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A B S T R A C T   

The problem of water scarcity and clean water in sub-Saharan Africa is a growing concern. This study aims to 
quantify the water quality on a temporal scale in the Doorndraai dam site in sub-Saharan Africa to design 
possible management options. Here, an integrated approach using both in-situ measurements of water quality 
parameters and remote sensing data was used to derive the water quality index (WQI) and inherent optical 
properties of water to deduce the factors governing seasonal and annual variability. The results show that all the 
water quality parameters analyzed fall under the permissible limit of the World Health Organization (WHO) for 
drinking water, except turbidity. The average value of turbidity for the dry and wet periods was 12.52 and 3.39 
NTU, respectively. WQI value ranges from good to excellent during the wet season, and poor in the dry season 
owing to the high values of turbidity in the water samples. Both in-situ and remote sensing-based analysis shows 
that during the last five years, the value of suspended particulate matter (SPM) based on Landsat-8 increased 
gradually in the study area. The Sentinel-2 derived modified normalized difference water index (MNDWI) shows 
a decreasing trend in the water area due to encroachment. The strong correlation between in-situ and remote 
sensing data supports the usefulness of remote sensing techniques for water resource management, especially in 
data-scarce regions. Looking at the spatio-temporal trend of water quality evolution, the findings of this study 
will help local decision-makers design sustainable plans for water resource management of Doorndraai dam.   

1. Introduction 

Water is one of the most valuable and finite resources on earth that is 
significant to the well-being of both humans and ecosystems (Avtar 
et al., 2011). The key factors that affect this finite resource in terms of 
both quality and quantity are population growth, land use - changes in 

land cover, climate change, poor governance, and lack of water treat
ment infrastructures (Kumar, 2019). Approximately half a billion people 
across the world live in areas where freshwater consumption exceeds its 
recharge rate by twofold (Mekonnen and Hoekstra, 2016). Surface water 
resources are dynamic in nature and prone to both point and non-point 
sources of pollution. Therefore, regular monitoring of surface water 
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bodies in terms of its dynamics is necessary for sustainable water 
resource management and protection of human health and the envi
ronment (Kazi et al., 2009; Sila, 2019). The holistic management of 
water resources for sustainable development is particularly supported 
by the United Nations, where efforts to maintain access to good quality 
water continue to be prioritized (Kumar et al., 2021; UN, 2015; UN- 
HABITAT, 2015). 

To achieve holistic water resource management, various approaches 
and methodological tools have been utilized to elucidate the processes 
that govern water quality, eg statistical approaches (Avtar et al., 2013; 
Wang et al., 2017), hydrological simulations for the fate and transport of 
contaminant (Dutta and Sarma, 2021; Neale et al., 2017), and the 
development of a water quality index (Taloor et al., 2020). With scien
tific advancement, spatial technologies like remote sensing and 
geographical information system (GIS) (Huang et al., 2018; Avtar et al., 
2019; Singh et al., 2020; Bhaga et al., 2020), artificial intelligence 
(Elkiran et al., 2019; Hameed et al., 2017), citizen science (Zheng et al., 
2017; Hammou et al., 2017), numerical simulation for scenario-based 
forecasting (Kumar, 2019; Gorgoglione et al., 2020; Babamiri et al., 
2021), and multicriteria analysis (Haider et al., 2015; Cetinkaya and 
Gunacti, 2018) have also been widely used for monitoring and fore
casting water resources in recent years. Among these approaches, 
remote sensing and GIS is the most widely used, as it has a higher ca
pacity to assess different water quality parameters, viz. suspended par
ticulate matters (SPM), chlorophyll-a, and turbidity in near-real time 
(Yunus et al., 2016, 2020; Avtar et al., 2020). Band ratio approach using 
satellite data is useful to delineate water covered areas. Recently, 
MNDWI has been effectively used for enhancing and extracting water 
covered areas with a background dominated by built-up areas (Xu, 
2006). Previous studies explained the role of satellite-based land cover 
change (LULC) in relation to surface water quality (Shukla et al., 2018). 
LULC information is important for detecting the extent of human in
fluence on the water environment and management practices (Chowd
hury et al., 2020). Hong et al., 2016 investigated that water pollution is 
positively related to agriculture and urban areas in an inland lake in 
China. LULC changes induce changes in river water quality and affect 
various benthic macroinvertebrates in the Mthatha River, South Africa 
(Niba and Mafereka, 2015). Pullanikkatil et al., 2015 studied the impact 
of urbanization and agriculture on the water quality of the Likangala 
River, Malawi, with an increase in anions, cations, and E. coli down
stream of urban areas. Remote sensing is beneficial to countries with 
limited resources for designing sustainable water management policies 
because of multi spatio-temporal data acquisition (Zhang et al., 2002; 
Liebe et al., 2005; Ogilvie et al., 2016; Ji et al., 2009). For developing 
countries with data scarcity and limited monitoring stations, it is 
essential to monitor water resources on a regular basis to achieve global 
targets such as the Sustainable Development Goals (SDGs) (Elkiran et al., 
2019). A well-designed water quality monitoring system can help define 
water quality problems and their management strategies (Chowdhury 
et al., 2020). 

African countries are at the core of this critical issue, where there are 
very limited scientific studies, providing excellent evidence for different 
policy interventions (Kaba et al., 2014; Martinez et al., 2015; Molekoa 
et al., 2019; Dlamini et al., 2021; Matthews and Bernard, 2015; Bhaga 
et al., 2020). This study analyzes the surface water quality of the 
Doorndraai Dam in Limpopo, South Africa. Doorndraai Dam is a dam on 
Sterk river, Mogalakwena river basin with a catchment area of 595 km2, 
located in Mokopane with primary purpose is for municipal and indus
trial use. The Doorndraai dam plays a significant role in the livelihood of 
around 0.33 million people who live in one of the most agriculturally 
rich areas of South Africa and are heavily dependent on surface water for 
their agricultural livelihoods, industrial activities, and daily consump
tion needs (Molekoa et al., 2021). Despite its high importance, very little 
is known about the factors responsible for the evolution of water quality 
and its management strategies for Doorndraai Dam. Therefore, the 
objective of this study is to assess surface water quality using a 

synergistic approach of remote sensing and in-situ measurements. In 
addition, a spatio-temporal analysis of water quality was performed 
considering South African water quality guidelines and statistical 
modelling. The results of this study could be used to configure the 
extraction rate for different purposes, and therefore, will be helpful in 
controlling pollution sources and helping design water quality man
agement in Doorndraai dam for the long term. 

2. Study area 

The Doorndraai Dam is located in the Mogalakwena River catchment 
area in the Waterberg District, Limpopo province of South Africa with 
coordinates between 24◦ 16′45′ ′ S and 28◦ 46′1′ ′ E (Fig. 1). The dam is 
located outside of the town of Mokopane and supplies water to the 
livelihood of approximately 328,905 people (South Africa Statistics, 
2016). The climate of the study area is semi-arid with an average annual 
rainfall of 490 mm (Fig. 2). Most of the rainfall occurs between October 
and March in the wet season, whereas the dry season spanning between 
May and September receives very little rainfall. The mokopane weather 
station data was used in this study, which is closest weather station to 
the study site. The Doorndraai Dam is a buttress dam that is found on the 
Sterk River in the Mogalakwena River basin. The reservoir capacity is 
approximately 46,500,000 m3. The surface area is approximately 560.6 
ha and has a catchment of approximately 595 km2. The primary purpose 
of this dam is to supply water for agriculture, industries, and minor 
recreational activities such as boat cruises, canoeing, parasailing, and 
fishing. The dam is operated by South Africa’s Department of Water 
Affairs (DWA). Fig. 1 illustrates the Digital Elevation Model (DEM) and 
the drainage basin of the Doorndraai Dam. The Shuttle Radar Topo
graphic Mission Digital Elevation Model (SRTM-DEM) data was used to 
extract the stream order and topography of the study area. This infor
mation is useful to analyze the watershed morphometry of the dam 
drainage area (Radwan et al., 2017). Doorndraai Dam is located on 
stream order No.3, showing that it is located in the low-elevated areas. 
Therefore, other streams that flow into the Doorndraai dam have an 
effect on water quality. 

3. Materials and methods 

The methodology is divided into three parts: a) LULC study, b) 
hydrochemical analysis based on in-situ survey of collected water sam
ples and c) remote sensing-based assessment. The idea behind this in
tegrated approach was to emphasize the importance of spatial tools for 
analyzing water quality in locations that are either inaccessible or where 
financial resources are limited for the monitoring of water quality. 
Fifteen different water quality indicators were used in this investigation, 
including pH, EC, TDS, turbidity, Ca2+, K+, Mg2+, Na+, Cl− , HCO3

− , F− , 
NH4 

+, Cu and SO4
2− and suspended particle matter. In which the WQI 

was calculated using 13 different water quality indicators (EC, TDS, 
turbidity, Ca2+, K+, Mg2+, Na+, Cl− , HCO3

− , F− , NH4
+, Cu, and SO4

2). 

3.1. Land cover map of study area 

In this study, the South African National Land Cover (NLC) map of 
2018 was used, which is freely available from https://www.dffe.gov.za/ 
projectsprogrammes/egis_landcover_datasets. The NCL map was 
derived from Sentinel-2 data with a spatial resolution of 20 m. The 
overall precision of the NLC 2018 land cover product is >80%. There 
were many classes in NLC map therefore, similar classes were grouped 
into 7 land cover classes based on the objectives of this study. Fig. 3 
shows the land cover map based on the NLC map of 2018. Most of the 
study area is covered with forest, followed by grasslands and commer
cial agriculture, covering proportions of 57.8%, 17.2% and 10.3% of the 
total area, respectively (Table 1). Previous studies conducted on land 
use/land cover change have revealed that agricultural land strongly 
influences stream nitrogen, phosphorus, and sediments (Arheimer and 
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Liden, 2000; Johnson et al., 1997; Smart et al., 1998). Therefore, the use 
of the LULC map of the study can provide some information on nitrogen, 
phosphorus, and sediments pollutions in surface water. 

3.2. In-situ data collection and laboratory analysis 

Field work was carried out on 6 August 2019 (Dry season) and 25 
February (Wet season) in 2020 to collect water samples. Five sampling 
locations were identified for both seasons using the random sampling 
technique. Field measurements of pH, EC, TDS, water depth, and tem
perature were performed using a multiprobe from Orion Model Number 
01915. After an in-situ analysis, the water samples were filtered with 
0.20 μm Millipore filter paper and then collected in pre-rinsed uncon
taminated polyethylene bottles. To avoid any fluctuation in the con
centration of trace metals, the samples collected for the analysis of the 
main cations and trace metals were acidified by 1% HNO3 at pH ~2. The 
concentration of HCO3

− was analyzed by acid titration (using Metrohm 
Multi-Dosimat); while other anions Cl− , SO4

2− and F− were analyzed by 
DIONEX ICS-90 ion chromatograph. Inductively coupled plasma-mass 
spectrometry (ICP-MS) was used to evaluate major cations and trace 
metals. The relationship between different physio-chemical parameters 
was performed using a correlation matrix, which also helps in deducing 
the processes governing water quality (Joshi et al., 2009). In this study, 
the Pearson’s correlation method was used to develop the matrix using 
SPSS 20.0 software. 

Fig. 1. Location of the Doorndraai Dam in Limpopo province of South Africa (a) map of Africa (b) location of South Africa (c) location of the Doorndraai watershed 
area (d) location of the sampling sites in Doorndraai dam. 

Fig. 2. Monthly average rainfall and temperature pattern of study area 
(Molekoa et al., 2019). 
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3.3. Satellite data pre-processing 

The Google Earth Engine (GEE) was used to process satellite data to 
analyze the surface water quality parameters of Doorndraai Dam. The 
GEE is an online coding environment that is used to enable relatively 
rapid server-based analysis responsible for large spatial datasets (Gor
elick et al., 2017). The GEE catalogue data comprises observations such 
as Landsat-8 OLI, Sentinel-2, MODIS (Moderate Resolution Imaging 
Spectroradiometer), and several climate-gridded datasets, socio- 
economic, land cover, and geophysical products (Gorelick et al., 

2017). In this study, Landsat-8 OLI and Sentinel-2 image collections 
were used in a GEE environment to analyze suspended particle matter 
(SPM) and modified normalized difference water index (MNDWI). 

3.3.1. Suspended particle matter (SPM) 
The SPM is defined as the dry mass of particles per unit volume of 

water (Qiu, 2013). Band 4 (red band) was extracted from Landsat 8 OLI 
(Operational Land Imager) with 30 m spatial resolution in order to 
calculate SPM. Previous studies reported the potential of Landsat 8 data 
to assess temporal variability of SPM (Qiu et al., 2017; Abascal Zorrilla 
et al., 2018). SPM was calculated for a 5-year period (2015-2020) to 
monitor temporal variabilities. The following formula of Nechad et al. 
(2010) was used in order to calculate the SPM from the Landsat-8 sur
face reflectance products in the GEE environment: 

SPM =
Apw

(1 − pw)/C
(1)  

where, A (289.29) and C (0.1686) are coefficients of empirical models, 
pw represents the Red Band (B4). The red band empirical algorithm of 
Nechad et al. (2010) to retrieve the SPM concentrations is well suited for 
a range of 0–110 mg/L, and therefore is fitted in our studies as well. 

Fig. 3. Land cover map of the study area based on NCL-2018 data.  

Table 1 
Land cover classes and area.  

Class name Area (Km2) Percentage 

Built-up area 8.9 0.6 
Water bodies 13.3 0.9 
Forest 77.6 5.3 
Fallow land 114.8 7.8 
Commercial agriculture 150.4 10.3 
Grasslands 251.6 17.2 
Woodland 846.3 57.8 
Total 1463.0 100.0  
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3.3.2. Modified normalized difference water index (MNDWI) 
Sentinel-2 data with 10 m spatial resolution were used to compute 

MNDWI using GEE. In this study, MNDWI was used to calculate the 
water covered area of the Doorndraai dam during the last five-year 
period (2015-2020). MNDWI can enhance open water features while 
efficiently suppressing noise from built-up and vegetative areas. Low 
MNDWI values represented land area, while high values represented 
water-covered areas. Values below zero were removed as they repre
sented land. The visible green (B3) and short-wavelength infrared 1 
(B11) bands of Sentinel-2 data were used to calculate MNDWI (Chen 
et al., 2015). The infrared 1 (B11) band was resampled to 10 m to 
calculate MNDWI. The following formula was applied in order to 
calculate the water boundary of the study area. 

MNDWI =
B3 − B11
B3 + B11

(2)  

3.4. Water quality index (WQI) calculation and other statistical analysis 

The WQI is one of the most widely used scientific tools for measuring 
surface water quality around the world (Minh et al., 2019). It provides a 
single value based on different water quality parameters to compare 
different samples for quality on the basis of the index value of each 
sample. The WQI was calculated using 13 different water quality pa
rameters, including EC, TDS, turbidity, Ca2+, K+, Mg2+, Na+, Cl− , HCO3

− , 
F− , NH4

+, Cu, and SO4
2− . The formula below was used in order to 

calculate WQI (Molekoa et al., 2019). The following steps were taken to 
calculate WQI:  

A) Calculating the relative weight: It was calculated using Eq. 3. 

Wi =
wi

∑n
i wi

(3)  

where Wi represents the relative weight of each parameter sampled, wi 
represents the weight of each parameter, and n represents the total 
number of parameters. All calculated values of Wi are shown in Table 2.  

B) Calculating Q value: It was calculated using eq. 4. 

Qi =
Ci × 100

Si
(4) 

Wherein Qi = quality rating, Ci = Concentration of each parameter 
(mg/L), and Si is derived from the WHO water quality standard.  

C) Finally, the Water Quality Index (WQI) was calculated using Eq. 
5. 

WQI =
∑

Wi×Qi (5) 

The WQI was categorized using a method developed by Singh et al. 
(2011), whereby, WQI < 50 means excellent water quality, WQI =
50–100 means good water quality, WQI = 101–200 means poor water 
quality, WQI = 200–300 means very poor water quality, and WQI > 300 
means unsuitable for drinking. The chemical parameters used for WQI 
are shown in Table 3. 

4. Results 

4.1. General water chemistry 

The statistical summary of the water quality analysis is shown in 
Table 2. It reveals that values/concentrations of all parameters, except 
turbidity, have fallen within the permissible limit according to South 
African water quality guidelines (Department of Water Affairs and 
Forestry, 1996) and WHO guidelines (WHO, 2011) in both dry and wet 
seasons. Compared to WHO guidelines, the percent of water samples 
exceeding the turbidity value in dry and wet periods was 100% and 
60%, respectively (Table 2). The turbidity value of water bodies is an 
indicator of high concentration of silt, clays, and other suspended solids, 
as well as lowered circulation velocity of water. Because of high 
turbidity not only water looks cloudy but also its aesthetic value de
creases a lot (Edokpayi et al., 2015; Nienie et al., 2017). The trend of the 
average value of the anions were HCO3

− > Cl− > SO₄2− > F− , whereas for 
the cations the trend was Na+ > Ca2+ > K+ > Mg2+ > NH4

+. The main 
possible source of Cl− and SO₄2− might be agricultural runoff with an 
excess of fertilizer input, as shown by the dominance of agricultural 

Table 2 
Statistical summary for results from the water quality analysis (Numbers in parentheses show the result for the wet season).   

Dry season Wet season WHO Standard for drinking water (2011)  

Parameters Max Min Avg St 
Dev 

Max Min Avg St 
Dev 

Desire Limit (D. 
L) 

Permissible Limit (P. 
L) 

% of Sample beyond permissible 
limit 

pH 8.30 7.20 7.60 0.60 7.90 7.10 7.40 0.45 6.50–8.50 NA 0 
EC (μs/cm) 173.30 158.60 165.44 5.86 140.93 123.22 133.02 7.69 500.00 NA 0 
TDS (mg/L) 90.10 69.50 78.00 9.68 73.00 71.00 71.80 0.84 NA NA NA 
Turb. (NTU) 16.50 9.34 12.52 3.27 4.25 2.31 3.39 0.94 1 5.00 100 (0) 
Ca2+ (mg/L) 9.01 8.85 8.93 0.07 8.34 7.70 7.98 0.25 75.00 200.00 0 
K+ (mg/L) 4.16 3.63 3.83 0.22 3.72 3.20 3.41 0.22 NA 200.00 0 
Mg2+ (mg/L) 3.26 3.24 3.25 0.01 3.14 2.81 2.97 0.12 50.00 150.00 0 
Na+ (mg/L) 9.79 9.58 9.69 0.09 8.13 7.63 7.90 0.19 NA 200.00 0 
NH4

+ (mg/L) 0.20 0.20 0.20 0.01 0.20 0.20 0.20 0.01 0.50 0.50 0 
F− (mg/L) 0.32 0.30 0.32 0.01 0.26 0.24 0.25 0.01 1.00 1.50 0 
HCO3

− (mg/ 
L) 

44.58 36.12 40.23 3.15 27.75 16.46 21.85 5.07 NA NA 0 

Cl− (mg/L) 8.77 8.27 8.48 0.22 6.95 6.27 6.52 0.27 200.00 600.00 0 
SO₄2- (mg/L) 6.52 4.94 5.58 0.66 6.64 5.69 6.18 0.45 150.00 400.00 0 
Cu (mg/L) 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.05 1.50 0  

Table 3 
Relative weights of chemical parameters.  

Parameter Parameter Standard qi Weighted factor wi qi x wi 

EC 150 68.73 4 0.09 6.186 
TDS 1000 7.34 4 0.09 0.66 
Turbidity 1 1558 4 0.09 140.22 
Ca2+ 150 5.93 2 0.04 0.237 
K+ 15 24.33 2 0.04 0.973 
Mg2+ 200 1.62 2 0.04 0.065 
Na+ 200 4.84 3 0.07 0.338 
Cl− 200 4.15 4 0.09 0.374 
HCO3

− 250 5.28 4 0.09 0.475 
F− 1.5 21.33 5 0.11 2.343 
NH4

+ 0.2 100 5 0.11 11 
Cu 2 0.5 5 0.11 0.055 
SO4

2− 400 1.24 2 0.04 0.049  
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fields in the land use land cover map in Fig. 3. 

4.2. Water quality index (WQI) 

Tables 3 and 4 show the weighting for each of the water quality 
parameters and their estimated WQI values in both the dry and wet 
seasons. According to the results, during the dry season, water fell into 
one category which is ‘poor water quality’. The main reason behind this 
is lowering of stream runoff hence less water availability in the reser
voir. During the field work, it was also observed that the dam was only 
15% full and the water appeared very milky, indicating high turbidity, 
which may have resulted from higher evapotranspiration and hence 
sediment accumulation. The WQI during the wet season fell under 
excellent and good water categories. This suggests the dilution effect due 
to rainfall resulting in good water quality. 

4.3. Correlation matrix 

As seen in Table 5, the pH has a strong correlation with Ca2+ and 
HCO3

− indicating carbonate weathering as the main source of alkalinity 
of the water resources. The EC variable has a strong positive correlation 
with turbidity, TDS, Ca2+, Mg2+, and HCO3

− , whereas moderate associ
ation with Na+, K+, Cl− , and SO4

2− indicates the prevalence of carbonate 
weathering over silicate weathering in addition to anthropogenic inputs 
like agricultural runoff, improper sewerage management etc. Another 
noticeable association is the positive relation between pH and F− , and 
negative relations between Ca2+ and F− suggest that the alkaline me
dium supports the release of fluoride while precipitating calcite and the 
release of fluoride in the aqueous medium. 

4.4. Satellite derived SPM 

Fig. 5 shows the temporal variation of SPM concentrations in the 
study site during dry and wet seasons. It can be clearly seen that a 
definite increase in SPM concentration in the reservoir during the study 
period, in particular for the years 2019 and 2020 (Fig. 5). Spatial map of 
SPM also indicates a change in the size of the water covered areas over 
the years (Fig. 5). Quantitative analysis of SPM showed an increasing 
trend of SPM concentrations during the past five years for both the dry 
and wet seasons (Fig. 6). By the end of the observation (i.e., 2020), the 
SPM concentrations increased about three times from the base period (i. 

e., 2016) during the dry season, and nearly 4 times during the wet 
season. The increasing turbidity in the dry periods can be attributed to 
the decreasing lake coverage area and exposed bottom sediments; 
whereas the murky water transported by the river, and bottom sediment 
mixing during the wet season, leading to an increase of SPM. Never
theless, the SPM values in the dry season is comparatively higher than 
wet periods (Fig. 6). 

4.5. The relationship between in-situ and satellite data 

The measurement of turbidity determines the level of suspended 
particle matter, especially of fluvial origin, in water (Wass et al., 1997). 
The South African water quality standard for turbidity is 1 NTU 
(Nephelometric Turbidity Unit). In-situ measurements show that the 
turbidity exceeded the permissible limits of South African water quality 
standards for both dry and wet seasons in our study area (Fig. 4). The dry 
season (August) in the year 2019 recorded 16.5 NTU as the highest 
value, whereas the wet season (February) for the year 2020 recorded 
4.25 NTU as the highest value. 

In the case of satellite data, the Landsat 8 OLI data using the Google 
Earth Engine was used to calculate SPM for both the dry and wet sea
sons. In the African region, Kaba et al. (2014) studied the temporal 
dynamics of an Ethiopian Lake using Landsat data, and Robert et al. 
(2016) used MODIS data to monitor SPM and turbidity in Bagre reser
voir in Burkina Faso. To understand the trend analysis between dry and 
wet seasons, the SPM was calculated for a five-year time period from 
2015 to 2020. The Landsat-8 based SPM results show a good relationship 
with in-situ measured turbidity as they are both influenced by particulate 
matter in water (Fig. 7). When the SPM increases, the turbidity increases 
as well, and vice versa. Nevertheless, the amounts of SPM did not exactly 
follow the same pattern as the turbidity values. Although, a linear 
relation was found between turbidity and SPM concentrations, but that 
differed between the dry and wet seasons. Similar trend was also noticed 

Table 4 
WQI results from in-situ measurements.   

Dry season Wet season 

Sampling Points WQI Water Quality WQI Water Quality 

Site 1 166.18 Poor water 43.12 Excellent 
Site 2 111.13 Poor water 44.47 Excellent 
Site 3 122.52 Poor water 59.82 Good water 
Site 4 123.02 Poor water 56.82 Good water 
Site 5 173.93 Poor water 58.69 Good water  

Table 5 
Correlation matrix of the water quality parameters.   

pH EC TDS Turb Ca2+ Mg2+ Na+ K+ HCO3
− Cl− SO₄2−

EC 0.58           
TDS 0.61 0.67          
Turb 0.51 0.89 0.77         
Ca2+ 0.59 0.82 0.53 0.61        
Mg2+ 0.50 0.71 0.56 0.58 0.89       
Na+ 0.37 0.77 0.45 0.66 0.54 0.44      
K+ 0.32 0.78 0.38 0.29 0.22 0.15 0.75     
HCO3

− 0.85 0.86 0.69 0.72 0.79 0.53 0.52 0.40    
Cl− 0.49 0.65 0.54 0.53 0.46 0.25 0.35 0.46 0.47   
SO₄2− 0.44 0.54 0.27 0.38 0.39 0.31 0.52 0.22 0.54 0.42  
F− − 0.79 0.43 0.28 0.41 − 0.57 0.34 0.66 0.51 0.65 − 0.43 − 0.12  

Fig. 4. Laboratory analyses for turbidity in dry (August) and wet 
(February) season. 
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Fig. 5. Spatio-temporal variations of SPM concentration estimated for Doorndraai dam in dry and wet season from 2016 to 2020.  
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in previous studies as well; for instance, Hellal et al. (2020) reported two 
distinct linear relationships for the wet and dry seasons between SPM 
and NTU in Comté-Orapu basin, French Guyana. They attributed this 
difference to the varying nature of particulate matters during the two 
seasons. For example, the high turbidity in Doorndraai during dry sea
son is the result of low water level in the lake and associated sediment 
dynamics, whereas high turbidity in the wet season is the result of a 
mixed response, i.e., transported murky water and bottom sediment 
mixing. Results thus support the use of remotely sensed information as 
an alternative data for long-term analysis. 

4.6. MNDWI (modified normalized difference water index) 

To further examine the impact of changes in the dam area on water 
quality, the water covered area of Doorndraai Dam was calculated using 
MNDWI from GEE. Fig. 8 illustrates the temporal changes in the water 
covered area in the dam. A decreasing trend of water covered area of the 
Doorndraai Dam is observed in the past five years. For example, year 
2016–2017 (both wet and dry season) the highest area of the dam was 
recorded, whereas, during 2019–2020 the lowest value was recorded. In 
general, the area for wet seasons is higher than that of dry seasons. The 
total area was above 5 km2 in the dry season of 2016, which was reduced 
to below 2 Km2 in the dry period of the year 2020. 

5. Discussion 

The water discharge to the Doorndraai dam is supplied from the 
Mogalakwena river basin falling in the most densely populated and 
industrialized catchment in the region. Numerous mines including the 
AMPLAT Mogalakwena Platinum mine is also located in the catchment 
(Lombaard et al., 2015). Despite being industrialized, the overall water 
quality as rated from the WQI except for turbidity is rated good. 
Nonetheless, the physio-chemical data analyzed from the dam water 
shows that there were variations during dry and wet seasons. In dry 
season, the water quality rating changes to poor from being excellent or 
good as observed during the wet season. Between different sampling 
sites, the variation in water properties do not change much (see Table 2). 
One of the major reasons thus for poor WQI in dry period can be 
attributed to low discharge conditions. The water flow to the dam varies 
seasonally and very irregular (FAO, 2004). Love et al., 2010 reported 
that the northern Limpopo basin experiencing a decline in number of 
rainy days, increases in dry spells, increases in days without flow. The 
evaporation rate that range between 800 and 2400 mm annually has a 
mean value of 1970 mm, leading to a higher evaporation rate than the 
average precipitation (IWMI/ARC, 2003). This leads to particle con
centration buildup in the surface of the water. Fig. 9 depicts the annual 
average rainfall and land surface temperature for the Mogalakwena 
catchment area; this figure indicates that during the last 10 years, the 
temperature clearly increased and consequently the evapo- 
transpiration. 

Our result is in line with one of the previously published reports by 
LBPTC (2010), which showed that although water quality in the Lim
popo River basin was impacted by several factors like land use change 
and various development activities, but still water quality was not se
vere compared to its baseline condition. The water quality in the upper 
reaches of Limpopo catchment in South Africa is generally good, and 
TDS ranged from 58 mg/L to 307 mg/L. This study shows that the 
Landsat-8 derived SPM is related to in-situ measured turbidity. Nazirova 
et al., 2021 also reported a similarly strong correlation between SPM and 
turbidity in Mzymta river of Russia. Chloride and Sodium dominated in 
the water quality. Furthermore, the levels of phosphate and nitrate were 
typically low as represented by average concentrations of <0.05 mg/L 
and 0.05 mg/L, respectively. 

Additionally, during field observation, few small water storage 
bodies were found around Doorndraai Dam. Since Doorndraai dam is 
feeding all these small storage systems, it could be one of the reasons 
behind the declining water covered area of the dam as the water does not 
reach the dam, especially during the dry season. Factors such as depo
sition of soil, limited or no vegetation cover and soil erosion around the 
dam could also have an impact, especially in the dry season as observed 
during the field survey. Sentinel-2 based MNDWI also shows a 
decreasing pattern of water covered area in the study site. Other re
searchers also reported the importance of MNDWI to detect surface 
water coverage (Ji et al., 2018; Sathianarayanan, 2018; Ali et al., 2019). 
The physical management of aquifers and rivers as well as wider 
hydrogeological and hydrological environment of the river basin has an 
influence on water quality as well as ecological quality. In this way, 

Fig. 6. SPM for driest and wettest months in 5 years period.  

Fig. 7. Landsat-8 based mean SPM and in-situ mean turbidity in dry and 
wet season. 

Fig. 8. Doorndraai dam water covered area in km2 in 5 years period.  
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disruptions and changes in natural habitats for example, bank-side 
vegetation, can be resulted from the physical disturbance from canali
zation, construction of reservoirs, dredging of rivers, damming as well as 
other hydrological flow changes such as gravel and sand extraction 
found in rivers. Such factors have a huge impact on the dam boundary. 

Possible new mines are expected to operate in the catchment areas 
(Lombaard et al., 2015), These new mines add additional water pres
sure, which could further reduce the water quality, especially in the dry 
season. It remains to be monitored further whether the pollution still 
increases in the dam because of additional water stress. Therefore, 
proper management and close monitoring programs that counter mea
sure the deteriorating problem needs to be initiated as early as possible. 
Use of multi-temporal in-situ data can help us to better understand the 
relationship between remote sensing and ground based measurement. 
However, due to limited resources, it was not possible to collect water 
samples of the study area for a longer period of time. 

6. Conclusion 

This study highlights the temporal analysis of surface water quality 
using both in-situ analysis and remote sensing data in Doorndraai dam, 
Limpopo, South Africa. The result shows that all the water quality pa
rameters fall under the permissible limit given by the WHO (2011) and 
South African guidelines (1996) except turbidity. The main reasons 
behind the excess TDS value are high erosion, evaporation, decay of 
organic matters etc. Study on WQI showed, seasonal changes have sig
nificant effects on water quality in both dry and wet season, especially 
dry season deteriorates the water quality. Looking into the temporal 
trend of SPM during the last five years period, it shows an increasing 
trend for turbidity. In-situ observation-based turbidity shows a signifi
cant correlation with Landsat-8 derived SPM. On the other hand, 
MNDWI data shows a decreasing trend of water-covered areas for the 
last five years. The accuracy of remotely sensed data to predict SPM and 
water coverage area, proved its worth, especially in data-scarce regions. 
This study shed light on water quality status considering the importance 
of Doorndraai dam and the absence of any scientific research. This study 
is vital for designing water management plans and policy toward 
achieving sustainable water quality as well as SDGs. However, hydro
logical simulation for future water forecasting should be considered for 
future study. Moreover, guidelines related to total maximum pollution 
load and its diligent monitoring at field scale will be necessary to esti
mate both point and non-point sources of pollutants and guide the policy 
makers to maintain the ambient water environment healthy. Capacity 
development is another aspect which needs to be looked after especially 

for regions completely lacking the skilled manpower required to monitor 
and manage precious water resources. 
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