backscatter intensity for the sand showing a possible change from a

submerged riverbed (low backscatter intensity) to a moist one (high backscatter intensity).
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This chronological analysis of the ASAR images for different months of the year demonstrates
that it is possible to detect moisture in the sand river channel as well as identifying a flooded
river channel. However, the images do not have a long enough wavelength to penetrate the sands
of the alluvial channel. ASAR uses radar images in the C-Band, which has a wavelength of 5.6
cm and a shorter penetration depth when compared to L-band, which has a wavelength of up to
30 cm and a penetration depth measured at more than 50% higher than that of C-band (Rignot et
al., 2001). Penetration at greater depths were reported by Abdelsalam et al. (2000) and Elachi et
al. (1984) using L-band radar although both their investigations were carried out under ideal

conditions in the Sahara Desert.

5. Conclusions

This research investigated variations in flows in alluvial channels due to rainfall and compared
water level measurements with values obtained from a water balance model calibrated using
geomorphological data obtained during field research on the two alluvial channels. The data
revealed that recharge of sand rivers is a very rapid process, which can occur within hours of a
storm, while recession was a much slower process occurring over a number of months. This
sponge effect of the alluvium enables it to act as a store for water, which is abstracted by the
users until it all flows out. It was found that the length of the river channel contributing to the
river flow and the effective sediment depth had an important effect on the recharge and recession

of the alluvial channel.

The research has also shown the potential to detect water bearing alluvial channels using ASAR

images. Our results show a change in backscatter intensity as a function of change in surface
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moisture level over time. It has also been possible to delineate the river channel using supervised
classification and statistical averaging of the different backscatter intensities between vegetation

cover (on the banks) and the coarse sand that makes up the river channel.

It was also necessary to have optical images to give a visual appraisal of the nature of the
alluvium on the day in question. For this study, optical images and rainfall data were used to give
an indication of inherent conditions. The optical images were particularly useful in determining
if the actual channel has some alluvium on it, and also to determine if there was any surface flow
or moisture. Rainfall data were used to determine days during which surface moisture was most

likely to be present without necessarily indicating a higher water level within the sediment.

The results of these investigations present a new understanding of sand rivers while presenting
relatively cheaper and faster ways of identifying the degree of saturation of sand rivers using
satellite data. For a water supply system that is overshadowed by more prominent surface and
groundwater supply options the cheaper identification and hydrological characterisation using a
combination of free satellite remote sensing data and spread sheet based water balance modelling
should help in promoting its uptake and trenching out to more communities in the semi-arid
regions of Zimbabwe. Sand water abstraction has the potential to transform livelihoods and
contribute to the socio-economic development of the rural communities of southern Africa. This
would be by providing an alternative source of much needed water, which can be used to support

not only life, but also food security and livelihoods through irrigation and livestock farming.

25



O©CO~NOOOTA~AWNPE

Further research will consist of testing the water balance model over a longer data range and
different river systems to analyse its sensitivity to different climatic and geomorphological

systems. Also, sand river detection using L-band radar images will be explored.
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7. Figure captions

Fig. 1. The Shashani River during the wet (left) and dry season (centre), and illustration of the
depth of the water level during the dry season (right).

Fig. 2. Location of the two research sites and weather stations on the Manzamnyama and
Shashani rivers in the Matabeleland South Province of Zimbabwe.

Fig. 3. Installation of a water level logger on the Shashani River (left and centre) and testing to
ensure the logger is properly installed (right).

Fig. 4. Probing on the lower Shashani River.

Fig 5. Water level of the Shashani River (a) and Manzamnyama River (b), together with daily
rainfall measurements from Antelope and Plumtree.

Fig. 6. Topographical survey at two locations on the Shashani River with the top transect
situated one kilometre upstream from the bottom transect.
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Fig. 7. Modelled and observed water level on the Shashani River (top) and Manzamnyama River
(bottom).

Fig. 8. Top: Landsat images over the Manzamnyama River on November 28 2013 (left) showing
a dry river channel and on December 23 2013 (right) showing a flooded river channel. Bottom:
Landsat images over the Shashani River on December 22 2013 (left) showing a dry river channel
and on January 7 2014 (right) showing a flooded river channel.

Fig. 9. Satellite image of part of the Save River in Zimbabwe showing differences in optical
signatures between dry sand (1), moist sand (2), vegetation (3) and bare ground (4).

Fig. 10 Typical backscatter signature of a radar signal under a smooth (a) and rough (b) surface.
Also shown is the typical backscattering signature for dry soils (c), wet soils (d), and flooded
soils (e), considering a surface of the same roughness.

Fig. 11. Backscattering signature of the ASAR signal over the Manzamnyama River on January
31 2004 (a), March 31 2012 (b), June 18 2004 (c), and October 17 2003 (d). The arrows point to
part of the river channel in all images. The read rectangle shows the study area.

Fig. 12. Variation in backscatter intensity for the different land cover types along the
Manzamnyama River over time.
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Table 1

Table 1 Values of the water balance model parameters before and after calibration

Model Parameter Shashani River Manzamnyama River Unit
Initial Calibrated Initial Calibrated

Channel width 133 133 50 50 m

Initial velocity 0.6 1.3 0.4 0.4 m/day

Plan area of channel 39900 39900 12500 6000 m?

Length of channel 0.3 0.3 0.25 0.12 km

Depth of sediment 15 15 15 1.5 m

Initial water level 0.2 0.2 15 1.5 m

Average pan evaporation 0.004 0.005 0.004 0.004 m/day

Abstraction 1.00 1.00 10.00 13.00 m°/day

Sediment type medium medium medium medium sand

Dry moisture content 0.1 0.1 0.1 0.1

?g;t:;tted moisture 04 04 04 0.4

Deep water depth 29 15 15 1.5 m

Shallow water depth 0.1 0 0.1 0.1 m

Porosity 0.4 0.4 0.4 0.4

Moisture exponent 2 2 2 2 m

Velocity exponent 0 0 0 0

Catchment ratio 8 6 4 4

NSE -0.01 0.65 -3.90 0.87

RMSE 0.32 0.17 0.46 0.13 m

MAE 0.27 0.13 0.38 0.09 m




Table 2

Table 2 Selected satellite images

IMAGE
CSEIEZE SATELLITE SENSOR IMAGE ID

TIME
S R e R e
| corms | s | AN N 7 000
SO | corms | s | AN N0 07427500
U s |aon | SR ot 75 00
52{3/2013 Landsat 8 OLL_TIRS LC81720742013331LGNOO
55{32/2013 Landsat 8 OLL_TIRS LC81710752013356LGNOO
52{32/2013 Landsat 8 OLIL_TIRS LC81710742013356LGNOO
07/01/2014 Landsat 8 OLIL_TIRS LC81710752014007LGNOO
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Table 3

Table 3 Results of the calibration and validation of the water balance model on the Shashani and
Manzamnyama rivers

Shashani River Manzamnyama River
Eﬁ'C'?nCy Calibration Validation Calibration Validation
Criteria
NSE 0.65 0.65 0.87 0.85
RMSE 0.17 0.07 0.13 0.16
MAE 0.13 0.04 0.09 0.14

Data time period ~ Oct '12 - May '13  May '14 - April '15  Jul '10 - Dec '10 Jul'1l - Dec '11




Figure 1
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Figure 6
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Figure 7
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Figure 12
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