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ABSTRACT 
 

Groundwater input to the city of Addis Ababa has been increasing significantly 

especially with in the last few years. Increasing pressure is being imposed on the 

aquifers in order to meet the increasing demand by the city for more water. Major input 

from the groundwater as a source for Addis Ababa comes from the study area of the 

research, Akaki Well Field, currently pumping water in the order of 40,000m3/d. Other 

distributed abstractions are also undergoing in the city by AAWSA itself, different 

private/public and governmental institutions, all pumping water from a groundwater 

system that prevails in the same River catchment.  

 

Increased but sustainable abstraction rate is practically proved to be possible on various 

projects by having additional planned recharges through a method of Artificial Recharge 

(currently called “Managed Aquifer Recharge”). However, before its implementation 

various factors and parameters need to be assessed on the supposed site. Among 

these, few are addressed in this laboratory scale study. 

 

The main objective of this thesis paper is to study the change in water quality resulting 

from the attenuation/filtration effects of the vadose zone (made of soil layers) in the 

study area for assumed future implementations of Managed Aquifer Recharge.  For this, 

water quality analysis for 17 different parameters was done along with soil test for ESP 

(Exchangeable Sodium Percentage), EC and CEC (Cation Exchange Capacity) values.  

 

Two water sources, treated wastewater discharge from Kaliti sewage treatment plant 

and Akaki River were used as an input for the column experiments. Water quality test for 

17 parameters for both the inflow and outflow of water samples showed the change that 

occurred as passing through the Black Cotton soil in the area. Relatively intact, 50cm 

long soil samples were collected in 4 different columns from the well field and operated 

for seven days to study the water quality change in the laboratory scale. Simulation/flow-

through of water in these soil columns showed that the input waters used changed in 

important ways for most parameters in different percentages, signifying the capacity of 
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the vadose zone in contaminant attenuation from recharging waters. Actual results 

showed that concentrations of input waters for TDS, EC, Hardness (CaCO3), NH3, NO2
-, 

PO4
-2, K+, Ca+2, Mg+2, BOD, COD and Total Coliform decreased as water flow through 

the soil columns while it increased from slight to huge percentages for pH, NO3
-, SO4

-2, 

Na+ and DO parameters. 

 

Comparison between water quality results of the outflow water and existing groundwater 

in the area showed analogous values. Estimation in the field scale occurrence was also 

done and results suggested that increased percentages of attenuation would occur in 

natural field-scale vadose zone.  

 

At the end, it was concluded that the vadose zone (Black Cotton Soils) attenuation 

capacity in changing the recharging water qualities was highly important and a planned 

safe reuse of different water bodies through a method of Managed Aquifer Recharge 

would prove to be highly beneficial. However, before making such useful method 

practical more detailed researches should be undertaken in varying spatial, temporal, 

case-by-case laboratory and field-scale levels.  

 

 

Keywords: 
 

Vadose Zone; Soil Layers (Strata); Attenuation Capacity; Artificial Recharge/Managed 

Aquifer Recharge; Treated Wastewater/Surface Water; Water Reuse 
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CHAPTER 1    -   INTRODUCTION 
 
1.1. Background 
 
Addis Ababa, the capital city of Ethiopia, is a seat to many regional, international offices 

and their representatives. Huge infrastructure and various establishments prevail in it, in 

relative to other cities in the country. Since the beginning, the city has been growing 

both in terms of population number and establishments. This growth has accelerated 

with evident fast strides within the past few years, especially since the early 1990’s. 

Currently, there is a prevalent and increased rate of migration from the rural locations to 

the city with an enhanced expansion of industrial and residential sites. New buildings are 

continuously being erected from the center of the city to all parts of sub cities. All these 

new inputs to the economy need many additional resources, and most of all water as an 

input, to be active and become useful part of the city’s socio-economic activities. 

 

 ‘Water is needed in all aspects of life’. To this and the above effects, in the mid-late of 

the century three surface dams (Gefersa, Legedadi and Dire) were built up to hold, treat 

and distribute water and meet up the demand in the city. However, as time goes by, 

these surface dams along with the existing springs and dug wells were not enough to 

quench the prevailing and emerging need form the city. This initiated the assessment of 

additional sources of water from the subsurface, the Akaki Well Field for groundwater 

supply.   

 

With the increasing demand for more water, the existing dependency on groundwater is 

yet to increase in the city. Accordingly with groundwater use, management of the 

resource to protect it from over abstraction while meeting its recharge rate is of primary 

importance. Understanding and acknowledging all sources of natural, incidental and 

intentional recharges both in terms of amount and quality is mandatory. Wastewater 

handling and water quality control for both surface and groundwater by way of water 

reuse notions should be embraced because of the dynamic interactions between 

different water bodies (Morris et al, 2003; Foster et al, 2003). 
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To have a continuing sustainable groundwater system, the need to meet pumping and 

recharging rate is very crucial. The current total production from Akaki Catchment, which 

is about 32 % of the total recharge, is high for a volcanic aquifer that the city relies on. 

Unless proper groundwater management strategy is implemented, in such condition the 

groundwater resource may become at risk (Yuji Maruo, 2004). This could be 

implemented by incorporating water reuse options, which is generally not practiced in 

the country in relation to groundwater in a planned manner. If with water reuse the 

increase to groundwater amount were possible, then bringing increased output would 

become attainable. Increased output and sustainable yield from the groundwater system 

is very important matter because with the existing water supplies to the city, it is still 50% 

in short of the needed water supply. The rate of urban increase in the city, which could 

currently be increasing, from 1970-99 was 6.65 km2/yr, which demanded huge volume of 

water supply for urban use (Tamiru Alemayehu et al, 2005).  

 

With the above rate of expansion, the associated shortage of water is expected to 

increase through time unless proper management is implemented. Many additional 

factors such as high population growth, increase in standard of living conditions, 

increase in infrastructures and the rapid spreading of desertification in the whole country 

level, could contribute demand for more water input. With all these demands then it is 

high time that in Ethiopia also, the need to echo the motto of “we can’t afford to use 

water only once” and employ different planned water reuse methods, where one of the 

methods is discussed through out this research. 

 

1.1.1. A Brief Review of Managed Aquifer / Artificial Recharge 
 

Many water reuse methods are available based on different objectives. By definition 

Managed Aquifer (Artificial) Recharge is the planned, human activity of augmenting the 

amount of groundwater available through works designed to increase the natural 

replenishment or percolation of surface waters into the groundwater aquifers, resulting in 

a corresponding increase in the amount of groundwater available for abstraction using 

common sources of recharge water including: treated wastewater, surface runoff, and 
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surface water bodies (USGS, 2002; NRC, 1994).  

 

At first the method was called Artificial Recharge, but renamed to Managed Aquifer 

Recharge because of the adverse connotations of ‘artificial’ when public participation 

increased and understood in water management practices (Gale et al, 2006). Many 

inputs are required for this input where sufficient and reliable source of water being one 

of the main. Various sources of water are used in practice for MAR which includes: 

surface water sources (rivers and lakes), collected rainwater, water previously used in 

production, storm run off and untreated or treated wastewater. Of these, as shown in 

many case studies in different countries, the two widely practiced sources are treated 

wastewater and surface water (Pavelic and Dillon 1997; WHO, 2001; Tuinhof and 

Heederik, 2003), in review of 45 case studies of aquifer recharge in the USA found that 

71% used surface water sources from rivers or lakes, 20% used treated sewage effluent 

and 9% used urban surface water runoff. Accordingly, in the case of this research paper, 

in the study area, the Akaki River as a surface water and discharge from Kaliti Sewage 

treatment plant as a treated domestic wastewater input are the intended sources for the 

proposed MAR in the study area.  

 

In addition to water availability, developing hydrogeological model, understanding the 

hydrology, assessment of quality of water, underground storage space available, 

transmission characteristics, legal/institutional constraints, public perception, 

maintenance and some other issues need to be assessed to ascertain the suitability of a 

site for MAR in a given setting (Kumar and Aiyagari 1997; Gale and Dillon, 2005). 

Similarly, this study assessed and measured the quality of source waters and the 

suitability of the site in terms the vadose zone capacity to attenuate different 

contaminants for the intended recharge. 

 

Different kinds of artificial recharge methods exist in MAR. Recharging could be either 

direct or indirect and planned or unplanned (intentional or unintentional) (Kumar and 

Aiyagari 1997; Central Ground Water Board Ministry of Water Resources, 2000; 

Angelakis and Paranychianakis, 2001; WHO, 2001). This study will focus on the indirect 
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planned/intentional type of recharging method (Figure 1 – adopted from the booklet of 

UNEP and GEC, 2006). It involves spreading input water on land by constructing a 

spreading basin/infiltration system/Recharging basin so that the water infiltrates through 

-Figure 1.  Simplified schematic diagram of the intended Spreading basin

the vadose zone down to the aquifer (Gale and Dillon, 2005)  

nfiltration basin 

 a nutshell, among the various methods, spreading basin is the proposed one in this 

.1.2. Soil Aquifer Treatment

/I

Inputs 
 
1. Surface Water (Akaki River) 
2. Treated Wastewater (Kaliti 
Sewage Treatment Plant/Waste
Stabilization Pond) 

 

In

paper because it is easier/cheaper to implement and manage than other methods since 

it just involves surface spreading of water in basins that are excavated in the existing 

terrain. In addition more turbid and aggressive water types are also tolerated than other 

methods as an input because of the presence of the soil layers and vadose zone acting 

as natural attenuation mechanisms, which are discussed in the next section. 

 

 

arious studies in different countries have been conducted to assess the capabilities of 

ith this system, the vadose zone and aquifer operates as natural filters and remove 

1

 

V

soil in relation to contaminant attenuation and filtration while reusing water with impaired 

quality for groundwater recharge while using the above-mentioned method of MAR/AR.  

 

W

many contaminants. This process is called soil aquifer treatment (UNEP and GEC, 

2006). Though the vadose zone could attenuate many contaminants, prediction of the 

quality of the percolating water when it reaches the saturated zone is generally difficult 

mainly because of the high heterogeneity of soil layers and difference in locations. 
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Therefore, a detailed investigation of the hydraulic characteristics of the soil layers 

below the infiltration site is useful, as the quality required of the source water applied in 

infiltration facilities would depend on this purification processes which brought about the 

purpose of this research (Brissaud, 2001). 

 

The main advantages of the proposed surface recharge type (Spreading Basin) in the 

 practice, vadose zone made of soil layers is closely associated with attenuation and 

previous section emanates form the soil layer/vadose zone and aquifer attenuation 

potentials.  The vadose zone acts as a filter, treating and attenuating contaminants 

therefore improving the quality of percolating water through the soil mostly by way of 

Soil Aquifer Treatment. In relying on SAT by ways of soil’s vadose zone attenuation, 

many problems could arise and in turn management of the very important issues is 

crucial. Among these, problems of clogging of recharge site; algal and bacterial growth 

in basins or in the water source used rapidly reducing infiltration rates, the potential 

saturation of the soil if the main contaminant removal is by adsorption than degradation 

and other maintenance/management practices need continual attention (Palvic and 

Dillon, 1997). 

 

In

filtration capabilities where the soil acts as natural physical, biological and chemical 

filter. This natural attenuation relies on natural processes to clean wastewater is usually 

referred to as Soil Aquifer Treatment. Bouwer and Rice (1984) have studied and shown 

the effect of soil aquifer treatment to greatly reduce suspended solids, organic carbon, 

total nitrogen and phosphorus and bacteria and viruses. Infiltration through the soil and 

unsaturated zone could remove many or even most of the pollutants. Many bio-geo-

chemical processes that go on inside the vadose zone are the result of interactions 

between the infiltrating water with the soil, the microorganisms and surrounding 

environment. These include: adsorption, volatilization, biodegradation, chemical 

transformation, precipitation, dissolution, filtration, sedimentation, absorption, dispersion, 

reduction/oxidation, immobilization, consumption, solublization and stabilization (Gale 

and Dillon, 2005; Gohil, 2000). 
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Asano and Cotruvo (2004) showed that because of the above-mentioned effects, while 

he effect of soil layers for having sustainable water reuse was shown in study columns 

he effects of clay and clay mineral groups

undertaking groundwater recharge, the quality of infiltrated water could be dramatically 

improved when percolating through the vadose zone. Through these processes, 

according to Brissaud (2001), using SAT could result in a potable water supply. 

However, for each project, a case-by-case approach is highly recommended and 

pollutant removal tests should be performed at the laboratory (the main theme of this 

study) and onsite while considering every category of pollutants. In addition, recharging 

potable water aquifer with secondary effluents through such treatment would not be 

recommended; further treatment, including microbial decontamination, would be needed 

to reliably obtain potable quality in the aquifer.  

 

T

and also in the field by Fox et al (2001). They have also found out that different nitrogen 

forms, pathogens, phosphates, bulk and trace organics, phosphates and metals to 

change indifferent levels while infiltrating down in the soil layers. Similarly, Gohil (2000), 

also have also shown that in using land application of wastewater, there is a substantial 

change in the percolating water quality due to the effect of the soil profiles. The soil type, 

its constituents and the type of applications will greatly affect the different process that 

will act to change the infiltrating water quality. As a result, this study assessed these 

similar notions of water reuse by using water with impaired quality form a wastewater 

treatment plant and surface water body. The change in quality while passing through soil 

profiles from the study area (which is Black Cotton Soil) was thoroughly studied. 

 

T : 

arious factors (such as parent material, topography etc…) result in differing clay types 

 

V

and constituents, which in turn results in differing water retention and ion exchanging 

capacities of the soil. The ion exchange in soils and clays is affected by a number of 

factors in addition to the inflow water type and time of the soil-water interaction which 

include: I) fixation in non-dissociating form of cations and anions ii) unavailability of 

exchange sites iii) special properties of layer lattice structure of clay minerals in relation 
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to particular cations or to salt in molecules, among others. In addition, the water 

retention and swelling/expanding capacities in soil are affected by the clay mineralogical 

make up of the soil. These shows that understanding clay content and mineralogy is a 

vital factor in understanding the attenuation and infiltration capacities of the soil in 

undertaking AR/MAR while recharging the groundwater.  

 

Clays tend to form from weathering and secondary sedimentary processes with only a 

lay minerals are divided into four major groups (Brindley and Pedro, 1976; Mukherjee 

he Kaolinite Group

few examples of clays forming in primary igneous or metamorphic environments. Clay 

minerals tend to form microscopic to sub microscopic crystals. They can absorb water or 

lose water from simple humidity changes. When water is absorbed, clays will often 

expand as the water fills the spaces between the stacked silicate layers.  

 

C

and Biswas, 1974). The Kaolinite Group, The Montmorillonite/Smectite Group, The Illite 

(or The Clay-mica) Group, and The Chlorite Group. Having different types of these clay 

groups could result in differing attenuation potentials, swelling and water retention 

capacities.  

 

T : This group has three members (kaolinite, dickite and nacrite) and a 

formula of Al2Si2O5(OH)4. The different minerals are polymorphs, meaning that they 

have the same chemistry but different structures. The general structure of the kaolinite 

group is composed of silicate sheets (Si2O5) bonded to aluminum oxide/hydroxide layers 

(Al2(OH)4) called gibbsite layers. When one octahedral sheet is bonded to one 

tetrahedral sheet a 1:1 clay mineral results. Presence of surface and broken - edge OH 

groups gives the kaolinite clay particles their electronegativity and their capacity to 

absorb cations. This subsurface OH groups surrounded by O ions are believed to be 

able to exchange its H at higher pH for other cations. A small but measurable degree of 

isomorphous replacement is responsible for cation exchange in kaolinite. Since 

exchange is an edge and corner phenomenon, the capacity depends markedly upon 

particle size. Of the clay minerals, the active constituents of the soil which are 

predominantly cation exchangers, kaolinite possesses, in particular, both cation and 
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anion exchange properties where other clay minerals show anion adsorption to a lesser 

degree. This is important feature in water purification and contaminant attenuation 

during land application of wastewater and managed aquifer recharge. 

 

The Montmorillonite/Smectite Group: This group is composed of several minerals 

he structure of this group is composed of silicate layers sandwiching a gibbsite (or 

he Illite (or The Clay-mica) Group

including pyrophyllite, talc, vermiculite and montmorillonite. They differ mostly in 

chemical content. The general formula is (Ca, Na, H)(Al, Mg, Fe, Zn)2(Si, Al)4O10(OH)2 - 

xH2O, where x represents the variable amount of water that members of this group could 

contain. Unlike kaolinite, isomorphous replacement is distinctive feature of 

montmorillonitic clays both in the tetrahedral and octahedral layers. The resulting 

negative charge originating from Si+4 replacement by Al+3 and Al+3 by Mg+3 is balanced 

by equivalent amounts of exchangeable cations. This balancing feature accounts for the 

high exchange capacity of these minerals.  

 

T

brucite) layer in between, in an s-g-s stacking sequence. The variable amounts of water 

molecules would lie between the s-g-s sandwiches. This result in a higher swelling 

nature of the over all soil profile and a consequent decrement in infiltration. Swelling is 

more with montmorillonite clays as compared with Kaolinite and mica like clays. The 

ability to swell in the water is controlled mainly by the interlayer cation density, which 

dominates the ease of exchange.  Water retention capacities in soil are affected by clay 

mineralogical make-up of the soil. Under the same conditions, for the soil water content 

it was found out that black soils having predominantly montmorillonite clay minerals are 

characterized by high swell-shrinkage potentials.  Generally, water retention capacities 

in soils is affected by the clay mineralogical make up of the soils with the following order: 

Montmorillonitic soil having the highest, illitic having intermediate and Kaolinitic soils 

having the lowest capacity in water retention (Mukherjee and Biswas, 1974).  

 

T : This group is basically a hydrated microscopic 

muscovite. The mineral illite is the only common mineral represented. The general 

formula is (K, H)Al2(Si, Al)4O10(OH)2 - xH2O, where x represents the variable amount of 
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water that this group could contain. The structure of this group is similar to the 

montmorillonite group with silicate layers sandwiching a gibbsite-like layer in between, in 

an s-g-s stacking sequence. The variable amounts of water molecules would lie 

between the s-g-s sandwiches as well as the potassium ions. Illite is to a certain extent 

hydrated in aqueous medium.  

 

The Chlorite Group: This group is not always considered a part of the clays and is 

he gibbsite layers of the other clay groups are replaced in the chlorites by a similar 

 terms of parent rock material acidic and basic rocks in the same climatic conditions 

sometimes left alone as a separate group within the phyllosilicates. It is a relatively large 

and common group although its members are not well known. These are some of the 

recognized members: The term chlorite is used to denote any member of this group 

when differentiation between the different members is not possible. The general formula 

is X4-6Y4O10(OH, O)8. The X represents either aluminum, iron, lithium, magnesium, 

manganese, nickel, zinc or rarely chromium. The Y represents either aluminum, silicon, 

boron or iron but mostly aluminum and silicon.  

 

T

layer that is analogous to the oxide brucite. The structure of this group is composed of 

silicate layers sandwiching a brucite or brucite-like layer in between, in an s-b-s stacking 

sequence similar to the above groups. However, in the chlorites, there is an extra 

weakly bonded brucite layer in between the s-b-s sandwiches. This gives the structure 

an s-b-s b s-b-s b sequence. The variable amounts of water molecules would lie 

between the s-b-s sandwiches and the brucite layers. 

 

In

have shown the predominance of kaolinite and illite in the former and of montmorillonite 

in the latter. In another study, it is showed that montmorillonite predominates in soils 

derived from tuffs and tuffaceous sources while Kaolinite is an important constituent of 

sedimentary rocks. This suggests in the area (discussed in chapter three) there could be 

a high prevalence of montmorillonitic clay composition in the soils present. An intensive 

differentiation of clay constituents in the area would bring an in-depth knowledge of the 

prevailing clay mineral types, increased understanding of the consequent soil-water 
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interaction and the associated water quality changes of the infiltrating/recharging waters. 

 

1.2. Problem Description and Significance Of Study 

he contribution of groundwater as a resource dominates over surface water on 

 addition to the dependency of Addis, more than 25 towns and cities in Ethiopia are 

 another study, Yirga Tadesse (2004) has also shown that if the pumping rate form 

 

T

worldwide scale. As many as two billion people depend directly upon aquifers for 

drinking water. According to UNEP, Addis Ababa is one of the cities in Africa that is 

dependent on ground water, where groundwater dependency for a city is when the city’s 

water supply (public, private, domestic, industrial and commercial) could not function 

without the water provided by a local urban or peri-urban aquifer system. Typically 

groundwater would provide at least 25% of the water supply to such a city (Morris et al, 

2003).  

 

In

obtaining their potable water from groundwater source which include: Kombolcha, Mojo, 

Mekele, Dire Dawa, Logia & Semera, Debre Markos, Dessie, Gondor, Bichena, Asayta, 

Butajira and Welkite. Due to large availability, majority of rural population depend on 

groundwater, which is mainly extracted from springs and dug wells. For Addis Ababa, 

the main input from the groundwater system is obtained from Akaki Well Field, found at 

the southeastern part to the city. The aquifers present in the well field were primarily 

estimated to generate a total of 125,000m3/d amount of water (Shiferaw Lulu et al, 

2005). Latter groundwater modeling studies revealed that the potential abstraction rate 

is in the order of 35, 000 m3/d. 

 

In

Akaki well field becomes greater than 32,000m3/d, which is the current reality, the 

sustainable use and the out put of the well fields will be affected with time. He stated 

that pumping from the well field with an increased rate would affect the groundwater 

level in the surrounding Akaki and kaliti area at the end of 20 years. And as a result, 

water level drop would and has happen with a level of 12m and 5 m in Akaki and Kaliti 

areas respectively. However, in contrast to previous studies, this rate has now been 
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increased to 40,000 m3/d, which would decrease the sustainable functioning time of the 

field to less than 15 years.  

 

Moreover, the additional abstractions from other AAWSA’s wells (10,221 m3/d) and from 

he main source of recharge for any groundwater system is precipitation, as it is the 

he planned reuse of available water resources is the main solution to the problem 

private/governmental institutions tapping in the order of 49,986.67 m3/d pump a total of 

90,208 m3/d of water form the aquifers in Addis which are found within the same 

catchment. These, especially those owned by private firms, have highly uncontrolled 

pumping rates which will eventually endanger the whole system at the larger scale 

(Tamiru Alemayehu et al, 2005). Meeting the needed abstraction rates for the city 

should be done with out endangering the groundwater system. This rate could be 

reached by having additional inputs of recharge to the aquifers in the area by use of 

different water resources.  

 

T

“source” of water. The recharge type that generally fills up the groundwater system is 

and has been the natural recharge. However, this constant natural recharging rate is not 

always satisfying and can’t keep up with the current increasing need of more 

abstraction. This evidently calls for additional sources of recharge to the groundwater 

system (other than incidental recharge) and the input of more resources and research to 

supplement the existing natural aquifer recharge. 

 

T

suggested by this assessment research. The notion of water reuse can and should be 

more experienced in the city and most importantly in the country. Water reuse will 

address problems of water shortage and at the same time tackle pollution of water 

bodies.  As a resource input and resort means for this, the reuse of surface 

water/wastewater available in the city by a method of Managed Aquifer (Artificial) 

Recharge for increasing groundwater recharge rate is suggested and would prove to be 

beneficial (Foster et al 2003; WHO, 2001). This method, as discussed in the 

background, decreases pollution and degradation of water resources, reuse the polluting 
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water sources and most of all increases the amount of water input to the groundwater 

system in the city.  

 

To have sustainable water reuse and make MAR practical, like any other city in the 

world, due to the high population density and the presence of many establishments, in 

Addis Ababa also a huge amount of water is used in a day, as an input. All the input 

water reaching the city will eventually be discarded as wastewater after being used up 

by different parties of industries, (domestic) households, public toilets, hotels, hospitals 

and institutions. From domestic sources only, quite a significant quantity is generated 

each day. The volume of wastewater produced from domestic sources is about 100,000 

m3/d and from origins of different industries ranges from 1 to 1000 m3/d  (Getahun 

Worku And Adinew Adam, 1999). According to Tahal (1992) this waste is discharged to 

surface water bodies directly or indirectly. The study showed that from the total amount 

of water supplied to the city 70% is returned as a wastewater output, while 60% of goes 

through the outlet of Big Akaki River. These water sources, the river by itself and the 

waste discharged from the city could be reused to recharge the groundwater and 

increase the abstraction rates through the method of Managed Aquifer (Artificial) 
Recharge. 
 

In these regard, operating under the specified scopes, this research paper focuses on 

recharging the groundwater with a planned human input (AR/MAR) by assessing notions 

of water reuse in association with some main physical, chemical and biological water 

quality parameters. This will assist in increasing the reuse potential of existing water 

sources (waste & surface water) by bringing additional groundwater for abstraction while 

understanding and decreasing the unplanned/incidental infiltration to the groundwater. 

 

The study mainly showed how the ‘reused’ recharging treated wastewater/surface water 

changes in quality by the actions of both natural attenuation processes and filtration 

capacity of the unsaturated zone as it passes through the soil profiles in the study area. 

Through replication of natural state, on laboratory scale, the attenuation capacity of the 

vadose zone was assessed, as this is one of the primary studies that need to be carried 
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out before undertaking any MAR/AR operation by ways of spreading basin or Infiltration 

Basins.  

 

In summary, this research will serve as a base line study and as a prototype by giving a 

framework for continuing similar researches on the subject of MAR and associated 

water reuse methods of groundwater recharge indifferent parts of the city. Most 

importantly, it will become useful in various parts of the country, especially in the arid 

and semi arid regions (i.e. in the low land parts of Ethiopia – especially eastern, 

southeastern and northern) where precipitation is very low so as to implement and bring 

notions of water reuse and method of MAR to practice.  Hopefully, new perspectives will 

be added to the management and setting up of resource allocation in terms of water 

reuse, boosting water availability and increasing environmental water pollution control. 

 

1.3. Objective Of Research 
 

General Objectives 
 

• To assess the attenuation capacity of the vadose zone made of soil layers with 

future intentions of undertaking Managed Aquifer Recharge (Artificial Recharge) 

to the groundwater around Akaki well field site through the reuse of treated 

wastewater/surface water as a recharging input.  

 

Specific Objectives 
 

• To build up a small scale representation of the natural field soil profiles in 

laboratory columns so as to create a simulation for water reuse  

 

• To study the attenuation capacity of the vadose zone, made of soil layer, when 

treated wastewater/surface water is reused to recharge the groundwater through 

some main physical, chemical and biological water quality parameters 

 

• To perform laboratory based simulation and tests so as to compare, measure and 
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estimate the change in water quality for the water samples to and from (raw water 

and which undergone attenuation) the constructed soil profile columns 

 

1.4. Scope of the Project and Limitations Of The Study 
 

There are many factors that need to be addressed before undertaking MAR/AR, as 

mentioned and discussed in section 1.1.1. These factors include: sources of recharging 

water, types of recharging methods, anticipated usage of the additional groundwater 

resources, (since there are different standards for different objectives such as drinking, 

irrigation or industrial purposes), availability of waste water, the quantity/quality of 

source water available and its clogging potential, the resulting water quality, the 

underground storage space available, depth to underground storage space, 

transmission characteristics, topography/ applicable methods , hydrogeological 

situations, legal/institutional constraints, costs, public perception and continual 

management and maintenance, among others. 

 

Though, all the ‘above-mentioned’ factors are needed to be assessed while bringing the 

subject of MAR, this research will focus on the resulting water quality only. The change 

in quality of input water for the recharge as it passes through the vadose zone before 

reaching the water table in the area is the only factor that is assessed in this research. 

Continuing researches needs to be done on the field level while also including the rest of 

the needed parameters. The underlying main intention of this paper is to bring water 

reuse notions for groundwater recharge by MAR approaches to the management and 

policy-making organs. 

 

Limitation included: 

 

• Collection of all the soil profiles was a big problem in the research for proper 

representation of all soil profiles present in the area. Having undisturbed samples 

from the desired depth using hand dug pits was very difficult. Though core sampler 

was suggested, due to resource limitations it was not possible to get the instrument. 
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So, instead systematical pit was created with hand digging. 
 

• The attenuation capacity for the exact height of the natural field was not possible to 

be measured since this is a laboratory simulation and the aim of the project was to 

have an estimation/representation of the attenuation capacity of the soil layers 
 

• Unavailability of data and lack of prior work on the subject of MAR/AR on the study 

area, the city and the country level also have posed some obstacles. Financial 

limitations in all processes was an additional constraint  

 

1.5. Wastewater MAR/AR and Water Reuse in Addis Ababa 
 

Though many related studies have been conducted on hydrogeology/ geology surface 

water/ groundwater pollution in the area, both in local and regional scale, there is a lack 

of direct works done on the theme of undertaking AR/MAR projects either in the Akaki 

Well Field or in the country level. Along with the previously mentioned water shortage, 

water pollution/water reuse and groundwater sustainability issues, the lack of 

information and its demand has triggered and initiated the purpose of carrying out this 

research through AR/MAR with water reuse notions. 

 

In Addis Ababa, like many other developing cities in the world, there has been a 

continuing and increasing unplanned and unintentional incidental recharge (Foster et al, 

2003; Tuinhof and Heederik 2003) to the groundwater caused from different sources. 

The progressive increase in contamination of surface water bodies such as the Akaki 

River shows the increasing probability and vulnerability of the groundwater system to 

incidental recharge (Tahal, 1992). Studies indicated that bacterial concentration in 

various groundwater bodies (springs, boreholes and dug wells) showing that the quality 

of the groundwater in Addis Ababa is influenced by the quality of surface water (rivers) 

and availability of pollution sources near by the water points (Tamiru Alemayehu, 2005). 

This clearly shows the presence of incidental recharge in the city.  

 

In addition to the incidental recharge from surface water pollution, some other 
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wastewater outputs sources also contribute to this unintentional input. These sources 

according to Tamiru Alemayehu et al (2005) mainly include agriculture, petrol stations, 

municipal solid waste, sewage, industrial sources, garages and health centers. 

Recharge could be caused by poor well construction and defective sewerage line or 

septic tanks close to the well and interaction with surface water.  

 

Other than recharge to the groundwater, water reuse in the city and around the study 

area is manifested in agricultural activities. Irrigation schemes carried out mostly at the 

peripheral parts of the city could also contribute to this unplanned recharge to the 

groundwater system depending on the capacity of the soil’s permeability and the 

irrigation practice. These farm fields primarily use contaminated river water and 

partially/totally untreated industrial effluents. This is clearly seen especially at 

Mekanissa, Kaliti/Akaki and the surrounding (Annex 5, 9). Water reuse is also 

experienced in horticultural activities and some sanitation purposes as prevalent scenes 

in the city (Alemtsehaye Biru, 2002). Uncontrolled poor practices could pose serious 

threats of contaminating the subsurface water especially where the water table is too 

shallow and where there is a little overburden of soil.  

 

Moreover, in the study area, the use of fertilizer for farming, the presence of animal 

husbandry and the discharge of effluents to the stream passing right in the middle of the 

well field are the potential effects that could add to the presence of incidental recharge 

(Figure 2). Though, these potential dangers could need the presence of runoff in the 

area, the need to have control is mandatory because of the potential presence of 

downward movement of water.  

 

Contaminants are attenuated in cases where there is enough soil cover in an area, as 

shown in many studies (Brissaud, 2001; Gale et al, 2006; Tuinhof and Heederik, 2003). 

In the above study by Tamiru Alemayehu et al (2005), on the general vulnerability 

assessment of the city’s groundwater, the contribution of the soil cover was clearly 

stated. It also showed the rating of the different materials (rocks, soil, etc…) in the city 

with respect to groundwater vulnerability.  It has shown that incases where the vadose 
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zone was made of soil cover; it gave a lower vulnerability rate of aquifers by giving 

additional protection to the system.  The vadose zone soil cover was found to have a 

high impact in decreasing the vulnerability of the aquifers down under by causes of the 

above incidental recharges by being additional protection to the system.  

 

- Figure 2. Effluent from the near by industry and animal husbandry with in the well field 

 

To make water reuse notions managed, hygienic and practically meaningful, many 

parameters need to be considered in relation to the water quality at hand. Main physical, 

biological and chemical parameters needed to be assessed in the planning of AR/MAR 

while using water with impaired quality for recharge. The pollutant agents in the source 

water that could be hazardous to human health should be removed to a safe standard 

before it mixes with the existing water system. NRC (1994), Asano and Cutruvo (2004) 

and many others stated that pathogenic microorganisms and toxic chemicals should not 

occur at concentrations that might exceed drinking water standards or other quality 

standards implemented in an area for the intended purpose of the groundwater. It needs 

to consider the pre and post treatment done on the water at hand and that will be 

obtained. Such concerns will be very much pronounced especially when the input water 

is going to be reused for potable purposes, which is the case of this research.  

 

In understanding recharge using spreading basins, the thickness of vadose zone/soil 

layers is vital so as to allow sufficient residence time to have removal of the possible 

contaminants. The movement/travel time of contaminants would decrease with the 

increasing presence of thick soil cover. This travel time in the well field for the 
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scoracious basalt rock extensively occurring in the area was found to be very fast 

making the movement of bacteria to the groundwater table (for eg 50 m) very easy. The 

study by Tamiru Alemayehu et al (2005) also showed that the time required for bacteria 

to reach the groundwater table in the fractured scoracious basaltic aquifer to range 

between 2½ and 4 hours, which is very short. This calculated travel time holds true in 

cases where the scoracious basalt is outcropping on the surface. On the other hand, 

bacterial movement will be delayed when the vadose zone is made of soil. It allows 

more attenuation since the longer the residence time for the water in the soil profiles, the 

higher the chance for contaminant attenuation. 

 

However, questions of ‘how much the soil could attenuate remained unanswered’. This 

will assist in making use of the main possible culprits in polluting the groundwater (huge 

discharges of Akaki River and the ample/available wastewater in the city) and allows to 

practice intentional recharge thereby increasing water reuse in the city with AR/MAR 

methods. This present study assessed and measured the resultant output of having the 

soil layer as a vadose zone for decreased travel time and increased contaminant 

attenuation. It has shown the change in some main physical, biological and chemical 

water quality parameters as recharging water pass through the soil profiles in the area. 

  

- 18 - 



CHAPTER 2    -   MATERIALS AND METHODS 
 

In order to create a possible natural representation of the soil layers at the study area in 

laboratory columns experiments and to measure the intended water quality change, the 

following materials and methods were used and adopted. 

 

2.1. Materials Used 
 
To undertake Artificial Recharge by creating a spreading basin, the need to know the 

attenuation capacity of the underlying material especially the soil layers is crucial. The 

assessment needs to be done in a laboratory and in the natural field scale on case-by-

case study so as to understand the change in recharging water quality (Bouwer and 

Rice, 1984; Bouwer, 1989; Brissaud, 2001). Since the purpose of this study was to 

assess the attenuation capacity of the soil layers of the vadose zone and the associated 

change of water quality in a laboratory scale, the representative formation soil strata 

columns was needed for the research. Samples of soil with similar length/width, which 

were relatively intact, were used to perform the simulation in the laboratory. The soil 

samples collected were at a relatively natural intact state while the columns were filled 

up and simulation/flow of water was undertaken. 

 

To collect the undisturbed soil samples, sampling instruments were not used. This was 

due to resource/financial limitations and because of the needed sizes (width and height) 

of undisturbed soil sample. As a result, instead, a hand-dug pit was created in the study 

area by human labor. This allowed the collection of the soil samples with their relative 

natural intact state. 6 plastic tubes (PVC) were used for setting up of the collected soil 

samples in the laboratory and creation of the columns for the water simulation.  Each of 

the plastic tubes (PVC) used for the column experiment were 1 meter in height and 75 

millimeters in width (Figure 6 and 7). Additionally, metal nets were used to filter out finer 

sediments washed out by the inflow; while beakers, different jars, funnels and other 

similar items were used for the collection of water samples and the outflow. Input water 
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was given using Glucose tubes with gauges and these were hanged on the columns 

stand made for this specific research. 

 

Analysis of main and selected chemical and bacteriological parameters was mainly done 

in Water Works Design and Supervision Enterprise Laboratory Service for all of the 

water samples collected and obtained (input/inflow and output/outflow – i.e., raw and 

leachate (attenuated) water samples). In doing the actual analysis pH Meter, 

Conductivity Meter, Spectrophotometer, Flame photometer, Dissolved Oxygen Meter, 

different reagents and chemical were used.  

 

Some computer softwares were used for data analysis: Arc GIS 9 was used to develop 

two maps; Ms-Excel was used for numerical data analysis and graphical representations 

while Ms-Word was used for the whole text manipulation.  

 

2.2. Methodology Adopted 
 

To have intact soil samples collected for laboratory columns, water sampling (treated 

wastewater/surface water) to undertake simulation of water in the laboratory columns 

followed by water quality analysis for all samples the following methodologies were 

adopted for the activities in the research 

 

2.2.1. Soil / Water Sampling  
 

• Soil Sampling:  

 
To attain the objectives of the project, formation of the representative soil layer samples 

in laboratory columns was needed. And most of all, obtaining undisturbed and intact soil 

layers from the study area was of one of the primary duties. This was obtained by 

systematical hand digging in the study area (Figure 3).  
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First, a pit was created which was about 2 m deep and 1.5 m wide at the Akaki Well 

Field site where there exist a plain area of land (around EP4) (see Annex 3, 4). The pit, 

created just aside to an agriculture land, allowed the collection of soil samples with 

relative intact soil layer/stratification so as to form the columns for laboratory analysis, 

conducting the simulation and hence estimate the soil’s attenuation capacity.  

Location where 
the soil samples 
were taken 

 

- Figure 3. Creation of pit for soil sampling in the study area 

 

Soil samples were dug out with big boulder sizes and shaped into diameters (each 

around 5cms in height and 75mm in diameter) so that they could fit in the PVC’s 

prepared to create simulation columns. The intact nature of the soil for each boulder was 

relatively kept by putting the shaped boulders into the PVC columns one on the top of 

the other in similar to the natural order they exist in the pit (Figure 4). This was done 

repeatedly till 50 cms of soil profile was obtained in each of the columns. For the 

laboratory scale representation, 6 PVC soil columns were collected each having equal 

width and height of the soil profiles.  These PVC columns were mounted on stand 
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specifically prepared for this laboratory set up to have easy water collection and 

simulation management.  

 

- Figure 4. Steps followed in collecting soil samples from the field pits to the laboratory columns 

 

• Water Sampling 

 
Water input to undertake MAR/AR is usually from treated wastewater/surface water. In 

this research also collection of water samples was done from two different sources in 

the city.  

1. 

2. 

Typical household sewage collection center at the Kaliti waste stabilization pond/ 

Sewage treatment Plant  

 Second input was taken from a surface water body, the Big Akaki River.  

 

For the first type of water, treated household sewage at the Kaliti waste stabilization 

ponds/Sewage treatment plant, sampling points were from the last pond in the treatment 

plant. There are eight ponds (A1, A2, A3, and A4; B1, B2, B3 and B4) in the Kaliti waste 

stabilization pond site where the fourth pond (A4 and B4) contains the final relatively 

higher quality treated wastewater, which will be discharged back to the river through the 

channels present in the ponds (Figure 5).  
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Channel through 
which it mixes with 
the Akaki River 

- Figure 5. Pond A4 - where the samples are taken at KTP and the final treated sewage is let to spill to 

the Akaki River 

 

In the case of the Akaki River, the second type of input water, sampling was done on the 

up stream part of the river at the Akaki Bridge. Up stream part of the river was selected 

because in here the main inputs/wastewater constituents are from domestic sewage. 

However, the downstream part contains industrial effluents from many industries since 

many of the industries are located further away from the sample site – at Akaki Bridge 

(Annex 7). Water samples taken were made to run in the four columns at a time. By 

doing so, comparisons between the inputs and the output water samples (raw and 

leachate) were possible, which let to hit the objectives of the research precisely. Water 

sampling technique and preservation followed the standard methods of sample 

preservation and sampling technique. Water samples were collected using plastic 

bottles and bigger vessels preserved using icebox and transported to laboratory analysis 

and the rest to undertake simulation in soil columns with in few hours. 

 

2.2.2.     Laboratory Simulation/Column Experiments 
 

Collection of soil samples in columns using the above methods was done and the 

laboratory set up in Figure 6 and 7 was made to undertake water quality simulation, 

collection and then analysis of water samples. Collected and obtained water samples 
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were kept refrigerated until used for lab simulation and quality analysis. In all the time, 

the simulation was done in a lab having a normal room temperature of around 200c and 

water used for simulation also resembled the same temperature (as stated in the 

Analysis and Result section) 

 

Distilled water was let to run in the soil profiles for two-three weeks until the two different 

types of water samples were collected and the simulation was done. After collection was 

done from the two sources mentioned above, actual water input was carried out using 

small drops of an approximate few drop/second for the whole water and soil samples. A 

total of 16 liters/7days (16l / 7days / 4columns = 0.57 l/d) of water was given to each of 

the 50 cm soil profiles during the simulation. This continued during and for all inflow of 

water.  

100 cm 
 

Inflow/Input (KTP and BAR water)

Outflow/Output

50cm soil 
profile 

75mm 

- Figure 6. Schematic diagram of the used columns and the undertaken flow-simulation  

 

Experimental sample water was supplied through drops rather than pouring it into the 

soil columns because of the logical judgment of the weight of the water in the relatively 

‘small’ columns would unnecessarily hasten the water infiltration. And obviously, the 
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shorter the water samples reside in the columns the minimum the attenuation/filtration. 

In addition, through dropping of water through glucose pipes would let the water to stay 

for longer time and also the finer soil particles will not be washed out to cause clog in the 

columns. Using glucose pipes allows having full control of water inflow to the columns to 

the extent of the number of drops. (Figure 6, 7) 

Akaki River 2 

Akaki River 1 

Kaliti Treatment 1 

Kaliti Treatment 2 

Glucose bags supplying 
the input water 

Outflow waters  

 

- Figure 7.  Actual picture of laboratory simulation used (4 columns at a time, where two receive KTP and 

the other two receive water from BRA from the glucose bags) 

 

2.2.3.     Water Quality Analysis and Soil Test 
 

Test for the intended major physical, chemical and biological parameters for the 

collected samples of Akaki River, Kaliti stabilization pond and from the outflow of 

laboratory simulation was mainly done at Water Works and Supervision Enterprise 

Laboratory Service. Additional analyses for samples were done at AAWSA and AAU 
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Earth science Department Laboratories (where the laboratory simulation was setup). 

The representative input water samples for future assumed artificial recharge of the 

ground water in the field (from the two sources) and the outflow water samples from the 

laboratory columns (simulation) were tested for the same number of water quality 

parameters. 

 

The parameters that were analyzed included the following where the standard methods 

employed for analysis are presented in annex 1. Parameters used are: pH, TDS, EC, 

Hardness (CaCO3), NO3
-, NO2

-, PO4
-2, SO4

-2, NH3, Na+, K+, Ca+2, Mg+2, DO, BOD, COD 

and Total Coliform.  

 

Soil tests were done for the soil samples used only at the beginning of data analysis. 

Parameters used were pH, ESP (Exchangeable Sodium Percentage) and CEC (Cation 

Exchange Capacity), and EC (Electrical Conductivity) to allow understanding of the fate 

of exchangeable bases and the retention capacity of the soil. From results of water 

quality analysis SAR (Sodium adsorption Ratio) of the inflow and outflow waters were 

also calculated. 

 

2.2.4. Data Analysis and Interpretation 
 

Analysis and interpretation was done so as to depict and understand the estimated 

attenuation capacity of the vadose zone made of soil layers. Calculating percentage 

change with the resulting numerical figures along with depicting through graphs helped 

to show the comparison in terms of the existing quality change in very plain way. 

Comparison was made for the following water quality analysis results: 

• The two results (Inflow and Outflow), 

• The outflow result with the prevailing groundwater quality at the well field and  

• Extrapolation and estimation of the laboratory results to the depth and extent of 

the natural field scale occurrence. 
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CHAPTER 3    -   GENERAL OVERVIEW OF THE STUDY AREA 
 

3.1. General Description of Addis Ababa  
 
Emperor Menelik II founded Addis Ababa in 1886. The city, Entoto as it was called then, 

is at the watershed between the Blue Nile and Awash River basins. When it started, it 

was with a population number of around 50,000. The city kept growing continuously and 

it stretched out from the foot of Mt. Entoto to the mountains of Ziquala, Yerer and 

Wechecha in the south, east and west respectively (Addis Ababa City Administration). 

However, today, it has the honor of being called “The Capital City of Africa” since it 

houses the AU, ECA and many other regional and international organizations. And it 

houses over 3 million dwellers currently (WHO Regional Office), who are distributed in 

the 10 administrative sub cities namely Kolfe/ Keranyo, Gulele, Yeka, Bole, Nefas 

silk/Lafto, Akaki/Kaliti, Lideta, Kirkos, Arada and Addis Ketema. From these, Akaki / 

Kaliti sub city have the smallest while Nefas silk/Lafto sub city have the highest 

population number (Figure 8).  

City Boundary City Boundary 
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- Figure 8. Addis Ababa, its sub cities and Akaki Well field 
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Water input to the city started with numerous springs and hand dug wells located at the 

foot of the Entoto Mountain and lower areas. Modern additional water sources such as 

surface dams came well after the implementation of many of the infrastructures and 

establishments in the city. Among these: the establishment of the country’s first bank-

Bank of Abyssinia, founded in 1905; the first hotel - established by Queen Taitu in 1908; 

the first modern school - Menelik II school opened in 1902; the first government hospital 

- Menelik II hospital; a state owned printing press in 1911; the erection of the country’s 

first hydroelectric power station on the Akaki river (Aba Samuel) in 1911; the 

construction of Addis Djibouti rail- road; that reached Addis Ababa in 1917 and soon 

after the most notable first innovation of installing the system of running water are some 

to mention(Addis Ababa City Administration). 

 

As a continuing development in the water sector to the city, tapping of larger springs and 

feeding them into a number of small tanks for local distribution was done early in the 

century. As the city expanded, in 1938, a plant was setup at the foot of Entoto to treat 

water from a number of springs and the nearby Kechene River, followed by, the original 

Gefersa dam in 1944 on the north western part of the city. In 1960, the dam’s capacity 

was increased and a raised treatment plant was implemented and completed. In 1970, 

the Legedadi dam and treatment plant was erected on the Akaki River on the east of 

Addis Ababa, with an output of 50,000m3/d which was followed by another surface dam 

project, Dire reservoir. And recently in 6-7 years stretch, a groundwater resource at the 

Akaki Well Field was accessed and started distribution after through study of the local 

situations. 

 

3.2. Study Area  
 

The Akaki well field is found at the southeastern border of Addis Ababa and at 

southern part of the Akaki River catchment. It is located at the southeast of Akaki town 

about 22kms from the center of Addis Ababa, covering an area of about 16km2. In terms 

of jurisdiction, part of it falls with in the Oromia Regional State and Addis Ababa city 

government while the water input is fully administered by the later (Figure 8 and 9). 
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The well field is accessible with an asphalt road that runs from Addis Ababa to Mojo-

Nazareth. The boreholes in the field lie up and below the main road. Each borehole can 

be reached through a rural road either on foot or an Automobile. It has more or less flat 

terrain with ground elevation ranging between 2050-2100m a.s.l. Some prominent 

volcanic peaks in the well field include Grara Bushu (2,346m a.s.l.) in the northeast, Mt. 

Guji (2475m a.s.l.) in the east and Mt. Bilbilo (2,380m a.s.l.) in the south & southeast. 

(Yirga Tadesse, 2004) 

N 

 
- Figure 9. Location of Akaki Well Field and Akaki River catchment Source: Shiferaw Lulu et al, 2005 

 

The well field is part of Akaki River catchment from which it receives its recharge. The 

Akaki River catchment includes two main river systems (the Big and Little Akaki Rivers) 

draining the eastern and western part of the city respectively. The two rivers, the Big 

Akaki and Little Akaki, join at Aba-Samuel Lake (a reservoir just downstream of Akaki 

Well Field) about 84km up-stream of the meeting with Awash River as in the figure 

above. The catchment is dominated by undulated topographic surface with elevations 
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ranging from 1800m to over 3100m a.s.l.  which includes areas from the mouth of the 

river to Mt. Furi (2839m a.s.l.) in the southwest, Mt. Yerer (3100m a.s.l.) in the east, the 

Entoto in the north and Mt. Wochecha in the northwest. 

 

The purpose of accessing the well field was to give additional water input to the different 

parts of the city in addition to the existing surface dams. Currently a total of 31 

production wells are functional in the well field, which include BH (boreholes), EP’s 

(Emergency Production) and lately new inputs from Fanta (F) springs. In Phase one, BH 

(6, 7, 8, 9, 12, 14, 16, 17, 18, 22), in Phase two BH (1, 2, 4, 5-b, 13, 19, 20, 23, 24, 25-2, 

26, 10, 11-2), Fanta springs (EP’s (1 & 2), F1, F3, F7), and additional EP’s (4, 6, 7) at 

Akaki producing a total of 40,000 m3/d (and more) of water for use to the city. This 

abstracted water from the aquifers is pumped to the treatment plants in the vicinity 

where disinfection using chlorine is done. Then by gravity and additional power, it is 

moved to reservoirs found at Mekanissa and Bole Bulbula sites for distribution to cover 

mainly Bole, Torhayloch and Akaki areas in the city.  

 

The well field, in addition to giving subsurface water input, its overburden (soil) serves 

as an agricultural land for the locals from which crops are harvested (mainly wheat, teff, 

barley and others at different seasons). In spite of the presence of agricultural activity 

(Annex 2) with some tree plantations within, there is no use of the groundwater for 

irrigation purposes in the area at this time. The main sources of water for agriculture in 

the area are precipitation and the Big Akaki River.   

 

3.2.1. Climate 
 

Climatical conditions change the precipitation, humidity, evapotranspitation, vegetation 

type/density, runoff, infiltration, water availability, etc… in an area. The variations of 

these factors in turn influence the groundwater recharge and its consequent output 

along with other inputs. 

 

The Woina Dega type of climate that the overall city of Addis Ababa shows, and hence 
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the study area, has a unimodal rainfall pattern (Yirga Tadesse, 2004) i.e., one distinct 

rainy and dry season. The dry season runs from October to May while the wet being 

from June to September, having the highest peak rainfall in August. Records of different 

climatical parameters from three different observatories show the overall conditions of 

the area’s/city’s climate. In terms of rainfall, the long-term mean annual values observed 

at Addis Ababa Observatory, Bole Station and Akaki Beseka Station is 1253.1, 1066.5 

and 1105.4mm/year respectively. In summarizing, records of different climatical factors 

from Addis Ababa Observatory station for the area, which is located at elevation of 

2408m looks as follows: the relative humidity (%), mean maximum/minimum monthly 

temperature, mean monthly wind speed (m/s) at the height of 2 m, mean monthly 

sunshine hours (in a day) and mean monthly evaporation/evapo-transpiration (mm) in a 

long-term scale (at least for 10 years) are 49.2 %, 22.7/9.8 oC, 0.4-1.3 m/s, 6.3 hrs/day 

and 116.7 mm/157.5 mm respectively (Annex 12)  

 

3.2.2. Infiltration, Run Off and Discharge of the Catchment 
 

Infiltration, runoff and Discharge are of the main interlinked factors influencing the 

amount of groundwater recharge, among others. The two factors, run off and infiltration, 

act inversely proportional to one another, i.e., generally, if runoff increases, then the 

resultant infiltration decreases, which in turn decreases the groundwater recharge. 

However, in the case of discharge it usually depends on the amount of precipitation that 

the catchment receives. Other factors like vegetation cover, geology, soil type and slope 

of the area also very crucial to increase or decrease these three factors and the 

consequent groundwater recharge. 

 

For the catchment in concern (Akaki River), which is providing the recharge to the 

groundwater system of Akaki well field, from the total amount of precipitation that falls on 

the Akaki basin, huge percentage is returned back to the atmosphere as vapor through 

the combined action of evaporation and transpiration. According to Anteneh Girma 

(1994), water balance computations for the Akaki River catchment showed that, 

evapotranspiration, runoff and infiltration to be 74.4%, 12.7% and 12.9% of the total 
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precipitation respectively. This shows only about 1/8 part of the precipitation is 

contributing directly to the groundwater system.  

 

In terms of discharge, the monthly flow data for Akaki River at Akaki Station and at Aba 

Samuel for both Big and Little Akaki Rivers have a mean average of 1,624,320 and 

330,048 m3/d respectively (Annex 12). The records show that the highest mean 

discharges occur in the months from July to September while the lowest being in 

January, February and December. The wet season is having an average monthly flow 

values of 15,422,400 m3/d and 5,218,560 m3/d (for Akaki River at Akaki (for 10 years) 

and for big Akaki and Little Akaki at Abasamuel Stations (for 13 years)). Whereas, the 

lowest discharge/dry season months are having values of 659,232/261,792m3/d. These 

records show that 82% of the annual run-off is generated in July, August and September 

only, emphasizing that the groundwater contribution to the river is minimum compared to 

the runoff generated in the wet season also showing the amount of surface water that 

could be reused.  

 

In the dry seasons, however, based on previous studies conducted on Akaki River, an 

increasing trend in the River’s flow was observed on a hydrograph, which attributes to 

the wastewater contribution from the city of Addis. According to Tahal (1992), the 

increase in the low flow of the Big Akaki River as a result of the contribution from waste 

effluent raised from 0.5 m3/d in early 1980’s to 1m3/d then to 1.4m3/d in late 80’s. It was 

showed that 60% of the returned sewage from the city has an outlet through Akaki 

River. And hence according to Tamiru Alemayehu et al (2005), the proportion of sewage 

to natural runoff increases from a minimum of 1.56% in August to a maximum of 53.38% 

in January, which clearly emphasizes the risk posed on the nearby groundwater system 

and the extent wastewater management needed in the city. 

 

In terms of Kaliti treatment plant, the second water input for this research for the 

intended AR/MAR the input and discharge amounts are shown on Annex 8. As it is 

stated on the table in the annex, the daily input is intended for a maximum amount of 

7,500 m3/d of sewerage from the cities through the connected sewer systems, which 
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corresponds to 200,000 inhabitants (AAEPA and Oromia EPA, 2005).  However, the 

input reaches a peak value of 10, 000 m3/d at rainy seasons. The discharge from the 8 

ponds in the treatment plant equals or is lesser than the input because of evaporation 

and other causes. The discharge is not only limited to the output of the ponds receiving 

waste from the sewer lines. Trucks bring toilet waste and garage waste and the output is 

also dumped to the River Akaki one way or the other after some it has undergone some 

precipitation and biological degradation. 

 

3.2.3. Vadose Zone (Unsaturated Zone - Soil Layer) 
 

Vadose zone is the unsaturated zone above the water table, which is the main concern 

of this study.  It is also called the ‘zone of aeration’ since the soil has an elevated 

amount of air, pore spaces and water in between the particles. This unsaturated zone 

extends only a few meters deep, where after that high compaction and over burden 

makes the pore spaces unavailable. The vadose zone in concern is composed of soil 

layers. Below the soil layers of the vadose zone, the movement of water depends on 

features like porosity, permeability and availability of geological structures and their 

interconnection, among others. The vadose zone made of soil layers is the main factor 

and the location where almost all attenuation filtration and die off processes of 

contaminants undergoes. It is usually constituted of different soil layers extending in 

depth to few meters only.  

 

Soil development, the important factor, it is related mainly to the degree of weathering 

and the topography and geological conditions on which the rock prevails. Its thickness 

and development decreases with increasing slope and increases with the degree of 

fracturing and weathering of an area. Tamiru Alemayehu et al (2005), showed that the 

soil types in the city are mainly of alluvial sediments, pyroclastic materials, lacustrine 

deposits, young tuff and agglomerate, black cotton soil, clay and paleosols (Annex 10). 

In similar fashion, Yirga Tadesse (2004) showed the relationship between the 

development of soil layers and the underlying rocks in the city. The rocks of trachytic 

lava flows were found to have thin to no soil formation where as the rhylotic origins 
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resulted soil with a thickness of greater than 10 meters. In addition to the type of the 

parent material, the flatness of the area’s topography was also shown to be an influential 

factor to the presence of thick soil cover.  

 

In the well field, thick soil cover varying in depth occurs especially in the part where 

agricultural activity exists. However, this decreases as moving south of the well field, 

where the rock outcrops and the agricultural activity eventually stops. As it can be 

observed form the lithological log of Akaki Well Field bore holes on the Stage III project 

of AAWSA-SEURECA (2000), the existing overlying soil type in the area is the Black 

Cotton, where it extends to 18m deep (at BH11-2) and even sometimes connecting 

directly to the underlying rocks. This soil type, a variety of vertisols, is usually constituted 

of high clay content (Kandiah 1981; NRC, 1996; Haider et al (web material - 

www.hau1.edu.vn/CD_CSDL/ILRI_V2/PDF/html/x5493e/x5493e0f.htm)).  

 

There were 25 boreholes that show a general similarity of soil and rock constituents in 

the area. From the above-mentioned logs, though it differs having some variation, 

underlying the black cotton soil from top to bottom the following are present: the 

yellowish clay, mixtures of soil and sand, gravel, rock fragments of different types basalt, 

scoria, ignimbrite, etc… with increasing depth (Annex 11). 

 

3.2.4. Hydrogeology and Groundwater Flow 
 

Morton et al. (1979); Haile Sellase Girmay and Getaneh Assefa (1989) and others have 

systematically described the geology and volcanic sequences of most of the central and 

southern part, by the stratigraphy of the area starting from Sululta to Nazareth. They 

redefined lithostratigraphic units by suggesting the Miocene –Pleistocene volcanic 

successions as: 

 

-Alaji basalts 

-Entoto Silicics 

-Addis Ababa Basalt 
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-Nazareth group and 

-Bofa basalts 

 

In the Akaki river catchment there are various types of basalts, pyroclastics, alluvial 

sediments and other volcanic rocks, having different hydrogeological characteristics. 

The basalts range from fresh, dense and massive type to highly fractured, fissured, 

jointed or vesicular types (Anteneh Girma, 1994) containing the following:  

 

- Alluvial Sediments 

- Younger volcanics (Explosion breccias, surge deposits, scoria cones, scoria lava) 

- Paleosols  

- Pyroclasitc falls or flows 

- Ignimbrite 

- Aphyritic basalt 

 

The young porphyritic basalt changes from massive to fractured type, where the 

fractured variety is the most permeable and productive aquifer.  These aquifers are with 

primary porosities of vesicles and joints and secondary porosities of structures like 

faults, fractures & fissures produced as a result of tectonic activities and weathered 

zones. The porosities in these volcanic rocks and the interstitial spaces in between the 

sediments in the alluvial aquifers are very crucial for groundwater circulation. Though 

the geometry of the aquifer systems in the whole Akaki River catchment is highly 

variable as well as discontinuous and not well defined, in most areas the volcanic 

aquifers show semi- confined to unconfined natures.  

 

In the city scale for Addis Ababa, Tamiru Alemayehu et al (2005) characterized the 

rocks by ways of fracture porosity and interstitial porosity they exhibit and accordingly 

categorized the main aquifers into three groups: 

 

a) Shallow aquifers: made of weathered volcanic rocks and alluvial sediments along the 

river courses 
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b) Deep aquifers: made of fractured volcanic rocks that tap fresh groundwater 

c) Thermal aquifers: that are located at the depths greater than 300m  

 

In regards to the aquifers in Akaki Well Field and its surrounding, the study area, 

hydrogeology is also of volcanic origin, largely related to processes of lava flow and 

tectonic fractures. Volcanic deposits of scoria, scoriaceous and vesicular basalts are the 

predominant rock types in the area. Tectonic activities in the region developed intensive 

and network fracturing/fissuring, which resulted in favorable conditions for groundwater 

circulation. In the study area and its surrounding, Anteneh Girma (1994), showed that 

there are four types of aquifers in the Akaki area. The first aquifer type, which is highly 

productive, is constituted from scoria deposits, socracious basalt and alluvial sediments. 

The second type of aquifer comprises of highly fractured and fissured basalt while the 

third aquifer is of basalts with moderate productivity having fractures, vesicles and 

sparsely spaced joints, ignimbrite and agglomerates. The scoria cones and surge 

deposits form the last group of aquifer, which has low productivity. At the well field, the 

prevalent type of aquifer have unconfined nature where recharge takes place by direct 

rainfall infiltration, runoff and also fed by marked subsurface flow. Though the geometry 

of the aquifer systems in the whole Akaki River catchment is highly variable as well as 

discontinuous and not well defined, in most areas the volcanic aquifers show semi- 

confined to unconfined natures. 

 

As mentioned above, on the studies conducted, the aquifers in the well field are 

constituted of different kinds of volcanic rocks. These rocks show different structures 

beneficial for water circulation. Abundance of vesicles and their interconnection in 

scoracious basalts and the presence of different weathering and fracturing in basaltic 

formations provided good porosity and permeability for the rocks and in turn a 

substantial ground water circulation and presence in the area. 
 

               

The groundwater flow in the city is inclined to the south according to Tamiru Alemayehu 

et al (2005) and Shiferaw Lulu et al (2005). In the central and northern part of the Akaki 

River catchment the main groundwater movement is from north to south while it is in the 

- 36 - 



southeast direction at lower part of the catchment (Figure 10). Though in some locations 

the direction changes towards the near by streams, the general groundwater movement 

is sub-parallel to the surface water flow. The groundwater is in connection with the 

surface water mainly with Big and Little Akaki Rivers to the north of the Akaki Bridge, as 

it can be seen from the potentiometer surface (at around 2050 a.s.l.). Recharge to the 

groundwater which takes place within the Akaki River catchment to the north of Akaki 

Bridge is considered contributing to the base flow. The base flow in these rivers is 

mainly contributed from the groundwater (Yuji Maruo et al, 2004).  
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kaki Well Field variation in hydraulic properties of the aquifer and the 

oles is not so much pronounced (Tamiru Alemayehu et al, 2005).  

- 37 - 



From AAWSA- SEURECA lithological bore holes (2000) in the well field, the 

transmissivity values calculated from pumping tests of the bore holes in the well field 

shows that it ranges from 1.32 x 10-2 m2/s to 1.22 x 100 m2/s. And according to Yirga 

Tadesse (2004), T-values in the Akaki catchment varies in the following manner in the 

north of Aba Samuel to Lafto area, the T-values range between 19-117 m2/d while in 

Dukem area values range from 61 to 153 m2/d. In north of Akaki Well Field and Kaliti 

area T-values range from 2.8 - 6,099 m2/d where as in the central part of Addis 0.3 - 

5,760 m2/d and the northern part of the catchment (Entoto, Gulele and Tatek) have 0.3 - 

1,092 m2/d. The western catchment area (Alem Gena area) has T-values ranging 

between 9.9 – 95 m2/d.  From these distribution of hydraulic characteristics of the 

aquifers, it is shown that aquifer parameters are lower in the upper and western part of 

the catchment area, relatively higher in the central, southern and south-eastern part and 

extremely high at Akaki Well Field and gets lower in the Dukem area south-east of the 

well field explaining why there is a whole activity at the location of the study area. 

 

- 38 - 



CHAPTER 4    -    RESULTS 
 

4.1. Water Quality Analysis 

 

Water quality analysis was done for all collected samples (surface and reclaimed 

wastewater). The sources of water were: Big Akaki River as a surface water and Kaliti 

Sewage treatment plant as a reclaimed wastewater input. 

 

For the soil-water interaction analysis, as explained in the chapter 3, the setup columns 

were supplied with 0.57 l/d of water in a dripping manner so that it would resemble 

natural infiltration. Dripping avoided the downward force exerted by the water, which 

would have decreased the residence time in the soil columns. ‘Input waters’ with raw 

water quality were first analyzed before used for laboratory column simulations, so that 

comparison and estimation of the change in water quality could also be possible after it 

had passed through the soil columns. The obtained outflow waters were analyzed for 

the same 17 parameters. As mentioned at the outset the following water types were 

used as an input in the laboratory simulation of columns with the Black Cotton soil 

profiles: 

 

i. Inflow/Input Water – discharge from the Kaliti Sewage treatment plant  

ii. Inflow/Input Water– Akaki River (Surface Water Body) 

 

Representations (Code) for Water Sources 

Discharge from the Kaliti Sewage treatment plant KTP 

Akaki River BRA 
 

-Table 1. Representations for water Sources 

 

These water sources are also the potential recharging inputs for the assumed artificial 

recharge. And accordingly, the resulting water quality or the output/outflow from the 

columns is the anticipated ‘real’ water that will reach the unconfined aquifers and mix 
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with the existing groundwater in the area to raise the water table for abstraction. Input 

‘waters’, after being collected from their corresponding source, were kept refrigerated for 

laboratory simulation while sample from each was sent for laboratory analysis. Different 

water quality analysis methods were used for the different parameters and the list of 

methods used for each parameter is presented on annex 1. Environments such as 

temperature were kept similar throughout supplying the water samples and obtaining the 

results to/from the soil columns. 

 

4.2. Results Achieved 
 

Analysis for the inflow (raw waters collected) and outflow (output water collected from 

the soil columns) water samples produced useful information about the soil attenuation 

capacity of the area. Both water types were analyzed in the same laboratories for similar 

parameters of the following: pH, TDS, EC, Hardness (CaCO3), NH3, NO2
-, NO3

-, PO4
-2, 

SO4
-2, Na+, K+, Ca+2, Mg+2, DO, BOD, COD and Total Coliform. 

 

Results are presented below in two main categories. First, water qualities for the inflow 

water types are shown. In the next section, the obtained outflow water samples from the 

columns were analyzed and the results are displayed accordingly.  

 

4.2.1. Input/Inflow Water 
 

As explained above the two water samples used, KTP and BRA, were analyzed before 

used for the laboratory simulation. Parameters used are displayed below grouped under 

3 major categories: (i) Physical Parameters: TDS, Hardness (CaCO3), EC and pH; (ii) 

Major Ions (cations and anions) (referring to PO4
-2, SO4

-2, Na+, K+, Ca+2 and Mg+2); (iii) 

Pollution Indicators (referring to NH3, NO2
-, NO3

-, DO, BOD, COD and Total Coliform). 

This would allow easier depicting and interpretations of results for those parameters that 

are related. The result of the water analysis for the inflow water types (KTP and BRA) is 

displayed in Table 5 and 6. and graphically on Figure 11. 
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4.2.1.1. Physical Parameters: TDS, EC, pH and Hardness 
 

TDS and the electrical conductivity are related parameters, where higher value of one 

also suggests the other. A higher TDS means that there are more ions in the water; with 

more cations and anions in the water, the water’s electrical conductivity (EC) increases. 

Results of water analysis for both water types (KTP/BRA) showed TDS values to be 

560.0mg/l/376.0mg/l and EC to be 933.33µS/cm /626.67µS/cm. For the Kaliti Treatment 

Plant, the water composition shows relatively elevated amounts of TDS mainly because 

of its source, which is “collected sewage” from the city. And, with only biological 

methods to purify a wastewater, which the treatment plant uses, most chemicals 

constituents could skip unaffected.  

 

The discharge of KTP, having a higher TDS value, it ‘looks’ clean compared to the 

downstream part where it joins the Akaki River. The presence of many industries in the 

area and their released effluents to the River (mostly untreated) contains huge amounts 

of trace metals that a domestic sewage would not contain.  This being the main reason 

why water samples were not taken from the downstream side of Akaki River. 

 

Since the main sources of water for KTP are different households using different inputs 

(such as detergents), the higher TDS value could be attributed to those sources of 

domestic input. Though the two water sources seem to be far apart in their results, the 

difference closes up for them in the case of pH (and other parameters), which is around 

8, both showing a slightly alkaline condition. In terms of hardness, both waters 

KTP/BRA, exhibit relatively higher amounts in the order of 193.6/184.8 mg/l as CaCO3, 

mostly owing it to the elevated presence of calcium ions. These TDS amounts present in 

the water types clearly suggests that there will be modest constituents of ions and 

cations, since TDS describes all solids (usually mineral salts) that are dissolved in water. 

The more salts dissolved in the water, the higher the value of electric conductivity. TDS 

usually comprises inorganic salts (principally calcium, magnesium, potassium, sodium, 

bicarbonates, chlorides and sulfates) and some small amounts of organic 
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4.2.1.2. Major Ions (Cations and anions) 
 

Using cation constituents, the SAR value of the water could be calculated to show the 

potential of the water sources to cause swelling and dispersion in clays depending on 

the concentration of the sodium ions. Sodium Adsorption Ratio results displayed below 

in table 2 showed the compositions of the input water was not high enough to cause 

infiltration problems. 
 

      (Na+) 

SAR =     [(Ca+2 +Mg+2)/2]1/2 
 

Water Type SAR 

KTP 1.22 

BRA 1.11 
 

- Table 2. SAR value for the input KTP and BRA water types 
 

Salts constituents, Na+, K+, Ca+2, Mg+2, resulting from the analysis of both types of water 

samples are relatively low. The results found for the major cations/salts also matches 

with the expectation from the lower TDS and EC values above. Ratios of Ca+2/Mg+2 

concentration in Akaki River sample were found to be in order of 5.58 while values for 

Na+/K+ gave 3.77. Similar analysis for the inflow of KTP water type resulted in 6.34 for 

Ca+2/Mg+2 and 2.61 Na+/K+  ratios.  

 

Akaki River samples had 3.96 mg/l of PO4
-2 and 2.14 mg/l of SO4

-2
 where these amounts 

of PO4
-2 and SO4

-2  were a bit elevated to 4.09 mg/l and 2.4 mg/l for KTP water. 

 

4.2.1.3. Pollution Indicators 
 

Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD) and Dissolved 

Oxygen (DO) are affected by oxygen demanding wastes, such as organic matter and 
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NH4
+. They react with the available oxygen and consume it through different processes 

to have outputs, like water and carbon dioxide. Values of BOD and COD are inversely 

proportional to the amounts of DO present in a water body. When the dissolved oxygen 

present in a water body decreases, in other words it shows that there is an increased 

Biological and Chemical demand for oxygen. 

 

COD is the total measurement of all chemicals in the water that can be oxidized while 

BOD is a general measure of the amount of organic carbons that bacteria can oxidize. 

BOD relies on bacteria to oxidize readily available organic matter during analysis period 

while COD uses strong chemicals to oxidize organic matter. Results from the analysis of 

water samples from both KTP and BRA show low dissolved oxygen content (5.87 and 

4.52) and high values of BOD and COD. BOD and COD were found to be 23.3 mg/l and 

231mg/l for KTP while for BRA BOD was 62mg/l and COD 384mg/l respectively. These 

values are caused by the presence of chemicals, organic matter and other oxygen 

demanding wastes in the water bodies, mainly owing it to the constituents in the sewage 

effluents from the city. 

 

Similarly, the presence bacteria and Ammonia is another indicator of water pollution 

with different sources. These were expected to be in high amounts since sources of 

waters contain huge amounts domestic sewage. The input waters for the intended 

recharge of AR/MAR in the study area were also analyzed for the total coliform 

bacteria. Accordingly, laboratory results for total coliform (TC) showed 120 and 2600 

bacteria per 100ml for the treatment plant and the River water inputs. TC should be 

absent in drinking water sources and should be low/absent in potable groundwater 

sources. If TC is present in a drinking water, its presence shows the inadequacy of a 

prevailing treatment (WHO, 2004).  

 

In terms of ammonia, the composition of BRA/KTP water types was highly concentrated 

(35.18/12.26 in mg/l) while it was low for nitrate + nitrite composition with the order of 

6.37/14.39 mg/l. The high values found in the water types used in this research (for 
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BOD, COD, TC and Ammonia) should be significantly decreased in practical 

applications of AR/MAR while reaching the groundwater system. 
1
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- Figure 11. Graphical Representation of Water Quality analysis results of input water types (all 

parameters) 

 

4.2.2. Output/Outflow Water 
 

The same water types, which were analyzed for the inflow waters, were also used for 

the column experiment outflow in the simulation so as to evaluate the change in water 

quality that could result from the effect of the soil profiles.  

 

Four columns were used at a time using two different types of waters from KTP and 

BRA (Figure 7). KTP1 and 2 are the output water samples from the columns that were 

supplied with Kaliti Treatment plant water input where as BRA 1 and 2 were water 

samples obtained from soil columns, which received inflow waters from Akaki River. 
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Clear and concrete comparisons were possible at the end through the use of similar 

parameters for the inflow and outflow water samples. Results of analysis are displayed 

in Table 3 and graphically on figure 12. 
 

 

No Parameters KTP 
1 

KTP 
2 

BRA 
1 

BRA 
2 

1 PH 8.25 8.27 8.39 8.32 

2 TDS (mg/l) 263 296 246 260 

3 EC (µS/cm) 435 494 409 436 

4 

Physical 
Parameters 

Total Hardness (CaCO3) 
(mg/l) 149.6 129.8 99 116.6 

5 Sulphate - SO4
-2 (mg/l)  9.60 8.54 9.88 10.15 

6 Phosphate - PO4
-2 (mg/l) 0.14 0.21 0.09 0.14 

7 Calcium - Ca+2 (mg/l) 51.2 39.7 29.11 40.57 

8 Magnesium - Mg+2 (mg/l) 5.4 7.6 6.48 3.8 

9 Potassium - K+ (mg/l) 2.2 2.4 2.1 2.3 

10 

Major Ions 
(Cations 

and anions) 

Sodium - Na+ (mg/l) 33.0 52.5 46.5 43.0 

11 Nitrite - NO2
- (mg/l)  0.29 1.15 0.6 0.5 

12 Nitrate - NO3
- (mg/l)  10.3 11.2 9.0 6.6 

13 Ammonia - NH3  (mg/l) 0.58 0.35 0.30 0.44 

14 BOD (mg/l) 14.8 7.5 32.5 23.4 

15 COD (mg/l) 104 96 112 164 

16 DO (mg/l) 6.61 6.48 6.54 6.55 

17 

Pollution 
Indicators 

Total Coliform per 100ml Nil Nil Nil 150 

- Table 3. Water Quality Analysis Result for the outflow water obtained from the four columns 
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4.2.2.1. Physical Parameters 
 

From all the soil columns, those receiving KTP water exhibited the maximum reduction 

both in TDS and EC composition. TDS decreased to average values of 

279.50mg/l/253.0 mg/l and EC to 464.50µS/cm/422.50 µS/cm for the output waters of 

KTP/BRA.  These values are very close to each other when compared to the difference 

present in the inflow used.  

 

Buffering provided by the dissolution of carbonates could have contributed to the slight 

increase in pH. In addition to the TDS and EC values above, the decreased amounts of 

water hardness from the effects of the soils have resulted in a much more desirable 

water output in terms drinking water guidelines for the specific parameters (Table 8). 

The decrease in Hardness (CaCO3) to 139.7 mg/l and 107.8mg/l for KTP and BRA 

water types resulted in a more ‘softened’ water output.  

 

4.2.2.2. Major Ions (Cations and anions) 
 

Column outflows resulted in highly elevated concentrations of SO4
-2 (9.07/10.02 mg/l – 

KTP/BRA) than the inflow while the PO4
-2 content was substantially removed to a level 

of 0.18/0.12 mg/l.   

  

Water Type (Output) SAR 
Average SAR increase 

from the inflow 

KTP 1.28 0.06 

BRA 1.50 0.39 
  

- Table 4. SAR values for the outflow received from the soil columns used 
 

The composition of Ca+2, Mg+2, K+ and Na+, changed by appreciable amounts to 

45.45mg/l, 6.5 mg/l, 2.3 mg/l and 42.75 mg/l for KTP and 34.84 mg/l, 5.14 mg/l, 2.2 mg/l 

and 44.75 mg/l for BRA as water passed through the soil columns. Consequently, SAR 
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in the outflow waters increased to 1.28 and 1.50for KTP and BRA, owing it to the 

increase in the sodium ions (Table 3 and 4). 
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- Figure 12. Graphical Representation of water Quality results for the Outflow water obtained (Values 

used in the graphs were average amounts from the four columns) 
 

4.2.2.3. Pollution Indicators 
 

In the column experiments, an increase in the amounts of NO3
- concentration was 

balanced by significant losses of NH3 and NO2
- in the outflow waters. The high inputs of 

ammonia (35.18/12.26 mg/l) and nitrite (4.2/2.00 mg/l) in the inflowing waters of 

KTP/BRA were brought down to very low amounts of 0.465/0.37 mg/l and 0.72/0.55 mg/l 

respectively. Accordingly, the increase in nitrate concentration from 10.19/4.37mg/l to 

10.75/7.8 mg/l for KTP/BRA water types was substantial. 

 

Analysis of outflow from soil columns showed that the BOD and COD were substantially 

reduced when compared to the input water. BOD and COD values decreased to 11.15 
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and 100.0mg/l for KTP and to 27.95 and 138.00mg/l for BRA water types. DO content 

increased to an average value of 6.55mg/l making outflow from both water types ‘more 

suitable’ for groundwater recharge in terms of its oxygen content. The total coliform 

amount was decreased to nil in ¾ of the columns used (were almost totally removed) as 

water passed through the Black Cotton soil profiles.  
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CHAPTER 5    -   DISCUSSION 
 

5.1. Comparison and Discussion of Lab Simulation (Input vs. Output) 
 

Columns experiments for the two water types used have showed a general decreasing 

trend in the concentration of the parameters analyzed (with only few exceptions as 

shown in the previous chapter). Water let to drop with in the columns changed 

dramatically, especially for some of the parameters, signifying the bigger potential of 

the soil matrix (Black Cotton Soil) in the study area and the role it could play in terms of 

contaminant attenuation more than it has been practically anticipated before. All 

average concentrations (nearly) obtained in the outflows were within the limits of the 

drinking water guidelines needed by WHO (2004) and were not as such in a stage to 

pollute the existing groundwater at the study site. However, along with such 

‘statements’, the concentrations of the input waters used also need to be taken into 

account before making any practical measures and extrapolations, since the input 

water types used didn’t have highly deviating values except only for few parameters. 

 

The causes for the decrease in concentrations of most parameters are observed and 

believed to have originated from some main similar grounds. These processes could be 

generalized as: the direct physical filtration effects of the soil particles, cation 

exchange, oxidation, precipitation, adsorption, alterations, processes undertaken by the 

microbes in the soils and die off effects, among others.  

 

The changes in values caused by the above effects are shown graphically in the next 

subsections (Figure 13 to 17). Also, the exact numbers showing contrasts between the 

inflow and outflow water qualities are shown in Table 5 and 6 and discussed in section 

5.1.1. In addition, the average outflow water quality from the soil columns was also 

weighed against with the existing groundwater quality in the area (Akaki Well Field) for 

the same (few) parameters (in section 5.2). This indicated the practical ‘field-scale’ 

contributions and implications that the soil profiles could play in controlling pollution 

migration to the aquifer system while undertaking Artificial/Managed Aquifer Recharge. 
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In the filed-scale discussion and interpretation part, possible estimations for the large-

scale natural field situations are extrapolated, predicted and setout quantitatively along 

with the interpretations (Section 5.3), based on the results found in the laboratory scale.  

 

Average outflow for BRA and KTP, average change of concentration and percentage 

change of attenuation values in Table 5 and 6 were calculated using the following: 

 

Average outflow for KTP  =  (KTP 1 + KTP 2) / 2 

 

 

Average outflow for BRA = (BRA 1 + BRA 2) / 2, where KTP 1, KTP 2, BRA 1 and BRA 

2 values are on Table 3. 

 

 Change in attenuation     
  (Inflow/outflow)              

  

 

Average change of concentration  =  Inflow  -  Average Outflow 

= 
Inflow – Average Outflow 

              Inflow 

   100%   x 
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Water 
Type Parameter Inflow Average 

Outflow 
Average change 

in 
Concentration 

% Change of 
Attenuation 

(Inflow/outflow)

Color Greenish Relatively 
Colorless ----  ----

Odor Lightly 
Offensive

Relatively non 
Objectionable ----  ----

pH 8.01 8.26 ---- ---- 
TDS (mg/l) 560.00 279.50 280.50 50% 
EC (µS/cm) 933.33 464.50 468.83 50% 

Physical 
Parameters 

 
 Total Hardness (CaCO3) (mg/l) 193.60 139.70 53.90 28% 

Sulphate - SO4
-2 (mg/l) 2.40 9.07 -6.67 -278% 

Phosphate - PO4
-2 (mg/l) 4.09 0.18 3.92 96% 

Calcium - Ca+2 (mg/l) 61.60 45.45 16.15 26% 
Magnesium - Mg+2 (mg/l) 9.72 6.50 3.22 33% 
Potassium - K+ (mg/l) 20.50 2.30 18.20 89% 

Major Ions 
(Cations and 

anions) 
 
 

Sodium - Na+ (mg/l) 53.50 42.75 10.75 20% 
Nitrite - NO2

- (mg/l) 4.20 0.72 3.48 83% 
Nitrate - NO3

- (mg/l) 10.19 10.75 -0.56 -5% 
Ammonia - NH3 (mg/l) 35.18 0.47 34.72 99% 
BOD (mg/l) 23.3 11.15 12.15 52% 
COD (mg/l) 231 100.00 131.00 57% 
DO (mg/l) 5.87 6.55 -0.68 -11% 

K
TP

 (K
al
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 T
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) 

Pollution 
Indicators 

TC per 100ml 120.00 Nil Nil 100% 
 

 

-Table 5. Water Quality changes for the KTP water (negative values show increased outflow concentrations than the inflow waters used)
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Water 
Type Parameter Inflow Average 

Outflow 
Average change 

in  
Concentration 

% Change of 
Attenuation 

(Inflow/outflow)

Color Grayish Relatively 
Colorless ----  ----

7Odor Lightly 
Offensive

Relatively Non-
objectionable ----  ----

pH   8.00 8.36 ---- ----
TDS (mg/l) 376.00 253.00 123.00 33% 
EC (µS/cm) 626.67 422.50 204.17 33% 

Physical 
Parameters 

 
 Total Hardness (CaCO3) 

(mg/l) 184.80   107.80 77.00 42% 

Sulphate - SO4
-2 (mg/l)  2.14 10.02 -7.88 -368% 

Phosphate - PO4
-2 (mg/l) 3.96 0.12 3.85 97% 

Calcium - Ca+2 (mg/l) 57.20 34.84 22.36 39% 
Magnesium - Mg+2 (mg/l) 10.26 5.14 5.12 50% 
Potassium - K+ (mg/l) 11.00 2.20 8.80 80% 

Major Ions 
(Cations and 

anions) 
 
 

Sodium - Na+ (mg/l) 41.50 44.75 -3.25 -8% 
Nitrite - NO2

- (mg/l)  2.00 0.55 1.45 73% 
Nitrate - NO3

- (mg/l)  4.37 7.80 -3.43 -78% 
Ammonia - NH3 (mg/l) 12.26 0.37 11.89 97% 
BOD (mg/l) 62 27.95 34.05 55% 
COD (mg/l) 384 138.00 246.00 64% 
DO (mg/l) 4.52 6.55 -2.03 -45% 

B
R

A
 (A

ka
ki

 R
iv

er
) 

Pollution 
Indicators 

TC per 100ml 2600.00 Nil  to 150.00 2,525.00 97% 
 

-Table 6. Water Quality changes for the BRA water (negative values show increased outflow concentrations than the inflow waters used)



5.1.1. Changes In Outflow Water Quality and Associated Interactions 
 

The benefit of soil-water interactions manifested by changes in water composition and 

concentration of different parameters for having increased recharge water to the 

groundwater using methods of AR/MAR is clearly apparent. Many Artificial recharge 

projects in many locations have shown the use of soil-water interaction and in turn SAT 

(Soil Aquifer Treatment) to benefit the infiltrating water quality in important ways. The 

various physical, chemical and biological processes are imperative in resulting water 

with improved qualities, as it is shown in the continuing discussions (Palvic and Dillon, 

1997; Fox et al, 2001; Gale and Dillon, 2005; Gale et al, 2006). 

 

• CLOGGING 

 

Clogging is one of the side effects of using SAT while achieving increased qualities of 

water through artificial recharge (Fox et al, 2001). Observations from physical (visual) 

appearances of the used water types in this study showed the waters to contain 

significant suspended matter in them. In addition to high suspended matter contained in 

both waters, the actual presence of algae in the KTP water showed the high probability 

of having decreased infiltration and permeability problems in future large-scale 

AR/MAR application.  

 

Clogging effects during the laboratory simulation was observed with elevated volumes 

in the soil columns supplied with KTP water as an inflow than those of BRA water type. 

This was clearly caused by the presence of Algae in the KTP water (was evident from 

the greenish color) when collected from the source, since all columns used the same 

soil profiles. However, after simulation, colorless composition was obtained in both 

output water types due to the filtration effect of the soil columns (Table 5 & 6). The 

colorless outputs from all the columns were very noticeable especially after the 

‘washed down’ fine-grained soil particles were allowed to settle. 

 

The soil overburden prevailing in the study area (also used in the study soil columns) 
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was Black Cotton Soils, as it is shown in Annex 10 and 11, (AAWSA, 2000; Tamiru 

Alemayehu et al, 2005). These soils are known for their ‘negative’ water logging 

behavior. These soils are known to expand when wet and shrink when dry. The clay 

content of vertisols could vary 40-80%. (Kandiah 1981; NRC, 1996; Haider et al (web 

material - www.hau1.edu.vn/CD_CSDL/ILRI_V2/PDF/html/x5493e/x5493e0f.htm)).  

 

With these soil conditions, the possibility of having clogging in large scale and 

continuous land applications is high. These soils have higher infiltration at the 

beginning of the water application and with more application they could act as 

impervious materials (Tamiru Alemayehu et al, 2003).  This shows that serious 

cautions need to be taken in the wetting and drying periods in practical applications 

(Fox et al, 2001). However, in the study conducted, water was supplied to the soils in a 

controlled environment within a few days time, which allowed a relative higher 

infiltration. 

 

The other main reason in causing reduced permeability and infiltration was the 

exchange of soil-bound divalent ions (Ca2+ and Mg2+) with Na+ from the recharge water. 

Swelling and deflocculation of clay minerals can occur if the recharge water contains a 

higher ratio of monovalent to divalent cations (that is a higher SAR value). With high 

contents of clay composition, as in Black Cotton Soils, the amount of SAR is very vital 

in determining the probability of swelling and dispersion. TDS, calcium, and magnesium 

contents should be high enough and sodium content low enough in the recharge water 

to have a more permeable state (NRC, 1994).  

 

Calculations from water analysis results gave very small SAR values for both the inflow 

and outflow waters used, signifying that clay dispersion will not be a problem with the 

water qualities at hand. As shown in Table 2 and 4, the inflow and the raise in the 

outflow values of SAR in both water types were low enough not to cause swelling in 

clay soils. If the SAR amounts in the source waters remain to be less than 6, there 

would be no problem of having decreased permabilities emanating from ion exchange 

(Ayers, 1973).  
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To have a clear understanding on the fates of exchangeable bases in the laboratory 

simulations, soil analysis was also done for the soils samples before water was applied. 

In the table below pH, ESP, CEC and EC results for the used Black Cotton soil are 

presented. 
 

Parameter Results 

PH 8.00 

ESP (Exchangeable Sodium Percentage)  2.80 

CEC (Cation Exchange Capacity) (meq/100 gm of soil) 69.13 

EC (Electrical Conductivity) (ms/cm) 0.12 
 

 

- Table 7. Soil Analysis results for the used Black Cotton Soil 
 

The higher CEC and the lower EC (low ions-high retention) values for the used black 

cotton soils, as it is shown in the above table, resulted in high amounts of attraction, 

retention and adsorptions effects for the cations. Soil with higher CEC generally leads to 

higher potential for treatment of wastewater (Gohil, 2000). The higher CEC (69.13) 

present in the used soils was expressed in the high removal of different cations and 

anions in the study columns.  

 

Problems in infiltrations occur when there is an excess of sodium, relative to calcium 

and magnesium ions, as in this study. The latter divalent cations are most tightly bound 

to clays than monovalent sodium cations, and they are preferentially adsorbed onto 

most clays, which generally have negative surface charges. However, an excess of 

sodium ions will result in the displacement of the other adsorbed cations. This 

replacement causes swelling and will disperse the clays, and decrease the pore spaces 

between them. The resultant decreased pore size will decrease the soil permeability, 

and increase the potential for water logging resulting in poor soil conditions 

(Tchobanoglous and Schroeder, 1987). From ESP percentage of the used soil, it is 

shown that sodium ions were available only in 2.8 percentages not to cause as such 

significant replacement of the divalent ions. 

 

The relatively smaller percentage presence of Ca+2 and Mg+2 in the KTP water input in 
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relative to the Na+ ions allowed the replacement of the divalent cations with Na+ for ion 

exchange to take place in those columns. Relatively higher amounts of SAR in the 

source water and higher CEC have resulted to more increased sodium exchange and 

its subsequent retention in the soil while decreasing it by 20% in the outflow. The 

smaller retention of Ca+2 and Mg+2 and their ‘wash down’ by 74% and 66% to the output 

KTP water also shows that sodium was more retained in the KTP water outflow than in 

the soil columns receiving the BRA water type due to cation exchange.  

 

The lower SAR values and sodium concentration in the inflow BRA water in comparison 

to KTP have resulted in more Ca+2 and Mg+2 adsorption and increased leaching of 

sodium ions to the outflows. The increased calcium and magnesium adsorption and 

precipitation is the main cause for the high 39% and 50% decreases in the output 

waters.  The increased Ca+2 presence from the higher dissociation of CaCO3 (42%) and 

the slight increase of Mg+2 in the source infiltrating BRA water also contributed to the 

increased probability of calcium and magnesium to be retained by the soil particles by 

increasing concentrations in the exchangeable state in relation to Na+. Decreased 

retention of sodium ions have resulted in leaching and its consequent 8% increase in 

concentration of outflow waters. The leaching down of sodium ions also increased the 

SAR of the output by 0.39. 

 

The retention and precipitation processes reached climax values for the cations in the 

case of potassium ion. In both water types an average of 85% decrease in 

concentration of outflow waters was obtained resulting in a comparable values. The 

similar elevated percentage decreases in both types of water outputs suggests that 

these ions have undergone similar processes in spite of the water input. Generally for 

the exchangeable bases, in KTP water, higher retentions have occurred in the case of 

K+ (89%) and Na+ ions while retention was maximum for the divalent ions in BRA water 

type. However, an increase in concentration of cations in the outflowing waters is 

believed to occur while approaching the ‘saturation’ stage of the soil in continued land 

application of wastewater (Juliet et al, 1999). The change in concentrations of these 

Cations is shown in Table 5 and 6 and on Figure 13 (graphical comparisons). 
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-Figure 13. Graphical Representation showing the change in Na+, Ca+2, Mg+2 and K+ ions in the out flowing water compositions 
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• NITROGEN FORMS 

 

Various forms of nitrogen exist in nature. These varieties could change from one form to 

the other through different processes. In soil formations, this occurs through the actions 

of few types of bacteria. 

  

Ammonium Ion, resulting from the reaction of available H+ ions with Ammonia, oxidizes 

to give rise to NO2
- ions and other by products. The continuing successive oxidation 

processes by nitrite ions finally results in more NO3
- ions (reaction below). This overall 

process can be summed up and referred to as nitrification of Ammonia to nitrate ions, 

which readily happens as part of the nitrogen cycle (Michael, 1996).  

 

NH3   +    H+  →   NH4
+   (Ammonification) 

2NH4
+   + 3O2  →  2NO2

-    +  2H20  +  4H+  +  energy     
2NO2

-   + O2   →   2NO3
-  + energy 

 

When ammonia is the major form of the existing nitroge

vadose zone is a pre-requisite for nitrification and subse

since soil is necessary to nitrify adsorbed and incomin

zone does not appear to be a requirement for nitrogen 

1996). Hence, this indicates that, ammonia removal in th

either by adsorption or thorough nitrification processes

processes (adsorption and nitrification) were mainly re

removal of ammonia and the 78% decreases in NO2
- ion

between) in the columns water inputs have created be

oxidation of ammonium and Nitrite ions to take place (Fo

 

In the study columns, Nitrate was greater in the output

water types by 5%(78%), which was balanced by the de

by 99% (97%)and 83%(73%) respectively (Figure 14). T

of transformation of nitrogen forms through ammonificatio
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 than the inflow of KTP (BRA) 
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The nitrification processes shown at the outset, could also explain the consumption of 

free oxygen by NH4
+ and NO2

- ions and hence why there was no as such significant 

increases in DO contents.  
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- Figure 14. Graphical Representation showing the change in NO2

-, NO3
-, NH3 concentrations 

 

Also from the nitrification equations, it can be clearly seen that NO3
- would become 

prevalent as an output from the overall reaction. This contributes to the slight elevation 

of nitrate present in the outflow water. And since nitrate is not adsorbed in most soils, 
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with increasing amounts of water application it will become susceptible to leaching and 

moves downward, which also explains the increased concentrations in the columns 

outflow (Gohil, 2000). However, the amount of Nitrate was not as such significant in 

comparison to the decreases in ammonia and nitrite. This indicates that additional 

significant retentions of NH3 and/or NH4
+ ions have occurred as water infiltrated. In 

addition with pH above 6, simultaneous denitrification could have also converted nitrate 

to other nitrogen forms, there by completely removing it from the system (Fox et al, 

2001). On the other hand, since the depth of the soil profiles used were relatively 

smaller and the amounts of water used was relatively huge for the columns, the 

leaching process would have overweighed and contributed to the NO3
- increase in the 

results obtained.  

 

Generally, it is rescannable to believe that, the ‘slow’ dripping supply of water to the 

columns and the amount of time used in the laboratory simulations have favored more 

adsorption and retention processes contributing to the decreases in ammonia and nitrite 

while increasing the nitrate amount. The attenuation effects in the soil to have a safe 

drinking water in terms of decreased Nitrogen forms while using wastewater as a 

recharging input could be more appreciated by having detailed studies for the different 

forms and the different processes that will under go inside the natural field vadose zone.  

 

• POLLUTION INDICATORS 

 

The high biological and chemical demands for oxygen, which were present in the inflow 

waters, were substantially decreased in the outflow of the soil columns. The subsequent 

slight increases in the DO of the outflow water were not as high as it would equalize the 

relief from the removed biological and chemical demands. This is mainly because of the 

different chemical reactions (such as nitrification and different oxidation reactions) that 

consume appreciable amounts of oxygen. In addition, the possible presence of 

degradation of organic matter in the soil columns is of highly oxygen demanding 

process as shown below, 
 

Organic matter  + O2    →   CO2   +   H2O   +    energy 
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The biodegradation (above) and the physical filtration of organic matter in both waters 

along with the removal of the existing algae (in the KTP water) have resulted in average 

53.5% decreases in BOD. For COD, the removal of oxygen demanding chemicals 

present in the water such as NH4
+, have presented an average of 60.5 percentage 

decrease in the water compositions (Figure 15). The physical filtration of suspended 

particles, which is visually recognizable between the outflow and inflow water, have also 

contributed to considerable amounts BOD and COD removal in the water. Thirty to 

Forty percents or even more amounts could be accounted for the ‘physical removal’ of 

the demands, complementing the filtration effects of the soil profiles (Gohil, 2000). 

 

As shown on Figure 15, the dissolved oxygen content has increased by appreciable 11 

and 45 percents for KTP and BRA water types. This is very important in bringing the 

water quality to a level of drinking water standard, though the value obtained is not 

exactly with in the limits. Even if the KTP water had relatively higher amounts of DO 

when collected, possibly due to the effects of algae, there was only a slight increase as 

water infiltrated in the soil columns. The relatively lower increase for the KTP water 

have caused from the high presence of oxygen demanding chemicals and the possible 

presence of higher amounts of organic matter.  

 

Total coliform content, which is a measure of all bacteria resulting from human and 

animal waste, was found to be very high in the samples collected from both kinds of 

water sources, (especially for BRA water). Total coliform should be absent in water 

systems, and their presence indicates inadequacy of the water treatment (WHO, 2004).  

 

TC was removed in 97-100% by the effects of soil columns supplied with both water 

types (Figure 15). Die off and filtration processes were the most probable causes of 

removal to have an outflow of such high quality water in terms of these parameters 

(Gohil, 2000; Fox et al, 2001; Gale and Dillon, 2005). If bacteria removal of such 

amount was possible in just 50cm depth soil profiles, it indicates that more enormous 

attenuation of such bacteria is viable and could result from the increased natural field-

scale depth of the vadose zone.  
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- Figure 15.Graphical Representations comparing outflow and inflow concentrations for BOD, COD, DO and TC 
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• PHOSPHATE, SULPHATE, TDS, EC and HARDNESS 

 
The change in concentration for PO4

-2 and SO4
-2 ions didn’t follow a similar trend for the 

KTP/BRA water types used. Concentrations in output samples decreased with 

96%/97% for the former while increasing by about 3/3.5 folds for the latter parameter 

(Figure 16 and Table 5,6).  

 

Significant decreases and increases in the water composition of these ions were 

obtained because of the resultant behavioral effects of the anions. Phosphate ions tend 

to be held in the soil system by adsorption and precipitation reactions to different 

elements and compounds while higher solubility and lower retention capacities of the 

SO4
-2 ions have resulted in elevated concentration of the outflow water samples (NRC 

1994; Gohil, 2000; Gale and Dillon, 2005).  

 

Phosphates tend to bind to calcium in the alkaline range for pH greater than 5 - 6 and 

form precipitates in the soil, which is the most probable situation prevailing in this study. 

This process is potentially accountable reaction for the decrease of both PO4
-2 and Ca+2 

ions in the outflow water. The results found in this research using black cotton soils are 

in conformation to the results stated in different similar studies mentioned in the 

previous paragraph.  

 

Dissolution of the CaCO3 changed the water hardness range from a ‘Hard’ to 

‘Moderately Hard’ water type resulting in relatively ‘softer’ outflow. Though the slight 

decline in the water temperature could have its influence on the pH of the output water, 

the contribution of CaCO3 dissociation to increase the pH is evident. Increased 

dissolution of the carbonate (where its amount have decreased by 28% and 42% for the 

KTP and BRA water types) is also responsible for the relative higher increase of pH in 

BRA water type than the KTP water (Figure 17). 
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- Figure 16. Compared graphical representations for outflow and inflow values of SO4

-2 and PO4
-2 

 

The identical 50% and 33% decrease found in KTP and BRA water types for both TDS 

and EC was indirectly discussed above (Figure 17). Since TDS is the sum of those ions 

and EC is the conductivity caused by the prevalence of cations and anions in the water, 

the direct relationships were expected. Both parameters exhibit the loss or gain of the 

total cations and anions in a water composition. The results found were in conformation 

with the general decreasing trend that all the ions depicted in the out flowing water 

composition.  

 

TDS for KTP outflow decreased by 50% because of the relative higher absence of ions 

in the output water than the BRA water type. In comparing the percentage changes of 

KTP water and BRA water types in terms of ions, the total percentage increase was 
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lower and the total percentage decrease was higher in KTP than in the BRA water type. 

This suggested that the decline in the total TDS value was expected to be higher in KTP 

outflow than the BRA water. 

 

This study showed that leaching of salts was not sufficient to raise the TDS or change 

the SAR (in significant levels) of either KTP water or BRA water outflows. Instead, 

appreciable amounts of decrease in TDS and only slight increases in SAR were 

obtained. Similarly, due to the decreased concentrations of mineral salts and hence 

TDS, an elevation in salinity of the recharged water will not become a problem. 

However, alteration of infiltration rates in future planned long-term applications, due to 

the increased precipitation/dissolution reactions could pose a potential permeability 

threats added up with the negative swelling nature of the existing soil.  

 

At the end of the simulation, it was also observed that there was never any blackening 

or odor that would suggest the presence or development of H2S. Though the water 

composition was not tested for a H2S content, it was evident that at least it was not 

available in enough amounts to cause suspicion. However, a possible presence and 

oxidation of sulphides compounds in the water with the consequent leaching could be 

one of the causes, which have brought increases in the sulphate ions of out flowing 

water samples obtained. 
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- Figure 17. Graphical Representations comparing outflow and inflow concentrations for pH, TDS, EC and CaCO3 (Hardness)
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5.2. Comparison of Laboratory Output with Groundwater Quality 
 

Comparisons of water quality results between experimental soil outflow and existing 

groundwater at the study area were done for the same number of parameters. This 

shows the effects of AR/MAR methods in endangering the existing groundwater quality 

while depending on the soil attenuation and SAT capacity.  

 

Results obtained from this research for the two water types was one input to the 

comparison. Water quality analysis results of outflow waters from all the columns and 

water types were obtained and their average was calculated. As an input values for the 

existing groundwater quality in the comparison, results was taken from three boreholes 

and EP’s in the Akaki Well Field (EP4, BH18, BH7) where the water quality analysis was 

done by AAWSA office on May 29, 2006 for (Table 8). The analysis results for these 

water samples were taken from these boreholes because of their proximity they have to 

the pit used in the research.  

 

Water quality results obtained from AAWSA included only part of the parameters used in 

this research, since the office only performed parameters associated with drinking water 

problems. The rest of the parameters are assumed by the office to be in the guideline 

values.  

 

Almost all parameters (where values are presented) showed had high correlation and 

resemblance for the two water quality results. Most interestingly, though this depends on 

the many factors (among which the input water quality for the column experiments), EC 

(only for BRA water type), Phosphate and Nitrate values from column experiments have 

shown lower concentrations when compared with the qualities of the groundwater 

present in the area.  

 

The main significance of this study, in addition to the previous sections, also lies in the 

output of this comparison also. If this much amount of comparable water quality could 

be obtained with only 50cm long soil profiles, then increased attenuation and better 
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qualities of water could be expected to be drawn from the natural field scale vadose 

zone soil profiles. Implementing artificial recharge sites at the Akaki well field, which 

have the same kinds of soils used in this research, can then thought to have a 

promising outlook. Keeping in mind that situation could differ very widely from the 

laboratory environments in terms of water quality and soil conditions, among others; 

increased and ‘safe’ attenuation can be obtained with increased meters of vadose zone 

from the same types of recharging (surface water and wastewater) sources. Generally, 

it could be stated that, for most parameters displayed, the water qualities from the soil 

columns are very comparable to the existing groundwater quality. 
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Bore hole at the Akaki 
Well Field Parameters 

Outflow from 
Columns of 
BRA Water 

Type 

Outflow from 
Columns of 
KTP Water 

Type BH18 EP4  BH7

Guideline 
Value as set 
by the WHO 

pH  8.36 8.26 * * * 6.5-8.5 
TDS (mg/l) 253.00 279.50 207 202 204 1000 
EC (µS/cm) 422.50 464.50 434 423 429 - 

Physical 
Parameters 

Total Hardness (CaCO3) (mg/l) 107.80 139.70 98 106 104 500 
Calcium - Ca+2 (mg/l) 34.84 45.45 * * * 200 
Sulfate - SO4

-2 (mg/l) 10.02 9.07 8 5 7 400 
Magnesium - Mg+2 (mg/l) 5.14 6.50 * * * 150 
Potassium - K+ (mg/l) 2.20 2.30 * * * - 
Phosphate - PO4

-2 (mg/l) 0.12   0.18 0.39 0.59 0.3 - 

Major Ions 
(Cations and 

anions) 
 

Sodium - Na+ (mg/l) 44.75 42.75 * * * 200 
Nitrite - NO2

- (mg/l) 0.55 0.72 0 0 0 5 
Nitrate - NO3

- (mg/l) 7.80   10.75 13.95 12.6 18.9 45 
Ammonia - NH3  (mg/l) 0.37 0.47 0 0 0 1.5 
BOD (mg/l) 27.95 11.15 * * * - 
COD (mg/l) 138.00 100.00 * * * - 
DO (mg/l) 6.55 6.55 * * * - 

Pollution 
Indicators 

Total Coli form per 100ml Nil to 150.00 Nil Nil Nil Nil Nil 
 
-Table 8. Comparison of average outflow from all laboratory columns and water quality at Akaki Well field (source: AAWSA, 2006 for results of groundwater data 

analysis)         * - where value were not done by AAWSA because the office focuses only on drinking water standards 
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5.3. Field Scale Interpretations and Predictions 
 

Though it is not quite possible to make presumably “exact” quantitative predictions 

regarding change in concentrations of contaminants on the field scale, based on 

laboratory results, estimations and forecast are possible and in order. In doing so 

however, few obligatory background limitations and conditions need to be setout. This is 

needed because conditions where the laboratory simulation was done could be 

considerably different from the field situations and also because of the site-specific 

nature of groundwater recharge. In addition, precautions are very necessary since the 

groundwater system dealt with is used for potable purposes, with only chlorine treatment 

before consumption. To have practical interpretations and imitations of this laboratory 

scale study in the field level, variations should be limited to minimum. 

 

To the above effects, in making predictions based on the output of this research, it 

should be understood that  

 

• The water quality condition used and  

• Soil type is assumed to be at the same level and kind as to the experienced 

laboratory experiment.  

 

Keeping in mind that the soil profiles in the columns used were only 50 cm long, which 

are short as compared to the longer depth of vadose zone in the area, more attenuation 

could be expected from the natural field situations for similar compositions of water 

input. Also, it should be noted that these results are to be expected to occur in the 

presence of Black Cotton Soils, where for others output could differ significantly. 

 

Estimated outputs of this paper could serve two main purposes. First, it can be used as 

enlightening base study for the intended artificial/managed aquifer recharge that needs 

to occur in the study area and in the city to bring the water level up to a safe level. 

Secondly, predictions can also be used to understand the ‘prevailing’ incidental recharge 

from the River sources that is feared and anticipated in increasing contaminant level in 
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the groundwater system. The results found were very promising and concentrations in 

the outflow had better qualities of chemical composition, complimenting the notions of 

water reuse and implementation of planned recharge in the area. Significant changes in 

the water quality suggested that reused water would have comparable or even better 

water qualities with the existing groundwater in the well field (Table 8). 

 

Many processes are responsible for the physical, chemical and biological interactions 

and the consequent removal of different constituents in the water composition. Such 

different processes are mentioned in section 1.1.2. However, the observed and 

anticipated main processes remain to be mainly: physical filtration, adsorption, 

precipitation, ion exchange, chemical alteration, die off and biodegradation. It could be 

clearly stated that because of these bio-geo-chemical processes in the soil columns 

‘there was substantial removal of physical, chemical and biological constituents in the 

water due to the effects of soil columns and accordingly with simple logical reasoning 

resultant attenuation in the field scale from the vadose zone’ would be much higher.  

 

Performing straightforward and logical mathematical calculations and assuming that the 

same conditions prevail as a direct large-scale replica of the laboratory situations, 

continuing field-scale predictions were made. Figure 19 shows the estimated percentage 

changes in the field scale for the same parameters used in this study. Those values 

were obtained with the following equation:  
 

 
Average depth of black 
cotton soil profile in the 
Well field 

Average measured
percentage from lab
simulations 

*
Estimated Attenuation 
Percentages in a Field 
Scale 

=
Depth of soil profiles used 
in this the lab simulation 

 

 

 

 
 
 
 Where:  

1) Average depth of black cotton soil profile in the Well field 

  (Value obtained from average depths on AAWSA-SEURECA (2000) bore 

hole logs) 
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2) Depth of soil profiles used in the lab simulation = 0.5m 

3) Average measured percentage from lab simulations – values were obtained from 

table 5 and 6 

 

Using the above equation, if planned recharge is undertaken in the well field, the 

possibility of having bacterial contamination resulting from human wastes was found and 

would be very low. This is easily understood since controlled laboratory experiments of 

50 cm soil profiles resulted around 100% bacterial attenuation, it would be logical to 

expect that at least equal decreases in composition for extended depth of soil profiles. 

From these it follows that, if there are increasing levels of bacterial contamination to the 

groundwater, sites lacking soil cover need to be where actions are focused on. With the 

presence of soil cover (black cotton type) it would be reasonable to say the presence of 

bacterial contamination from direct infiltration is very low. In a city where surface water 

bodies are highly contaminated with bacteria, these findings will be very important inputs 

for understanding ways of contaminant migration and its removal.  
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Having soil overburden was not only found to give protection from bacterial 

contamination. As shown in Figure18 (graphical representations of values in table 5 and 

6) the percentage change for each contaminant in the laboratory scale will be elevated 

to values in Figure 19 for a deeper vadose zone in the natural field.  

 
The SAR and TDS values resulted from the columns were ‘safe’ not to cause any clay 

swelling and dispersion. As a result, no significant infiltration or permeability problems 

resulted from it. The removal of cations and anions are thought to increase 4 times in 

the field scales also due to increasing soil attenuation (Figure 19). However, the SAR 

value is dependent on the ratios of Na+, K+, Ca+2 and Mg+2 ions of the infiltrating water 

and caution is needed not to use water with SAR amounts greater than 6 so as not to 

cause swelling and clay dispersion problems in the first place (Gohil, 2000). This is 

highly important since the soil type constitutes considerable amounts of clay. In the case 

of Black cotton soils, though, it is not only the water quality that needs to be considered. 

The nature of the soils in the specific locality need to be assessed very thoroughly along 

with their swelling nature in a sense of continuous applications of water. When infiltration 

rates become unacceptably low, the infiltration system might need to be dried to restore 

infiltration rates. Such successive wetting and drying periods need to be understood 

before performing any land application of wastewater.  

 

Clogging from ‘wash down’ of fine-grained particles was not present in the study 

because of the length of the soil columns in the laboratory and the application of water. 

However, the ‘wash down’ of fine-grained soil particles could cause significant clogging 

in the field scale applications, since the soil constitutes considerable amounts of clay. 

Such movement of smaller sized particles should be expected to happen with long-term 

wastewater land applications. Maintenance and preventive measures such as physical 

disturbance or having sand and gravel layer could function to prevent such clogging 

situations (Bouwer and Rice, 1984; Palvic and Dillon, 1997). 

 

In the case of nitrate, increased amounts could reach the water table and mix with the 

groundwater. Though the values found in this study are very much less than the 
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guidelines expected in drinking waters, caution need to be taken in terms of nitrate 

migration due to its susceptibility to leaching by the intended recharging waters. In 

addition to the compositions of the recharging water, since there are uses of nitrogen 

fertilizers for agriculture at the Akaki well Field site, leaching could increase by pick up 

residing nitrate (and oxidation of other nitrogen forms) within the soil. Nitrate 

concentration of the groundwater in the field scale in respect to recharging is assumed 

to increase by more than 4 folds (Figure 19).  

 

Calculations gave decreasing results (59%) for sodium ions in field scales, with 

increased soil-water interactions for increasing soil depth. Sodium will be retained more 

because of increased ion exchange in the soil profiles. The proportion of calcium and 

magnesium is also expected to decrease by 3 and 4 folds resulting from precipitation, 

adsorption and additional chemical alteration processes. The decreasing amount of the 

cations is estimated to be high in potassium ion with more than 8 fold of attenuation 

effects on it.  

 

The climax of decreasing values is going to happen for phosphate, ammonia and total 

coliform concentrations. All have more than 9 folds decreasing values while significant 

increases in sulphate and dissolved oxygen contents are assumed to occur with more 

than 12 and 2.5 folds respectively. Attenuation percentages in about 6 folds are 

expected for BOD and COD parameters because of the increasing removals of oxygen 

demanding chemicals and bacterial processes (Figure 19; Annex 13).  

 

In considering these values, serious considerations need to be given not to exceed the 

saturation and attenuation capacity of the soils after continued applications of 

wastewater. After the saturation point, most contaminants are expected to leach down to 

the groundwater table, unless restoring mechanisms are implemented (NRC, 1994; 

Juliet etal, 1999; Fox et al, 2001). Here it is emphasized that, on future studies such 

temporal variations in contaminant attenuation need to be assessed so as to measure 

and compare saturated and unsaturated soil profiles. 
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For having ‘more accurate’ predictive estimations with the column experiments, it would 

require more intensive measurements in various aspects. The measurement of soil 

solutions used in such column experiments both before and after simulations is one 

factor that needs to be done with time variations. From such soil tests, it would be easier 

to explicitly understand weather chemical alteration, precipitation or some other 

processes caused the decrease in concentration of different constituents in the output 

water obtained, all leading to more specified conclusions. In future works, these could 

be incorporated and more vigorous quantitative assessment/prediction could be made 

 

- Figure 19. 

possible.   

 Graph showing estimated attenuation effects for field scale vadose zone soil profiles for 
parameters (negative values are relative increases in concentration of the respective parameter). 

erforming such column studies is useful as screening studies that can identify potential 
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P

water quality problems before costly field-scale recharge projects are built. However, 

laboratory column experiments are not sufficient enough by themselves to make 

quantitative predictions of water quality changes that will occur during recharge through 

the vadose zone. Therefore, it would be advisable and easier to start with pilot-scale 
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projects accompanied by monitoring wells to determine the potential for water quality 

changes before implementing full-scale recharge projects.  

 

To sum up, as a general output, the results obtained had very much positive outlook in 

his study showed that the Black cotton soil in the study area was capable of removing 

nce more, it should be emphasized that all the above-discussed issues will only be 

astly, the significance of this study to undertake artificial recharge/Managed Aquifer 

addressing the objectives of this paper. Decrement in concentrations of almost all 

parameters measured evidently ‘says it all’ about the attenuation capacity of the soil. 

However, studying the new forms to which chemical alterations or reactions have 

progressed could lead to understanding different biogeochemical processes. In addition, 

more detailed number of parameters such as the fate of organic compounds (DOC, 

TOC), trace metals, volatile substances (TVS) and compounds of sulphides along with 

other hazardous chemicals should be assessed in further studies.  

 
T

most contaminants from the infiltrating surface and reclaimed wastewater sources. If a 

recharging site is implemented on the well field, by the reuse of the Akaki River water 

and/or the Kaliti’s treatment plant discharge, the water that would reach the water table 

will have a comparable or even perhaps better qualities for some parameters. The 

results obtained would/should trigger to have more detailed researches in the specific 

locality to raise the lowering groundwater table through water reuse. 

 

O

applicable if the vadose zone is made of Black cotton soil and have a significant amount 

of depth so that attenuation would be possible. In addition, the direct interpretation of 

contaminants with the found percentages could probably only hold true if the input water 

compositions didn’t vary greatly. This clearly rules out unwanted expectations from the 

research and allows the output for making practical strides in applications of managed 

aquifer recharge. This will make use of the discharges from the Akaki River and Kaliti 

treatment plant to become useful through planned Recharging and attenuation 

potentials of SAT, contributing ‘safe Artificial groundwater recharge.  

 

L
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Recharge by use of the two water types was found to be beneficial. The physical, 

chemical and Biological processes in the vadose zone made of the soil layers were 

shown to be important and promising in many respects on the infiltrating water. The 

performance of the Black Cotton soils in the area were also shown in this small scale 

study to be very valuable parts of the SAT system in purifying a recharging water, if an 

AR/MAR projects are implemented by the use of spreading basins, sprinkling methods 

or infiltration systems in the intended study site. Reusing these water sources not only 

will bring additional water but also makes the first strides in the water reuse and 

decreasing pollution risks. However, it has to be noted that (as cautions have been 

given through out this paper) detailed field scale assessments for increased soil and 

water quality parameters are mandatory before the full implementation of the recharging 

method using the suggested water sources. 
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CHAPTER 6    -   CONCLUSION AND RECOMMENDATION  
 
6.1. Conclusion 
 

‘Overexploitation’ - a possible summarizing word for the use of groundwater system 

beyond its sustainable limit to cause significant drawdown of the water table, which 

could be the mere reality in the near future for the groundwater system in Akaki River 

catchment. In addition, pollution from different sources of contaminants is also another 

potential deterioration factor of its condition.  

 

The main theme of this thesis paper was to show in a laboratory scale experiment, the 

attenuation capacity of the vadose zone (soil layer - Black cotton soil) in changing the 

water quality of infiltrating water by using inputs of wastewater and surface water 

sources. To evaluate such water reuse notions through AR/MAR methods, in the 

research, soil samples (which were relatively intact) were collected from the Akaki well 

field site in six different columns. Four columns were operated to allow infiltration of 

water in the downflow mode for 7 days, where two drying days were present in between 

the 4th and the 5th. Water sources used were Akaki River and Kaliti sewage treatment 

plant. The sample site for the Akaki River was at the Akaki Bridge (where relatively no 

industrial effluents are present in the water) while discharging pond (A4) was the 

sample location site for the Kaliti Treatment Plant. Water was allowed to infiltrate by 

gravity supplied in very small drops (an average of 0.57 l/d) through glucose bags so 

that immediate and forced downward movement of water will not happen. 

 

Collected and supplied water samples to the soil columns were at an average 17.5oc 

and the study was conducted at a normal room temperature which was maintained until 

the end of the experiment. Water samples were kept refrigerated until inflow to the soil 

columns and also after outflow until quality analysis. Water entering and leaving the 

constructed soil profiles were analyzed for the same number and type of parameters.   

The results obtained from comparing the results of inflow and outflow water qualities 

showed that the chemical compositions of intended recharging water types changed in 
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important ways during infiltration through the imitated laboratory vadose zone. Though 

with the used soil types clay dispersion could lead to clogging of water infiltration, in this 

study it was not experienced to an observed significant amount. This was mostly 

because of having controlled environment and most importantly due to the lower 

amounts of SAR. Physical clogging, however, slightly resulted from the algae present in 

the waters of Kaliti Treatment Plant suggested a potential decrease in soil permeability 

in long term recharging schemes. The CEC (69.13) value for the soil was measured and 

it showed very high and interesting capacities to retain contaminants from the inflowing 

water, while ESP (2.80) values of the used Black Cotton Soil from the area was 

measured and showed insignificant amounts, which could create problems in continuing 

large-scale land applications. 

 

Composition of the ions (NO2
-, PO4

-2, Na+, K+, Ca+2, Mg+2) in the output water samples 

showed a general decrease (more than 25%) in their concentrations for both water 

types except for the increases in sodium (slightly), nitrate (relatively higher) and 

sulphate (very high) ions. The compositions of the water for NH3, TDS, Hardness 

(CaCO3) and EC have also followed a similar trend resulting in significant decreases of 

more than 30 percent. Pollution Indicators BOD, COD and Total Coliform have showed 

a marked removal (above 50%) from the system in the outflow water samples obtained. 

Bacterial content in the form of TC especially showed nearly 100% removal from the 

water samples. And finally, pH (very slight increase) and DO (around 30% increase) 

were also obtained from the outflow water analysis. The possible anticipated soil-water 

interaction processes responsible for the above change in water quality results obtained 

in the study mainly were: precipitation, ion exchange adsorption, 

nitrification/denitrification, dissolution, chemical alterations, biodegradation, physical 

filtering and die off. 

 

Laboratory studies such as these are very valuable in showing predictions of smaller 

scale experiments for the large-scale projects. They are very cost effective tools for 

identifying potential problems before costly practical implementations. However, after 

having promising results from studies like these, more increased laboratory and field 
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scale studies need to be implemented to assess the full potential of the area and 

implementations of AR/MAR.  

 

Recharging the groundwater by constructing a spreading basin, sprinkling mechanisms 

or any other infiltration systems was shown to contribute to have ‘safe’ increased 

recharge in the Akaki groundwater system, if implemented appropriately. This would 

allow to have the highly needed ‘increased abstraction rates’ from the. Available water 

discharges of Akaki River and Kaliti treatment plant are both present in the vicinity of 

the well field and were shown to pose no significant danger in creating water 

degradation and pollution on the groundwater system in the area for the studied 

parameters with the prevailed laboratory conditions. It should be noted that since it is 

not easy to generalize for different contaminants and situations not covered here, this 

could hold true only if similar conditions of soil and water compositions are encountered.  

 

The analogous water quality analysis results of soil attenuated water samples from the 

study columns and currently existing groundwater quality in the study area also 

‘supported’ the idea of implementing AR/MAR site after additional studies have been 

carried out. Additionally, the increased length of the vadose zone made of soil in the 

natural field scale were also shown to cause higher and substantial increase in 

attenuation capacities, which further complemented the idea of planned recharging and 

water reuse. In summary, based on the results found in this study,  
 

• Water reuse notions should be implemented in a planned manner for the intended 

AR/MAR and would prove to be beneficial. However, it should be clearly noted that 

the nature of the soils will create continuous problems in the infiltration capacities of 

the area and in the land application of wastewater. 

• Intended AR/MAR project(s) could be implemented at the Akaki well Field and its 

surrounding without pretreatment of the used water resources in this study, which 

should have comparable inflow water quality. However, it is imperative that practical 

implementations to be carried out after more detailed studies are conducted for 

additional water soil parameters and conditions in case-by-case laboratory and field 

scales levels. 
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6.2. Recommendations 
 
Various detailed studies need to be carried out before implementing water reuse 

notions of this research paper as a prototype for future studies/projects. Though using 

more intensive similar laboratory assessments would save many resources, field scale 

pilot projects would exhibit many unforeseen results and problems.   

 

Associated detailed studies of soil properties such as:  

• Porosity, permeability, composition change over time  

• The type and proportion of clay minerals present, since the differing amounts and 

types of clay mineral groups present (Kaolinite Group, Montmorillonite/Smectite 

Group, Illite (or Clay-mica) Group, Chlorite Group) in the vadose zone soil profile 

are responsible for the presence of various degrees of attenuation and differing 

amounts of purification  

• Saturation degrees for contaminant retention and long-term effects of attenuation 

since the aquifer used is for direct potable purposes. Performing soil analysis on 

the soil profiles after water simulation should be carried out in addition to the soil 

analysis before the simulation. These are important conditions that need to be 

assessed so as to understand the real time reactions responsible for the removal 

and the fate of different of contaminants from the recharging water sources.   

 

Intensive assessment in the field-scale that need to be done in the future researches 

also include: 

 
• Environmental problems such as water salinity and soil logging  

• Variations in the inflow and outflow water types composition to avoid problems of 

clay dispersal and clogging (caused by chemical precipitates, bacterial and algal 

growth, wash down of fine sediments) 

• Inclusion of organic parameters like DOC, TOC, TVS since input waters 

constitute significant domestic sewage 
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• Evaluation of the chemical compatibility of the recharge water with the aquifer 

materials  

• Possible negative and positive effects of dilution and mixing of recharging water 

with native ground water. 

• More detailed study for ‘prolonged time’ to show temporal and spatial variation in 

contaminant attenuation potential for different locations and different seasons 

• General Environmental Impact Assessment (EIA) around the recharge site 

 

Such field scale assessments should be carried out in similar to the laboratory 

experiment by use of instruments such as Lysimeters and soil gas probes so as to 

measure the infiltration rates. Additionally, conventional methods of measuring water 

qualities at the up and down stream wells (such as boreholes and control wells) need to 

be implemented. 

 

In addition, studies and assessment of different hydrogeological and other factors such 

as: 
 

• Underground storage space available, Travel time and recharging rate, 

Transmission characteristics  

• Based on Vadose zone vulnerability mapping for the city, characterization and 

detailed mapping of the area followed by selection of sites where seepage would 

occur is important so as to understand the possible contaminant migration 

through incidental recharge. These could be done in variety of ways such as: 
o Diversion of water from such designated areas 
o Creating linings below so that seepage wouldn’t occur 

• Public perception of using reclaimed wastewaters and  

• Legal/institutional constraints, associated costs and other onsite proposed 

problems need to be assessed among other factors.  

 

Implementing correction and maintenance measures of water quality management 

methods for situations of water quality deteriorations during infiltration such as: 
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• On the recharging basin 
o Periodic wet/dry cycle operation to oxidize the accumulated organic 

material and in turn to control the development of clogging layers and 

maintain infiltration rates 
o Periodic physical removal of the clogging layer by scraping or other 

techniques (as suggested in many supporting literatures) are required to 

be thought of because vadose zone clogging is an inevitable side effect of 

such SAT procedures.   

• Having pre-treatment options set up in the infiltration sites so as to have 

additional inputs of corrective measures for water quality change  

• Periodic analysis of water quality change addressing parameters which have 

hazardous effects to human health (based on drinking water standards) and 

those causing negative environmental effects such as SAR. 

 

 

All these ultimately would bring increased water reuse arenas and trigger many other 

additional studies on different locations to ultimately implement AR/MAR projects in the 

city and in the country level. This needs to be put into practice before serious damages, 

because AR/MAR methods are not intended for completely depleted aquifers. 
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ANNEX 
 

 
No Parameter Analysis method 
1 PH PH Meter 
2 Total Dissolved Solids (TDS) (mg/l) Conductivity Meter 
3 Electrical conductivity (EC)(µS/cm) Conductivity Meter 
4 Hardness as in CaCO3 (mg/l) Titration 
5 Sulfate - SO4 (mg/l)  Spectrophotometer  
6 Phosphate - PO4 (mg/l) Spectrophotometer 
7 Nitrite - NO2 (mg/l)  Spectrophotometer 
8 Nitrate - NO3 (mg/l)  Spectrophotometer 
9 Ammonium - NH4 (mg/l) Spectrophotometer 

10 Calcium - Ca (mg/l) Titration 
11 Magnesium - Mg (mg/l) Titration 
12 Potassium - K (mg/l) Flame photometer 
13 Sodium - Na (mg/l) Flame photometer 
14 Biological Oxygen Demand (BOD) (mg/l) Close Reflux - Spectrophotometer 
15 Chemical Oxygen Demand (COD) (mg/l) Close Reflux - Spectrophotometer 
16 Dissolved Oxygen (DO) (mg/l) Dissolved Oxygen Meter 
17 Total Coliform per 100 ml Filtration Method 

 
1. Selected parameters and Methods used for water quality analysis 

Source: WWDSE (2006) and Analytical Lab at Earth science Department (AAU) 
 

 

2. Akaki well Field: where BH, EP’s, and agricultural land coexist 
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BH and
EP’s
 



 

 
3. Emergency Production Well (EP4) beside which pit was created for soil sampling 

to the Laboratory Simulation  

Akaki River 
Catchment 

4. BH and EP’s in the Akaki Well field and Location of EP4 (Sou
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Location of 
EP4 in the 
Akaki River 
Catchment
 
rce: AAWSA, 2000) 



 
 

5. Plantation using treated wastewater at KTP 

 
 

6. Black Cotton Soil in the Akaki well field 

 

Water sampling 
location where the 
river has relatively 
stagnated at 
Akaki Bridge 

 

7. Site where the water samples are taken from the Akaki River at Akaki Bridge 
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Year of Establishment 1974 E.C. 
Amount of wastewater it takes in 7,000 – Above 10,000 m3/d 
What are the different sources of 
wastewater input? 

Direct Sewage lines, Toilet collection/ Garages 
waste/ Shower/kitchen collection with trucks  

How many ponds are there? 8 (A1- A4 and B1- B4) for sewerage lines, Drying 
beds for toilet collection, ponds for garage and 
shower/kitchen collections 

How long does the water stay in lagoons 
before discharge to the Akaki river? 

30 days 

Means of removal/Treatment of waste  Biological 
8. Some facts and figures about Kaliti Sewage Treatment Plant. 

 

Akaki River 

9. Agricultural activity using Akaki River at Akaki Bridge 

 
10. Generalized Soil Map and cover of Addis Ababa. Source: Tamiru et al, 2005 
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11. Lithological log of a BH near where the soil samples were taken 

Source: AAWSA, 2000 
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Rainfall at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 
YEAR Jan Feb Mar May Jun Jul Aug Sep Oct Nov Dec Total Max Min 
1900 6.4 25.4 60.9 68 108 283 328 194 0 13 5 1164.7 328 0 
1901 16 24 124 36 222 277 250 128 21 0 13 1211 277 0 
1902 0.4 64.8 37.6 60.9 143 205 167 130 16.6 9.4 39.6 985.3 205 0.4 
1903 32.7 25.4 94.6 268 189 277 189 222 28.3 0 18.5 1433 277 0 
1904 0 20.4 126 40.7 110 277 300 186 12.5 3 0 1106.8 300 0 
1905 6.4 25.4 60.9 40.8 93.7 293 352 113 1.2 44.5 0 1103.9 352 0 
1906 8.7 156 189 60.5 131 370 362 119 16.5 27.8 0 1543.5 370 0 
1907 0 20.2 11.3 48.9 47 195 283 208 13.2 80.9 0 1047.5 283 0 
1908 44.4 7.9 10.3 2.5 73.6 277 387 203 48.5 11.5 0 1131.8 387 0 
1909 49.2 0 21.3 121 222 221 392 156 0 17.5 0 1265.2 392 0 
1910 0 0 25.5 73.2 159 295 369 257 21.9 0 13.6 1270 369 0 
1911 7.8 2.7 94.1 

Apr 
73 
100 
111 
88.5 
31.2 
73 
103 
140 
66.1 
65.2 
55.8 
28.5 43.5 121 277 300 186 12.5 0.3 0 1073.4 300 0 

1912 54 132 58.2 40.7 20.6 172 328 263 88.4 3.7 0 0.3 1160.9 328 0 
0 69.9 70.3 141 112 143 208 307 117 7.2 0 0 1175.4 307 0 

1914 10 53.2 77 128 22.4 50.8 298 329 329 109 0 32 1438.4 329 0 
1915 2.5 23.2 105 126 133 121 345 378 570 59 27.1 10.6 1900.4 570 2.5 
1916 64.5 56.9 91.2 74.4 148 294 248 418 321 5.2 0.1 6.8 1728.1 418 0.1 
1917 28.2 39.4 10 115 194 279 281 287 270 52.8 0 34.3 1590.7 287 0 
1918 0 84.5 69.7 104 73.6 106 208 263 50.9 0.2 0 0 959.9 263 0 
1919 11 47.4 65.9 31.7 43 89.9 317 253 133 0 0 0 991.9 317 0 
1920 1.6 10.1 60.9 73.8 25.7 151 280 300 165 5 3.3 0 1076.4 300 0 
1921 3.2 4.1 0 29 68 106 300 279 221 13.8 15.5 0.6 1040.2 300 0 
1922 0 17.1 21.7 0.3 109 75.7 265 345 211 15.1 0 0 1059.9 345 0 
1923 0 123 21.4 61 134 65 266 339 235 5 72 0 1321.4 339 0 
1924 20 174 143 176 176 187 425 383 209 12 0 0 1905 425 0 
1925 0 27 22.5 72 195 221 258 273 266 68 69 5.5 1477 273 0 
1926 23.5 82.8 156 225 240 157 234 376 183 15 63 0 1755.3 376 0 
1927 1 52.5 44.9 119 69 92.3 340 271 260 1.9 18.5 0.4 1270.5 340 0.4 
1928 7.1 4.5 44.4 81.2 201 125 383 400 102 55.1 40.2 0 1443.5 400 0 
1929 0 18.3 23.6 74.4 109 202 275 301 219 12.5 0.2 9.7 1244.7 301 0 
1930 69.4 19.4 173 190 79.1 130 168 168 160 34.2 0 19.5 1210.6 190 0 
1931 22.5 10.5 118 65 93 164.2 249 209 138 52.5 0 0 1121.7 249 0 
1932 0 0.2 51.2 66.5 65.1 108 261 232 168 0 0 21.5 973.5 261 0 
1933 0 25 23 105 48 110 294 262 186 12 16 0 1081 294 0 
1934 0 6 62 59 58 170 239 231 193 0 3 6 1027 239 0 
1935 0 4 16 117 302 206 225 168 235 6 0 4 1283 302 0 
1936 104 150 110 73 77 68 399 302 110 3 22 0 1418 399 0 
1937 3.9 504 158 64 66.9 107 279 194 169 0.5 38.4 3 1587.7 504 0.5 
1938 23.6 4.4 15 20.4 26.2 177 264 212 300 10.1 0 0 1052.7 300 0 
1939 6.4 36.9 34.7 117 69.8 105 212 314 136 102 0 0 1133.8 314 0 
1940 47 68.6 100 40 51.1 73 259 237 55 0 5.6 0 936.3 259 0 
1946 0 0 10.5 97 124 186 310 476 155 2 0 0 1360.5 476 0 
1947 0 115 250 315 39 90.7 476 404 247 0.5 0 0 1937.2 476 0 
1948 22.4 25.2 0 56.1 68.5 217 337 267 288 131 1.5 0 1413.7 337 0 
1949 0 0 87.1 33.5 207 135 345 273 229 4.3 31.7 4.9 1350.5 345 0 
1950 8.3 1.7 28 47.7 56.2 100 274 273 155 13 0 0 956.9 274 0 
1951 0.9 3.6 130 40.2 11.1 69.3 200 209 120 70.4 1.5 7.6 863.6 209 0.9 
1952 11.8 0.4 29.6 157 27.8 77.7 293 261 179 44 0 0 1081.3 293 0 
1953 0 57.3 1.3 147 15.1 90.4 234 179 127 3.2 0 69.3 923.6 234 0 
1954 0 1.6 60.4 38 75.9 116 247 308 252 62.1 0.1 0 1161.1 308 0 
1955 30.2 5.8 18.9 107 37.6 164 264 334 214 7.5 0 46.4 1229.4 334 0 
1956 27.1 19.2 38.8 96.3 6.2 124 141 220 191 143 17.7 2.2 1026.5 220 2.2 
1957 0.1 86.4 248 204 101 133 222 249 60.2 10.8 1.9 0 1316.4 249 0 
1958 75.7 25.5 55.9 53.6 12.5 99.2 442 350 156 34.9 0 25.4 1330.7 442 0 
1959 29.9 25 13.7 31.8 57.2 84 194 310 257 9 0 11.1 1022.7 310 0 
1960 24.4 4.5 112 61.9 57.5 84.7 187 373 232 1.8 18.8 8.7 1166.3 373 1.8 
1961 0 7 83.2 88.6 42.4 163 409 212 228 62.4 46 3.6 1345.2 409 0 
1962 0 0.6 111 52.4 12.6 66.2 174 229 195 15.2 8.4 34.6 899 229 0 
1963 17.4 39.8 53 177 112 128 203 293 146 0.9 11 11.8 1192.9 293 0.9 
1964 2.2 0 81 26.1 75.2 131 263 199 174 35 1.6 43.5 1031.6 263 0 
1965 5.4 3.8 41.6 71.6 9.2 67.4 295 276 158 83 16.6 5.2 1032.8 295 3.8 
1966 26.4 70.4 48.4 128 3.8 171 376 330 195 69.8 3.2 0 1422 376 0 
1967 0 5 81.3 93.1 118 86 214 308 283 25.6 60.4 0 1274.4 308 0 
1968 10.8 198 24.4 230 47.8 143 248 223 193 4.8 0 0 1322.8 248 0 

1913 
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1969 43.4 144 121 147 114 191 273 312 210 1 4 0 1560.4 312 0 
1970 49 75.6 231 53.4 33 142 303 454 237 0.4 0 0 1578.4 454 0 
1971 12.4 0 22.4 75.2 165 159 240 340 93.4 9.2 12.6 39.6 1168.8 340 0 
1972 32.6 98.8 63.8 183 28.2 94.6 165 218 163 0 14 2.2 1063.2 218 0 
1973 0 0.6 2.4 38 177 96.6 268 345 284 88.6 0 70.2 1370.4 345 0 
1974 0 83 251 12.6 113 174 265 397 294 1.6 0 0 1591.2 397 0 
1975 0 0.4 14.4 86.4 55.4 136 312 228 234 27.4 0 0 1094 312 0 
1976 19.3 61.4 44 170 138 121 181 278 158 3 93.6 13.2 1280.5 278 3 
1977 100 57.2 80 25 154 238 354 399 220 355 6.6 0 1988.8 399 0 
1978 1.4 55.4 78.8 121 49.6 131 196 426 160 39.1 0 3.4 1261.7 426 0 
1979 128 19.1 73.6 84.9 103 135 316 204 225 0 0 16.6 1305.2 316 0 
1980 23.2 36.6 45.3 88.5 44.2 126 385 297 118 51.5 0 0 1215.3 385 0 
1981 0 75.5 176 82.9 3.9 50.1 266 321 215 15.5 0 5.2 1211.1 321 0 
1982 48.7 80.9 57.8 104 15.9 31.9 259 258 134 54.4 43.2 11.9 1099.7 259 11.9 
1983 18.3 21.7 48.7 117 237 109 199 244 162 26.3 0 8.8 1191.8 244 0 
1984 0 8 9.7 8.4 128 221 296 296 142 0 4.4 16.3 1129.8 296 0 
1985 14.2 0 17.5 96.3 83.7 112 270 328 206 58 3.3 1.2 1190.2 328 0 
1986 0 35.7 88 198 125 180 180 264 128 36.1 0 0 1234.8 264 0 
1987 0.5 63.4 249 82.4 241 92.9 196 254 115 21.3 0.8 0.3 1316.6 254 0.3 
1988 9.7 53.4 5.3 145 16.6 106 278 299 230 59.9 0 0 1202.9 299 0 
1989 0.8 75.9 76.5 153.6 0.5 120.9 357.2 325.3 188.7 14.5 0 7.6 1321.5 357.2 0 
1990 0.8 155.9 59.2 106.4 20 88.8 218.7 268.6 184 16.2 6 0 1124.6 268.6 0 
1991 0 74.5 106.6 34.7 55.3 191.1 248.9 262.6 126.4 3.4 0 50 1153.5 262.6 0 
Avg 16.9 48.2 72.8 93.0 83.8 131.6 272.8 293.6 190.4 29.5 11.6 8.8 1253.1 321.9 0.3 
 
Rainfall (mm) at Bole Station 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2350 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total Max Min 
1964 0 1 97.5 25.7 133 126 283 147 219 60.2 0 0 1092.4 283 0 
1965 0 0 42.5 58.7 6.2 16.8 169 232 45.7 64.2 6.4 0.5 642 232 0 
1966 12.4 73 6.9 72.9 0.4 163 165 288 112 41 0 0 934.6 288 0 
1967 0 6.2 75.8 107 146 135 264 209 233 20.1 38.9 0 1235 264 0 
1968 1 168 37.8 272 15 111 180 155 129 4.9 0.8 0 1074.5 272 0 
1969 67.5 109 153 95.8 123 128 226 300 109 0 0.3 0.1 1311.7 300 0 
1970 0 52.3 176 39.5 31.5 61.7 341 311 165 2.9 0 0 1180.9 341 0 
1971 7.2 0 36.8 67.9 154 123 303 301 161 8.4 4.2 16 1182.5 303 0 
1972 7.7 103 82.4 163 84.3 101 269 152 134 3.2 6.4 0 1106 269 0 
1973 0 0 0 25.3 68.8 118 266 334 131 31.1 0 74.6 1048.8 334 0 
1974 0 15.7 6.4 5 142 140 270 228 203 10 0 0 1020.1 270 0 
1975 5.7 0 26.7 79.2 8.6 113 293 155 129 28.5 0 0 838.7 293 0 
1976 23.6 9.2 52.4 99.1 129 107 247 236 102 0 78.3 3.4 1087 247 0 
1977 64.9 46.8 95.2 46.3 105 153 223 300 169 228 9.3 0 1440.5 300 0 
1978 0 71.6 88.7 92 46.2 101 162 245 196 47.8 0 0 1050.3 245 0 
1979 91.4 7.2 91 31.4 138 120 250 164 85 15.2 0 5.8 999 250 0 
1980 23.6 26.8 64.3 74.3 45.4 129 272 215 119 36.3 0 0 1005.7 272 0 
1981 0 42.6 217 79 18.4 56 273 256 202 24.7 0 0 1168.7 273 0 
1982 26.6 96.4 90.2 46.7 73.5 63.6 220 222 143 19 40.7 4.9 1046.6 222 4.9 
1983 12.4 41.2 28.9 114 187 56.1 218 214 202 35.9 0 1.5 1111 218 0 
1984 0 0.4 11.6 11.6 135 334 314 180 98.8 0 0 7 1092.4 334 0 
1985 35.1 0 94.7 132 92.8 111 210 261 169 29.8 0 0.4 1135.8 261 0 
1986 0 45.1 57.6 219 37.7 175 168 222 107 31.6 0 2.5 1065.5 222 0 
1987 0 49.1 180 85.7 155 71.9 156 98.1 57 16 0 0.4 869.2 180 0 
1988 4.7 12.1 6 162 34.7 93.2 171 192 191 57.3 0 0 924 192 0 
Average 15.4 39.1 72.8 88.2 84.42 116.29 236.5 224.68 144.46 32.6 7.4 4.7 1066.5 266.6 0.2 
 
Rainfall (mm) at Akaki Beseka Station 
Latitude 8:52:0N Longitude 38:49:0 E Altitude : 2000 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total Max Min 
1951 0.9 1.6 159 59.7 67.7 67.2 277 223 110 44.2 0.4 0 1010.7 277 0 
1952 11.1 0 30.8 80.4 70 68.1 223 309 51.7 21.5 0 0 865.6 309 0 
1953 1 28.1 4.4 117 34.3 72.5 248 278 91.4 3.7 0 27.5 905.9 278 0 
1954 0 0 60.6 19.5 44.2 86 231 342 110 23.2 0 0 916.5 342 0 
1955 49 3.5 15 86.4 70.5 108 271 300 177 5 0.2 4.5 1090.1 300 0.2 
1956 0- 24.4 76.5 19 77.1 170- 207 77 12 0 663 207 0   
1957- 76 164 173 88 94 230 221 15 0 0.2- 1061.2 230 0   
1958- - - - - - - - - - - - - - -  
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1959- - 18.9 12.5 148 90 198 64.6 14 3 0 739 198 0  
1960- 5 10 23 22 29.7 26 - - - 263.7 148 5  
1961- - - - - - - - - - - - - -  
1962- - - - - 89 127 87.8 2.1 8.2- 495.1 181 2.1  
1963 0.4 55.3 47.2 108 130 108 245 54.7 0 0 0 1010.6 262 0 
1964- - 32.1 55 47.7 99.2 225 117 29.4 0 31.7 874.1 237 0 
1965 22.4 1.7 45.1 32.7 6.2 79.9 302 173 58.5 2.7 0 939.2 302 0 
1966 11.4 129 37.7 116 22.3 148 442 153 53.5 0 0 1325.9 442 0 
1967 0 2.8 50.4 132 127 84.2 253 205 19.8 61.5 0 1234.7 299 0 
1968- 221 13 261 14.7 177 292 212 32.4- - 1528.1 305 13   
1969 54.3 116 124 128 96.8 149 379 38.1 0 2.4 0 1462.6 379 0 
1970 22.8 15.6 147 66.2 6 94.6 460 147 0 0 0 1216.2 460 0 
1971 9 0 4.7 139 81.4 180 760 394 0.9 0 11.9 2008.9 760 0 
1972 3.4 177 83.9 287 61.5 405 294 328 0 2.2 0 2114 472 0 
1973- - - - - - - - - - - 0 0 0  
1974 0 0 225 0 131 299 623 377 0 0 0 2162 623 0 
1975 0 0 3.8 107 58.5 175 308 282 19.9 0 0 1301.2 347 0 
1976 0 17 19.5 92 93.8 195 

190 
148-  
- 
181  
262 
237  
215 
213 
299 
305 
375 
257 
428 
472 
- 
507 
347 
282 325 83.6 7 46.6 0.5 1162 325 0 

1977 80.5 29.9 80.8 67.4 108 158 290 329 226 0.5 0 1478.1 329 0 
1978 2.4 84.8 60.7 50.4 39.7 154 151 195 45.5 0 0 1111.5 328 0 
1979 106 28.2 108 57.6 122 75.9 241 96.5 13 0 4 1095.2 243 0 
1980 28.5 36.8 54.7 55.8 56.8 381 364 64.4 13.1 0 0 1167.1 381 0 
1981 0 13.3 180 144 46.2 403 187 219 5 0 0 1198.8 403 0 
1982 12.1 35.4 39.5 75.2 63.5 200 275 124 25.8 11 8.1 964.2 275 8.1 
1983 1.8 33.3 147 175 83 238 275 139 9.2 0 0 1116.3 275 0 
1984 0 40.4 5.1 130 215 278 227 57.2 0 0 1.9 954.6 278 0 
1985 

108 
328 

243 
112 

1.3 
94.6 

15 
0 

3.6 0 32.4 71.8 96.6 96.5 294 324 164 1.3 0 0 1084.2 324 0 
1986 0 95.4 67.4 68.2 143 189 216 86.1 9.4 0 0 1023.5 216 0 
1987 0 71.6 182 188 69.3 208 247 82.5 4.4 0 0 1137 247 0 
1988 0 44.5 0 23.8 125 256 278 254 35.4 0 0 1112.7 278 0 
1989 2.1 63.8 53.8 7.1 58.6 264.2 301 170.9 37.9 0 0 1185.7 301 0 
1990 7.7 120.6 48.4 37.8 78.9 280.7 222.9 117.3 5.8 1.2 0 1050.7 280.7 0 
1991 0 37.6 62.4 45.6 190.4 263.7 308.5 113.3 4.4 0 56.5 1082.4 308.5 0 
Ave 13.5 45.4 63.4 70.7 122.2 266.2 304.0 147.8 22.9 4.2 4.3 1105.4 311.5 0.7 

149 
84.2 
96 
226.3 
129.4 
116.6 
98.6 

 
Relative humidity (%) at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct nov Dec Mean Max. Min. 
1949- - - - 47- 80 73 76 39 51 34.2 80 39   
1950- - - - - - - - - - - - - - -  
1951 32 32 48 74 47 54 70 73 62 54 41 42 52.4 74 32 
1952 29 32 36 58 36 50 66 72 61 44 37 36 46.4 72 29 
1953 30 35 37 54 36 54 71 66 61 42 38 48 47.7 71 30 
1954 33 39 42 35 37 66 73 71 74 52 56 54 52.7 74 33 
1955 62 37 39 41 40 59 66 71 66 39 36 43 49.9 71 36 
1956 49 27 38 50 44 51 68 75 67 58 37 36 50.0 75 27 
1957 37 41 50 50 48 53 71 72 56 39 38 33 49.0 72 33 
1958 45 48 34 44 34 61 76 75 71 54 44 52 53.2 76 34 
1959 52 53 46 43 53 53 70 76 70 61 39 41 54.8 76 39 
1960 36 30 44 42 53 52 69 67 66 36 31 38 47.0 69 30 
1961 29 35 35 50 40 53 70 73 67 46 51 44 49.4 73 29 
1962 34 22 42 45 39 50 65 70 69 47 51 52 48.8 70 22 
1963 54 43 37 55 58 62 71 72 63 36 47 52 54.2 72 36 
1964 51 41 41 48 45 61 73 72 70 51 35 51 53.3 73 35 
1965 45 27 32 48 29 53 66 69 59 48 49 40 47.1 69 27 
1966 37 57 45 49 32 57 68 69 56 43 42 29 48.7 69 29 
1967 33 33 42 48 33 52 72 74 67 48 53 39 49.5 74 33 
1968 28 61 44 58 44 60 68 67 64 39 41 38 51.0 68 28 
1969 51 55 55 50 52 68 73 72 62 39 37 28 53.5 73 28 
1970 52 41 57 47 40 55 68 73 66 50 34 38 51.8 73 34 
1971 46 33 38 47 58 64 71 71 64 46 45 45 52.3 71 33 
1972 41 50 40 59 40 53 71 67 56 36 39 42 49.5 71 36 
1973 39 27 25 29 47 55 67 73 65 45 39 35 45.5 73 25 
1974 40 41 31 33 47 58 70 71 67 40 31 33 46.8 71 31 
1975 32 42 38 49 44 69 75 80 73 44 35 35 51.3 80 32 
1976 40 40 42 48 54 53 69 70 56 36 52 40 50.0 70 36 

44 
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1977 58 45 44 44 51 56 69 68 60 57 48 42 53.5 69 42 
1978 37 48 51 44 46 55 73 69 64 49 38 39 51.1 73 37 
1979 53 46 45 38 41 52 65 63 59 37 37 39 47.9 65 37 
1980 40 36 39 44 35 52 66 66 56 41 33 32 45.0 66 32 
1981 33 40 58 52 35 41 66 67 64 40 36 34 47.2 67 33 
1982 50 52 41 56 41 49 63 71 55 47 53 44 51.8 71 41 
1983 48 50 46 54 54 54 63 70 62 47 39 40 52.3 70 39 
1984 30 25 31 25 43 55 63 60 52 29 37 39 40.8 63 25 
1985 35 32 31 53 47 50 64 64 55 39 36 33 44.9 64 31 
1986 41 44 46 57 46 59 57 65 57 38 31- 45.1 65 31  
Ave 41.2 40.0 41.4 47.8 43.7 55.5 68.8 70.2 63.2 44.2 40.8 40.5 49.2 71.2 32.5 
 
Mean maximum monthly temperature (0C) at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean Max. Min. 
1949 24.8 19.2 20.4 20.4 24.1 22.9 21.9 12.8 24.8 19.2      
1950- - - - - - - - - - - 0.0 0 0   
1951 24.5 25.6 24.6 20.5 24.8 23.7 20.3 20.2 22.6 22.3 23.5 23.4 23.0 25.6 20.2 
1952 24.9 26 26.7 22.7 25.2 23.6 20.1 19.8 21.4 22.6 23.3 23.6 23.3 26.7 19.8 
1953 24.8 25 25.8 23.5 25.7 23.5 19.1 20.3 21.5 24.1 24.1 23.1 23.4 25.8 19.1 
1954 24.3 26 25.1 25.9 25.5 22.2 19.1 19.3 19.5 22.2 23 23.5 23.0 26 19.1 
1955 22.6 24.5 25.9 25.2 25 22.6 20.4 20.1 20.9 22.7 23.2 22.9 23.0 25.9 20.1 
1956 22.3 24.9 26.4 23.5 25.4 22.9 19.9 19.6 21 20.9 22.1 23.2 22.7 26.4 19.6 
1957 24.3 23.4 22.5 23.3 23.9 23.7 21.1 20.9 23.1 24.4 24.7 24.4 23.3 24.7 20.9 
1958 24.6 23.5 26.8 25.7 28.2 23 20 20 21.2 22.7 23.7 23.7 23.6 28.2 20 
1959 23.8 25.7 26.2 26.8 25.4 24.1 20.4 19.5 21.2 23.1 24.1 23.9 23.7 26.8 19.5 
1960 23.7 25.8 24.5 25.5 24.2 23.9 20.3 20.9 21 23.3 24 23.8 23.4 25.8 20.3 
1961 25.1 25.2 25.2 23.8 25.6 23.3 19.9 19.8 20.6 22.6 21.7 23.1 23.0 25.6 19.8 
1962 25 26 24.8 25.7 26.1 24.4 20.4 19.7 20.3 21.4 21.4 22.1 23.1 26.1 19.7 
1963 21.3 22.3 24.5 22.4 22.3 21.8 19.9 20.1 21 22.8 22.2 21.4 21.8 24.5 19.9 
1964 23 24.4 25.4 23.5 24.4 21.6 19.3 19.2 19.5 20 21.1 20 21.8 25.4 19.2 
1965 21.6 23.4 24.1 23.1 25.1 23.6 20.3 19.9 21.2 20.9 20.9 22 22.2 25.1 19.9 
1966 22.6 21.8 23.3 23.2 25.3 22.2 20.5 20.7 20.8 21.7 21.6 22.6 22.2 25.3 20.5 
1967 22.4 24.5 24.2 22.9 22.5 22.5 19 19.3 19.8 20.7 20.5 21.2 21.6 24.5 19 
1968 22.7 20.3 22.5 21.5 23.5 21.8 19.9 20.1 20.9 21.9 21.5 22.4 21.6 23.5 19.9 
1969 22.1 21.6 21.8 23.5 23.3 21.4 19.8 19.9 21.2 22.8 22.9 23.3 22.0 23.5 19.8 
1970 22.3 24.2 22.2 24 25.4 23.7 20.1 19 20.1 21.2 21 21.4 22.1 25.4 19 
1971 21.5 23.4 23.2 23.5 22.1 20.7 19.4 19.1 20.1 21.2 20.7 20.2 21.3 23.5 19.1 
1972 22.5 21.4 23.3 21.3 23.4 22.2 20 30.1 20.8 22.2 22.4 22.3 22.7 30.1 20 
1973 23.7 25.2 26.3 26.2 23.5 22.5 20.4 19.2 20.2 21.2 21.5 20.5 22.5 26.3 19.2 
1974 21.8 22.9 22.6 23.6 23 21.2 19.1 19 19.7 21.6 21 21.8 21.4 23.6 19 
1975 22.4 23.2 24.7 23.7 23.8 21.2 19.2 18.5 19.6 21.4 21.1 21.4 21.7 24.7 18.5 
1976 22 23.3 23.4 22.1 21.8 21.9 19.4 19.6 20.9 22.7 20.7 21.9 21.6 23.4 19.4 
1977 21.4 22.3 23.4 24.4 23.2 21.7 20.1 20.3 20.2 21 21.1 21.8 21.7 24.4 20.1 
1978 22.5 22.8 22.7 23.6 23.5 22.1 19.3 20.4 19.9 21 22.2 22.3 21.9 23.6 19.3 
1979 20.9 23.2 23.6 24.3 24.3 23.6 21 21.1 21.5 22.7 22.9 23 22.7 24.3 20.9 
1980 23.6 24.9 25.2 24.6 25.6 22.9 20.6 20.8 21.9 22.2 22.8 23.4 23.2 25.6 20.6 
1981 24.4 24.7 22.4 22.7 25.3 25.3 20.4 20.9 20.8 22.3 22.9 23 22.9 25.3 20.4 
1982 23.4 23.7 24.8 23.1 24.2 24 21.1 20.4 21.6 21.8 22.7 22.8 22.8 24.8 20.4 
1983 23 24.3 25.3 24.1 23.9 23.4 22.3 20.3 21.2 22 22.8 22.5 22.9 25.3 20.3 
1984 23.4 25.1 26.1 27.2 24.2 21.7 20.3 21.2 21.5 23 23.2 22.5 23.3 27.2 20.3 
1985 23.8 24.3 24.9 22.9 23.4 23.4 20 20.1 20.9 22 22.8 22.6 22.6 24.9 20 
1986 23.9 24.5 23.9 22.5 24.4 21.9 21.4 21.2 21.9 22.8 23.4 23.6 23.0 24.5 21.2 
1987 23.4 24.5 23.2 23.5 23.7 22.8 21.9 22.1 23.3 24 24.1 24.1 23.4 24.5 21.9 
1988 24.2 24.8 26.4 24.9 25.7 23.2 19.9 20.9 21.1 22 22.5 22.6 23.2 26.4 19.9 
1989 23 23 24.5 22.4 24.8 23.7 20.5 21.3 21.1 25.4 26.7 25.6 23.5 26.7 20.5 
1990 23.3 22.6 23.5 23.5 25.1 23.5 21.2 30.9 21.2 22.5 23 22.9 23.6 30.9 21.2 
1991 24.7 24.5 24.3 25 25.9 23.8 20.5 20.9 22.1 22.9 22.8 22.3 23.3 25.9 20.5 
AVE. 23.2 24.0 24.4 23.8 24.4 22.8 20.2 20.6 21.0 22.3 22.5 22.6 22.7 22.6 22.5 
 
Mean minimum monthly temperature (0C) at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean Max. Min. 
1949- - 10.8- 9.2 9.6 9.6 7.5 7.4 8.1 5.2 10.8 7.4     
1950- -. - - - - - - - - - - 0.0 0 0  
1951 5.3 8.3 11.2 9.7 10.8 9.5 10.5 10.6 10.5 10 7.9 7.5 9.3 11.2 5.3 
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1952 6.3 8.8 10.8 11.3 11.6 10.3 10.4 10.5 9.8 7.9 6.1 7 9.2 11.6 6.1 
1953 6.8 9.2 10.4 11.7 11.2 10.7 11 10.5 9.5 7.5 6.3 7.2 9.3 11.7 6.3 
1954 5 8.7 10.6 10.3 11.5 10.1 10.1 9.9 9.1 7.3 6.3 6 8.7 11.5 5 
1955 8.8 6.9 9.7 9.9 9.9 9 9.1 9.3 8.9 6.6 5.9 6.1 8.3 9.9 5.9 
1956 6.8 5.9 9.2 9.4 9.5 9.2 9.9 9.5 9.9 8.5 4.7 4.7 8.1 9.9 4.7 
1957 5.5 7.9 9.6 9.8 9.7 8.9 9.6 9.7 8.8 7.2 6.9 5 8.2 9.8 5 
1958 9.2 9.1 9.8 10.4 10.7 10.4 10.6 10.1 9.8 7.6 5.9 7.1 9.2 10.7 5.9 
1959 8 8.1 9.7 10.7 10.5 9.8 10.3 10 9.6 8.5 6.3 6.1 9.0 10.7 6.1 
1960 5.8 7.8 9.7 9.5 10.5 9.6 10.1 9.9 9.4 7.3 6.5 7.4 8.6 10.5 5.8 
1961 6.5 6.7 9 10.1 9.9 8.9 9.5 9.3 8.7 6.7 6.3 5.4 8.1 10.1 5.4 
1962 4.7 5.5 8.8 9.6 10.3 9.3 10 10.2 9.6 6.5 6.7 6.7 8.2 10.3 4.7 
1963 6.5 8.3 8.4 10.9 10.2 9.4 10 9.9 9.8 8.8 8.7 8 9.1 10.9 6.5 
1964 7.6 8 10 10 10.6 9.6 9.8 9.8 9.2 8.2 6.5 7.6 8.9 10.6 6.5 
1965 8.2 6.8 9.4 11.1 10.8 9.9 9.7 10.7 10.2 8.7 8.5 7.1 9.3 11.1 6.8 
1966 7.8 10.6 10.4 11.9 11.7 10.4 11.1 10.9 10.7 9.2 7.6 6.3 9.9 11.9 6.3 
1967 5.9 9.4 11.2 11.2 11.8 10.6 11 10.4 10.4 8.6 8.7 5.6 9.6 11.8 5.6 
1968 6.2 10.2 8.7 10.9 11 11 10.8 10.8 10.6 9 7.6 7.6 9.5 11 6.2 
1969 10.1 10.4 11.6 12 12.1 10.9 11.2 10.9 10.7 9.4 8.5 6.8 10.4 12.1 6.8 
1970 10.3 10 11.1 11.7 12 10.9 10.4 10.2 9.6 8.9 6 6.2 9.8 12 6 
1971 8.3 7.8 10.4 11.1 11.5 10.7 10.3 10.4 10.5 9.4 8.2 7.3 9.7 11.5 7.3 
1972 8.7 10 10.7 11.9 11.7 11.3 11.4 10.9 11 9.6 8.8 8.5 10.4 11.9 8.5 
1973 9.2 9.8 11.8 13.2 12 11.1 11.3 10.5 10.8 8.9 7.1 5.3 10.1 13.2 5.3 
1974 7.7 8.7 10.6 10.6 11.4 9.9 9.9 10.4 9.9 8.8 5.6 6.4 9.2 11.4 5.6 
1975 7.6 10 11.7 12.1 12.8 11 10.9 11.4 11 9.2 7.1 7.1 10.2 12.8 7.1 
1976 8.1 10.4 11.3 11.1 11.3 10.6 11.3 10.8 11.1 10.8 9.6 8.8 10.4 11.3 8.1 
1977 10.4 10.3 10 11.8 12 11.5 11.1 11.3 11.1 11.1 8.7 7.9 10.6 12 7.9 
1978 8 10.7 11.2 11.9 11.7 11.2 11.3 11.1 11.1 9.5 7.9 9.1 10.4 11.9 7.9 
1979 10.6 10.7 11.3 11.9 13.1 11.6 11.7 11.7 11.7 10.8 8.8 9.1 11.1 13.1 8.8 
1980 9.9 11.3 12.6 12.3 13.1 11.9 11.5 11.5 11.8 10.8 9.4 7.9 11.2 13.1 7.9 
1981 9.9 10.4 12.4 12.3 12.7 11.9 11.7 11.7 11.4 10.4 9 8.7 11.0 12.7 8.7 
1982 10.4 11.7 11.7 12.3 12.7 11.6 11.3 11.3 11.7 10.3 10.1 10 11.3 12.7 10 
1983 9.1 11.7 13.1 13 13.1 12.4 12 12.4 11.8 10.7 9.7 8.6 11.5 13.1 8.6 
1984 7.9 8.3 12.4 12.5 13.1 11.5 11.2 11.4 11.2 10 8.5 7.3 10.4 13.1 7.3 
1985 8.2 8.3 11 11.2 11.2 10.5 9.8 9.9 10.1 9.3 7.9 7.5 9.6 11.2 7.5 
1986 7 10.6 10.4 11.3 11.7 10.8 10.4 10.3 10 8.8 8.4 8.4 9.8 11.7 7 
1987 7.8 10.1 11.9 12.3 12.4 11.9 11.8 11.9 12.5 11 9.3 9.2 11.0 12.5 7.8 
1988 10.3 12.9 11.9 12.8 12.5 11.7 12.1 11.7 11.5 10.5 7.8 7.8 11.1 12.9 7.8 
1989 7.8 9.9 12.2 11.9 12 11.2 11.3 11.2 11.3 10.2 8.9 10.5 10.7 12.2 7.8 
1990 9.1 11.9 11.4 11.9 12.2 10.9 11.4 11.1 11.3 9.5 9.2 7.7 10.6 12.2 7.7 
1991 10.4 11.6 12.4 13 13.3 12.1 12 11.8 11.8 9.7 8.3 8.9 11.3 13.3 8.3 
Ave 8.0 9.4 10.8 11.3 11.5 10.6 10.7 10.7 10.5 9.0 7.7 7.4 9.8 9.9 10.0 
 
Mean monthly wind speed (m/s) at 2 m height at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Max Min 
1982 0.9 0.2 1.2 0.8 0.9 0.5 0.4 0.3 0.6 1 0.9 0.9 1.2 0.2 
1983 0.9 0.9 0.9 0.8 0.8 0.8 0.6 0.5 0.4 0.8 0.9 0.8 0.9 0.4 
1984 0.9 1.1 1.4 1.3 1.9 0.6 0.5 0.5 1 1.6 1.3 1.1 1.9 0.5 
1985 1.2 1.2 1.6 0.9 1.8 0.6 0.4 0.5 0.7 1.3 1.1 1.1 1.8 0.4 
1986 0.8 0.9 1.2 0.8 0.9 0.7 0.6 0.5 0.4 1.2 1.3- 1.3 0.4  
1991 0.8 0.7 0.7 1 1 0.5 0.4 0.3 0.4 0.7 0.7 0.6 1 0.3 
1992 0.9 0.5 0.8 0.6 0.6 0.4 0.4 0.4 0.4 0.8 0.7 0.8 0.9 0.4 
Ave 0.9 0.8 1.1 0.9 1.1 0.6 0.5 0.4 0.6 1.1 1.0 0.9 1.3 0.4 
 
Mean monthly sunshine hours (in a day) at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean Max. Min. 
1964- - - - - - - - - - 10.2 7.5 1.5 10.2 7.5  
1965 8.9 10 9.1 5.6 8.2 5.8 3.4 3.5 6.2 8.4 7.7 9.2 7.2 10 3.4 
1966 8.8 6.1- 5.2 8 4.9 3 3.3 5.7 7.6 9.2 10.3 6.0 10.3 3  
1967 10.5 9.7 7.4 6.9 6.1 5.2 1.9 2.3 3.7 8.1 7.2 10.3 6.6 10.5 1.9 
1968- 4.7 8.4 5.3 8.1 4.6 3.1 3.7 5.5 9.6 9.2 9.8 6.0 9.8 3.1  
1969 6.7 5.4 6 6.7 6.9 4.9 2.1 3.4 5.6 8.9 9.5 10.5 6.4 10.5 2.1 
1970 5.4 8.1 6 6.9 7.4 5.1 2.9 2.1 4.6 8.1 10.7 10.3 6.5 10.7 2.1 
1971 8 10.4 7.5 7.5 5.7 4.3 3.1 3.1 4.5 7.8 8.9 7.6 6.5 10.4 3.1 
1972 9.3 6.8 8.9 5.1 8.1 5.6 4 5.5 8.6 9.7 9.5 7.0 9.7 2.6 2.6 
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1973 9.7 9.9 10 8.1 6.3 4.9 3.1 2.5 4.6 8.2 10.1 9.3 7.2 10.1 2.5 
1974 10.6 9.6 6.8 8.9 5.7 5.9 3 2.7 5.1 8.4 10.9 10.6 7.4 10.9 2.7 
1975 10.1 8.6 8.1 6.3 6.8 4 2.9 2.2 4.1 6.1 10.7 10.3 6.7 10.7 2.2 
1976 9.4 9.1 7.2 6.2 6 4.9 2.4 2.8 6.2 8.4 6.6 9.5 6.6 9.5 2.4 
1977 6.1 7.3 7 7 5.6 4.5 3.3 3.2 4.9 5.3 9 10.1 6.1 10.1 3.2 
1978 9.8 6.9 7.5 7 6.7 5.1 1.9 3.2 4.4 7.8 10.1 8.4 6.6 10.1 1.9 
1979 6.1 7.5 6.2 7.7 7.5 5.9 3.3 4.5 4.9 8.2 10.2 9 6.8 10.2 3.3 
1980 8.2 9.2 7.5 6.2 6.6 4.5 2.9 4.1 5.7 8.2 9.5 9.9 6.9 9.9 2.9 
1981 9.7 9.1 4 5.1 8.2 6.9 2.6 3.7 3.8 9.1 9.9 9.3 6.8 9.9 2.6 
1982 7.5 6.9 8.5 5.5 6.7 4.7 2.8 2.8 5.1 7.3 6.6 7.8 6.0 8.5 2.8 
1983 7.6 7.6 6 5.5 4.6 6.8 4.8 2.7 4.4 7.2 9.6 9 6.3 9.6 2.7 
1984 9.8 10 9.2 9 5.6 4.5 3.7 4.8 6.2 10.3 9.7 9.3 7.7 10.3 3.7 
1985 9.4 9 7.9 5.2 6.6 5.5 3.4 3.6 5.9 8.6 10.1 9.3 7.0 10.1 3.4 
1986 10 6.8 7.7 5.8 7.5 3.7 3.6- - - - - 3.8 10 3.6  
Ave 8.6 8.1 7.5 6.5 6.8 5.1 3.0 3.2 5.1 8.1 9.3 9.4 6.3 10.1 3.0 
 
Mean monthly pan evaporation (mm) at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean Max. Min. 
1972 333.4 158.7 115.3 273.4 200.7 126 61.8- 86.8 224.8 362.7 _ 162.0 362.7 61.8  
1973 - - - - - - - - - - - - - - - 
1974 - - - - - - - - _ - - - - - - 
1975 _ 142.7 178.9 142.7 103.3 96.7 73 164.9 107.2 136.5 201.5 236.1 132.0 236.1 73 
1976 246.8 159.2 175.7 166.6 149.6 161 104.4 54.5 - 206.3 223.8 - 137.3 246.8 54.5 
1977 147.8 180 132 118.2 144 67.4 54.4 79.3 83.7 205.5 218 - 108.2 218 54.4 
1978 209.5 174.5 127.2 97.2 125.5 63.4 71.4 68.9 88.2 141.1 163.1 184.7 126.2 209.5 63.4 
1979 171.5 149.9 87.4 85.7 129.2 105 50.6 55.7 52.7 143.4 154.7 113.9 108.3 171.5 50.6 
1980 116.4 83 81.9- - - - - - - 88.1 100.2 39.1 116.4 81.9  
1981 127 115.1 107.4 85.2 83.5 79.5 133.6 105.6 74.6 146.1 217 202 123.1 217 74.6 
1982 122.2 107.9 122.3 127.4 75.4 48.5 69.1 95.8 118.9 191.4 206.9 117.6 117.0 206.9 48.5 
1983 202.4 166.4 227.7 95.8 126 85- - - 144.3 178.5 167.6 116.1 227.7 85  
1984 174.2 112.9 143.3 54.9 87.8 27.4 38.7- 71.2 161.1 177.6 162.2 100.9 177.6 27.4  
1985 161 124.2 82.6 127.3 108.4 87.9 62.6 54.6 132.4 163.9 172.3 157.2 119.5 172.3 54.6 
1986 145 143.1 172.4 156.3 172.2 108.6 58.3 55.9 73.6 140.4 153.2 167.2 128.9 172.4 55.9 
1987 157.8 143.5 153.2 102.7 148.5 103.8 71.8 68.6 93.4 150 87.6 117.7 116.6 157.8 68.6 
1988 138.2 91.9 133.5 154.8 160.3 125.1 82.1 82.1 84.6 173.1 160- 115.5 173.1 82.1  
Ave 175.2 136.9 136.3 127.7 129.6 91.8 71.7 80.5 88.9 166.3 184.3 156.9 116.7 204.4 62.4 
 
Monthly potential evapotranspiration (mm) at Addis Ababa Observatory 
Latitude 9:2:0N Longitude 38:45:0 E Altitude : 2408 

YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean Max Min 
1985 174.7 171.9 217 160.9 178.8 151.43 120.3 126.17 147.51 186.68 171.93 166.98 164.5 217 120 
1986 166.5 154.5 190.7 159.6 184.5 134.58 133.2 133.02 153.57 186.14 182.62 171.96 162.6 190.7 133 
1987 171.3 161.9 162.9 185.6 169.6 147.67 137.8 158.25 153.82 188.35 173.32 168.35 164.9 188.4 138 
1988 163.6 180.3 217.7 176.6 201.4 147.79 111.3 131.3 131.29 174.08 164.13 166.25 163.8 217.7 111 
1989 159.4 158.3 179.7 157.6 196.6 152.74 124.2 142.33 137.63 176.42 168.36 164.54 159.8 196.6 124 
1990 170.4 136.1 181.8 166.6 184.5 146.28 125 127.95 134.43 175.18 158.91 160.25 155.6 184.5 125 

170.6 159.7 185.5 186.1 195.2 150.02 119.5 128.92 143.8 175.64 158.46 154.09 160.6 195.2 119 
1992 157.3 159.3 141.8 175.7 184.8 145.61 120.6 110.68 132.46 160.02 149.87 149.97 149.0 184.8 111 
1993 151.8 140 199.5 155 165.3 130.27 121 126.26 119.15 162.57 157.58 153.01 148.4 199.5 119 

163.2 165.5 181.5 169.6 184.6 126.07 112.9 114.98 139.19 182.3 153.02 153.09 153.8 184.6 113 
1995 161.8 158.1 183.3 149.5 180.3 157.18 118.1 123.92 135.68 175.01 160.69 151.85 154.6 183.3 118 
1996 146.4 169.6 174.8 168.8 169.9 120.48 120.1 125.07 133.91 178.67 153.73 154.58 151.3 178.7 120 
1997 150 167.1 191.3 167 196.9 161.22 124.6 133.26 169.84 170.65 147.98 156.03 161.3 196.9 125 

160.5 157.2 182.9 188.9 171.8 147.82 123.2 127.66 129.16 153.52 160.37 156.45 155.0 188.9 123 
Ave 162.0 160.0 185.0 169.1 183.2 144.2 122.3 129.3 140.1 174.7 161.5 159.1 157.5 193.3 121.4

1991 

1994 

1998 

 
Monthly flow data of Akaki river (mcm) at Akaki station 
Latitude 8:53 0N Longitude 39:49 E Altitude 2050 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean Max. Min. 
1981 1.7 1.85 6.24 6.12 2.06 2.27 43.1 106.6 108.2 6 2.8 3.2 24.18 108.2 1.7 
1982 4.3 3 2.86 4.04 4.82 3.29 29.2 77.4 32.9 3.16 2.39 1.9 14.11 77.4 1.9 
1983 1.5 2.09 1.28 1.12 3.32 3.75 12.4 66.6 29 3.7 1.77 1.69 10.69 66.6 1.12 
1984 2.1 2.17 1.29 1.1 2.23 5.1 61.3 59.7 41.2 3.64 2.45 1.73 15.33 61.3 1.1 
1985 2.46 2.36 2 2.49 8.57 5.47 43.6 164 57 10.41 3:05 4.76 25.27 164 0.1 
1986 3.56 3.78 6.8 9.9 4.87 10.8 32.6 77.4 44.8 13.9 6.35 1.9 18.06 77.4 1.9 
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1987 2 2.2 6.96 12.9 11.7 9.82 29.2 38.5 10.5 28.9 3 3.2 13.24 38.5 2 
1988 3.4 3.63 2.98 5.18 3.1 4.4 25.3 30.7 63.9 12.2 5.9 2.9 13.63 63.9 2.9 
1989 2.59 2.92 2.67 7.1 4.39 6.29 48 150.2 60.6 6.2 3.81 4.3 24.92 150.2 2.6 
1990 3.9 8.65 9 16.8 5.08 6.79 39.8 173 55.7 11.8 4.3 4.2 28.25 173 3.9 
Ave 2.8 3.3 4.2 6.7 5.0 5.8 36.5 94.4 50.4 10.0 3.3 3.0 18.8 98.1 1.9 
 
Monthly flow data of Akaki river at Aba Samuel (mcm) 
YEAR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean Max. Min. 
1985 3.7 3.5 3.4 4.2 12.7 7.8 67.9 269.9 88.2 14.7 5.1 6.9 40.7 269.9 3.4 
1986 5.4 5.4 9.6 14 7.1 15.5 48.5 119.3 69.5 19.8 8.3 3 27.1 119.3 3 
1987 3.4 3.7 11.8 18.6 17.6 14 39.2 56.8 15 4.4 3.4 4.7 16.1 56.8 3.4 
1988 5.7 6.1 4.9 8.8 5.2 7.4 42.3 136.4 108 20.8 10 5.1 30.1 136.4 4.9 
1989 4.4 5.1 4.6 12 7.4 10.6 81.1 253.8 102.4 10.6 6.4 7.3 42.1 253.8 4.4 
1990 6.6 14.5 15.2 28.6 8.6 11.5 67.3 292.9 94.1 20.1 7.3 7.1 47.8 292.9 6.6 
1991 6.5 7.1 8.7 7 5.2 16.1 96 250.5 189.8 19.5 14.2 15.2 53.0 250.5 5.2 
1992 12 13.6 8.3 9.1 9.8 11 62.1 183.6 143.5 18 9 9.7 40.8 183.6 8.3 
1993 7.9 10.5 6.7 23.8 17.7 37.9 161 349.5 260.8 27.3 7.7 6.4 76.4 349.5 6.4 
1994 5.6 7.1 6.2 6.7 7.7 11.6 66.7 134.4 95.8 12.7 9.4 8.6 31.0 134.4 5.6 
1995 8.3 12.6 10.8 20.1 13.4 14.5 56.8 214.4 66.6 9.8 7 7.2 36.8 214.4 7 
1996 7.4 5.1 10.2 11 16.5 79.5 254 491.3 142 25.4 16.6 15.4 89.5 491.3 5.1 
1997 15.5 10.5 11.8 10.5 8.5 14.1 68133,5 27.5 8.3 5.4 4 15.3 68 4  
1998 5.5 5.1 4.8 5.3 20.8 15.1 140.5 411.6 182.5 43.7 12.2 10.8 71.5 411.6 4.8 
Ave 7.0 7.9 8.4 12.8 11.3 19.0 89.4 243.4 113.3 18.2 8.7 8.0 44.2 230.9 5.2 
 

12. List of different climatical records (1999)  

Laboratory Results 
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pH -3.12% -4.44% -3.78% -30% -43% -37% 
TDS 50.09% 32.71% 41.40% 485% 317% 401% 
EC 50.23% 32.58% 41.41% 486% 315% 401% 

Hardness 27.84% 41.67% 34.75% 270% 403% 336% 
SO4

-2 -118.80% -137.00% -127.90% -1150% -1326% -1238% 
PO4

-2 95.72% 97.10% 96.41% 927% 940% 933% 
NO2

- 82.86% 72.50% 77.68% 802% 702% 752% 
NO3

- -5.50% -78.49% -41.99% -53% -760% -406% 
NH3 98.68% 96.98% 97.83% 955% 939% 947% 
Ca+2 26.22% 39.09% 32.65% 254% 378% 316% 
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Mg+2 33.13% 49.90% 41.52% 321% 483% 402% 
K+ 88.78% 84.39% 859% 774% 817% 

Na+ 20.09% -7.83% 6.13% 195% -76% 59% 
BOD 52.15% 54.92% 53.53% 505% 532% 518% 
COD 56.71% 64.06% 60.39% 549% 585% 
DO -11.50% -44.80% -28.15% -111% -434% -272% 
TC 100.00% 98.56% 968% 940% 954% 

13. Estimated water qualities that will be obtained from the average depth of the vadose 
zone in the field scale.
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