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Abstract
Groundwater and surface water pollution risk assessment involves evaluating the potential effects of pollutants on water 
quality, human health, and the environment. This study focuses on water pollution risks from the intrinsic vulnerability 
and from population growth, urbanization, industrialization, poor soil and water conservation, climate change impacts, 
and inadequate governance of Upper Awash Sub-river Basin in Ethiopia. It used Groundwater Pollution Risk Index 
(GWPRI), Surface Water Pollution Risk Index (SWPRI), integrated Water Source Pollution Risk (WSPR) mapping, water 
pollution index as well as estimation of exposed population for the identified risks through ArcGIS environment. Linear 
regression analyzes concentrations of nitrate from 851 boreholes and product map raster values were applied for model 
validation, achieving a 67.8% explanation (R2=0.678). In addition, Nemerow pollution index was also applied based on 
samples from ten monitoring sites. As the result, findings reveal 32.96% with low groundwater pollution risk, 53.56% at 
a moderate risk level, and 13.5% facing high groundwater risk. For surface water, 72.64% has low pollution risk, while 
27.36% experiences more than moderate risks, including 4.82% high and 3.7% very high pollution risks. The combined 
risks shown that 68.1% low, 27.5% moderate, and 4.4% high risks for water source pollution in the sub-basin. The 
study estimates that 82.52% of the population resides in low WSPR areas, with over 17.47% in moderately risked areas. 
Furthermore, 5.64%, 3.88%, and 2.30% of the population are exposed to high GWPR, SWPR, and WSPR, respectively. 
The computed Water Pollution Index values for the dry season exceeded one for all ten water quality monitoring sites, 
indicating pollution of surface water. In conclusion, WSPR modeling is crucial for identifying vulnerabilities and pollution 
risks in both new and existing water supply systems. Integrating various approaches and models, coupled with predicting 
exposed populations for health risks associated with water quality, highlights the importance of considering public 
and ecosystem health issues in the comprehensive approach of source control, treatment technologies, and regulatory 
measures.
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1. Introduction 
Water quality is a global challenge that affects many aspects 
of human well-being and environmental sustainability. De-
veloping countries, especially in Sub-Saharan Africa, access-
ing safe water supply is more difficult due water pollution. 
This is caused by various factors, such as indiscriminate un-
treated wastewater disposal, industrialization, urbanization, 
and agricultural activities. The Upper Awash River Basin is 

an example of sub-basin that suffers from water quality is-
sues. To address these issues, Integrated Watershed Man-
agement (IWSM) is the best strategy, which is considering 
ecological, social, and economic development, as well as 
helps mitigate public health problems and promotes overall 
well-being [1, 2].

It relies on the management of watershed characteristics, 
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including both biophysical and socio-economic features. 
Therefore, many water quality parameters can be investigat-
ed by considering watershed characteristics, such as climate, 
spatial and seasonal changes, vegetation, geology, topogra-
phy, and socio-economic factors [3]. Within the basin system, 
both flooding, a hydrologic event, and drought characterized 
by a low flow of water have impacts on the biological, phys-
ical, and chemical components of water quality [4]. Change 
in land use and land cover, including soil erosion, deforesta-
tion, changes in cropland and pastures, and urban land use; 
contribute to deterioration of water quality. Furthermore, 
improper irrigation management and seepage from reser-
voirs further affecting the water quality within the system. 
Moreover, human activities, marked by population growth, 
urbanization, and increasing construction activities, as well 
as discharges from industrial zones and mining activities, 
contribute significantly to the degradation of both surface 
and ground water. 

On the other hand, the characteristics of the watershed, in-
cluding topography, hydrogeology, soil types, and the imper-
vious surface area, play a crucial role as determinant factors 
in the natural defense system’s protective capacity for en-
suring water quality acceptable standards. Topographical 
characteristics and aquifer media, enabling the transport of 
contaminants within the groundwater basin, significantly in-
fluence the variations in water quality [5]. Hydro-chemical 
variations in water quality are also regulated by geological, 
geochemical, and geomorphological factors. In general, the 
qualities of surface water and groundwater are impacted by 
geological, physical-chemical, biological, and anthropogenic 
factors of the watershed [6].

Those characteristics and Water Source Pollution Risk 
(WSPR) are determined by combining the vulnerability map 
with land use for the Groundwater Pollution Risk (GWPR) 
groundwater and surface WPR is modeled through an over-
lay analysis of watershed characteristics [7]. The DRASTIC 
model considers parameters such as Depth to water, Re-
charge, Aquifer media, Soil Media, Topography, Impact of the 
vadose zone, and Conductivity (hydraulic) of the aquifer [8]. 
In contrast, GWPR analysis incorporates an additional pa-
rameter, the land use index. 

On the other hand, the analysis of surface water pollution 
risks involves assessing topography, soil type, land use and 
land cover, and watercourse zones to establish surface water 
pollution risk maps [9]. Furthermore, the level of WSPR is 
determined by matrix addition, combining both surface and 
groundwater pollution risk maps to estimate the proportion 
of the exposed population in each risk class. In other hand, 
risk models first pinpoint areas of varying groundwater and 
SWPR with low, moderate, and high areas. Overlaying these 
areas with population dataand calculating the populations 
within each risk area is applied in this study to reveal the 
total exposed population at risks. 

Mapping water pollution risks by identifying the vulnerable 
areas and potential hazards as well as estimation of exposed 

population. WSPR assessment are important to develop 
strategies to prevent, reduce, or remediate contamination. 
This can indicate the overall estimate of the population po-
tentially affected by groundwater and surface water pollu-
tion risks. This is crucial for informing decision-makers, 
policymakers and the public about the potential risks and 
helping guide appropriate interventions or protective mea-
sures. Regular updates and refinement of models based on 
new data or improved methodologies can enhance the preci-
sion of exposed population estimates over time. 

Indeed, addressing the deterioration of water quality prob-
lem is more effectively accomplished through water resource 
protection than treatment at the point of us. The Water Safe-
ty Plan (WSP) approach by the World Health Organization 
(WHO) is a source-oriented strategy that involves a system 
assessment to characterize water quality and quantify as-
sociated risks [10]. This evidence-based risk management 
within IWSM aims to tackle both point and non-point sourc-
es of water pollution.

In the Upper Awash Sub-River Basin, the identified charac-
teristics mentioned above serve as contributing factors to 
the degradation of water quality parameters. The sub-basin 
is particularly susceptible to water pollution due to these 
factors, justifying the statement that, overall, the Awash Riv-
er basin is not only the most important but also the most pol-
luted river basin in Ethiopia [11]. It is even worsen around 
impacted areas due to industrial areas, settlements and 
flower farming [12]. The sub-basin accommodates millions 
of people, featuring numerous industrial zones, varied set-
tlement patterns, emerging towns, high population growth, 
rapid urbanization, flourishing farms, loss of vegetation, soil 
erosion, and other significant factors [11, 13].

In addition to these aggravating factors, the major challenges 
in the Awash Sub-River Basin include a lack of coordination, 
insufficient evidence, limited attention to source protection 
and monitoring, failure to integrate water quality issues into 
water resource management, absence of enforcement mech-
anisms, and a disconnected institutional setup at the grass-
roots level [14, 15]. Therefore, even though estimation of 
exposed population through overlay analysis is limited prac-
tice in the study area, this study provide essential evidences 
for the reduction of risks and the protection of water sources 
by mapping pollution risks in both surface and groundwater. 

The focus includes predicting the proportion of the popula-
tion exposed to these risks through pollution risk mapping. 
The findings are valuable contributions to site-specific envi-
ronmental impact assessments for new developments, aid-
ing in the prioritization of pollution control measures based 
on identified risk levels, facilitating the establishment of le-
gal regulations related to water quality, and integrating pub-
lic health considerations into IWSM practices. Additionally, 
these study findings can serve for appropriate resource allo-
cation and contribute to the delineation of water source pro-
tection zones; ensuring effective measures are implemented 
to safeguard water quality in specific areas.
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2. Methods
2.1. Study Area
Awash River basin is one of the Ethiopia’s twelve basins, 
which is extremely significant basin in the country. The Upper 
Awash Sub-basin is the upper part of the basin, which stands 
out as aninterestingportion within this network, capturing 
the complex benefits and challenges faced by the basin. The 
Upper Awash Sub-basin is located between approximately 
8°12’59.39”N to 9°18’00.64”N latitude and 37°06’41.73”E 
to 39°16’53.09”E longitude. Its topography transitions from 
1,500 meters in the east to 3,000 meters in the west, sur-
rounding diverse ecosystems along its 200-kilometer stretch 
from Ginchi 75km west of Addis Ababa, and ended at Koka 
Dam. Tributaries like Akaki, Holeta, Berga, and Legedadi 
nourish the Upper Awash River. A unique climatic pattern 
dominated in the basin, characterized by vital rainfall from 
June to September, followed by a drier spell from October 
to February, and sporadic rainfall occurring between March 
and May. May is the hottest month, while November and De-
cember are cooler months. 

Over 65% of the Awash River basin’s population, exceeding 
9.7 million individuals, reside in the upper awash sub-ba-
sin. The sub-basin has population densities ranging from 
110 to 270 persons per km2. Addis Ababa, the capital city of 
the country, finds its home within its boundaries, alongside 
numerous urban centers blooming diverse industries, agri-
cultural endeavors, and socio-economic activities. Notably, 
65% of the nation’s industries are located in this sub-basin, 
and the main basin contains 48-70% of Ethiopia’s large-scale 
irrigated agriculture [16].From which 22.4% of the entire 
Awash Basin’s large-scale irrigated land is existing in the 
sub-basin [17]. The Upper Awash Sub-basin is selected as a 
prime study location for various reasons. Its central position, 
including the capital city, underlines its fundamental role in 
Ethiopia’s socio-economic progress. However, rapid develop-
ment and urbanization in the area bring unique challenges 
in managing water sources and preserving the environment. 
Moreover, the sub-basin faces the hazard of pollution, calling 
for detailed investigations to safeguard its ecosystems and 
communities (Figure 1).

Figure 1: Map of study area, Upper Awash Sub-river Basin.

2.2. Data sources and Model parameters
To map WSPR, various parameters were utilized from dif-
ferent sources. Access to government sources involved ac-
quiring data through official letters, while data from web-
sites, such as satellite images, were obtained through the 
registration and login process. Depth to the water table (D), 
effective recharge (R), aquifer media (A), soil type (S), topog-
raphy (T), impact of vadose zone (I), hydraulic conductivity 
(C), and Land Use Land Cover (LULC) were obtained from 
the Ministry of Water and Energy (MOWE). Data on popu-
lation and settlement maps are sourced from the Water and 
Land Resource Centre (WLRC) of Addis Ababa University, 
while information for effective recharge (R) was gathered 
from the National Metrology Authority (Rainfall data) and 
MOD16A3GF v006 (MODIS/Terra Net Evapotranspiration 
Gap-Filled Yearly L4 Global 500 m SIN Grid) [18-20]. Addi-
tionally, the Awash River basin Office provides data on land 
use land cover (LULC). This comprehensive dataset from 
various sources enables a thorough analysis of parameters 
in the study area to map WSPR and estimate proportion of 
exposed population.

2.3. Procedure and Spatial Analysis 
In this study, a Geographic Information System (GIS) based 
analysis was employed, utilizing ArcGIS Version 10.7 to map 
pollution risk. The process involved overlay analysis of var-
ious parameters and the estimation of the proportion of the 
population exposed to these risks. Figure 2 provides a visu-
al representation of the outlined procedure. For a more in-
depth understanding of the methodology and analysis, de-
tailed information is provided in the subsequent sections as 
follow.

Figure 2: Procedures of ArcGIS Operation for different anal-
ysis.
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2.4. Mapping Groundwater pollution risk
To assess the risk of groundwater pollution, an overlay anal-
ysis was conducted using the DRASTIC model index and the 
Land Use index. The detailed description including: 

Depth to water table (D): the interpolation technique was 
employed to create a raster map of the water table using 
static water depth of 851 boreholes. This method, wide-
ly used for vulnerability assessments of groundwater. The 
weights for the parameter and the rate values for each class 
as outlined in Table 2 was determined in accordance with 
the guidelines of the DRASTIC model [21, 22].

Effective Recharge (R): The calculation of effective recharge 
involves utilizing input data such as precipitation, evapo-
transpiration, and land use land cover. To generate the an-
nual precipitation map, 30 years of rainfall data from 13 
gauging stations were collected and processed using the 
These polygon method within the Arc Map toolbox. Annual 
evapotranspiration and land use land cover raster data were 
analyzed by using map Algebra within the Arc Map Spatial 
Analyst extension tool. It was applied to process these ras-
ter maps based on equation (1). The recharge ratios, Built 
areas exhibit a lower recharge ratio of 0.20, suggesting lim-
ited permeability and higher surface runoff. Forested areas, 
on the other hand, demonstrate a higher recharge ratio of 
0.73, indicating greater water infiltration and groundwater 
recharge. Similarly, open fields and lawns display acceptable 
recharge ratio of 0.75. Agricultural fields, with variations 
based on soil type, show recharge ratios of 0.60 for clayey 
soils and 0.70 for sandy soils. These ratios provide valuable 
insights into the potential impact of land use characteristics 
on groundwater recharge within the study area. The result-
ing recharge output raster underwent adjustments in rates 
and weight to make it suitable for overlay analysis [23]. 

 R = (Annual PPT - Annual ET)X Recharge Ratio         (1)

Where: 
R- Effective Recharge;
Annual PPT- Annual precipitation;
Annual ET- Annual Evapotranspiration.

Aquifer Media (A): The geological shape file was trans-
formed into a geological raster map using the ArcGIS envi-
ronment to facilitate overlay analysis. Rates were assigned 
for each class, and the weight for this parameter was deter-
mined based on certain criteria (Table 1)

Impact of Vadose Zone (I): as described in the Aquifer me-
dia, geological map attribute applied for the estimation of 

impact of vadose zone. Table 1used for rating classes and 
weight for impact of vadose zone.

Soil type (S): The soil type map prepared based soil texture 
map. The rating value of soil type can be given ranging from 
10 to 1 for the seven categories of soil type and weight of 2 
for soil type parameter (Table 1)

Topography (T): The slope map prepared from digital ele-
vation map.  Slope values can be grouped into seven classes 
and rating value ranges from1 to 10 (Table 1). 

Hydraulic Conductivity (C): its raster map prepared using 
the geological nature of the aquifer of the sub basin, as it is 
possible to use information of aquifer media in the absence 
of unavailability of hydraulic conductivity data. Estimated 
hydraulic conductivity helped to provide rating for each geo-
logical material [24]. 

Land use land cover (LULC): The Land us Index (LUI) cal-
culated based on equation (2) and the weight for land use 
and land cover taken as 5 and the rating value is described 
in Table 1

  LUI = Lr x Lw                                  (2)

Where; 
LUI: Land use index;
Lr: Land use rating;
Lw : Land use weight 

DRASTIC modeling: the simulation of DRASTIC modeling 
was conducted using the Spatial Analyst extension within 
ESRI’s ArcGIS 10.7 software. This tool, specifically the Spa-
tial Analyst in ArcGIS, enables the processing of various dig-
ital map layers to delineate vulnerable zones by calculating 
the vulnerability index and analyzing the spatial variability 
of groundwater vulnerability [21]. Each DRASTIC parame-
ter and other digital geospatial datasets for the model were 
created using collected shape file formats within the ArcGIS 
environment. Vector formats were converted into raster, 
and weights and rates were assigned to the parameters. Em-
ploying raster calculator and Lookup syntax in the ArcGIS 
10.7 environment, overlay analysis of the parameters was 
performed to generate DRASTIC and Land Use Index (LUI) 
based on equation (2) and (3). The DRASTIC map product 
has been categorized into four classes to interpret vulner-
ability levels: low vulnerability with values less than 109, 
moderate vulnerability ranging from 109 to 138, highly vul-
nerable between 138 and 166, and very highly vulnerable for 
values above 166, as derived from the processed raster map.
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Table 1: DRASTIC and Land use Index rating and weight values.

Rating Depth 
of water 
table(m)
W= 5

Net Re-
charge 
(mm/y)
W= 4

Aquifer 
Media, 
W=3

Soil Media
W=2

Topogra-
phy 
(%), W=1

Impact of 
Vadose 
Zone W=5

Hydraulic 
Conductiv-
ity (GPD/
ft2) W= 3

LULC  cate-
gories 
(weight 
=5)

10 0.0 -1.5 Karst Lime-
stone

Thin or 
absent, 
gravel

0-2 Karst Lime-
stone

>2000 Croplands

09 1.5 - 4.5 >250 Basalt Sandstone 
& volcanic

2-6 Basalt Built-up 
areas

08 180-250 Sand & 
Gravel

Peat Sand and 
Gravel

1000-2000 Urban 
areas

07 4.5 - 9 Massive 
Sandstone 
and lime-
stone

Shrinking/ 
aggregate 
clay/alluvi-
um

Gravel, 
sand

Non-irri-
gated field 
crops

06 100-180 Bedded 
sandstone 
and lime 
stone

Sandy 
loam, 
schist, 
sand, karst 
volcanic

Limestone, 
Sandstone, 
Sand and 
Gravel with 
Silt & clay

700-1000

05 9 -15 Glacial loam 6-12
04 Weathered 

Metamor-
phic/igne-
ous

Silt loam Meta-
morphic/ 
igneous

300-700 Grassland/
scrublands

03 15 - 23 50-100 Metamor-
phic/Igne-
ous

Clay loam 12-18 Shale Water 
bodies

02 23 - 31 Massive 
Shale

100-300

01 >31 0.0-50 Non-shrink 
& Non-ag-
gregated 
clay

>18 Silt/Clay 1-100 Bare areas/ 
uncultivat-
ed Forest/
tree/

Where:
DIV= DRASTIC Index Value
r = rating for the parameter 
w = given weight for the parameter
D: Depth to Groundwater 
R: Net Recharge 
A: Aquifer Media   
S: Soil Media  
T: Topography (slope) 
I: Vadose Zone
C:  Hydraulic Conductivity of the Aquifer

Groundwater Pollution Risk Index: The final GWPR map 
was generated using a map algebra function, combining the 
DRASTIC Value Index and the Land Use Index (LUI) through 
Equation (4). The GWPR Index Values from the resulting ras-
ter map were further classified into four risk classes: Low, 

Moderate, High, and Very High. The GWPR classes are de-
fined by total index values, with a categorization into four 
levels. A total index value below 165 corresponds to the low-
risk class, while values ranging from 166 to 207 fall into the 
moderate-risk category. The high-risk class encompasses 
total index values between 208 and 249, and any value ex-
ceeding 270 is classified as very high risk. This classification 
system serves as a useful tool for assessing and categorizing 
the severity of groundwater pollution risks, providing a clear 
and concise framework for understanding and managing 
groundwater quality within the study area. 

 WPRI = DVI +LUI           (4)

Where: 
GWPR: Groundwater Pollution Risk Index; 
DVI: DRASTIC Value Index and
LUI: Land Use Index
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2.5. Surface Water pollution risk
The prediction of SWPR involves the combination of four pa-
rameters based on equation (5). These parameters, name-
ly Soil type, Slope, Land Use Land Cover, and Watercourse 
raster maps, were assigned weights based on findings from 
similar studies [24, 25].The nature of each parameter was 
analyzed using ArcGIS toolbox. Soil type, Land Use Land 
Cover, and Slope underwent processing to obtain rated ras-

ter maps for subsequent analysis. Furthermore, the water-
course parameter was derived using the multiple ring buffer 
tool, following a series of steps utilizing the hydrology tool 
from Digital Elevation Model (DEM) data. The streams were 
then classified into four buffering rings or zones, as outlined 
in Table 2, specifying the parameters and their rates for sur-
face water pollution risk estimation [26].

Table 2: Class and rate of each factors of SWPR.

S/N Soil type Slope (%) Land use Watercourse (W) [in m]
Class Rate Class Rate Class Rate Class Rate

1 Clays 5 >14 30 Agriculture 
(Cropland)

20 Zone 1 
(0–50)

10

2 Silts/fine 
sand

4 11–14 21 Barren 
land

8 Zone 2 
(50–200)

6

3 Sands 3 8–10 13 Settle-
ments/ Ur-
ban areas

6 Zone 3 
(200-1000)

3

4 Organic 
matter

3 5–7 8 Shrub/
bush/ 
Woodland

4 Zone 4 
(>1000)

0

5 Gravels/
hard rock

2 3–4 4 Grassland 2

1–2 2 Forests 1
0 1 Water body 1

The equation for the production of the final SWPR map is 
described in as:

WPS = K x S x W x U    (5)

Where: 
SWPR: Surface Water Pollution Risk 
K: Soil type (Texture)
S: Slope in percent 
W: Watercourse (Buffer) 
U: Land Use 

The final overlay analysis classified in to four risk classes us-
ing mean values of the product and standard deviation [27]. 
The low-risk class corresponds to total index values below 
the mean, while the moderate-risk class includes values 
from the mean to one standard deviation above the mean 
(Mean plus 1SD). The high-risk class encompasses total in-
dex values falling between the mean and two standard de-
viations above the mean (Mean plus 2SD). Lastly, the very 
high-risk class comprises values greater than the mean plus 
three standard deviations (Mean plus 3SD). This classifica-
tion system based on mean and standard deviation provides 
a concise and quantitative framework for assessing different 
levels of risk, offering a standardized approach to under-
standing GWPR within the study area.

2.6. Water pollution Risk modeling
Within the ArcGIS framework, the assessment of contamina-
tion risks for both ground water and surface water was con-

ducted to determine water-source pollution risks (figure 2). 
The matrix addition resulted in the creation of eight classes 
on the raster map, subsequently categorized into three risk 
levels: low with values 2 and 3, moderate with values 4 and 
5, and high risk with values 6, 7, and 8.

2.7. Exposed Population Analysis
In the ArcGIS environment, the population map was gener-
ated using the raster layer of the 2016 population density 
model. The population density raster specific to the Upper 
Awash sub-basin was extracted through masking. To esti-
mate the exposed population in the zone of GWPR, SWPR, 
and WSPR maps, the Zonal Statistics (Spatial Analyst) tool of 
ArcGIS environment was employed. This tool calculated sta-
tistics and summarized the values of a raster within the zone 
of anther raster and report as table. Accordingly, it used the 
values of the population density raster map within the zones 
defined by the three aforementioned raster (GWPR, SWPR, 
and WSPR) maps (Figure 2). Further calculations, involving 
the proportion or absolute number of people exposed to wa-
ter pollution risks or residing in different statuses of water 
pollution risks, were carried out using Microsoft Excel 2016. 

2.7. Model Validation
The validation process utilized Nitrate concentrations and 
raster values, with Nitrate chosen due to its contaminant 
nature in groundwater [21]. Extracting raster values from 
the DRASTIC model-generated map and linking them with 
point data from 851 boreholes were performed using the 
Extract Raster Values to Point tool in ArcGIS. This generated 
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new data for simple regression analysis, validating the mod-
el against ground truth. SPSS version 25 facilitated statisti-
cal analysis, comparing raster values with observed nitrate 
concentrations. Nitrate concentration served as the depen-
dent variable, while raster values were considered indepen-
dent [Equation (1)].The assumptions of normality, linearity, 
homoscedasticity and independence for linear regression 
analysis were satisfied. The model’s goodness of fit was as-
sessed through the coefficient of determination (R-Square). 
It signifies the proportion of total variation in the dependent 
variable explained by variations in the independent variable. 
The remaining percentage reflects unexplained variations in 
nitrate concentration attributed to factors not considered in 
the DRASTIC Value Index.

     (6)

Where Yi is dependent variable (Nitrate concentration, 
mg/l), βo is Population Intercept, β1 is Population Slope Co-
efficient, Xi is independent variable (raster values) and εi is 
random error term.

2.8. Water pollution index
In this research, the methodology incorporates the utiliza-
tion of a water pollution index to comprehensively evaluate 
the overall health of a water body within the sub-basin. The 
Nemerow pollution index is specifically employed to as-
sess the degree of surface water pollution, serving both as a 
quantitative measure and as a validation tool for the broad-
er Water Source Pollution Risk (WSPR) assessment. Surface 
water data, systematically collected in 2021 from ten river 
water-sampling stations located within the sub-basin, were 
obtained through the Ministry of Water and Energy (MOWE) 
for monitoring surface water quality. The collected dataset 
was prepared for analysis using MS Excel 2016 software 
based on Equation (7). A comprehensive data management 
process resulted, including checks for missing data, treat-
ments for outliers, and general data cleaning procedures. 

Subsequently, the average values for both dry and wet sea-
sons were computed for further analysis and interpretations.

     (7)                 
                        
                                  
Where 
WPI: Water Pollution Index.
N: number of water quality parameters being considered.
Ci: concentration of the I Th parameter in the water sample.
Si: standard or permissible limit for the I Th parameter.
Max: maximum concentration

The index has six categories, each with a different range of 
numbers: no pollution (up to 0.5), clean (0.5 to 0.7), warm 
(0.7 to 1.0), polluted (1.0 to 2.0), medium pollution (2.0 to 
3.0), and severe pollution (above 3.0). The index can be used 
to evaluate the ecological condition and health risk of a wa-
ter body, and to suggest ways to improve water quality. 

3. Results and discussions
This study aims to map water pollution risks in the Upper 
Awash River Sub-Basin and predict the number of exposed 
populations using ArcGIS. The research provides evidence 
for effective risk reduction and source protection strategies 
in water quality, land, and urban management. Various fac-
tors influencing water quality at the watershed scale are an-
alyzed and described in the subsequent sections.

3.1. Validation of DRASTIC Model
Model validation is a crucial step to evaluate the model re-
sults. As the result, in the model validation using linear 
regression, assumptions of normality, linearity, homosce-
dasticity and independence were checked using visual in-
spection of graphs and tests, for instance, the Durbin-Watson 
test (1.7) is in the acceptable range of 1.5 to 2.5 that indicate 
independence between the targeted variable (Table 3).

Table 3: Results of linear regression analysis for Mode validation.

Descriptive 
Statistics

Variables N Mean Std. D

Nitrate (mg/l) 851 8.30 11.19
Index value 851 136.86 24.98

Model Sum-
mary

R2 F Change df1 df2 Sig. Durbin-Watson
0.678 1788.845 1 849 0.000 1.711

ANOVA Sum of Squares df Mean Square F Sig.
Regression 72156.86 1 72156.86 1788.85 0.000
Residual 34246.22 849 40.34
Total 106403.08 850

Coefficients Unstandardized t Sig. 95.0% CI for B
B Lower Bound Upper Bound
- 42.185 -34.771 0.000 -44.566 -39.80
0.369 42.295 0.000 0.352 0.386
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The Model Summary reveals that 67.8% of the variance in 
the dependent variable, nitrate concentration, is explained 
by the independent variable, raster values of the DRASTIC 
index. The significant P-value in the ANOVA table (P<0.001) 
ensures that the regression model predicts the dependent 
variable better than chance. The Coefficients table provides 
values for the equation (1) to predict nitrate concentration 
from raster values. Within the 95% Confidence Interval for 
B, the intercept is -42.19, and the slope is 0.37, indicating a 
parameter value for the slope of the regression line between 
0.352 and 0.39. The validation process using nitrate concen-
tration in the DRASTIC model confirms its effectiveness in 
assessing water pollution risk. Nitrate concentrations ex-
ceeding 2mg/l, attributed to human activities, revealing a 
strong association with pollution risk indices explained by 
67.8% [28].The validation produced a predictable model, 
for every one unit of increase in groundwater vulnerability 
index; the nitrate concentration could be increased by 0.37 
units. Consequently, the DRASTIC model’s input parameters 
are validated and accepted [29].In other hand, correlations 
were observed between cropland percentage, temperature, 
and precipitation with negative impacts on nitrate con-
centration [30].Positive correlations were found between 
nitrate concentration in the Vadose zone and increased 
groundwater depth due to Denitrification processes [31, 
32]. Nitrate sources in groundwater, whether natural or an-

thropogenic, contribute to varying concentrations [33].The 
study aligns with the report from the Awash River Basin, in-
dicating elevated nitrate concentrations in the upper Awash 
River sub-basin compared to other catchments, verifying the 
study’s mean concentration of 8.30mg/l [34].

3.2. Water pollution Index
In the calculation of the Water Pollution Index (WPI), fifteen 
water quality parameters were considered. The analysis re-
vealed notable variations in the mean values of these param-
eters between wet and dry seasons. Specifically, during the 
dry season, nine parameters (TDS, pH, TH, Ca, Mg, HCO3, F, 
NO3 and Cl) exhibited higher mean values, while six param-
eters (Na, K, Fe, Mn, NO2, and SO4) demonstrated elevated 
mean values during the wet season (Supplementary #1).

The computed WPI values for the dry season exceeded 1 for 
all ten monitoring sites, indicating pollution of surface wa-
ter. Among these, two sites were categorized as polluted (1.0 
to 2.0), three exhibited medium pollution levels (2.0 to 3.0), 
and five were characterized by severe pollution (above 3.0) 
(Table 4). These findings highlights the urgent need for re-
medial measures to enhance water quality, emphasizing the 
importance of addressing ecological conditions and mitigat-
ing health risks associated with the river water in the target-
ed sub-basin.

Table 4: Water pollution Index of ten river water quality-monitoring stations.

S/ N Water Quality Monitoring 
Station

Seasons of the year
Dry season Wet Season

1 Koka 1.78 1.26
2 Zeway 2.50 1.47
3 Modjo 3.86 1.24
4 Ginchi 1.39 2.21
5 Great Akakie 2.43 1.39
6 After Abasamuel 4.98 0.78
7 Legedadi 1.70 0.85
8 Melkakunter 3.23 1.31
9 Little Akakie 4.96 0.94
10 Ombolie 2.17 3.68

The research, employing the WPI in various locations, pro-
vides valuable insights into diverse water quality conditions 
and concerns across ecosystems. In Greek rivers and lakes, 
study reveals moderate to high pollution levels, emphasizing 
an urgent need for environmental intervention [35]. Similar-
ly, the WPI demonstrates a significant correlation between 
pollutant concentration and water quality management, of-
fering crucial insights for prioritizing effective management 
measures [36]. In Basrah Marshes, Iraq, undesirable phys-
ico-chemical parameters result in elevated Water Pollution 
Index values, categorizing the water as not clean and high-
lighting critical environmental challenges [37]. Investiga-
tions in the Yangtze River and Yellow River Basins in China 
underscore the complex impact of increased pollution, with 

variations observed between basins and seasonal influenc-
es on agricultural pollution [38]. The correlation between 
the water pollution index and the incidence of diarrhea in 
children under five years old in the coastal area of Semarang 
City, Indonesia, underscores the critical health implications 
of water quality, emphasizing the necessity for comprehen-
sive water quality management [39].

In contrast, the Alaknanda River in Uttarakhand, India, con-
sistently maintains good water quality conditions through-
out the year, as evidenced by the WPI [36]. Similarly, the 
investigation of Heilongtan reservoir in China reveals sta-
ble water quality over three years, with minimal temporal 
and spatial changes, implying effective water quality man-
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agement practices [40]. In Dramaga Campus in Indonesia, 
utilizing pollution index, suggests a favorable water quality 
status [41]. Despite exhibiting low pollution levels, the Gan-
ges River in Bangladesh underlines the importance of imple-
menting proper management and monitoring strategies for 
sustainable use [42]. Lastly, the evaluation of Lugu Lake in 
China, employing Nemerow pollution index and single-factor 
pollution index methods, consistently indicates good water 
quality conditions over three years, pointing to effective en-
vironmental management [43].

In general, this study and others conducted globally demon-
strate the utility of the WPI in assessing water pollution 
status. The WPI serves as a valuable tool for enhancing wa-
ter quality and mitigating the adverse effects of water pol-
lution. For instance, evaluations of groundwater quality in 
China, Indonesia, and Egypt, incorporating pollution indices 
such as Nemerow and DRASTIC models, unveil the complex 
influence of pollutants and aquifer vulnerability. These as-
sessments offer crucial insights for sustainable groundwater 
management [44]. The utilization of the WPI for groundwa-
ter vulnerability mapping in Datong City, China, emphasiz-
es the importance of integrated approaches in evaluating 

groundwater quality, especially in regions with limited data 
[45].

3.3. Ground Water Pollution Risk
In the designated sub-basin, an integrated approach combin-
ing the DRASTIC model and land use index is employed for 
predicting groundwater pollution risks. This model, devel-
oped from governing equations and a weighting system in-
volving eight parameters through overlay analysis, provides 
a comprehensive assessment that facilitates the prioritiza-
tion of groundwater protection measures [46]. It effectively 
captures the impact of human activities such as agriculture, 
urban planning, industrial development, and deforestation/
afforestation on water quality. The method utilizes stan-
dardized land use ratings and weights to generate risk maps, 
which are theninterpreted based on four classes of risk lev-
els. As a result, approximately 32.96% of the sub-basin falls 
into the low GWPR category, while 53.56% is classified as 
having a moderate risk level (Figure 3). Furthermore, more 
than 13.5% of the sub-basin is identified with a high ground-
water risk level table 5. This approach provides valuable in-
sights for targeted intervention and management strategies 
to mitigate groundwater pollution.

Table 5: Groundwater Pollution risk level, Upper Awash Sub-basin.

S/N Risk Levels Area (m2) %
1 Low Risk (77-165 value) 3528673200 32.96
2 Moderate (166-207 value) 5734532700 53.56
3 High Risk (207 – 249 values) 1440726300 13.46
4 Very High Risk (249-256 

values)
3491100 0.03

Total 10707423300 100

Groundwater quality is subject to the influence of geologi-
cal, physico-chemical, biological, and anthropogenic factors. 
Notable anthropogenic contributors encompass municipal 
waste dumpsites, sewage effluent, and agricultural fertil-
izers. Hydro-geochemical characterizations, water-rock 
interactions, and the mixture of waters through geochem-
ical processes are hydrogeological factors contributing to 
groundwater pollution [47]. The DRASTIC model, rooted in 
physical characteristics affecting groundwater pollution po-
tential. These physical characteristics include depth to water, 
net recharge, aquifer media, soil media, topography, impact 
of the vadose zone, and hydraulic conductivity of the aquifer 
[8]. 

The depth of the water table plays a crucial role in the infil-
tration of pollutants within the aquifer’s unsaturated zone, 
with shallower depths indicating increased vulnerability to 
contaminants. The recharge process facilitates the trans-
port of surface pollutants into the subsurface. Higher net re-
charge in the aquifer corresponds to an increased likelihood 
of contaminating the water table [21]. It is influenced by pre-
cipitation, evapotranspiration, and land use characteristics, 
resulting in variable recharge ratios. A precipitation raster 
map was generated using interpolated data from 13 meteo-
rological stations over a 30-year period. Evidence indicates 

a significant proportion of groundwater recharge in the Mid-
dle Blue Nile basin, contributing to the storage of aquifer 
systems in the Upper Awash basin [48]. The aquifer medium 
serves as a subsurface water storage unit and facilitates the 
transport of contaminants within it, with the speed of trans-
portation being determined by the aquifer type [49, 50]. In 
areas where the aquifer system has low retardation and fil-
ter percolating fluid capacity, it becomes highly vulnerable 
to surface contamination [51]. In addition to vulnerability 
characteristics, the types and loads of contaminants play in-
fluential roles in groundwater pollution, ultimately influenc-
ing the choice of protective measures [52].In the southern 
part, the upper and lower regional basaltic aquifers com-
bine to form an unconfined regional aquifer system, while 
the lower and upper systems are separated by a regional 
aquiclude, resulting in confined aquifers in the northern and 
central parts of the sub-basin [53]. On the other hand, the 
Vadose Zone serves as the connector in the hydrologic cy-
cle between the surface component and groundwater, influ-
enced by factors such as texture, mineral composition, grain 
size, and fracturing [22, 49, 50]. It acts as the protective zone 
for groundwater and is the region between the ground sur-
face and the water table aquifer media. The impact of storm 
water infiltration systems on groundwater is contingent on 
the thickness of the vadose zone, as distinct biogeochemical 
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processes occur within it. Parameters such as water transit 
time and water saturation of the vadose zone are crucial for 
bacterial transfers associated with infiltration [54].

Hydraulic conductivity quantifies the ease with which a fluid 
moves through the pore space of an aquifer, determining the 
potential movement of contaminants in the saturated media 
through the interconnectivity of voids within the aquifer. A 
higher hydraulic conductivity rate indicates greater vulnera-
bility of the aquifer to groundwater pollutants [55]. Various 
physicochemical processes of the soil, such as sorption, ionic 
exchange, oxidation, or biological activity, affect the trans-
portation of pollutants and serve as the primary defense 
against contaminants entering groundwater. The soil type 
parameter is mapped using a digital soil texture map and as-
sessed for its ability to retain pollutants with seven classes 
[22, 49, 50]. A gentle slope facilitates the movement of pol-
lutants from the ground surface to the groundwater, whereas 
areas with a steeper slope tend to generate more runoff, re-
ducing the infiltration of contaminants into the groundwater 
[22, 49, 50]. Additionally, the land use and land cover on the 
ground surface are significant factors affected by land deg-
radation, which, in turn, has repercussions on water quality 
[56]. Activities such as soil erosion, sediment deposition in 
water bodies, deforestation, and changes in cropland and 
pastures contribute to the deterioration of water quality 
[57]. Furthermore, inadequate irrigation management and 
reservoir seepage can result in the contamination of ground-
water quality [58]. 

Deteriorated water quality is evident downstream, primari-
ly influenced by dominant urban land use and point source 
water pollution [59]. Various anthropogenic factors, includ-
ing high livestock density, grazing animals, pasture produc-
tions, and other land use activities, contribute significantly 
to water quality issues [60, 61]. Within the sub-basin, there 
is a noticeable trend of increased cropland utilization and 
urban expansion, contrasting with the inadequate mainte-
nance of vegetation covers. Land use and cover changes have 
led to substantial fluctuations in streamflow and sediment 
yield [62]. The accelerated rates of deforestation, population 
growth, urbanization, and cropland expansion have adverse-
ly impacted both available water resources and the stipulat-
ed water quality parameters [63]. These findings emphasize 
the imperative for future improvements in land use and cov-
er, emphasizing the necessity for the development of effec-
tive basin management strategies.

Addressing groundwater pollution proves challenging, ne-
cessitating the safeguarding of groundwater sources by im-
plementing risk reduction measures within the watershed 
management framework. Key solutions involve delineating 
groundwater vulnerability and mapping protection zones. 
This approach serves to minimize the probability of haz-
ard release, mitigate the consequences of hazards, reduce 
residual risks of groundwater contamination, and identify 
the weakest barriers for effective risk management [64]. Ev-
idence from the sub-basin areas underscores the influence 
of geogenic processes and anthropogenic activities, such as 
urban sewage and fertilizer use, on the groundwater chem-

istry in the study area [65]. It is noteworthy that, aside from 
land use, the risk of water contamination may be attribut-
ed more too poor well construction and casing corrosion. 
This underscores the need for designing risk management 
actions that take into account well designs and operational 
practices. By combining the vulnerability index with the land 
use characteristics of the area, it becomes possible to rank 
groundwater pollution risks through the spatial distribution 
of vulnerability and risk. This ranking serves as a foundation 
for implementing measures aimed at the protection, resto-
ration, and integrated management of groundwater resourc-
es [66]. The prioritization of vulnerability areas within the 
sub-basin facilitates focused groundwater monitoring and 
the prevention of groundwater contamination. Additional-
ly, GWPR mapping functions as a valuable decision-making 
tool, supporting hydrogeological conceptualization and the 
decision-making process in water resources management.

Figure 3: Map of GWPR in Upper Awash Sub-basin. 

Research indicates a moderate vulnerability to groundwater 
pollution from pesticide use due to their rapid dissolution and 
penetration into groundwater. In Lahore, Pakistan, the mod-
el highlighted high vulnerability in land use, development, 
industrial, and agricultural areas compared to settlements 
[9].The Haouz aquifer in Morocco displayed the model’s 
ability to differentiate between vertical vulnerability(vadose 
zone) and contamination susceptibility (saturated zone) 
[67]. In India, the DRASTIC model demonstrated a strong 
correlation with nitrate levels, particularly suitable for as-
sessing agricultural nonpoint source pollution. Groundwater 
pollutants encompass biological, inorganic, and organic cat-
egories, originating from various sources such as municipal 
waste dumps (Lagos, Nigeria), hydrogeochemical character-
istics (Janah Plain, Iran),sewage, fertilizers, and water-rock 
interactions (Nandong karst system, China), evaporation, 
water-rock interaction, and water mixing (Central Morocco), 
and industrial, urban effluents, and agricultural activities 
(Serbia) [47, 67-69]. Overall, these findings underscore the 
effectiveness of the DRASTIC model in evaluating ground-
water vulnerability and pinpointing areas at risk from di-
verse pollution sources. Recognizing these vulnerabilities is 
vital for implementing robust water resource management 
and protection strategies. Therefore, the application of this 
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model, which assesses groundwater vulnerability to pollu-
tion based on hydrogeologic parameters without extensive 
site-specific pollution data, emerges as a cost-effective meth-
od to identify areas necessitating further investigation, such 
as risk assessment studies. 

3.4. Surface Water pollution Risk
SWPR modeling is crucial for safeguarding water bodies. 
This involves ArcGIS overlay analysis, considering water-
shed characteristics that influence water quality parameters. 

Some models rate these characteristics to assess the risk of 
potential contamination to water supplies. In the Sub-basin, 
integrated models manage land, sedimentation, and nutri-
ents, assisting in delineating protection zones. Incorporating 
a geographical information system enhances SWPR model-
ing, enabling the creation of watershed-scale risk maps for 
nonpoint source pollution. Notably, this approach can be reg-
ularly updated in response to observed parameter changes 
[70].

Table 6: Surface Water Pollution risk level, Upper Awash Sub-basin.

S/N Risk Levels Area (m2) Percentage (%)
1 Low Risk (3- 780 value) 7,798,175,100.00 72.64
2 Moderate (780-2170 value) 2,022,706,800.00 18.84
3 High Risk (2170-3560 

values)
517,353,300.00 4.82

4 Very High Risk (3560 
-30000 values)

396,855,000.00 3.70

Total 10,735,090.200 100

Following this model approach, the study affirms that mere-
ly 72.64% of the sub-basin exhibits a low SWPR level (Figure 
4). Contrastingly, 27.36% of the sub-basin comprises areas 
with more than moderate risk, with approximately 4.82% 
classified as high pollution risks and 3.7% as very high pollu-
tion risks (Table 6).Notably, a study conducted in Ethiopia as-

sessing surface water risk indicated a low to negligible acute 
human risk associated with surface water consumption [71]. 
However, in contrast, concentrations of selected nutrients 
and heavy metals were found to be consistent among the 
sampling sites along the streams of the sub-basin, attributed 
to pollution from catchment nutrient sources [72].

Figure 4: Surface Water pollution risk, Upper Awash Sub-basin

3.5. Water Source Pollution Risks
Water pollution is characterized by the presence of excessive 
amounts of pollutants in water to the extent that it becomes 
unsuitable for drinking, bathing, cooking, or other purposes 
[73]. The evidence highlights four major pollution sources: 
industries, mining and related activities, mixed sources (geo-
genic and anthropogenic), and fertilizer application [74]. In 
this study, separately modeled groundwater and surface-wa-

ter pollution risk maps were integrated to create unified 
risk rating maps through a matrix addition operation with-
in the ArcGIS environment. Consequently, the product map 
delineates seven risk classes (Table 6), which were further 
reclassified into three classes (Table 7). As per Figure 5, the 
sub-basin area is classified as 68.1% low risk, 27.5% moder-
ate risk, and 4.4% high risk for water source pollution (Table 
8).
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Table 7: Water source (ground and surface) Pollution risk level, Upper Awash Sub-basin.

S/N Risk Levels Area (m2) Percentage (%) Remark ( Matrix addition of values)
1 Risk Level 2 3,092,021,100.00 28.8774 1,1&1,1
2 Risk Level 3 4,199,048,100.00 39.2162 1,2 & 2,1
3 Risk Level 4 2,159,873,100.00 20.1717 2,2; 2,2; 3, 1 & 1, 2
4 Risk Level 5 783,423,900.00 7.3166 2,3;3,2 and 1,4
5 Risk Level 6 367,049,700.00 3.4280 4,2; 2,4; 3,3 & 3,3
6 Risk Level 7 105,939,000.00 0.9894 3,4 & 4,3
7 Risk Level 8 68,400.00 0.0006 4,4 & 4,4

10,707,423,300.00 100.0000

In the study area, evidence suggests that the conjunctive use 
of surface and groundwater could enhance water supply and 
alleviate stresses on groundwater resources. To implement 
this approach effectively, understanding SWPR is crucial for 
addressing water quality issues. This also supports a source 
protection strategy to prevent contaminants from entering 

surface waters, aquifers, or groundwater recharge areas. 
However, in the sub-basin, Integrated Water Resources Man-
agement (IWRM) principles and economic development 
plans were not implemented with due consideration for eq-
uity and the environment [75].

Table 8: Reclassified WPR levels, Upper Awash Sub-basin.

S/N Risk Levels Area (m2) % Remark (classification of values)
1 Low Risk 7,291,069,200.00 68.1 1,2 & 3
2 Moderate Risk 2,943,297,000.00 27.5 4 & 5
3 High Risk 473,057,100.00 4.4 6,7 & 8

Total 10,707,423,300.00 100

Therefore, this study advocates for the application of a multi-
ple barriers approach, which identifies critical sites for con-
taminants’ entry into the drinking water supply system [76]. 
This involves a risk management system by developing a wa-
ter safety plan approach, which can help control contamina-
tion risks, comprehend the risks associated with the process, 
and identify Critical Control Points to integrate within water 
supply operations [77].

Figure 5: Water source pollution risk, Upper Awash Sub-ba-
sin.

3.6. Exposed Population for water pollution risks 
The estimation of the population residing in WPR areas was 
conducted by utilizing population density maps (number of 
persons per square kilometer, 2016 CSA) and a WPR map. 
This was achieved through the ArcGIS zonal statistic method 
within the tool sets. The results reveal that 82.52% of the 
population (3,663,891 persons) resides in areas character-
ized by low water pollution risk, while more than17.47% live 
in moderately risk-prone areas. Notably, a higher proportion 
of individuals are exposed to more than moderate risk when 
considering both groundwater and surface water pollution 
risks (Table 8). An estimation of 5.64%, 3.88% and 2.30% 
of the population were exposed for high GWPR, SWPR and 
WSPR respectively. It is essential to recognize that water 
supplied from defined moderately and high-risk areas may 
serve as a water source for individuals residing in low-risk 
areas. Therefore, in addition to predicting water source risks, 
it is imperative to track drinking water supply sources with 
respect to the WPR product map for comprehensive water 
quality management within the watershed system.

In Ethiopia, high rural population density correlates with 
smaller farm sizes and increased fertilizer use per hectare, 
potentially leading to water pollution if fertilizer application 
is not managed wisely [78]. The assessment of heavy metals 
in the A wash basin’s surface water emphasizes the need for 
measures to reduce pollution risks in accordance with ba-
sin standards [79]. Severe surface water quality impairment 
is observed in the upper A wash basin, where over 90% of 
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Addis Ababa’s industries discharge untreated waste into 
nearby waterways [80].The heavy metal evaluation index in-
dicates elevated levels of Fe, Mn, and Cr in groundwater, pos-
ing a serious threat to the exposed population [81]. Water 
pollution in Ethiopia is a major concern for public health and 

water security, stemming from human activities and weak 
enforcement, with limited understanding of the effective-
ness of policies and institutional frameworks in addressing 
pollution [82].

Table 9: Exposed population and Water Pollution risk levels, Upper Awash Sub-basin.

S/N Risk Level GWPR level SWPR level WPR (combined)
Population % Population % Population %

1 Low 2483266 55.93 3,603,915 81.11 3663891 82.52
2 Moderate 1706278 38.43 548,731 12.35 673680 15.17
3 High risk 250248 5.64 172,305 3.88 102018 2.30
4 Very High 

Risk
245 0.01 118,484 2.67 - -

4,440,037 100 4,443,435 100 4,439,589 100

Studies on human health risks due to water pollution high-
light the scientific understanding required for the biological, 
chemical, and physical processes controlling contaminant 
movement, with consequences varying based on factors 
such as composition, exposure duration, and pollutant con-
centration [83].

Figure 6: Population Density (Number of person/Km2), Up-
per Awash Sub-basin.

Research on the impacts of land use and population density 
on seasonal surface water quality suggests that urban land 
is a dominant factor influencing pollutants in highly urban-
ized regions, with the relationship being weak as pollutants 
primarily come from point sources [84]. By the late twenti-
eth century, population growth was causing increasing con-
straints on land, water, and other natural resources in many 
areas [85]. The changing land use and population density 
are identified as factors degrading water quality in the Low-
er Mekong Basin, associated with agriculture, urbanization, 
and population density. Population exposure assessment in 
water pollution is crucial as it directly affects public health 
by helping to understand and mitigate the risks associated 
with contaminated water sources. Identifying areas with 
high exposure allows for targeted interventions, aiding in 

the prevention of waterborne diseases and ensuring envi-
ronmental justice by addressing vulnerabilities in specific 
communities. Moreover, it facilitates regulatory compliance, 
guiding policymakers to enforce measures that improve wa-
ter quality and protect public health. Efficient resource allo-
cation is enabled by prioritizing interventions in areas most 
at risk, while community awareness and empowerment are 
fostered through sharing assessment results, enabling in-
formed decision-making. Ultimately, population exposure 
assessments contribute to the development of sustainable 
water management strategies, addressing immediate pollu-
tion concerns and laying the foundation for long-term water 
quality improvement and resource preservation for future 
generations.

4. Conclusion 
The assessment of surface water and groundwater pollu-
tion risks, along with the computation of the Water Pollu-
tion Index (WPI), reveals alarming findings that highlight the 
severity of water pollution in the studied areas. Moreover, 
the estimation of the proportion of the exposed population 
to different pollution risk levels contributes significantly to 
understanding and addressing these risks, offering essential 
information for implementing source protection measures. 
The study findings indicate that over 13.5% of groundwater, 
8.52% of surface water, and 4.4% of both water sources in 
the sub-basin are challenged with high pollution risks, with 
approximately 17.47% of the population residing in moder-
ately risked areas. Additionally, 5.64%, 3.88%, and 2.30% of 
the population face high risks specifically related to ground-
water pollution (GWPR), surface water pollution (SWPR), 
and overall water pollution (WSPR), respectively. Moreover, 
the Water Pollution Index (WPI) values computed for the 
dry season surpassed 1 for all ten monitoring sites, indicat-
ing a state of pollution in the surface water. These findings 
serve as a request of action for robust policy measures, im-
proved regulatory frameworks, and community awareness 
initiatives to address the identified sources of pollution and 
safeguard the quality of both surface water and groundwater 
for the well-being of ecosystems and human populations in 
the studied regions. This involves the incorporation of public 
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health considerations into Integrated Water Supply Manage-
ment (IWSM), revising regulations, strategically allocating 
resources, prioritizing interventions, delineating water pro-
tection zones, and providing inputs for environmental im-
pact assessments related to new investments. The identified 
roles and responsibilities of different sectors further con-
tribute to a holistic understanding of the water quality land-
scape. Additionally, the integration of these findings with 
other approaches and models, coupled with the prediction of 
health risks associated with water quality in the sub-basin, 
highlights the dominant importance of considering public 
and ecosystem health issues in IWSM including source con-
trol, treatment technologies, and regulatory measures for 
sustainable and resilient water management practices.
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