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ABSTRACT 

The geo logy, hydrology, hydrogeology and hydrochemistry of the Borkena catchment whi ch is 

located on the western edge of the Afar rift was studied based on conventi onal geologic and 

hyd rogeological mapping, river di scharge measurements, water sample anal ysis and assessment 

and interpretation of hydrometeoro logical data. The main objective of thi s work is to 

understand the different lithologic unit and to characterize and group them into 

hydrostratigraphic unit and map them, to analyze the water balance and to study the water 

quality . 

Four hydrostratigraphic units were recognized and mapped. These are : coll uvial and river 

channel deposits, alluvial deposits, scoraceous and basaltic lava flow and fractured massive 

basalt, welded tuff and rhyolite. Generally the volcanic rocks lie with in the recharge zone 

wllile the Quaternary sediments lie in the discharge zone. Accordingly the hydrostratigraphic 

unit located on the Quaternary sediments are characterized by many springs and hand dug well 

where as low or rare in the volcanic regions. 

From storage, utilization and abstraction point of view, the colluvial and river channel deposits 

are the most promising units than other units as a result most of the springs, hand dug well s 

and boreholes are located in this hydrostratigraphic units. 

Generally seven rock units and three set of fau lts are identified and mapped at the scale of 

I :50,000. Among the rock units, scoraceous and basalti c lava flow and alluvial deposits cover 

more than 70 percent of the catchment. 
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Usually the exposure of the vo lcanic unit is limited to the topographically elevated and steep 

slope regions of the catchment where as the Quaternary sediments out crop with in the floor of 

the graben and gentle slope areas. The oldest rock unit (Rhyolite) corresponds to the AJaji 

Formation (28-32Ma) while basalts are correlated to the Tarmaber Formation (26-28Ma). 

Structurally the N-S trending faults are more common than the E-W ones. 

The analysis of precipitation shows that the area experience 1028 mm of mean annual rainfall 

with 84 percents obtained during the rainy seasons. Potential evapotranspiration was calculated 

by modified Penman method and is 133 9 mm per annum while actual evapotranspiration was 

computed using Thornthwaite and Mather Soil -Water Balance Model , (1955) and is found to 

be 860 mm per annum. 

Computation of water balance was done in two steps: one for each subcatchment and the other 

for the entire catchment. Accordingly the entire catchment receives 50.6 mcm (million cubic 

meter) of recharge per annum while the Dessie and Kombolcha Subcatchments receive 18 .2 

mcm and 32.4 mcm of recharge per annum respectively. 

Hydrochemical analysis of water samples indicate that the river water is enriched with respect 

to both cations and anions than the groundwater bodies. The plotting of ionic concentration of 

water samples was done through Aquachem software. From the plot it is found that the river 

water is a sodium-calcium bicarbonate type water where as the groundwater (springs, hand 

dug well and borehole) is calcium-sodium bicarbonate type water. 
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From hydrochemical analysis, measurement of TDS, EC and other variables, the water bodies 

are characterized by low total dissolved soli ds (TDS) and low electri cal conduct ivity (EC) 

values as a result they are classified as fresh water and their uti lization for various purposes 

scarcely bring danger. 
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CHAPTER 1 

Introduction 

1.1 Backgt'ound 

In any count ry specially drought prone like Ethiopia, intensive water resource planning, 

development and management can have a deceive role in the economic and social growth of 

the country and in reducing the recurrent drought problems. 

In Ethiop ia, there is a large vari ation in altitude ranging from 120m below sea level to 4620m 

above sea level. The large topographic, geologic and climatic variation results in variable 

hydrogeologic properties which is reflected by the variations in the aquifers' permeability, 

storage capacity and productivity. In addition, there are differences in the depth to the 

groundwater level (Tesfaye Chernet, 1993). 

The surface and groundwater resource of the highland are wide sp read and low to large 

quantities wi th good to fair chemical quality but a few cases of poor chemical quality. Mostly 

the streams are seasonal and have intermittent fl ow except for few perennial ones and the 

depth to the groundwater is generally less than 100m which is exp loitable in low relief areas 

(Tesfaye Chernet, 1993). Accordingly shallow groundwaters are tapped and many water well s 

dri ll ed in Kombolcha area are characterized by flowing well in nature (artesian). 



The project area, the Borkena river catchment is located in south Woll o Administrative Zone, 

Northern Ethiopia. It is located between 10°59' and II ° IS ' north latitude and between 39°32' 

and 39°46' east longitude (Fig. 1. 1 a) . The average elevation in the catchment ranges from 

16S0m to 3360m a.s. 1 southern Kombolcha and Kutaber area respectively. The total area of the 

catchment is 326 km2 and it is crossed by the main road from Addis Ababa to Mekele via 

Dessie (Fig. I . I b) . 

In the study catchment, there is a large area of alluvial deposit (35.4%, Fig. 3.3 and Table 3.1) 

which is potential area for farming, except for the lack of sufficient amount of surface water in 

the dry seasons. Hence it is imperative to investigate the water resource potential of the area 

for various purposes specifi cally to see whether it satisfies the needs of the rapidly growing 

population and industries in the area and to assess the general sUlface and groundwater 

resources. 

Most streams in the catchment are intermittent with the exception of Borkena and this river 

emanates from a contact spring found in the locality called Aremenae located some 3 to 3.5 km 

northeast of the town of Kutaber (Fig. 1.1 b). 

Regional and local hydrogeological studies were conducted in the area of interest some to 

mention are Mezmur Hailemeskele, (1977); Ketema Tadesse, (l 9S0); and Molla Demlie, 

(2000). Long years have passed since Ketema Tadesse had been studying the area, hence the 

hydrogeological, hydrochemical and hydro logical data need a thorough updating in accordance 

with the currently available data, so that it will be utilized for nlture water resource planning, 

development, utilization and management. 

2 



Fig, 1.1a LOCATION MAP OF THE BORKENA 
RIVER CATCHMENT 
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Fig. 1.1 b SIMPLIFIED TOPOGRAPHIC MAP OF THE STUDY AREA 
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1.2 Objective and Scope of the study 

The general objectives of this research work are: 

• To study the general hydrology and hydrogeology. 

• To assess the water balance of the area. 

• To produce the hydrogeological map of the catchment at the scale of 1:50,000 

• To study the surface and groundwater interaction through conventional 

hydrogeological mapping and water quality studies. 

• To study the water quality. 

The specific objectives of the research work are: 

• To determine each hydrologic input and output in the catchment by analyzing the 

available hydro meteoro logical data. 

• To evaluate and assess the groundwater and surface water resource potenti al. 

• To identifY the possible discharge and recharge areas. 

• To suggest possib le future sustainable development site from the stand point of 

water quality and avail abili ty in the catchment. 
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1.3 Methodology 

To meet the objectives mentioned above, different materials and methods were used . These 

are: 

I . Ai r photos produced 111 1986 by the Ethiopian Mapping Agency at the scale of 

1:50,000. 

2. Topographic maps of Dessie, Haik, Degan, Harbu and Degega published in 

1993 were used. 

3. GPS was used to locate water sampling sites such as springs, boreholes, hand dug well 

and rivers 

4. EC of water samples was measured in the field 

5. Water samples were coll ected carefully and kept in a new plastic bottle 

6. Field conventional hydrogeological mapping was done 

7. River discharge measurements 

The methods that were used include desk top studies of topographic map and air photos with 

preparation of the Base map including literature review with particular emphasis on the 

hydro logy, hydrogeo logy, hydrochemistry and geology. During the fieldwork from February 

19, to March 10, 2001 , systematic sampling and locating of water points such as springs, hand 

dug wells, boreholes and rivers together with conductivity and discharge measurements were 

done. In addition preliminary geologic map was also prepared by conventional mapping Just 

after the fieldwork, detailed geologic, land use- land cover, soi l, slope, drainage, isohyetal and 

thiessen polygon map, together with hydrogeological map were prepared . 

6 



For the purpose of hydrometeorological data analysis, data collected from the Ethiopian 

Meteorological Services Agency and from the Ministry of Water Resource were used. 

Concerning the hydrochemical data analysis, fourteen water samples were analyzed in the 

Ethiopian Geological Survey's Central Laboratory. Atomic Absorption Spectrometry was used 

fo r the major cations (Na+, K+, Ca+2, Mg+2 Titrimetric method for CO/, HC03-, Titrimetric 

(Mohr Method) for cr Ion selective method for F . 

UV-visible Spectrometric method for N0 3-, Si0 2 and SO/-

7 



CHAPTER 2 

General Overview of the Study Area 

2.1 Location and Accessibility 

The studied area is located on the western margin Afar rift and is found some 400 kilometer 

nOliheast of Addis Ababa and lies between the town of Kutaber and Kombolcha (Fig. I. I a) . 

The average elevation varies between 1680 and 3360 meter above mean sea level (a. s. I). A 

large proportion of the catchment is part of the floor ofa graben (Fig. 1.lb). 

Most parts of the area are not accessible to vehicles and the main access roads are : 

Kombolcha-Dessie, Kombolcha-Bati, Dessie-Kutaber, and Dessie-Haik. 

2.2 Climate 

The climate of the study area varies between subhumid and subtropical traditionally called 

'Dega" and Weigna Dega" and such classification is possible considering altitude as the major 

factor in determining the climate of the region . The mean annual rainfall over the studied 

catchment is 1 028mm and most of which are concentrated in the big rainy months that last 

from July-September and contribute about 84 percent of the annual rainfall. The mean monthly 

temperature considering the Kombolcha station is varying between 16. I 'c and 22. I 'c which 

co rresponds to December and June respectively. Monthly mean sunshine hour and relative 

humidity varies between 5.0 to 8.5 and 40.1% to 64.3% with rainy seasons being the most 
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humid and have lowest sunshine hour . The aerial coverage of subhumid and subtropica l 

climates are approximately equal, contributing 50.3% and 49.7% of the area of the studied 

catchment. 

2.3 Physiogl'aphy and Drainage 

The different landscapes that are present in the catchment are the results of volcano-tectonic 

and erosional processes. The graben is mainly bordered by fault escarps that have N-S and 

E-W orientation (Fig. 3.3). There large topographic differences between the fl oor of the 

graben and the top of the ridge. Accordingly the minimum and maximum elevation in the 

catchment ranges fi'om 1680m and a li ttle over 3360m a.s. 1 south of Kombolcha and nOlthwest 

of the water divide of Kutaber. Both the towns of Dessie and Kombolcha are located on the 

fl oor of the graben at an elevation at 1903 m and 2660m a.s.1 respecti vely. This fault bounded 

graben form large plain areas such as the Boru plain, Alensha plain, Mariam Wiha plain and 

large flat lands in Kombolcha and it's surrounding. These plains are seasonally flooded by the 

Borkena river, specially small parts of the Boru plain permanently stay as marshy area (Fig. 

2. 1). 

From geomorphological point of view, the catchment li es between very steep fau lt bounded 

grabens. To the west it is bounded by the Tosa, Wefkele and Walet Ridges and to the east it is 

bounded by Dosheny, Kundi Ameraro and lrfo Ridge. The topography and slope of the 

catchment get lower from the ridge towards the floor of the graben and from the Dessie 

towards Kombolcha (Fig. I. I b & 2.4). 
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Most of the streams originate from the surrounding ridge, hill s and fault escarp regions and the 

associated drainage patterns are mainly dendritic with some radial and trellies patterns 

(Fig. 2. 1). The drainage patterns are dense in the topographically highs and low in the 

topographically lows, this shows that the topographically high areas are covered relatively 

with impervious geologic materials. From the dense drainage patterns predominated by first 

and second order, it is possible to deduce that there is high runoff with little infiltration 

recharging the subsurface water. 

The main streams in the catchment that have separate drainage system and joining the Borkena 

river are: Ambo, Berber, Tedo, Gu to Beriho, Ager Chore, Amito and Wefkele . During the 

field work investigation from February through March, all rivers were dly with the exception 

of Berber, Ager Chore and Wefkele. There are no rivers entering into the catchment however 

the Borkena river flows out of the catchment, so it is not a closed catchment. 

10 
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Fig. 2.1 DRAINAGE & WATEH SAMP LE LOCATION MAP OF 
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2.4 Land use-land cover 

Generally six land use- land cover units are identified and mapped in the catchment (Table 2. 

and Fig. 2.2). These are: 

• Bushes, shrubs with scattered trees 

• Large settlement area 

• Woodland 

• Large cultivation and small irrigated land 

• Inundated/marshy and large grazing land 

• Bare ground with occasional bushes and shrubs. 

Tahle 2 1 Aerial and percentage distrihution of the land lise-land cover units. 

No. 

I 
2 
3 

Land use-land cover units 

Bushes, shrubs with scattered trees 
Large seltlcment area 
Woodland 

11.8 
19.4 

AeriaJ proportion in 
percent 

29 .5 
3.6 
6.0 

4 InundatedfMarshy and Large grazing land 10.6 3.3 
5 Large cultivation and small irrigated land 140.7 43.2 

_~"." .. " ...... ~~l[£!!!ld wi!!l .. ~;:~i1sional bushes and shnIb,~~~~ ... -..:4",7.;,..4,--_____ ..;1",,4.;;;5 __ . 

The rapid population growth which forces people to use lands even in steeply sloping area in 

addition to the gentle and flat lands makes large area to be cultivated and enhances the 

subsequent clearing of forests with the aim of seeking additional plough area, sati sfaction of 

energy consumption and construction material forces to change the pattern of land use-land 

cover of the area. Accordingly the propol1ion of vegetated land is diminishing with increasing 

of plough and bare lands (Table 2. 1 and Fig. 2.2). 
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There is a large flat land starting from some 8 km north east of Dessie, however it is seasonall y 

flooded by the Borkena river. Hence, left for community grazing land and accounts about 3.3 

percent of the catchment (Table 2.1 and Fig. 2.2). 

The major crops grown in the area are: wheat, maize, beans, teff, so rghum, millet and peas. 

Concerning the vegetation , Eucalyptus, Acacia and Juniper trees cover small prop0I1ion 

fo ll owed by large coverage of related bushes and shrubs. Both large and scattered settlements 

are identified in the major towns (Dessie, Kombolcha, Kutaber and Tita) and rural areas. 

Along with the land use-land cover units, a broad classification and mapping of the soil types 

and slope classes was done in view of better understanding of the infiltration, runoff and 

evapotranspiration processes. Therefore, the major soil types in the catchment are clay loam 

soil, residual clay soil rich in organic material, gravely sand soi l and fractured rock with big 

boulders and cobbles. These different so il s occupy the flat , gentle-moderate and moderate­

steep slopes and account 32.2%, 1.5%, 13 .1% and 52.2% of the catchment ' s area respectively 

(Table 2.2 and Fig. 2.2). On the other hand the slope classification which was made on the 

basis of the Mi ni stry of Agriculture land use and Regulatory Department shows that five slope 

classes were identified and mapped . Slope class 12-35% predominate and cover 40.7%. 
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Table 2.2 Soil unit of the catchment 

. --.--.---"--::-::-c:::-------. 
No. Soil Types 

2 

3 

4 

Clay loam soil 

Residual clay soil rich in orga nic material 

Gravely sand soil 

Fractured rock with big boulder and cobble 

Table 2 .3 Slope classification of the catchment 

No. Slope class Area proportion 

< 5% 56.8 

2 5- 12% 110.5 

3 12-35% 132.8 

4 35-60% 21.8 

5 >60~) 3.9 

14 

-_._ •. _--_ .. _._._ ... __ ._ ....... . 
Aerial Coverage 

(in km' ) 

108.0 

5.0 

42.5 

169.8 

(in knl) 

Aerial proportion in 

percent 

33.2 

1. 5 

13. 1 

52.2 

Area proportion in percent 

17.4 

33.9 

40.7 

6.7 

1.2 
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CHAPTER 3 

Geology 

3. 1 Regional Geology 

The Cenozoic Ethiopian continental flood basalt province is located at the junction of three 

rifts two oceanic rifts, Red Sea and Gulf of Aden and the East African Rift . In Ethiopia thi s 

huge volume of lava was erupted 30 million years (Ma) prior to the significant extension 

(Courtillot et aI. , 1987; Jestin and Huchan, 1992 cited in Pik et aI. , 1998) and forms a pil e of 

2000 meters and cover an area of about 600,000 km2 (Mohr and Zanettin, 198 8 cited in Pik et 

aI. , 1998). On the northwestern plateau, this Oligocene basalts are overlain by less voluminous 

Niocene lava erupted from large central vent vo lcanoes. In contrast in southern Ethiopia, 

Eocene-Oligocene basalts are rare and the volcani c sequence is dominated by thi s Eocene­

Miocene acidic lavas and ignimbrite. In thi s area the youngest vo lcanic activity is represented 

by Miocene basalts and ignimbrites. In Afar and the Main Ethiopian rift (MER), Miocene and 

Plio-Quaternary volcanism is located along the rift axis and is related either to fi ssural activity 

(the Afar stratoid formation) , or more frequently to central vent type (Pik et aI. , 1998). 

Fo llowing the physiographic subdivi sion of the country, the volcanics show an asymmetric 

di stribution about Afar and the Rift vall ey being vo luminous in the western Ethiopia plateau 

(Mohr, 1983). 
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3.2 Regional Stratigraphy 

Until recently, the Ethiopian volcanics were divided into two main series: I) Trap (=Plateau) 

series; 2) Rift series. It is now generally accepted that the Trap Series in the north western 

Ethiopian plateau was formed by two stage or cycle of volcanism the Ashangi cycle (50-

35Ma) and the post Ashangi cycle (32-15Ma) . The rift series is younger than 15- 13Ma, Fig 

3.1a (Zanettin et aI., 1978 cited in Zanettin, 1993) . 

Ma QUAT. AXIAl. woN.M 't'Ol 

2 10fA ... 
"- en 

PLIOCENE ii: w 

5 
,ALCH. a: 

AHYOL"E ~ W 
~ en 
"-<:> I-

fUJilSA :i: .... 
B"SAlT ..... ------ ... a: 

MIOCEHE 
RHYO LITE _1'1 ---
TtlUu.aE .. 

:;, 

~ .... en 

23 AND ... 
W 

TfJIIMABEIl 
..... 
"-

BASALT 
~ a: ... w -OLiGOCElE "-
<:> en 
:i: .... ... 

34 a.. ..... ...: ... 
EOCENE 

Q: a: .... 
ASHANGI BASALT is t-

v 

Fig. 3. 1 a Schematic stratigraphic sequence of volcanics from north western Ethiopia and Afar 
rift (after Zanettin et aI., 1978 cited in Zanettin, 1993) 

The Chronological correspondence with the volcanic sequence recognized by other authors in 

the north western Ethiopia is summarized and shown in Fig. 3. I b 
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Fig. 3.lb Chronqlogical correspondence among volcanic formations of North western 
Ethiopia and those described by other authors in different sectors of Ethiopia (after Zanettin el 
aI. , 1980 cited in Zanettin, 1993). 
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3.3 Volcanism of the Trap (Plateau) Se"ies 

3.3.1 Ashangi Cycle (35-S0Ma) 

The Ashangi cycle occurs in Wollega (Merla et aI. , 1973 ; Seifemichael Berhe et aI. , 1987 cited 

in Zanettin, 1993) and the south eastern Ethiopian plateau (Davidson et aI. , 1980 cited in 

Zanettin, 1993 ) as well as in the north western Ethiopian plateau. Its northern branch trends 

E-W, i.e. almost perpendicular to the present western Afar escarpment (Zanettin et aI. , 1980 

cited in Zanettin, 1993). The 'fissural " basalts of the nOlih western plateau are represented by 

transitional basalt with tholeiitic affinity while the 'hlOderately fissura l" basalts are still 

transitional but alkaline affinity and are characterized by low Na201K20 and lower content of 

Ah03 (Zanettin, 1993) 

3.3.2 Post-Ashangi Cycle 

Plateau Sequences: Aiba and Alaji Fissural Volcanism (IS-32Ma) 

This cycle began at the end of the Ashangi cycle with immense outpouring of Aiba flood basalt 

covering the peneplain and dated back 25-32 Ma are typical of transitional basalt. It is fo ll owed 

by the A1aji rhyolite exposed on the eastern edge of the northwestern plateau basalt and in the 

underlying escarpment: the occurrence of A1aji volcanism is controlled by tectonics and in the 

course of time, it died out in the north and was progressively confined to the south . The AJaji 

vo lcanics are generally represented by interlayered silicic rocks and transitional basalts, but 

sometimes only by si li cic rocks mostly sl ightly peralkaline rhyolite . The Alaji rhyo lite began to 

form 25-30 Ma ago in the Afar escarpment and then progressed to the south upto Addis Ababa 

and paralleling it 15 Ma (Zanettin, 1993). 
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3.3.3 Tarmaber Central Volcanism 

The AJaji vo lcani sm ended up with the initiation of a central type of volcani sm which built up 

large shi eld volcanoes decreasing in age from north to south . In this regard , the composition of 

the lava changed to alkali basalt and basanites. This stage was completed and fo ll owed by a 

strong uplift whi ch caused the appearance of a proto-Ethiopian rift (Zanettin, 1993). 

3.4 The Rift Series 

The senes was confined in the rift and formed after the escarpment fissural volcanism 

completed . This new volcanic stage began with the emission ofMabla rhyolitic ignimbrites ( I 1-

14Ma) fo ll owed by the voluminous Fursa basalt (9-12Ma). The Fursa basalt which was 

exposed at the base of the Ethi op ian and Harar escarpment show a transitional and alkaline 

composition and corresponds to the Aiba and Anchar basalts in cases of Ethiopian and Harar 

escarpment respectively Zanettin, 1993. 

Volcanism has of different composition in the Afar and Ethiopian rift . In the last 8Ma, lavas of 

basic character largely prevailed in the Afar while si licic products in the Ethiopian rift 

(Zanettin, 1993). 

Mainly transitional basalts with varying affi ni ty from tholeiitic to alkaline were emitted in Afar. 

The formation of the Dalha basalts (6-8Ma), the Afar stratoid series (1-4Ma) and the younger 

vo lcanoes built up on the axial fi ssural system of Afar (Barberi et aI. , 1975 cited in Zanettin , 

1993). Instead the volcanoes placed on the tectonic lines transversal to the axial fissures have a 

clearly alkaline compositi on (De Fino et aI., 1973 ; Zanettin, 1978 cited in Zanettin, 1993). 

Voluminous ignimbrite mainly peralkaline rhyo lites (Balchi Formation), locally interlayered 

with basa lts were emitted in the Eth iopian rift and in southern Afar from 2 to 8 Ma. The Balchi 
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rhyolite are covered by Bofa transitional alkaline basalts (Kazmine et ai , 1980; Brotzu et ai , 

1980b cited in Zanettin, 1993), and still younger basalts and peralkaline silicics built up 

volcanics in the axial zone of the Ethiopian rift (Wonji Group) (Zanettin, 1993). During thi s 

same time, the rift has been strongly downfaulted relative to either side of the plateau . 

Interesting but volumetrically minor basaltic eruption have occurred on both plateaus of 

Ethiopia during Quaternary time notably in the Tana basin and along fault zones west ward 

from Addis Ababa region (Mohr, 1983). 

3.5 Structural Evolution of the Ethiopian Volcanic Province 

Generally the structural evolution of the Ethiopian volcanics which was addressed by Merla et 

ai , 1963; Azzoroli , 1968 and Baker et ai , 1972 as cited in Zanettin, 1993 seems the fo ll owing: 

A) A flat low-lying territory was highly fractured and then covered by volcanics. 

B) The uplift of the two opposite blocks separated by a long belt lying at a lower level 

caused the appearance of a very wide rift (proto-rift) to which volcanism was 

confined. 

C) Further repeated rising of the peripheral strips of the rift floor caused narrowing of the 

rift itself At the same time the rift floor thinned out until continental spreading was 

complete 

The Ethiopian plateau and Afar rift seems to have occurred through a sequence of distinct 

uplift (beginning from the nOlth) of blocks bordered by major fault trending N-S and by a 

minor fau lt transversal to the present escarpment (Zanettin, 1993) . 
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As regard to the relationship between tectonic and volcanic activity, it may be said that: 

I) territorial uplift was preceded by emission of ignimbrite from fissures parallel to the future 

escarpment; 2) fissural volcanism, both acidic and basic (transitional basalts) died out in the 

uplifted territories while it continued elsewhere (i.e. to the east and south); 3) in the course of 

uplift, alkaline basic and intermediate lavas built up shield volcanoes mainly located at the 

border of the uplifted block. 

Lck~ Tona 

". ... -

~-
0 -

Fig. 3.2 Distribution of volcanics in central Ethiopia (after Zanettin, 1978) 
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3.6 Local Geology 

3.6.1 General 

Considering previous works, fie ld mapping has been carried out. The rock units of the studied 

catchment is subdivided into seven units and mapped at the scale of 1 50000 (Table 3. I & Fig 

3.3) . These different rock units are correlated with the regional stratigraphy mainly consideri ng 

their stratigrap hic position and relative age as a comparison with the regional stratigraphy 

which is outlined by different authors put for the central and eastern Ethiopia plateau . Some to 

mention are Zanettin and Justin-Visenttin (1974a); Zanettin et aI. , (1974) and Zanettin et aI. , 

(1978) cited in Molla Demlie, (2000) . The stratigraphic succession outlined by Zanettin et aI. , 

(J 978) shows that rocks outcropping in the Kutaber-Dessie-Kombolcha area belongs to the 

Alaji Rhyoli te, Tarmaber Basalt and recent Quaternary deposits. 

Since the age of Oligocene and Miocene, volcanics become younger fi'om north to south and 

southwest, Zanettin et aI. , (1974); Zanettin et aI., (1974a); Zanettin and Justin-Visenttin, 

(1975); and Zanettin et aI. , (1978). The Alaji Rhyolite and the Tarmaber Basalt in the area 

belongs to the relatively older subunits of the northern sector of the "Alaji-Sirro" Formation 

which has an age range between 26-32 Ma. 

The second cycle of volcanism together with the N-S orientation of fissural system which were 

opened up since the age of Oligocene is responsible for the formation of the Alaji Rhyolite and 

the Tarmaber Basalt, Zanettin and Justin Visenttin, (1975) cited in Zanettin, (1993) . As it was 

described by Zanettin et aI. , (1974) fissural silicic volcanism having an approximate N-S 
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orientation of extensive tectonic crustal movement was responsible fo r the formation of these 

rocks. 

During fi eld investigati on which were conducted fro m February-March, 200 I and review of 

previous works, it is possible to identify four phases of eruption and seven lithologic units. 

These are : 

I. Eruption related to fractured massive basalts 

2. Eruption related to welded and unwelded tuff 

3. Eruption related to scoraceous and basalti c lava fl ows 

4. Eruption related to rhyo li te 

5. Weathering and gravity results in colluvial deposits 

6. Weathering and erosion resul ting in alluvial deposits 

7. Weathering and channel erosion and transportation resulting river channel deposits 

These different lithologic units are mapped separately based on their lithologic, and 

stratig raphic differences (Table 3. 1). 
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Table 3. I Aerial coverage oflithologic unit 

No. Lithologic unit Aerial coverage Area proportion 

........................... (iI.' .. ~I1':) ..... . ... ~~~ .. P.~~~~.I.~~ ... 
Rhyolile 19.4 6 

2 Scoraceous and basaltic lava flow 120.2 36.9 

3 Welded and unwelded luff 5.2 1.6 

4 Fractured massive basa1, 24.2 7.4 

5 Colluvial and Alluvial deposits 36.8 11.3 

6 Alluvial deposils 11 5.2 35.3 

7 River channel deeosi ts 5.0 1.5 

3.6.2 Rhyolite 

This unit outcrops in southeast, east and northeast of Kombolcha along the road lead ing to 

Kombolcha-Ancharo and Kombolcha-Ardibo. The maximum thickness of the unit is observed 

ESE of Kombolcha and has about 400 m thick (Fig. 3.6). It is fine grained and reddi sh to gray 

in color. The unit is less weathered and relatively moderately fractured and as a result it favors 

moderate infiltration to recharge the aquifer. However its geomorphic and topographic 

position allows rapid drainage so there is little infiltration recharging the subsurface water. 

3.6.3 Scoraceous and Basaltic Lava Flow 

The scoraceous and basalti c lava fl ow unit outcrops in most parts of the area and cover 36.9% 

of the catchment. It is highly weathered and fractured due to the wide spread and freq uent 

fa ulting . The unit contains high amount of agglomerate showing spheroidal weathering 

characteristics with lithic fragments contained as phenocrysts with in the ground mass and its 

color varies between reddish and dark gray. In some parts of the catchment, thi s unit is 

overl ain by columnar jointing basalt and highly fractured and weathered flow basalt. Since it is 

located on the topographic high and relatively steep slope parts of the catchment, hence the 
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corresponding infiltration would be lower as compared to the same unit located in relatively 

gentle and flat areas. 

3.6.4 Welded and Unwelded Tuff 

The Welded tuff unit outcrops in Kutaber area and covers 1.5% of the catchment. Its 

maximum thi ckness is about 100 m and is fine grained. The color varies between white and 

light gray. The unit contains phenocrysts of quartz with large vesicles uniformly scattered on 

its surfaces are common. It is moderately weathered and fractured however its geomorp hi c and 

topographic position favors rap id runoff. In some parts of the catchment, the unit is underlain 

by ash and alternating units of paleosoillayers with welded tuff. 

3.6.5 Fractured Massive Basalt 

The unit overlies the ignimbrite in Kutaber and the degraded basalt in other areas. It is one of 

the most intensively fractured unit among others and contains volcanic flow structure 

subparallel to other units. The fractures are ill defined with no systematic orientation but 

mostly it is dominated by vertical fractures as a result it favors infiltration of precipitated water. 

[n some locality the unit overli es a very thin layer of paleosoil not more than 50 cm thick. [t is 

fine grained and ap hanitic basalt with large proportion of qual1z grains are visible on the 

freshly cut samples. Geomorphologically it lies on top of all other rock units and on the face of 

the escarpment . 
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3.6.6 Colluvial and Alluvial Deposits 

This unit outcrop in most part of the catchment and has not any unique composition, so the 

composition is depicted by one or more of the lithology overlying it. Mainly the unit is formed 

by gravity movement and deposition whi le weathering, fracturing and erosion fac ilitates for 

fUlther deposition of the unit. The grain sizes contained in thi s unit shows large variation that 

ranges between gravel and cobble to large fragmen ts of rock and it is found in the gentl e and 

flat slope regions of the catchment. 

3.6.7 Alluvail Deposits 

The unit outcrop in the gentle and flat regions of the catchment and is mainly composed of clay 

loam soil with minor proportion of sands and gravels. This units is formed as a result of the 

end product of weathering of different rock unit in the area. The units occupy 35.4% of the 

catchment and the second largest in terms of aerial coverage and one of the most cultivated 

unit among the different units. 

3.6.S Very Recent River Channel Deposit 

The outcrop of the unit is found along the Borkena river channel and in some of its tributaries 

and it is the most recent unit mapped in the catchment. The grain size shows a large variation 

which ranges from sand to boulder and cobble. The grain sizes tends to be large as one goes 

down stream of the catchment thi s is owing to the fact that more and more tributaries join the 
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Borkena River and hence, enhances the transporting capacity of the river. The deposits of this 

unit accounts 1.5% of the catchment and it overlies one or more of the volcanic unit. 

3.7 Geologic Structures 

I t is clearly seen that elongated ridges in the area have generally N-S orientation which depicts 

the regional tectonics in the central and Afar rift margins. 

At least two sets of fau lts are recognized and mapped having orientations of NNW-SSE and 

NNE-SSW and one minor set of E-W faults. These faults affect all rock unit and as it seen 

Fig. 3.3, the E-W trending fau lt are observed to cross the N-S running fault , hence it is 

younger. The Red sea rift parall els the NNW trending fault sets (Kroberg et aI. , 1975, cited in 

Moll a Demlie. 2000) while the Ethiopian rift or probably the influence of interaction of the 

central and Afar rift parallels the NNE trending sets of fau lts. The E-W trending sets of fau lts 

are probably associated with the Gulf of Aden rift . As it is given in the interpretation in 

Zanettin et aI. , (1978) the fau lt sets are situated between I I °OO'N_ 12°00'N, parallel to the pre­

Oligocene rift of ':'\shangi" and are a rej uvenation of an older major tectoni c lineament 

extending fro m the Gulf of Aden. 
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CHAPTER 4 

Hydrometeorology 

4.1 Gene"al 

The term hydrometeorology include both hydrology and meteorology. Hydrometeorologica l 

data are required to determine the water balance of a basin for developing and managing its 

water resources. The most usefu l hydrometeorological variables are precipitation, evaporation, 

evapotranspiration, solar radiation (sunshine hour), air temperature and relative humidity, soil 

moisture, stream discharge and water quali ty (Raghunath, 1992). 

In thi s chapter, the main objective is to provide hydrometeorological information by analyzing 

each variables so that the computation of evaporation, evapotranspiration and soil moisture 

being effective The results of the analysis further will be used in the calculation of the water 

balance of the studied catchment. 

4.2 Measurement of precipitation at a point 

There are two types of gauges that are used in the measurement of precipitation. These are: the 

recording type and the non-recording type. In the latter case measurements are taken at regu lar 

interval by emptyi ng the total amount of precipitation falling and coll ected by the catch into a 

known graduated tube (Dunne and Leopold, 1978) . Accordingly there are fi ve meteorological 
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stations install ed with non-recording type of rainfall gauge in and around the studied catchment 

(annex I) . The long term mean monthly and annual rainfall over the catchment was estimated 

by using thiessen polygon and l sohyetal methods which enables to change point rainfall data 

into aerial rainfall Moreover these two methods takes into consideration the effect of 

orography and non-uniform distribution of meteorological station and the co rresponding 

rainfall patterns associated with them. Hence the long-term calculated rainfall values are very 

well closes to the actual rainfall over the area and the annual rainfall calculated by using these 

two methods is 1086.6mm 

4.3 Computation of Aerial Rainfall 

Rainfall measurement of any station gives a point rainfall value, hence it is necessary to convert 

this point data into aerial rainfall Accordingly the uniform depth of aerial rainfall over the 

Borkena catchment was estimated using the three methods of estimating aerial rainfall. These 

are : arithmetic mean, thiessen polygon and isohyetal methods. The computed value is used in 

the evaluation of water balance of the studied catchment. 

The mean annual rainfa ll which is obtained through the calculation of arithmetic mean 

considering the recorded data in the five meteorological station (Cheffa, Kombolcha, Dessie, 

Kutaber and Haik) in and around the catchment is 996.8mm (Table 4 . 1 a & d) . Hence the 

average rainfall is given by: 

f p; 
;=1 p=-,,- (4 . 1 ) 
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where P : the mean annual rainfall over the catchment 

p . station mean annual rainfall , . 

n: number of stations 

Table 4. I a Meteorological stati ons and monthly Rainfall (in mm) 

Year considered 1962-1999 1952- 1999 1980-1999 1962-1988 1956- 1999 

Station Dessie Kombolcha Haik C11effa Kutaber 
Monthly mean min. 21.5 11.8 15.2 8.6 4.4 
Monthly mean max . 246.36 235.42 23 1.47 208.2 2 12.8 
Annual Mean 1149.6 1 1050.0 11 36.4 848.9 798 .7 
Altitude 2460 1903 1900 1400 2700 
Latitude 11°06 ' 11 °07' 11 °19' 10°59 ' 11 °16 ' 
l~i~. _____ ~ 39°44' _ 39°40 ' 39°46 ' 39°32 ' .. -.~.,~-..~-. 

The Thiessen polygon method of computing weighted annual rainfall considering the five 

stations is I024mm (Table 4. lb and Fig . 4. 1). The Thiessen po lygo n method is expressed by 

the following equation 

(4 .2) 

where P: weighted rainfall of the catchment 

a; : aerial influence of the ilh polygon 

p,: the ilh station mean annual rainfall 

A: total area of the catchment 
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Table 4.1 b Thiessen polygon method of computing weighted annual rainfall 

~ .. ~ .. -.~--......... ~-----.. ~".,. .. ", ...... --~-.-. 

Station Mean Annual Rainfa ll Aerial influence Aerial Weighted 
(in mm) (in km' ) Proportion in rainfall (in mm) 

Chelfa 
Kombolcha 
Dessic 
Kutaber 
Haik 

849 
1050 
1150 
799 
11 36 

32.9 
129.5 
106.5 
53.3 
3.7 

percent 
0. 10 
0.40 

84.9 
420.2 

0. 33 379.5 
0.16 127.8 
0.01 11.4 

The third method employed is Isohyetal. This method makes use of joining points of equal 

rainfall value and then measures inter-isohyetal area. Accordingly the catchments weighted 

rainfall is I03 2mm (Table 4. I c and Fig. 4. I) and it is calculated from the for mula given below: 

where 

I " 
p = - LaiPi 

A i = l 

P weighted rainfall of the catchment 

a; : inter-isohyetal aerial 

P,: mean rainfall between successive isohyets 

A: total area of the catchment 

Table 4.1c Isohyetal method of computing weighted annual rainfall 

"-'''-''--'-'-'-'- .,-----

(4 .3) 

Isohyetal range Mean Isohyet Interisohyetal Area Aeria l Proportion Weighted Ra ill fall 

, .. .. . ,... .... .... ............ .......(illnlITI) Jillklll'L .... i.l.lper~ent Jin nllllL 
800 - 850 825 9.2 0.03 23.3 
850 - 900 875 10.5 0.03 28.2 
900 - 950 925 30.9 0.09 87 .7 
950 -1 000 975 42 .3 0.13 126 .5 
1000 - 1050 1025 53 .6 0.16 168 .5 
1050 - 11 00 1075 102.9 339.3 
II 
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From the calculation of mean annual rainfall computed so far, the arithmetic mean method 

underestimate the value. This is due to the inherent drawback of the method which doesn' t 

take into account the random distribution of station and rainfall over the catchment. 

The mean annual rainfall over the stations varies between 799 mm and I 150 mm whil e the 

mean annual rainfall of the catchment obtain considering ari thmeti c, isohyetal and thiessen 

methods are 997mm I 032mm and 1024mm respectively. 

Considering topographic variation, nonuniform distribution of meteorological station and 

rainfall patterns, it is logical to take the average value obtained through the combination of 

thiessen and isohyetal methods. Therefore, 1028mm of rainfall is considered in thi s work as the 

mean annual value of the studied catchment. The same procedure is fo ll owed to evaluate the 

mean monthly rainfall and is presented in Table 4 . I d & e. 

Table 4. ld Mean monthly station Rainfall 

Station Jan Feb Mar A~r Ma~ Jun Jul Aug SeEt Oct Nov Dec 
Cheffa 32.5 49 .0 77.7 98.0 75 .2 26.0 I 95 .3 247.5 102. I 38.7 25.6 I 4.6 
Kombolcha 30.4 42.6 77.3 95.4 65.4 32.7 26 I I 256 .3 I 230 37.4 I 9.9 17.0 
Dessie 27.5 38.2 80.3 95 .7 75. 5 40.4 282.3 29 I .6 149.9 53.2 24.2 20.3 
Kutaber I 2.6 25 .2 5 I .5 57.9 70.0 40.2 272.5 309.4 I I 9. I 35.0 I 3.2 6.6 
Hail< 34.0 64.7 120.1 I I 8.9 75 . I 25.4 254 . I 249.3 I 34.2 40.1 I 9. I I 7. I 
U$¢his:ii ··.·.···· %WiW i;tSi9 I. siAl WJ:ff }'4;4 Mt'il! M$j# jttt& j!2$Mt WdJl {Mdt 9$U 

Table 4 . l e Mean monthly rainfall using different methods 

.~o .. l\1~.lho~ ...... ... .. .!an .... F:eb ..... l\1ar .... Ap.' .. ... l\1ay.. Jun Jul ... Aug .. ,sept . Oct Nov Dec 
I Arithmetic 27.4 43.9 81.4 93.2 72.2 32.9 253 .1 270.8 125.7 40.9 20.4 15. 1 
2 Thiessen 26.8 39.2 74 .6 89.9 70.5 35.7 263 .2 275 .5 129.2 42 .3 20.8 16. 1 
3 Isohyetal 28.5 1 4 1. 4 79.6 94.8 71.5 34.00 258.8 271.8 129 .7 43.0 21.1 15. 1 

.'L.:Ar.!:iitill!?I)&it .• ·l~L1;@il.:d7*td ~~;4;;i;! 2)i;)l;~:d;1~~J;£#;i7J;?d.7~?ii1.>;;d!f· .7, .. }rt!.:.L .. gA 
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The mean monthly rainfall obtained using the combination of thiessen and isohyetal methods 

ranges between 16 mm and 274 mm. The rainy months extends from March-May and July-

September. The percentage contribution of rainfall is being obtained by diving the mean 

monthly rainfall to the mean annual rainfall Accord ingly the estimated commulative monthly 

percentage contribution of the rainy months shows the catchment obtain 83% of its mean 

annual rainfall only during the rainy months while 17% being received during the dry seasons. 

From the rainy months, the big rain account about 70% where as 14% with small rains in 

March and May (Table 4.1f) . As it is shown in the Fig. 4.2a & b, the rainfall shows seasonal 

and annual variability over the whole catchment. From the figure 4.2a, it is evident that the 

area get its maximum and minimum mean monthly rainfall in August and December 

respectively while it gets its three maximum and minimum annual mean rainfall in 1998, 1988, 

1963 and 1965, 1984, 1991 which corresponds to the wettest and dry periods prevailing 

throughout the region 

Table 4. 1 f Monthly percentage contribution of rainfall 

_ ....•.. __ ._." .... " .. _ ..... _. __ -:.M .. _.~ _____ .. "_ ... "_._ .. _ ........ _ ... 

Method-:--;-;::::-:-_ _ ---.:J='a'=n-c'F7-e7b-::M='ar"--:-A=-'p"-r~M'=a:Ly___:'J"'u!!.n-_:_J"'u!.ol ~A!!."~g-,,:S~e"'p,o-t -,o0",c'O-t _N=ov~D~ec 
Combined Thiessen 27.7 40.3 77. 1 92.4 7 1 34.9 26 1 273.7 129.5 42.7 2 1 15.6 

Table 4.1 g Evaluation rainfall coefficient 

MonthJaJlF~~":1~r .A:p'r~~y.J~llJlll .A:u!\Sep.t Qc.t. ~oyDec 
Mean Rainfall 26.7 40.3 77. 1 92.4 7 1 34.9 260.9 273 .4 129.3 42.5 20.9 15.6 
Rainfall Coefficient 0.3 0.5 0.9 1.1 0.8 0.4 3. 1 3.2 1.5 0.5 0.2 0.2 
.nii$ig.i#ilQI! it.IPI iiiRI iii&ffijlJlYflH6tffijlJlY IdQ;flllil@iiiilJlY!f.iiii/R ·.·ilf&i iliy {··. itry 
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Table 4.1 h Classification Scheme of monthly rainfall coefficient 

Less than 0 .6 
0.6 and over 

0.6 to 0.9 
1.0 and over 
1.010 1. 9 
2.0 to 2.9 
3.0 and over 

dry month Jan-Feb. Jun. Oct-Dec 
rai ny month Mar-May, lui-Sept 

small rains Mar, May 
big rains Apr. lui-Sept 

moderate concent rat ion Apr, Sept 
high concentration 
V. high concentration lui , Aug 

After Daniel Gemechu, 1977. 

To compare the monthly distribution of rainfall and to identifY dry and rainy seasons, ' j-ainfall 

coefficient" was employed . The rainfall coefficient is being obtained by dividing mean monthly 

rainfall to one twelve of the annual mean rainfall (UNF AO, 1965 cited in Daniel Gemechu, 

1977). If for instance 0.6 is obtained, it means, that particular month obtain 60 of percent one 

twelve of the annual mean . 

On the basis of estimation (Table 4. lg & h), the dry and rainy seasons are identified Hence, 

according to Daniel Gemechu, ( 1977) rainfall regime classification, the catchment is 

characterized by type - II rainfall with two rainy seasons lasting from March-May and July-

September 

A) Type-I Rainfall Regime 

These regimes are characterized by one rai ny season, i.e., the rainy months are contiguously 

distributed. This also means that there is only one dry season. These regimes are found in the 

western half of the country as well as in the southwestern highlands . 
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8) Type-D Rainfall Regimes 

These regimes are characterized by two rainy seasons in which the contiguous rainy months are 

separated by dry seasons. [t is found mainly in the eastern half of the country including the 

northern half of the escarpment of the rift system. 

M ean monthlyrainfaU 
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Mean annual rainfall o rdess ie and Komblcha 
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Fig. 4 .2b long term annual vari ab ility of rainfall 

4.4 Rainfall - Altitude Relationship 

Altitude is considered to be one of the major factor in determining the climatic condition of a 

region (UN, 1965). Hence, it affects rainfall, temperature and evaporati on. In many areas of 

the wo rld, rainfall uniformly increase with altitude (Dunne and Leopold, 1978; Dingman, 

1994) . However, thi s increase of rainfall with altitude in the area under study is valid on ly for 

the station Cheffa, Kombolcha, Dessie and Haik (Table 4 .2 and Fig. 4 .3) where as the lowering 

of rai nfall in Kutaber might be related to the movement and direction of moisture laden winds 

and topograp hic barriers beside these, local conditions such as gauge exposure, missed data 

and probably wind direction might be accountable for the reduction of rainfall for the station at 

Kutaber. 
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Table 4 .2 Rainfall -altitude relationship 

' '''~~'~~~'''''A.o.'''''''''''-' '~'m''.'_~· .•• ~ ....... .. . .. . . ~ •.•• ~. .. -~ .. - . >-~ ......... ~." .. --.. 
Station Chelfe Kombolcha Dessie Kutaber 

Rainfall (mm) 849 1050 11 50 799 
Altitude (m) 1400 1903 2460 2700 

Rainfall Vs.Altitude 
xm~ ______________________________ ~ 

2500 

5CC • 

O+-------r-------~----~------~ 
Chetre Kombolcha Dessie 

Stations 

Fig. 4 .3 Rainfall altitude relationship 

4.5 Rainfall Pattern 

Kutaber Haik 

Haik 
11 36 
1900 

4.5.1 Tempo"al and Spatial Variability of Rainfall 

Considering the combined method of Thiessen and Isohyetal conversion of point rainfall data 

into aerial rainfall , the catchment would get 1086 mm of rainfall per annum. The rainfa ll 

pattern in the area exhibit temporal and spatial variability. Generally the rainfall data of the five 

meteorological stations shows an increase of rainfall from southwest to nOltheast excluding the 

station rainfall in Kutaber. It is locall y observed that the rainfall tends to increase with altitude 

and thi s increase in rainfall is most probably explained by the topography of the area . For 

instance Kombolcha at an altitude of 1903 m a.s. l in the south gets 1050 mm mean annual 
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rainfall where as Haik located at an altitude of 1900 m a.s. 1 in the north gets a mean annu al 

rainfall of 11 36 mm, hence the pattern of rainfall shows a spatial variability which generally 

tends to increase from south to north. 

4.6 Computation of Recurrence Interval on Monthly Rainfall Basis 

As it is shown in the Fig. 4.4 the probability of getting less than or equal to 129 mm of monthly 

rainfall is 77% and there is a chance of 23% that it wi ll exceed 129 mm rainfall value. The 

corresponding return period for getting such monthly rainfall is 1.3 months and such 

calculation of return period will have great significance in the design of water supply and 

related problems. If the upper and lower rainfall limits of crop tolerance are known, the 

probability of crop failure due to drought and water logging can be assessed (Dunne and 

Leopold , 1978). 
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4.7 Temperature 

Temperature date is available in Kombolcha station and it plays a vital role in the 

evapotranspiration process and in the evaluation of the water balance of the area in addition to 

other factors such as climate, latitude, altitude, so il moisture condition, vegetati on type, land 

use and amount of rainfall. However, incorporating and using of thi s data for the catchment 

might overestimate the evapotranspiration value and reduce the amount of ground water 

recharge. As it is shown in Table 4.3 and Fig. 4.5, the monthly minimum temperature varies 

from the lowest value 8.4 DC, 8.6 °c and 9.8 °c to a maximum about 30 °C in June then 

decreases fo llow ing the same pattern. The highest monthly temperature are recorded in May, 

June and July with 20.9 DC, 22.1 °c and 20.7 °c respectively and then decreases to a minimum 

value in November-January (16.1 °c to 16.9°C), which corresponds to the dry seasons in 

'Bega" The mean monthly temperature value varies between 16. I °c and 22. I °c (Tab le 4.3, 

and annex 2). Fig . 4.5 shows the variability of the monthly mean maximum, mean mtnllTIUm 

and mean temperature value for the stati on at Kombolcha . 

Table 4.3 M onthly variability of temperature (in 0c) at Kombolcha 

.............. "~ .... "" .~~u""" .... ,·_ ... ;.~. ·..,.~~.~.u.~~.~,·.,,~ .. ·. , . .,.~~ ..... ,, ... : ..... -~ . ......... " .•. _ . . "' ..... .,. ~_ ... , ."".·._ ... ,,' ..• · •.. · •.• ·. ~ .. u ..... ....... u .• ,., 

Month Jan Feb Mar A~r Ma~ lun lui Aug See Oct Nov Dec 
Mea n 16.9 17.9 19.3 19.9 20 .9 221 20.7 19.9 19.2 17.5 16.3 16.1 
Mean Illax 23.9 24 .9 26 .2 26 .7 28.3 30 27 .5 26 .2 25 .6 24 .8 24 .1 23 .6 
Mean min 9.8 11 .0 12.4 13.1 13.5 14.3 13.9 13.6 12 .9 10.2 8.40 8.6 
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Fig. 4 .5 Monthly temperature variability at Kombolcha 

4.8 Relative Humidity 

6 z 

m t-.'Ican min . T emp . 

e Mean max. T em p. 

EJ Average temp. 

The moisture content of air is a significant factor in evaporation process and is expressed in 

weight per unit vo lume and is called Absolute humidity. Under most conditions of practical 

interest, the relati ve humidity is taken into consideration (Warren and Galy, 1996). Hence the 

relative humidity of an air mass is the percent ratio of an absolute humidity to the saturation 

humidity for the temperature of the air mass (Fetter, 1994). 

From fOl1y four years meteoro logical station recorded data (annex 3), the mean monthly 

relati ve humidity value whi ch is computed through averaging the rel ative humidi ty values 

recorded at 6:00, 12:00 and 18:00 local time vari es between 40. 1 % and 64.3%. The maximum 
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and minimum relative humidity value corresponds to the big rainy months (July, August and 

September) and to the dry months in May, June, and November, (Table 4.4 and Fig. 4.6). 

Table 4.4 Mean monthly relative humidity at Kombolcha 

Jan Feb Mar p,pr fvlaL lUll lui 
Mean 61.8 60.9 60 .3 59.7 49 .1 40 .1 58.3 
Mi ll. 43 38.3 32.3 33 27 .7 21.7 30.7 
Max. 85.0 87.7 80.0 85.0 73.3 59.0 74 .0 

Relative humidit y 
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Fig. 4.6 Monthly variability of relative humidity 
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4.9 Wind speed 

The daily measurement of wind speed at 2m above the land surface and the direction of ten 

minute at 12:00 (noon) local time at the various stations are grouped in accordance with the 

seasonal prevailing wind directions (NAE, 1988). Wind speed has a strong influence in the 

evapotranspiration process by removing moist air and leaving the air above dry and hence the 

evapotranspiration process continues to feed the air with moisture. The mean month ly wind 

speed computed considering the Kombolcha station ranges from 0.9 m/sec to 1.6 m/sec. The 

maximum and minimum monthly wind speed occurs in June and October co rresponding to the 

dry seasons, (Table 4.5 and Fig. 4 .7) . 

Table 4.5 Monthly wind speed in m/sec at Kombolcha 

Jan Feb Mar .... .. . J\lll ... .... M~.Y ... JUIl Jul J\ug Sep Oct Nov Dec ............. ............... .. .. ............... .... .. .. ....... 
Mean 1.39 1.53 1.46 1.44 1.41 1.60 1.59 1.43 1.08 0. 94 1.01 1.16 
Min. 1 1.1 1 1 1 1.26 1.15 1.03 0 .67 0.57 0 .8 0.81 
Max. 1.8 1.85 1.71 2.99 1.82 1.91 2 .1 1.81 1.5 1.4 1.5 1.4 
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Monthly wind speed 
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Fig. 4.7 Month ly variability of wind speed at Kombolcha 

4.10 Sunshine Hour 
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Generally most parts of Ethiopia recetve over 7 hours of bright sunshine daily and ttl the 

southeastern, north, and nOl1hwestern lowlands, it reaches 10 to 12 hours duration. In the 

study area the monthly sunshine hour ranges from 5 hr to 7.9 hr. The maximum sunshine hour 

corresponds to the minimum cloud cover in dry months of October, November and December, 

(Table 4.6 and Fig. 4.8). 

Table 4.6 Mean monthly sun shine hour at Kombolcha 

Jan Feb Mar ........ Ap..r l\1.a)' lUll lui ",til; ....... ?e.P. .. Oct Nov Dcc ................................... ................. ............. .... . ............... ....... 
Mean 7.40 7.3 6.7 6.9 7.7 6.3 5.0 5.7 5.8 7.9 8.5 7.9 
Min. 4.2 4.1 3.9 3.8 5. 1 2.8 1.8 3.4 3.3 4.7 6 3.4 
Max. 10 10.2 9.3 9. 1 10. 9 9. 1 8.9 9.8 8.5 9.4 10.5 10.2 
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Fig. 4.8 Monthly sunshine hour at Kombolcha 

4. t t Evaporation 
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In any water resource planning and management proper evaluation of evaporation in the area 

under investigation is crucial. Evaporation is the process by which water vapor is transferred 

from the land and water masses such as lakes, reservoirs, ponds, seas, rivers and oceans of the 

ea11h to the atmosphere. Evaporation rate depends up on temperature, vapor pressure, wind 

velocity and the nature of the evaporating surface. Evaporation is the net rate of vapor transfer 

to the atmosphere. Hence it is a function of solar radiation, differences in vapor pressure 

between a water surface and the overlying ai r, temperature, wind speed, atmospheri c pressure 

and the nature of the evaporating surface (Warren and Gary, 1996). The different methods that 

help to estimate evaporatio n are: the water budget, energy budget and mass transfer technique 

and the use of pan evaporation data. Among others, the Penman method which combines mass 

transfer and energy budget theory is the most widely employed and generate more re liable data 

of evaporation, provided good relevant data is available .. 

49 



From one year Piechie evaporation measurements taken at Kombolcha, the variation in the 

daily and monthly evaporation ranges between 3.29 mmlday to 8.03 mm/day and 102. I 
) 
I 

nun/month to 240.8 mmlmonth while 1203 .1 mmlyear being the annual total , (Table 4.7 , annex 

5 and Fig. 4 .9) . The maximum and minimum daily or monthly evaporation record corresponds 

to the dry and big rainy months in June and August. The annual evaporation which is 

calculated on the basis of Penman combination and modified methods gives 1425.6 mm and 

1488. I mm (annex 8 & 8A) and accounts 131 % and 137% of the annual rainfall . The 

evaporation value which is determined through piechie (1203 . I mm) largely underestimate as 

compared to evaporation determined by the above two methods and for the near by lake Haik-

Ardibo catchment (1465 . 1 min/year, Molla Demlie, 2000). Hence, the evaporation rate of 

1488. 1 mm per annum is used in this work.. As it is seen in the Fig. 4 .9 evaporation is above 

average in the months of May to July which corresponds to the high temperature prevailing in 

these months. The very high rate of evaporation in the catchment wou ld largely affect the 

surface and groundwater resource potential and the existing and planned water supply of the 

area . 

Table 4 .7 Monthly Evaporation (in mm) computed by Penman method 

.. •• _ _ ... A· • • • .. , .. >:.:",--.. ~ .. ~.~ ... ~y..-. .... ..,.,.--"-~." .... " •• --".~.~~~ •• - ••• " .• ..-.".".~ 

Jan Feb Mar Apr May Jun Jul Aug Sep Oel Nov Dee 
...... ......................... ..... ................ 

99.2 102.8 124.3 126.4 174.5 227.2 148.6 114.7 95 .8 95 .0 90 .6 89.1 
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Monthly Evaporation 
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Fig. 4 .9 Monthly evaporation of the catchment 

4.11.1 Computation of Evaporation (Penman combination method) 

This method combines the mass transfer and energy budget technique that are used to estimate 

open water evaporation. The basic energy balance equation in simplified form is given below 

(Shaw, 1988). 

H = Eo + Q (4.4) 

where H - is the available heat (W Im-2
) 

Eo - is the energy for evaporation (mm/ day) 

Q - energy for heating the air (W/m-2) 

The value of Eo and Q can be given by the aerodynamic equation as 

(45) 

(4 .6) 

Where feu) is a function of the wind speed 

e, saturation vapor pressure ofthe air at the water surface (mm of mercury) 
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ed vapor pressure of air at dew point (mm of mercury) 

y hygrometric constant (0.27mm ofHg/ of) 

T, temperature of the water surface (0C) 

T d dew point temperatu re of the air (0C) 

The aerodynamic equation based on air humidity and air temperature T, is given by 

E, = feu) (e, - ed) (47) 

where e, - is the saturation vapor pressure at air temperature, T, 

T, - air temperature at h meter above the surface 

(4.8) 

where tJ. - the slope of the saturation vapor pressure plotted against temperature and 

25083 ~ 17.3T ) .. empirically it is given by: tJ. = , ex where T IS In °c 
(T + 237.3)- T + 237.3 

then [rom eq. (4 .6) 

Q = y feu) [(Ts - Td) - (T, - Td») 

I(e -e ) (e -e)l f(lI )1 EE l 
Q [( ~ ,d n d J . l 0 " J =y. 1\ tJ. - tJ. =y ~ feu) - f(lI) 

(4.9) 

substituting Eq . (4.9) in the energy balance equation (eq. (4 .4» 
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E = L\H +yE. 
o L\ + Y 

(410) 

eq . (4 . 10) is the basic Penman formu la for open water evaporation. It req uires values of Hand 

E, as well as L\ for its application. 

More often Hand E, determined empirically and are given by: 

(4 . 11 ) 

where RJ - incoming solar radiation and is given by 

(4 . 12) 

r - albedo and is equal to 0.05 for water 

R, - so lar radiation fixed by latitude and season. Availab le in standard meteorological 

table. 

R, - outgoing solar radiation and is given by 

(4 . 13) 

f a ('/,, ) = 0.18 + 055 '/" (4 . 14) 

where N - is maximum possible sunshine hour fi xed by latitude and season and are 

avail able in standard meteorological table 

n - duration of sunshine hour 

cr - Stefan - Boltzman constant 

cr = 5.67 * 10-8 Wm-2 

T, - air temperature given in degree Kelvin 
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E, in eq.( 4. 10) is obtained by 

Ea = 035(0.5 + "y,oo )(ea - ed ) (4. 15) 

where U2 - wind speed at 2m above the surface 

Finally ~ is found from the curve of the saturation vapor pressure against temperature 

corresponding to the air temperature 

4.11.2 Potential Evapotranspiration 

Evaporation is a collective term that accounts the water loss that would occur from the land 

surface (bare soil and water bodies) while the loss of water ft·om the vegetated sUiface is 

termed as transpiration. Evapotranspiration is equally affected by all factors that affect 

evaporation from open water bodies moreover it is influenced by the supply of moisture at the 

evaporating surface. "The water loss, which will occur if at no time there is a deficiency of 

water in the soil for the use of vegetation, " is termed as potential Evapotranspiration 

Thornthwaite, (1944) cited in Fetter, ( 1994). Since there is often no sufficient avai lable water 

from the soil moisture, the term actual evapotranspiration is used to describe the amount of 

evapotranspiration that occurs under field conditions. Under conditions of limited soil moisture 

storage, the actual evapotranspiration is much less than the potential rate. 

The actual evapotranspiration over the catchment is then calculated from the potential 

evapotranspiration. The consideration of the potential evapotranspiration together with the 

actual soil moisture content enables us to calculate the actual evapotranspiration over the 

whole catchment. Hence the empirical relation developed by Penman are employed in the 

ca lculation of potential evapotranspiration . 
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4.11.3 Calculation of Potential Evaporation 

The value of actual evapotranspiration (ET m) over the catchment is more often obtained 

through the calculation of potential evapotranspiration assuming unlimited water supply and 

then modifYing to account for the actual soil moisture content. Accordingly the Penman 

formula has been employed more widely to provide a numerical evaluation of the moisture 

content and in the computation of ETm. 

Penman (1) 

In thi s method, Penman relates evaporation from an open water to the potential 

evapotranspiration of a vegetated land surface and proposed a formula (Shaw, \ 988) 

PE = f'Eo (4.16) 

Where f is a factor which account for the climate of the different seasons and an average va lue 

of 0.7 (Shaw, \ 988) was taken in thi s work. Accordingly the evapotranspiration calculated for 

the catchment using thi s method generates 10 19.53 mm (annex 8). 

Penman (2) 

In thi s second modified method, Eo (evaporation from open water bodies) is changed to 

account for the evaporation and transpiration from a vegetated slllface. Hence the basic 

equation is used for PE directly (Shaw, 1988) 
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" (:?;: )H T + E" P f = --'-'-------'----"'-
(Yr ) + I 

(4 . 17) 

where HI" = (l -y)R, - Ro, where y is the albedo of the vegetative cover of the catchment and 

is taken to be an average of 0.2 1 (Dunne and Leopold , 1978 ; Subramaya, 1988) hence H I" 

would be 

(4 .18) 

E" is very similar to E, in eq.(4 . 10) while the coefficient of 0.5 is replaced by 1 to allow the 

extra roughness in the wind speed function 

(4. 19) 

(4.20) 

f a (%) = 0. 16 + 0.62 % for latitude south of 54 Yz' (4 21) 

Ro = aT: (0.47 - 0075 ji;)(0 17 + 0.83 %) (4.22) 

After inserting the appropriate variables into the above equation, the modified Penman gives 

annual potential evapotranspiration of 1339 (annex 8A) mm. As it is evident in the calculati on, 

the Penman combination method underestimate the annual potential evapotranspiration thi s 

might be due multiplyi ng open water evaporation by a factor lower than the region under 

investigation. Therefore, hereafter the Penman modified potential evapotranspiration value 

( 133 9 mm) is used in thi s work and for the computation water balance of the studied 

catchment. 
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4.11.4 Estimation of Actual Evapotranspi"ation 

When water supply and moisture conditions are suitable, the actual rate of evapotranspiration 

is equal to the potential rate. If there is frequent wetting of the soil by rainfall or irrigation, 

evapotranspiration will continue to lower the soil moisture until the so il loss will no longer 

occur at the potential rate Dunne and Leopold, (1978) . 

The evaluation of actual evapotranspiration was done through the computation of potential 

evapotranspiration. If there is abundant moisture in the soil, the two rates are equal. When 

moisture supply is limiting, the potential exceeds the actual rate. Accordingly, the actual 

evapotranspiration of the Borkena catchment IS computed from the potential 

evapotranspiration rate by considering land use-land cover and soi l moisture condition, rooting 

depth and soil map of the catchment. For the sake of quantification of available water capacity, 

so il unit in the catchment is further refined into fine sand, sandy loam and clay loam to account 

for the corresponding units of fractured rock, gravely sand, clay loam and residual clay soil in 

the soil map. 

The computation of actual evapotranspiration of the Borkena catchment is adopted rrom the 

estimation monthly water balance model as proposed by Thornthwaite and Mather, ( 1955) 

cited in Dingman, (1994). The method developed a simple "bookkeeping" procedure that uses 

monthly values of precipitation and potential evapotranspiration to estimate monthly actual 

evapotranspi ration. As Alley, (i 984) cited in Dingman, (1994) the computation of so il 

moisture and actual evapotranspiration will be as follows Dingman, (1994) . 

57 



If for a g iven month Pm > PE"" then the val ue of the soil moisture at the end of that month, S"" 

is found as 

(4.23) 

If Pm < PE"" a soil moisture deficit develops or increases. The so il moisture for thi s case is 

given by: 

S = S ex [- (PEm - Pm)] 
m m- 1 P S 

m~ 

(4.24) 

The monthly actual evapotranspiration, ET m is then found as 

(4.25) 

ETm = Pm + Sm-I - Sm, if Pm < PEm. (4.26) 

Where Sill is soil moisture at the month m 

S",,, maximum soil moisture capacity of the soil (mm) 

Sm-I soil moisture in the previous month (mm) 

P", precipitation of the m month (mm) 

PEm potential evapotranspiration of the m month (mm) 

ET", actual evapotranspiration of the m month (mm) 

As it is computed for the three soil types and the corresponding land use-land cover units, the 

actual evapo transp irati on loss from the catchment accounts about 84% (860 mm) of the mean 

annual rainfall. Accordingly the weighted average value is tabulated and presented in Table 4.8 

and annex 9. The annual surplus water in the soil moisture is 226 mm per annum and occurs 

only during the big rainy months that last from July to September. 
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Table 4.8 Monthly actual Evapotranspiration (in mm) 

""""-- """"-"-'-""'.,--:-:- '-:-----:'--'~-~" -''''''--.-' .. --''''' .. ' '' .. '.'-.. '--'' .. ''- ' 
Jan Feb Mar Apr May Jun Jul Aug Sep OCI Nov Dec 

Mea n 34.63 44.34 78.59 93 .21 72.20 35.80 105.65 109.89 106 .15 96.30 52.49 30.47 

4.12 RUlloff 

The portion of the rainfall which drains into the lake, seas, oceans in channelized form either 

sUIface or subsurface flow is termed as runoff Runoff in a catchment or basin occurs only after 

the rainfall exceeds the infiltration capacity of the soil and paddle storage, however in 

exceptional stormy rains, runoff might occur before rainfal l exceeds the infil tration capacity of 

the soil. The pattern and vo lume of runoff in any catchment or basin is a fu nction of duration, 

intensity and aeri al di stribution of rainfall and other facto rs such as size, shape, geo logy, 

topography, slope and land-use (Schwab, 1993), 

[n the study area, there is one gaging station. The data collected from the Ministry of Water 

Resource at the Department of Hydrology shows that 41.6 million cubic meter (mcm) of water 

per annum leaves trom a catdunent of 44.1 km2
, (Table 4.9 and annex 10) and as it is 

calculated from the weighted thiessen and isohyetal methods, the catchment as whole receive 

1028 mm of mean alillual rainfall. The estimation of runoff coeffi cient for the whole catchment 

is therefore taken from the ratio ' s obtained by dividing the surplus water determined in the 

Thornthwaite and M ather, ( 195 5) cited in Dingman, ( 1994) to the mean annual precipitation 

( 1028 mm) and is computed as 0.11 . This runoff coeffi cient value is used in the determinati on 

of the annual runoff and in the computati on of water balance of the studied catchment. 
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Table 4 .9 Monthly discharge at the gaging site in millions m
3 

........................ --..•. ---.--.-....-... .... --~---.. "".,... ....... _ . . .. o.>; . ... _._ .... _ ...... _ • . _ • .• • .• "' ______ •••• • __ .• •• • ~ • .•• 

Jan Feb Mar Arr Mal lUll lui AUB Set Oct Nov Dec 

1989 0421 0.356 0.691 0.774 0462 0.357 1097 4 007 1.666 0.359 0.282 0443 

1990 0.288 0.367 0438 0.140 0.377 0.842 5.879 7.317 0.344 

1991 0.298 0429 0.502 0495 0.369 0.335 7.510 10.448 2090 0.515 0.408 0.318 

1992 0.684 2.080 0.815 2.095 0.709 0.465 2.205 3.798 0.524 

1993 0.511 0.292 0.138 1.608 1.092 0.420 2.190 4.449 1.511 0.578 0.428 

1994 0.334 0.227 0.424 0.260 0.189 0.368 25.935 34 .802 0 .955 1.192 0.760 

1995 0.558 4.960 10.296 0.150 2.140 49.739 0.663 0.672 

1996 0.993 0.536 0.522 0.606 1.035 4.375 72.219 0.378 0.343 

1997 0.342 0.258 0.343 0.255 0.274 4.243 9.254 2.311 0.516 

1998 0.357 0.343 0.334 0.307 0.204 19.225 0.497 0.476 

1999 0458 0.335 0.347 0.315 0.315 12.376 0.513 
0,926 1,350 20,694 0.485 

138 3,798 8 

4.12.1 Rainfall-Runoff relationship 

To compare between rainfall and runoff, it is a standard practice to express values in similar 

units. In areas having simi lar geology, land use, topography, slope and uniform distribution of 

rainfall, the two variables exhibit a direct relationship (Warren and Gary, 1996). Accordingly 

rainfall-runoff relationship is establi shed for the Borkena River catchment on monthly basis, 

(Table 4. 10 and Fig 4 . 10). As it is seen in Fig. 4. 10, higher runoff corresponds to higher 

rainfall and vice versa. In addition to determining the peak runoff, it is also used to estimate 

the water yie ld of the catchment. The relati onship establi shed is given in Table 4 . 10. 

Table 4. 10 Rainfall-Runoff relationshi p 

..... , ......... """""'-_ ........ _ .................. . ._ . ,_ .• ~ . ....... .... .... ... .... ... .... .. . ..w. 

Jan Feb Mar Apr May Jllll 
---:"'-.-.. '" ... ---'-'-' .. ~---.--., -... '.---

lui Aug Sep Oct Nov Dec 
Rainfall in mcm 1.23 1.79 3.43 4.11 3. 16 1.55 11.61 12.17 5.75 1.89 0.93 0.69 
RUll0IT in mC1l1 0.48 0.93 1.35 0.69 0.53 043 ...... "".,...~"".~ 

=::--....::.=_=:.::...-:1c::2;;;. 6::;2_.,:;;20::;,. 6:;:;9~~23.~ ... _ ... ~; 16 O. 7z.. ... _0~4~9 
Note: mcm = mi llion cubic meter 
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Fig. 4. 10 Rainfall-runoff relationship 

4.12.2 Area-Runoff Relationship 
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Assu ming the same geology, structure land use, topography and distribution of aerial rainfall, 

the quantity of discharge leaving a certain catchment is a function of the aerial extent of the 

catchment Warren and Gary, (1996). Hence area-runoff relationship is done for the studied 

area, (Table 4.1 I and Fig . 4.11 ) on daily discharge measurement basis determined by float 

method . As it is clearly seen on the figure , the discharge of a certain defined pal1 of the 

Borkena catchment increases with corresponding increase in aerial extent of the catchment. 

From this observation, it is possible to say that, the groundwater table is shall ow and recharges 

the stream since the stream is perennial. 

Tab le 4. 11 estimation of river di scharge by fl oat methods 

Rivers~6Cl.':9)~!(i'4)S.2@s.)S4.@1)S7Cl.':lgLS.~@11) S3 (R.) S?~12) S5 (R.) . , 
T. area (km-) 12.4 19.325 43 .825 59 76.45 88.85 100.125 148.125 270.45 
T. 'di scharge (m'/sec) 0.0 16 0.0 10 0.044 0.032 0.005 0.057 0 ISS 0 106 0.247 

Note: S6 = site 6; R9 = 91h river di scharge measurement; T = total 
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Fig. 4.11 Area-Runoff relationship 

4.12.3 Computation of Field MeasUI'ed Discharge 

Efficient water management is founded on reliable stream flow information and the final 

reliability of the information depends on the initial field measurements. The measurement of 

stream flow will have advantage in water management such as water supply, pollution control , 

irrigation, flood control , energy generation and industrial water use (Herschy, 1995). 

Accord ingly one time river flow measurements were taken at different sections along the 

Borkena River to get information on the water yield and characterization of the catchment. 

Accordingly float method was employed . 

• Float method 

The discharge determined by this method at different sites along the river channel during the 

dly month season tabulated and presented in Table 4 . 11 and Fig. 4 . 12. From the table it is seen 
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that 0.25 m3 of water leaves in a defined channel per unit second . As it shown in the Fig. 4 . 12, 

some parts of the river channel in north of Dessie and Kombolcha is characterized by an 

influent stream. 

Table 4 .12 Estimated net discharge of the subcatchment by fl oat method 

........... -•. ' .•. -••.. -......... ---.-... -.~~ ,~~-.-.--.... ::-:--:::-:-: 
Rivers S I (R4) S2 (R5) S3 (R6) S4 (R7) S5 (R8) S6 (R9) S7 (RIO) S8 (RII) S9 (R 12) 
Net Area (km' ) 19 25 13 59 63 12 33 II 48 
Net discharge ( 111' /sec) 0.0 10 0035 0.098 0.032 0. 141 0.0 16 -0.039 0.D35 -0.049 ·N-; .. ~-S6 .. ;;;·~it;·(rR;:;-9·i';··;:i~~; .. discl;;.g-; .. ;;;;~~~;:;;.--............ - ...... -----... - ...... -.-. 

Subcatehment discharge 
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Fig . 4. 12 Plo t of discharge Vs catclunent area 

4.13 AI'ea-Elevation Relationship 

The aerial distribution of elevation between successtve contours gtves an insight into the 

drainage basin for the sake of compari son storage and flow characteri stics (Warren and Gaty, 

1996). For sllch studies the area contai ned between any two successive level contour is small 

as compared to the size of the basin or catclunent, the corresponding runoff will be high with 
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subsequent low storage and vice versa. Hence the area elevation relationship is presented in 

Table 4 . 13 and Fig . 4.13 . As it is seen on the figure the mean and median elevation of the 

catchment is 23 18 m and 2400 m a.s.1. In the studied catclunent, about 22% of the area lies 

between 2500 - 2700 m a.s. 1 and the associated slope is less than 5 percent implies that there is 

slow runoff with correspondingly high storage. Hence, this well explains the marshy area 

located some 8 km northeast of Dessie . In general the catchment is characterized by large 

elevation contrast and correspondingly rugged topography. 

Table 4 . 13 Aerial distribution between successive contours 

,.~ ..... -.... -........ -... ".,. .. ~ ....... - ..... ~.-... 
Contour Area (Sq. Km) % of tOlal area commulative conunulative % mean height 
intelva l area 

3 100-3360 1.6 0.5 1.6 0.5 3230 
2900-3 100 7.5 2. 3 9. 1 2.8 3000 
2700-2900 39.5 12.1 48.6 14.9 2800 
2500-2700 7 1.1 21.8 11 9.7 36.7 2600 
2300-2500 44.2 13.6 163.9 50.3 2400 
2 100-2300 54.3 16.6 218.2 66 .9 2200 
1900-2100 63 .5 19.5 281. 7 86.4 2000 
1720-1900 42 .5 13 324.2 99.4 18 10 
1680- 1720 1.8 0.6 326 100 1700 

The median height corresponds to 50% in the elevation distribution curve where as the mean 

height is calculated from the formula given below: 

H - 2:: a i H i 
A 

where ai - area between successive level contours 

Hi - mean height between two successive level contours 

A - total area of the catchment 
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CHAPTERS 

Hydrogeology 

5. 1 IntJ"Oduction 

Hydrogeology in' general encompasses the link between various geologic material with water. 

In its intent, it deals with the movement, chemistry, origin, storage and aquifer hydraulic 

characteristics of the subsurface materials. 

Groundwater is continually being repleni shed mainly by direct precipitation .In addition surface 

and subsurface inflows into the catchment recharges the groundwater reservoir. The water 

bearing unit in the groundwater reservoir are call ed aquifers. Depending on the hydra uli c 

nature of the overlying and underlying geo logic material, the aq uifer can be classifi ed into 

unconfined (in which case the aquifer crops out and there is a direct recharge) and confined (in 

whi ch case the aquifer is sandwiched between two rel atively impermeable units). Confin ing 

layer can further be classified into two units as aquifuge and aquiclude on the basis of their 

storage capacity and hydrauli c conductivity. The aquifer in a given geologic media is largely a 

functio n of the degree of weathering, fracturing and faulting, the nature of the geo logic 

material , the sed iment grain size, degree of so rting and packing. Accordingly considering all 

these facts together with the spring location and its co rresponding di scharge, to pographic and 

geomorphic position, vegetation cover and settlement patterns were used to classify the 

different lithostratigraphic units into similar groups of hydrostratigraphic unit which show 

homogeneity in their hydrogeologic characteri stics (Tenalem Ayenew, 1998). 
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In this work emphasis is mainly laid upon qualitative description of the different lithologic unit s 

given in section 34. T he lack of pumping test data on most of the lithologic units forces to 

follow quali tative description and interpretation of the lithostratigraphic unit into groups 

having similar hydrostratigraph ic units and exhibit homogeneity in their hydrogeological 

characteri stics such as degree of weathering, fracturing and fau lting, spring discharge and its 

location, vegetation cover and settlement pattern, geomorphic and topographic position. Based 

on field hydrogeological mapping, interpretations of the various lithologic units, di scharge of 

springs, it is possible to classifY and group rocks having similar hydrogeological characteri stics 

into one unit. Accordingly four hydrostratigraphic units are identifi ed , described and mapped 

(Fig. 5.1) . 

5.2 Hydl'ogeological Mapping 

T he purpose of hydrogeological mappmg IS to enable various areas to be di stingu ished 

acco rding to their hydrologica l character m relation to the geology (UNESCO, 1983). 

Accordingly the hydrogeological map of the stud ied catchment is prepared at the scale of 

I :50,000 after making a field sUivey and with the application of qualitative descripti on and 

classification of the different lithologic units into similar groups of hydrostratigrap hi c unit. The 

main criteria that was used in the classifications of lithologic units into similar groups of 

hydrostratigraphic units are: 

• Degree of weathering, fracturing and fau lting 

• Geomorphic and topographic position 

• L ithologic make up of the rock 
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• Spring location and its co rresponding discharge 

• Thickness of the weathered layer 

• Vegetation cover and type of settlement pattern 

In general hydrogeological map of the studied catchment include such items as : water points 

(springs, hand dug wells, and borehole), marshy areas, ponds (both natural and artificial), 

meteoro logical stations, staff gage, recharge and di scharge areas, possible regions of 

groundwater inflow and outflow sites. Even if there is a transmissivity and hydrauli c 

conductivi ty data on some of the boreholes, their corresponding geographic locations are 

lacking as a result, they are not indicated on the hydrogeo logical map rather presented in 

tabulated form . 
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5.3 Hydrogeology of the study al'en 

Generally the hyd rogeological units described in the study area can be grouped into fractured 

aqu ifer (scoraceous and basaltic lava flow, fractured massive basalt, rhyolite and welded tuft) 

and intergranular aquifer (colluvial and river channel deposits and alluvial deposit s). Both of 

which are dominated by processes resulting in secondary porosity and permeability. Specially 

the vo lcanic aquifers possess in most cases relatively few primary porosity and permeability, 

whi ch is negligible from water resou rce and exploitation point of view. In contrast the 

co lluvial and river channel deposits and alluvial deposits are more promising for locating water 

well s than the vo lcanic aquifer. Moreover most of the larger yield springs are located in these 

units (Fig. 5. 1 and 5.2). 

Tab le 5. I Percentage di stribution of hydro stratigraphic units 

" ." ..... , .......... ~."".~. . ~"" .. ~ •.. ~.--
Type of hydroslraligraphic unit Areal coverage percentage proportion 

. . (k ll" ) 
A 42 .5 13 
B 11 3.0 35 
C 120.4 37 
o 49.3 15 

Note: A = colluvial and river channel deposits; B = alluvial deposits; 
C = scoraceous and basaltic lava flow ; D = fractured massive basa lt, welded tuff and 

rhyolite 

5.3.1 Colluvial and River cha nnel Deposits 

This hydrostratigraphic unit conta ins co lluvial and river channel deposits and is exposed on the 

foot of hill s, fault escarpments and along the Borkena river channel and accounts 13% of the 

studied catchment, (Table 5. 1 and Fig. 5. 1) . Because the unit lies on the topographical low and 

flat to gentle region of the catchment together with the sed iment particle size dominated by 

coa rse sand and gravel would assist in relatively good infiltration to recharge the groundwater 
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reservoir at the expense of low runoff. Mainly the unit is recharged tlu'ough direct precipitation 

and indirectly thro ugh faults channelized water from the upland vo lcanic aquifers, as result s 

most springs, hand dug well and borehole are located on thi s unit. 

The di scharge of springs located on thi s unit varies from O. I lis to 9 lis. Hence, it is one of the 

most productive aquifer in the limits of the catchment and relatively characterized by moderate 

to high porosity, permeability and storage capacity 

The colluvial and river channel deposits show similarity in their hyd rogeological characteri sti cs 

such as relative , infiltration capacity, permeability, grain size and degree of weathering. If 

comparison is made between these two units, it is obvious that the river channel sedi ment 

wo uld give higher permeability and infiltration capacity since the degree of sorti ng and grain 

size di stribution is good in cases of river channel deposits that; the co lluvial deposits. Springs 

of larger yield are also controlled by E-W ori ented faults 

In some areas, especially along the Borkena river channel, it was seen that the discharge of the 

ri ver suddenly reduces in volume. From thi s observation it is inferred that the ground water 

table is deep an'd as a result the river recharges the groundwater reservoir. Generally the 

majority of the unit lies with in the di scharge zone and constitutes the extensive permeable 

unconfined layer of the catchment. The thi ckness of the unit varies from place to place 

however it generally does not exceed a few tens of meters being large in the Kombolcha 

subcatchment . 
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5.3.2 Alluvial Deposits 

Geomorphologicall y the unit occupies the flat area of the fl oor of the graben in the catchment. 

The grain size varies between clay and sil t. Small proportion of sand size pal1 icles are 

associated w ith them. In terms of infi ltrat ion, it is situated most favorably however the rate of 

infiltrati on is strongly influenced by its fine grain size propol1ions. Hence the amount of the 

corresponding recharge is lowered at the expense of high runoff. As compared to other units in 

the catchment, it is the second largest and covers an area of35% of the catchment From water 

resource and exploitation point of view it is moderately promising and as a result reasonable 

number of springs, hand dug well , and borehole are located on it During field sUI-vey 

conducted at February, one al1esian well with discharge of about 0.4 I/s to 0.6 I/s was 

identified . Hyd rogeologically the unit is characterized by high porosity, low to moderate 

permeability and storage capacity. 

Pumping test data conducted on the same unit in the Ko mbolcha subcatchment shows that the 

unit has a di scharge of 8 lis with hydraulic conductivity of 1.08 m/day (Ketema Tadesse, 

(980). Most of the wells drilled in the Kombolcha subcatchment are of overflo wing (m1esian) 

type in nature however during fie ld investigation conducted in February, 200 1 and personal 

communication with expel1s at the Amhara Water Works Construction and Design Enterprise 

(AWWCE), the al1esian well located in the compound of A WWCE office was no more 

m1esian in effect of the high pumping rate of well s located in the Poultry Farm and Disaster 

Prevention and Preparedness Commission (DPPC) compounds. 
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5.3.3 Scoraceo lls and Basaltic Lava Flow 

This unit outcrop in most parts of the catchment occupying the topographically elevated and 

relatively moderate to steep slope and accounts 37% of the catchment. The unit is highly 

weathered , fractured and topographicall y located on the recharge area facilitating good 

infi ltration to take place however the expected infiltration and recharge is largely reduced due 

to rapid runoff and the development of thin so il cover which in most cases was eroded away 

owing to rapid rLinoff and even the small infiltrated water comes out as lines of seepage and 

springs following the dip direction of the fault plane and on contact with the paleoso il layer 

underlying it. Consequently few well s with relati vely small yields are located on the uni t. The 

minimum and maximum static water level in the unit varies between 5.4 m and 16.7 m at 

Kombolcha and Cheffa respectively while the mean static water level li es at 10.3 m (Ketema 

Tedesse, 1980) 

Considering the hydrogeologic characteri sti cs, it is the second promising unit however it s 

groundwater potentiality for abstraction is largely di scouraged owing to its topographic 

position with consequence of rapid runoff and very thin soi l cover development. As a result 

only few wells have been drilled and located on it and correspondingly the yield is small , (Table 

5. 3). This unit contains highly weathered and fractured basalt with few beds of basaltic fl ows 

and columnar jointings The aquifer is characterized by low to moderate porosity, permeability, 

and low storage. 
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5.3.4 Fr'actured Massive Basalt, Rhyolite and Welded TufT 

From fi eld observations, the unit lacks primary porosity and permeabil ity but relatively affected 

by sets o f w idely spaced faults than other units in the catchment and are considered poor 

aqu ifer. The unit is exposed in the most elevated topograp hy and steep slope parts of the 

region and is almost all located in the recharge area. These lithologic uni ts whi ch are grouped 

in one hydrostratigrap hic unit show homogeneity in their hydrogeological characteri stics such 

as degree of weathering, fracturing, and faulting . Hence, as compared to other units in the 

ca tchment, they are low to moderately weathered, sparsely affected by joints and fractures and 

possesses a very thin soil cover with scattered bushes, shrubs and trees that grow in between 

fractures. 

Though the un it I S located on the recharge area, the corresponding infi ltration is largely 

reduced by its low degree of fracturing, weathering and steep slope nature moreover the small 

infi ltrated water is channeli zed along the dip direction of the sets offault plane with consequent 

reduct ion of the storage capacity and limiting the yield of well s located on the unit The N-S 

and E-W oriented faul ts largely contro l springs of low to moderate yield and lines of seepage. 

The unit is chal;acterized by low porosity, low to moderate permeability and low storage 

capacity. 

75 



Table 5.2 Water well s in the studied catchment 

No. Location and owner or borehole Elevation 
(m) 

Casing Total Static Yield Li thology 

dia . depth w<Her (1/5) 

,-_--:-:--:-_:::--:--:--:--:-: - -;-:--:------:c= - - ( 1IlIllL) _-,(c:-m:t.)_ -,-le;:.,c:'e",1 ,,( '"," )'--~---=--:-
I Kurkur (Dessie Municipali ty) 25 12 6" ? 20 5 Basalt 
2 Hate medii 2465 6" 60 8.8 5.6 River g ravel 

3 Kida me Gebeya 253 0 6" 9 1 3.5 Basalt 

-I K. well # I (K. M unic ipa li ty) 1682 6" 80 .3 Overfl ow Alluvium 

5 K. well #2 ~. Municipality 1679 6" 72 . 1 overflow A ll uvium 

6 K. well # 1 (Textile Factory) 1695 8" 94 overfl ow Alluvi um 
7 K. well #2 (o il & soap factory) 1669 8" 45 overfl ow Alluvi um 

8 K. well # I (water resource) 1705 6" 25? Alluvi um 

9 K. well #2 (wa ter resource) 1702 6" 3.7 Alluvium 

10 K. Munic ipality wel l 1665 8" -18 Alluvium 
II K. Meat factory well 1700 8" 6 1. 5 Basalt 

12 K. Agip sta tion well 1750 ? A ll uvium 
13 K. ERA ""ell 1722 6 11 92 Basalt 
14 K. Ghioll Hotel well 1748 6" 30.3 W . Basa lt 

15 Muti Kolo (K. Municipa li ty) 1854 6" 5. -I 

. ..!.~ .. " ..... ~. High S_::L??~._ .. " .. " ..... ___ ... _ . ..!.?2.O' ... " ... _~~ .. " ___ :L ..... . 4.7 ........ _"_6 _ ... ~ .•. !?r.,,~.e l .. " .. . 

Source: After Ketema Tadesse, 1980 with some modifi cation 

No te: K = Kombolcha; W = weathered ; S = sandy 

5.4 Recharge and Discharge Areas 

A recharge area can be defined as that pOl1ion of the drainage basin in which the net saturated 

fl ow of groundwater is directed away from the surface and the water table is usually lies at 

some depth where as discharge area can be defined as the movement of the net saturated tl ow 

of groundwater is directed toward the surface and the water table usually li es at or very close 

to the surface (Freeze and Cherry, 1979). 

Generall y recharge areas are located on topographically high areas and the fl ow lines are 

diverging while discharge areas are located on topographical low and if fl ow li nes are 

constructed, they are converging (Fetter, 1994) . Accordingly the regions of recharge and 
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discharge areas are identified and mapped. The recharge area in the studied catchment occupy 

the topographically elevated areas which is underlain by fractured volcan ic rocks where as 

discharge areas are located on the topographical lows comp ri sing the ma in Borkena river 

channel, lines of seepage, springs, marshy and inundated areas, sites of hand dug well and 

borehole, (Fig . 5. 1) Most of the discharge areas are covered by riverbed and colluvial 

deposits. 

In the stud ied catchment, the recharge areas cover relatively larger regions than the di scharge 

area . As it is shown in the Fig. 5. I, it is possible to identify small patches of di scharge area with 

the limits of recharge area . 

Even if water sample data are lacking from the recharge areas, it is often possible to separate 

recharge and discharge on the basis of thei r electri cal conductance (EC) and total di sso lved 

so lid (TOS) value . If comparison is made between recharge and discharge areas residence time 

and fl ow pattern, water in the di scharge area wo uld have higher residence time, longer and 

deeper circulation patterns than the recharge areas water as a result discharge areas water 

would have time to undergo geochemical evolution and lead ing to higher EC and TOS values 

than recharge areas' water . 

5.5 Dessie Subcatchment 

The Oessie subcatchment is mainly located nOl1h of the town of Kombolcha and is 

characterized by groundwater outflow, shallow water table low to moderate drainage densi ty 

that is dominated by fir st order drainage pattern . The permanent marshy area accounts 
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1.5 km2 however the area increases in response to seasonal floo ding during the big ra iny 

months which lasts fro m July to September. The maximum elevation difference between the 

fl oo r of the grab ~n and the to p of the ridge is 800m. 

The two major fau lts i.e. NNW-SSE and NNE-SSW delineate its eastern and western 

boundari es. T he volcani c aquife r (fractured aqui fe r) and alluvial aquifer (i ntergranular aq uifer) 

accounts 47.2% and 52. 8% of the catchment. The NNW-SSE and NNE-SSW fa ul ts are more 

common and dissecting the different lithologic units with consequent channeli zation of 

recharges fro m the upland volcani c aquifer into the low-lying alluvium, co ll uvial and river 

channel aq uifers and mani fested there as lines of seepage (con tro ll ed by NNW-SSE fault) and 

larger yielding springs (controlled by E-W fa ul ts). 

More than 75 % of the springs is located in this subcatchment and is characterized by very 

slight differences in their EC value and almost all EC values are less than 400 ~I S/cm . Well s 

located in thi s subcatchment yield 5 to 5. 6 lis (Ketema Tadesse, 1980) whi ch is more 

producti ve than well s located in the Kombolcha subcatchment, even some of the springs are 

used to supply water for small towns like Kutaber and E oru Hospital and it s surroundi ng 

residence. The st~ ti c water level in thi s unit generally less than 20m. 

The spa rse distribution of drainage indicates that, there is relatively more infiltration and than 

runoff whi le the reverse happen in the Kombolcha subcatchment. The mean annual infiltration, 

which the catchment receives after actual evapotranspirati on and runoff val ues are subtracted 

fro m the mean annual precipi tation, is 56 mm. The climati c condition is sub humid traditionally 

call ed "Dega" and receives more rainfa ll than the Ko mbolcha subcatchment. 
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The river channel deposits are dom inated by coarse sand and gravel and the corresponding 

channel is narrow and relatively the river is of efflu ent type. The river channel in thi s 

subcatchment has almost no odor, developed very thin and sparse populati on of algae and 

receives velY small amount industri al effluents. As a result the correspo nding pollution of the 

river with respect to algae is minimal. If the conditions were not thi s, we would have dense 

populat ion of algae on the surface of the river. 

5.6 Kombolcha subcatchment 

Tlli s subcatchment is mainly located south of the town of Dessie and is characteri zed by 

ground water inflow and relatively deep water table and more artesian well s. 

The distribution of the different vo lcanic and alluvial aqu ifer with in the limits of the ca tchmenl 

is 55 % and 45 % and when combined accounts 64% of the whole catchment. The maximum 

elevation difference between the fl oor of the graben and the peak of mount Yegof is 900m. 

The topography and slope dies out from north, east, and west towards the central and southern 

regions of the catclunent. The N-S fault s are less common than the E-W fault s. As it is 

repo l1ed by Ketema Tadesse, 1980, well s located on thi s subcatchment generate no more than 

2 lis however later drill ed borehole data shows that variation in yield between 4 .7 lis and 

17.9 lis (Table 5.3) . 
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Table 5.3 Water wells drill ed later than 1975 

NO. Owner Deplh DWL SWL Yield T(m'/d) EC pH HD 
(1/5) 

I Textile 186 50.89 al1esian IS 14.4 3 16 7.7 84 

2 Textile 2 180 412 artesian 15 19. 8 313. 11 7.7 -

3 Textile 3 180 40.48 artesian IS 12 361.64 8 -
4 Textile 4 180 22.25 artesian IS 33 .2 362 7.8 -
5 Texti le 5 180 38. 6 artesian IS 23 328.8 7.7 -

6 AWSSA 73 - 6 .1 5 - - 7.6 35 

7 AWSSA 80. 3 - 1.45 5.7 - - 7.8 110 

8 AWSSA 24 - - - - - - -

9 RRC 84 - artesian 6 - - - -
10 ERCA 96 - 3.33 6 - - -

I I Poultrv Breeding Farm 77 - artes ian 7.2 - 573 8 215 

12 WSSA I 114 - artesian 17.7 - 33 6 7.7 92 

13 WSSA2 I 12 - artesian 17.9 - 362 7.6 96 

14 WSSA 118 - 0.8 12.1 - 388 8.1 92 

IS Rental House 90 - - - - 543 8.2 -

16 National Insurance C-"Illpany 102 - 8.7 4.7 - 442 7.8 176 

Source: Amhara Regional State Water Works Construction and Design Enterprise, 1984 (A WWCE) 

Note HD = Hardness; T (m~/d) = Transmissivity m2/day; DWL = Dynamic Water Level ; SWL = Static Water Level 
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The high yield of alluvial aquifer might be due to the horizontal flow fro m the upland volca ni c 

aquifer; otherwise it is difficult to exp lai n the high yield (Ketema Tadesse, 1980). The 

transmissivity values in the borehole drilled at Komboicha varies between 12 m
2
/day and 

33.6 m2/day and with static water level varies between 0 m and 8.7 m below the ground 

surface. The presence of more artesian well signifies a confined aq uifer. 

The drainage density in this unit is high and dominated by first and second order streams 

implying there is relatively high runoff with little recharge. The connection of the subcatchment 

to Dessie is via throug h deep cut V -shape Borkena Ri ver. The mean annual amount of 

infiltration the catchment receives is 99.6 mm and the type of climate that it ex periences is 

subtropics that is traditionally called "Weigna Dega" . 

Concerning pollution, the subcatchment gets more industrial waste effluents and the ri ver 

channel is relati vely odorous and developed dense population of algae. The ri ver channel in the 

subcatclunent is characterized by wide flood plain with coarse gravel, cobble, pebble and large 

fragments of rocks . It was seen that some of the ri ver discharge suddenly decrease in vo lume 

and in other parts, come out as gro undwater seepage along the ri verbed signi fY ing both 

effluent and influent river systems developed there but the later is more frequent. 

5.7 Spriltgs discharge and electrical conductivity (EC) 

More than twenty four sprigs are identified and mapped in the studied catchment (Fig. 2. I and 

annex II ). These springs valY in di scharge from 0. 1 lis to 9 lis, the most vo luminous being the 

E-W oriented fault contro lled ones probably thi s is due to the crossing of E-W ori ented fault 

with N-S faults . The electrical conductivity value measured at field shows that most of them 

lies below 400 ,lS/cm. 
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Generally the springs in the area can be classified into three (annex I I) : A) fault controlled 

spring; B) contact spring and C) depression springs. Among others, the fault contro ll ed springs 

are widespread and more common with reasonably moderate and constant di scharge in the dry 

seasons (personal communication with local people) . 

The utili zation of the springs are widesp read and diversified. Specially the intensive utiliza ti on 

of the springs for irrigation practices in the dlY seasons. Moreover they are intensively utilized 

for all type of domestic purposes, and even as water supply for small towns like Kutaber and 

Tita. 

Even if there is a large difference between the small est and largest yield springs, most of them 

sho w slight variati on in their fairly constant di scharge . The average di scharge and EC val ue of 

the springs over the whole catchment is 1.2 lis and 330.6 ~lS/cm 

Lithologically most of the springs are located within the colluvial and river channel deposits. 

So from water resource point of view, the colluvial and river channel sed iments are most 

promising then followed by all uvial deposit s. The majority of the springs are also located on 

topographically low lying and o n the floor of the graben (Fig. 5.2). The absence of hot springs 

in the studied catchment shows that, the groundwater circu lation is shallow. 

The di scharge of almost a ll the spnngs increase during the ramy months and grad uall y 

decreases and become fairl y constant in the dry seasons. So thi s implies that the permeability of 

the aquifer in response to precipitation is rapid and the correspondi ng permeability of the 

geologic material is fairly good. 
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5.8 Gt'oundwater Flow systems 

Two types of groundwater flow systems are identified and mapped m the Borkena river 

catchment (Fig. 5. 1). The regional flow system, whi ch generally foll ow the trend of 

to pographic reli ef difference between landmasses lying in north western and southeastern 

region of the catchment and al so the pattern of the direction of the Borkena ri ver fl ow while 

the local flow ?ystem fo ll ows the general elevation difference between the neighboring 

catchments located on both sides opposite the water divide. The local fl ow system in the 

studied catchment is fi.111her classified into the Dessie and Kombolcha in whi ch case the Dessie 

subcatchment is characterized by groundwater outflow while the Kombolcha with grou nd water 

inflow 

5.9 Groundwatet'-Surface Watet· in teraction 

Along the Borke,na River, the distribution of river channel deposit and their grain sizes varies 

with the area of the catchment and the number of tributari es entering into it. Accordingly 

sediment grain size tends to increase from upstream towards downstream directi on of the 

catchment. Due response to thi s increase in grain size and probably to some geologic 

structures li es beneath the riverbed, it was observed that the di scharge of the river decreases in 

vo lume and in other section of the stream, the groundwater appear as lines of seepage and 

spri ngs feeding the river fl ow Therefore, the river flow is characteri zed by efflu ent and infl uent 

type of di scharge. This implies that there is some kind of mixing between the surface and 

ground water along the river channel. 
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CHAPTER 6 

Water Balance 

6.1 IntJ'oduction 

Evaluation of water balance of a given basin/catchment is essential in the practica l sense of 

designing efficient planning, management and sustainable util ization of the different water 

resources avai lable in the basin/catchment. In its treatment, water balance ta kes in to 

consideration the inter-relationship between the various inflows, ou tflow and change in storage 

items with in the extent of the drainage basin/catchment and in defined hydro logic period . 

In the study area, the water balance mainly is used to estimate the rate of annual g roundwater 

recharge. The equation of the form is given by • 

Inflow = Outflow ± Change in Storage 

Since analysis of the water balance is one of the main of objective thi s wo rk, accordi ngly the 

wa ter balance ca lcu lation is performed for the two subcatchments and for the entire catchment. 

Since there is a lack of discharge measurements in all of the springs, hand dug well and 

borehole on the full hydrological year, abstraction of water in any fo rm is neglected in the 

eva luation of the wa ter ba lance of the studied catchment. 
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On annual basis of calculation of the water balance, the change in storage item is considered to 

be zero. Since there is a lack of data on groundwater inflow and outflow items, they are 

generally assumed to be equal ; although thi s is a simplification of the reality. 

6.2 Water Balance of Dessie Snbcatchment 

The eq uation of the water balance fo r any water body in a g iven hydro logic system and peri od 

is g iven by: 

P + S + G - £ - S - G - ! = /';S 
I I I (let 0 0 (6 . I) 

where Pi - precipitation 

Si - surface water inflow 

Gi - ground water inflow 

E", - actual evapotransp iration 

So - surface water outflow 

Go - groundwater outflow 

I - infiltration 

/';S - change in storage 

with the assumptions made before: 

Si = 0 since no streams enter into the catchment 

/';S = 0 on annual basis of water balance calculation 
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then the equation is reduced to the form 

(6 .2) 

Where I - infiltration for the catchment 

So, - total surface runoff for the catchment and is computed by 

So, = So * runoff coefficient (6.3) 

So - tota l surplus water avai lable for runoff 

E", - actual evapotranspiration for the catchment 

Inserting all the available data (annex 9) into eq.(6 .2) results in 155 .6 mm of mean annua l 

recharge over the catchment, (Table 6. I) . So to account for the Dessie subcatchment, it then 

multiplied by the catchment percentage proportion which is 0.36 and gives 56 mm. 

I" = 0.36*1 (6.4) 

where Id = infi ltration for Dessie 

0.'36 percentage of area for the Dessie subcatchment (117.5 km' ) 

Table 6. I Computation of annual recharge over the catchment 

Drainage area (km' ) Computation of water balance for Dess ic subcatciullcnt 

117.5 Pi (in mm) Eact (in 111m) S~ (in mm) 1" (in mm) 

36% of the area 1027 860 12.43 56 

In the Dessie subcatchment the on ly input is precipitation whil e outfl ow include actual 

evapotranspiration and sUiface runoff. The surplus water avai lab le for runoff is determined 

through (Thornthwaite and Mather, 1955) method is I 13 mm per annu m and accounts about 

13% of the mean annual rainfall. From the computation made so far, the Dessie subcatchment 

would get a recharge of 56 mm of water per annum . 
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6.3 Water balance of Kombolcha Snbcatchment 

The calculation of water balance for thi s subcatchment fo ll ows the same procedure as fo r the 

Dessie subcatchment and use of same formula gives annual infiltration of 99.6 mm. Hence the 

genera l form of equation for the entire catchment is multipli ed by the percentage of area (0 .64) 

to acco unt fo r the infiltrati on in Kombolcha subcatchment. It is then given by: 

I = p,. - S oc - E (lei 

1k = J *0.64 (6 .5) 

Where Ik - infil trati on for Kombolcha 

S';" - total surface runoff fo r the catchment 

E,,1. - actual evapotranspiration for the catchment 

After inserting relevant data (annex 9) into eq . (62) of the water balance equation given 

above and then multiplyi ng the resul t with area percent proportion of the catchment (0 .64) 

generate 99.6 mm of mean alUlUal recharge fo r the Kombolcha subcatchment. In thi s 

subcatchment as in Dessie the only inpu t is precipitati on while the loss include surface runoff 

and actual evapotranspirati on, (Tab le 6.2) 

Tab le 6.2 Computation of annual recharge for Kombolcha subcatchment 

D rainage area (km2
) computation of water balance for K ombolcha subcatchment 

208 P; (mm) E"cl. (mill) So, (mm) Ik (mm) 

64 % of the catchment 1027 860 12.43 99.6 
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6.4 Wate,· Balance fo,· the Entire Subcatchment 

Following eq. (6. 1), water balance for the entire catchment is given by 

for estimation of water balance of the entire catclunent, groundwater inflow equal s to 

groundwater outfl ow is assumed and surface water inflow is also zero as there are no streams 

entering into the catchment. 

Eva luation ofeq. (6.2) results in 155.6 111m of mean annual recharge over the whole catchment . 

Since there is intensive utilization of the springs and rivers for irrigation practi ces in the dlY 

seasons, thi s might underestimate the surface runoff and overestimate the evapotransp iration 

processes and then the two variables make a balance, hence the ca lculated va lue of annual 

recharge into the catchment seems logical 
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CHAPTER 7 

Hydrochemistry 

7.1 Geller·al 

The chemical and physical characteri stics of water is ve,y impOItant in terms of utilizati on of 

water for various purposes. Specifi cally the quality of water becomes crucial if there is a need 

to use it fo r domestic and industrial purposes. Even if there is a variation in the standard li mit 

of chemical concentration of ions in water among various cOllntri es, it is unq uestionable to set 

the upper and lower limit at least on a national base depending on the availability of water, 

technological advancement and economical status of the country. 

Dissolved constituents in natural water depict the chemica l evo lution, man made impact and its 

mode of origin in the hydro logic cycle, (Freeze and Cherry, 1979). Hydrochemical data also 

reveals info rmatibn on chemical constituent ions contained in it and hence it is a good tool to 

study different water and safely limit their uti lization for vario ll s purposes 

The main obj ective of thi s chapter is to provide hydrochemical information in the waters of the 

Borkena ri ver catchment and to examine the water from the perspective of water quality 

criteri a set for drinking and agricul tural practi ces. For thi s reason the standard limit set by 

WHO is compared with the analyzed water samples. 
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7.2 Water Sampling and Analysis 

About 40 water samples were coll ected, however, du e to severe financial constraint, only 14 

water samples were analyzed depending on their geograp hi c distribution and sound 

hydrogeological reasoning . Among w hich four were taken from rivers; fi ve samp le each from 

springs and hand dug well s respectively. 

The analysis of these samples was conducted at the Ethiopian Geological Survey main 

laboratory . The analysis include major cations and anions, nitrate and nitrite, phosphate, some 

trace elements and total dissolved solids (TDS), (annex 12). Even if the analysi s was 

conducted in ten samples with ten trace elements on each sample, unfortunately the repol1ed 

result was crude' and as a result nothing quantitative description can be said concerning the 

industrial effl uents into the river from industries located in Kombolcha and Oessie. 

Since more often certain parameters show changes compared to their field value as a result 

fi eld Ee va lue measurements are taken in all of the samples . Hem, ( 1970) strongly 

recommends in situ test to be conducted on the parameters of Ee, pH and di ssolved oxygen 

(~O) . The field Ee value measured shows that most of the water bodies have Ee value less 

than 400 ~lS/cm, implying that they are fresh. 

7.3 Major cations and anions 

The analysis conducted on water bodies show slight variatio n with respect to bicarbonate, 

sulfate, and calcium w hil e it shows relati vely large differences in chloride, sodi ul11 and 
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potassium combined, and in magnesium concentrations. Relatively speaking the river water is 

enri ched with respect to cati ons and anions than the grou nd water bodies (Springs and hand 

dug wells) , (Table 7. 1 and Fig 7. 1). It is then followed by hand dug well and springs. The 

contribution of chloride and sulphate in ri ver water is about 50 percent from the total chl o ri de 

present in water bodies whi le it becomes about 55 percent in the case of sodium plus potassium 

combined. T he enriclunent of the river might be related either to evaporation concentration or 

hig h inflow of both domestic and industrial wastes into the river water. 

Among all the analyzed ions, bicarbonate is the dominant anio n while calcium is the dominant 

cation which is then followed by chloride and sod ium plus potassium combined respecti vely, 

(Table 7.3a, & 7.3 b and Fig. 7.3a & 7.3b) . 

Table 7.1 Percentage concentration of ions in water bodies (mg/I) 

·s'~;;;i;T.;-T;:j;-"·-·SP"·<·~··--R-"""·"·"·Tal~-1 -""%Sp···o/:·HW-"····<x;R· .. ·· 
Bica rbonate 2 15 256.60 287.75 759.35 0.28 0.34 0.38 
Chloride 10.2 1740 25 52.60 0 19 0.33 0.48 
Sulphate 7.2 9.20 15.5 31.90 0.23 0.29 0.49 
Sod+Pot 15.88 21.96 44 .83 82.67 0.19 0.27 0.54 
CaJciul11 43.8 53.6 43 .25 140.65 0.3 1 0.38 0.3 1 
Magnesium 11.8 15 21.25 48.05 0.25 0.3 1 0.44 

" .••. ~.·.· •• · .. ~~~.· ... ~_· . ... . ·• __ w • •• __ •• .• • .• ••• • • • · •• • ___ ~."-"-""'-"-" • • ·.""'._~ .• " .. · • ..w~ • . ~.-"" ..... ·. ·. ·_ ... ...,. .• • , . . .. . . . .. ' .. n • .• "' . . . . . ... .. .. .. ... . · •• ~w. 

Note: SP = spring ; HW = Hand dug well ; R = rivers; 

Sod+Pot = sodium plus potassium 
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Fig. 7. I Percentage concentration of ions for water bodies (R = rivers; HW = hand dug 

well ; SP = springs; Sod+Pot = sodium plus potassium) 

7.4 Accumcy Check 

Before an attempt is made to interpret the results, the accuracy of the chemica l analys is of 

water samples has to be checked through the calculati on of catio n-ani on balance, when all the 

major cati ons and ani ons have been determined, the sum of the catio ns in mi ll i equivalent per 

liter should equal the sum of the ani ons measured in the same units. The diffe rence between the 

two will generally not exceed 2 or 5 percent of the total cati on and anions present in water, 

Hem, 1970. Hence, the accuracy of the analyzed samples are well with in the reaction error 

and it ranges between I and 8 percent, as a result the interpretation can safely be performed in 

waters of the studied catchment. 
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7.5 Discussion of Chemical Composition of Water Bodies 

7.5. t Rivers 

Four river samples were collected and analyzed for major cations and al1lons, nitrate and 

nitri te, phosphate, TDS and trace elements, (Table 7.2 and Fig. 7.2). Each two samples are 

taken from the upper (R, & R,,) and lower courses (R7 & R.) of the Borkena river catchment. 

As it is evident from the table, the percentage concentration of sodium and potassium 

combined is almost equal to calcium with 41 and 40 percents respectively where as the 

percentage concentration of magnesium is by fa r less and accoun ts only 19 percent of the 

cat ions. When comparison is made between the upper and lower course river waters, the lower 

course is relatively enriched with respect to sodium plus potassium combined and magnesium 

whil e lowcr in calcium concentration, (Table 7.3a and Fig. 73a). 

Table 7.2 River water samples ionic concentration in mg/I 

.---....... ~-- _ .. _-_._ .-
Ri vers Bicarbonate Chloride Sulphate Sod+Pol Ca lciu m Magnesitllil 

R, 255 18 10 25 .5 52 13 

R7 334 19 20 63.6 27 3 1 

R, 305 26 15 52.2 39 21 

Rll 257 37 17 38 55 20 

Table 7.3a Cation concentration in river waters (mg/I) 

Field 110 . R, R7 R8 Rll Average Percentage 

Sod+Pol 25.5 63.6 52.2 38 44.8 0.4 1 
Ca lcium 52 27 39 55 43.3 0.40 
Magnesium 13 31 21 20 21.3 0.19 
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The analysis conducted on major anion of waters of ri ver samples is presented in Table 7.3 b 

and Fig. 7.3b as it is shown in these, bicarbonate is by far the most abundant and accounts 84 

percent of the anions in river waters and then followed by chl oride with 7 percent 

concentratio n. The lower course is enriched with respect to bicarbonate whil e lower in nit ra te 

concentrati on. Slight va riability are reflected in the upper and lower course ri ver waters with 

their composition of chloride, sulfate, fluoride and phosphate. 
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Table 7.3b Percentage concentration of anions in ri ver water (mgll) 

~A·' ··· ·<·""_~.·. 
_______ ___.. ....... ___ < ...... . . . .. ... . ...... __ .... · ........... .. " .•. w.'.~_ 

Field 110. R, R! Rs 
Bicarbonate 255 334 305 
Chloride 18 19 26 
Sulphate 10 20 15 
Fluoride 0.22 0.36 0.29 
Nit rate 14.62 1. 77 5.76 
Phosphate 1. 2 0.2 0.78 

Percentage or A nions in Ri vers 
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Fig. 7.3b Percentage concentration of anions in river water 

Percentage 

0.84 
0.07 
0.05 
0.00 
0.04 
0.0 1 

The higher concentration of sodium plus potassium combined can be interpreted as to the 

larger plot area in the lower catchment and their corresponding utilization of fertili zer while the 

larger concentration of magnesium is attributed to their higher residence in water than calcium 

(Hem, 1970), as a result calcium might be precipitated out on the way to the lower courses. 

The higher concentration of nitrate tn the upper course might be due to oxidation of 

atmospheric nitrogen, direct discharge of sewage disposal specially at the site of Rll whi le the 

lower concentration of nitrate in the lower course might be explained as reducing environment 
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prevail in the lower course and their utilization by algal population developed on the su rface of 

the ri ver water. 

The removal of sewage toil et waste disposal into a stream is still practiced in by the 

Municipality of Dessie, hence the water analysis conducted for nitrate collected at the site (R, ,) 

shows there is a higher nitrate concentration than other course water samples taken from the 

same stream . Accordingly the responsible government body have to take acute action to stop 

such irresponsible and deliberate disposal sewage to il et waste. 

The fie ld EC and laboratory TDS measurement shows that, the lower course have higher EC 

and TDS value than the upper course with exception of EC and TDS values taken at R " waste 

disposal site. 

7.5.2 Springs 

Spring waters are more common and widely distributed all over the catchment. Five spring 

water samples were collected; three from the upper course, and two from the lower cou rses. 

The same type of analysis was conducted as for river waters, (annex 12 and Table 7.4) . The 

analys is of major cation and anion is presented in (Table 7.4a & 7.4b and Fig. 7.4a & 7.4b). 

Calcium is the dominant cation and accounts 6 1 percent of the cations concentration where as 

magnesium, sodium and potassium combined accounts 22 percent and 17 percents respectively 

(Table 7.4a) . Excluding SP' 5, the variability of cations among the ana lyzed springs are minimal 

as compared to others, SP'5 is enriched with respect to cations. 
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As in the river waters, bicarbo nate is the most abundant and dominant anion in the spring 

waters too and accounts 87 percent of the ani ons in water, it is then followed by nitrate and 

chloride with 6 percent and 4 percents respectively. The percentage contribution of phosphate 

and fluoride as compared to other anions in water is negl igible. The va riab ili ty of the anions 

amo ng springs is minimal exclud ing the concentration of bicarbonate in SP I5 Field EC and 

laborato ry TDS measurements shows that the lower course springs have higher EC and TDS 

values than the upper course springs, (Tab le 7.4b and Fig. 7.4b) . 

Nitrates are higher in the lower course springs than the upper course springs. Thi s might be 

due to the hi gher utilization of nitrate fertilizer, open latrine and more disposal of toilet sewage 

waste with its larger corresponding catchment area. 

The sli ght variability in the cati ons might be related to the direct rainfa ll recharge assi sted by 

shallow circulation of spring waters and relatively lower residence time. 

Table 7.4a Concentration of cations in spring waters 

FIELD No. SP" SP, SP6 SPI2 SP" ~ve~~~e ... .... ~~.:~.~~~.~~~~~ ... .. .... ..... .......... .... ................... ..... ... 

Soct+Pot 16.6 10.2 17.2 14.9 20.5 15.88 0.22 
Calcium 63 41 41 37 37 43.80 0.6 1 
Magnesium 18 12 9 to to IL80 0.17 

Table 7.4b concentration of anions in spring waters 

FIELD No. SP" SP2 SP6 SP 12 SP" Average Percentage 

Bicarbonate 294 197 236 178 170 215 0.87 
Chloride 12 10 7 10 12 10.2 0.04 
Sulphate 9 7 6 4 10 7. 2 0.03 
Fluoride 0 .22 0. 12 0.16 0. 13 0. 12 0. 15 0.00 
Nitrate 12.85 11.96 0.44 16 30.88 14.42 0.06 
Phosphate 0.2 0.86 0.42 0. 19 0. 15 0. 36 000 
TDS 355 244 240 218 244 260.2 
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Fig. 7.4b Percentage concentrat ion of anions in springs 

7.5.3 Hand Dug Well and Borehole 

Five samples were collected from the wells: four from hand dug well and one from borehole. 

Two samples were from the upper course (HW I & BI-h) where as the rest were coll ected from 

the lower course of Borken a catchment (HW6, HWg, & HW JJ ) . The type of analysis conducted 
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on this samples are given m (annex 12) . The separate analysis of cations and anions are 

presented in Table 7.5a & 7.5b and Fig. 7.5a & 7.5b, as it is shown in the tables and fi gures, 

calcium is the dominant cation and accounts 59 percent whil e magnesium, sodium and 

potassium combined accounts 17 and 24 percent respectively . T he variability of cations with 

respect to calcium is large where as variability is slight in the cases of magnesium, sod ium and 

potassium combined concentrations. Among hand dug wells analyzed, HW I I shows higher 

concentration of cations and anions than other wells. 

Table 7.5a Distribution of cations (mg/I) in hand dug well water samples 

...... ~" .. - -----"" •.. -~, .~ .... ~, • . • --.-----..,..-• • • ~ .... .. Q 

Field no. HW, HW, HW ll BH, HW, Average Pcrcenta~e 

Sod+Pol 27.9 9.6 37.7 19.7 14.9 21.96 0.24 

Ca lcium 70 43 84 27 44 53.60 0.59 
Magnesium 18 12 20 12 13 15.00 0 .17 
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Fig. 7. 5a Percentage concentration of cations in hand dug well water samples 

From Table 7.5 b & Fig. 7.5b, it obvious that bicarbonate is the dominant anion and account 84 

percent of the anions in the analyzed well water samples. It is then fo ll owed by nitrate and 

chl oride with 7 and 6 percents contributions respectively. The vari abil ity of bicarbonate among 
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the analyzed well samples is large. Leaving the anionic concentration of HW II , the variability 

of other anions is minimal. The higher concentration of anions and cations in HW II might be 

due human impact. As it is open to the atmosphere and no surface protective cover is made, 

surface inflows probably loaded with wastes are directly entering into it during the rainy season 

moreover people used wash their close and animals used to drink the same water. As in the 

spring waters, the percentage concentration of phosphate and fluoride is negligible, (Table 7.S b 

& Fig. 7.Sb) 

Table 7. Sb Concentration of anions (mg/I) in hand dug well water samples 
_ _ ~-....w .. ..----. 

Field no. HW, HW I HW ll BH, HWs f\verage Percentage .. 
Bicarbonate 366 226 295 177 219 256.6 0.84 
Chloride II 8 49 10 9 17.4 0.06 
Sulphate 10 3 25 3 5 9.2 0.03 
Fluoride 0.26 0 .12 0.28 0. 1 0. 15 0.18 0.00 
Nitrate 14.62 8.86 66.45 7.97 10.63 21 .7 1 0.07 

0.24 0. 17 0.35 0.45 0.29 0.3 0.00 fh<?sp!~ ..... __ . '"_ ... ···· ........ · ..... ·. _ ,_~ ..... ·._ .... ,.,,_ ... · ... ~'""......,. . v._ ... · . .,. ___ ....... " ... ~v ............ 
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7.6 Classification of Water Types 

In order to identify the surface gro undwater interacti on and utilization of water fo r va ri ous 

purposes, it is essential to categorize and classify water on the basis of their respective 

percentage composition of cations and anions. The classifi cation and grouping scheme was 

done for water of springs, hand dug well s and rivers. 

The plotting points on a tri-linear diagram was done based on a computer program call ed 

Aq uachem. As it is shown in the Fig. 7.3a, the river shows similarity with respect to sod ium 

and potassium combined , and calcium where as lower in magnesi um concentrat ion on the 

contrary the groundwater shows calcium dominance with relatively equal proportio n of sodi um 

and potassium combined and magnesium. The percentage concentrati on of calcium, sodium 

and potassium combined and magnesium is 40, 4 1 and 19 percents whil e in the case of sp ring 

and hand dug well waters, it becomes 6 1, and 59 percent in calcium, 17 percent each in 

magnesium and 22 and 24 percents in sodium and potassium combined respectively. 

The analysis conducted on all water samples of the stud ied catchment shows that bica rbonate 

is the dominant . an ion in a ll water bodies with percentage concentrati on slightly va rying 

between 84 and 87 percent in groundwater and sUlface water respectively. When comparison 

is made between ionic concentration among various water bodies, it is the ri ver water that 

shows dominance in both maj or cations and anions which is then fo llowed by hand dug well 

and springs, (Table 7.1 and Fig. 7. 1) . 
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Based on the analysis and discussions conducted so far on water bodies of the stud ied 

catclunent and their respective plot on a bar graph and in a tri-linear diagram shows that the 

ri ver water is classifi ed under sodium-calcium bicarbonate type water where as the 

gro und water (springs, hand dug well s and boreholes) is classifi ed under calcium-sodium 

bica rbonate type water. Accordingly two types of water are identified in the studied catchment, 

(Fig. 7.6a, b, and c) . 
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7,7 Othe,' Relevant Pa,'amete,'s 

7,7, 1 Electrical Conductivity (EC) and Total Dissolved Solids (TDS) 

The fi eld measured variables included in thi s work is only EC value . The EC va lue measured 

on the field shows that most of the water bodies have EC value less than 400 ~LS/cm, (annex 

II). Of the fourteen water samples, eight of them have EC below 400 IlS/cm, six of them have 

EC between a little more than 400 IlS/cm and 560 ~L S/cm (Table 7.6) . 

Table 7.6 Field EC values of water samples 

Sa lnple lypeR,; R,7 ........ & ........ R,.I.I ... 1:1.1¥.1 .. 1:1.1¥" .. !:f.I¥! f:!\"J! BH, SF'7 .. s.F'? ..... ~.F'HSP,L 
_~C (ftS/em) 275 ':2.~27. .. _ 433 270 428 286 555 220 274 240 243 509 

The low and slight variabi li ty in their EC values are typical of volcanic terrains in whi ch the 

dissolution and leaching of minerals of the rock is minimal unless the water is of aggressive in 

nature (i.e., having hig her concentration of disso lved carbondioxide) . The highest EC value 

measured in the catchment is 555 ~LS/cm, thi s higher value in EC is also refl ected in the 

analyzed major cations and anions . The average EC value for water bodies are plotted in Fig. 

7.7 and it is evident that the river water has higher EC and TDS va lue than the gro und water. 

This might be associated either with the higher effluents from town and industries (slaughter 

house and Tannery) waste disposals located within the catchment into the river course or clue 

to evaporation concentration. 
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Fig. 7.7 Mean EC value of water bodies 

7.7.2 Fluoride 

The fluoride concentration in the stud ied catchment is well with in the limit of the water quality 

cri teria set by WHO for drinking water purpose. Even it is lower than the lower limi t whi ch is 

0.5 mg/1. In the studied catchment, the overall average concentration of fluoride is about 

0.2 mg/1. The concentration of fluoride shows slight vari abi li ty between O. I mg/l and 

0.36 mg/1. 

The concentration of fluoride in natural water bodies comes from chemical weathering of 

acid ic igneous rock, atmospheric dust of continental source and often associated with vo lcanic 

and fumarolic gases, (Hem, 1970). The exposure of acidic volcanic rock is velY limited, hence 

their contribution of fluoride into the water bodies is minimal, so that is why flu oride has velY 

low concentration in the studied water bodies as compared to the rift water which thei r higher 

concentration is refl ected by tooth mottling . The contribution from atmospheric and industria l 

sou rce are safely ignored as there are no such sources in the region of interest. 
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7.8 Water Quality 

Water quali ty standard are regulations that are set specifi c li mitation on the chemica l 

constituents present in water. Accordingly their utilization and consumption for various 

purposes are examined m view of rejecting or accepting it for domestic, agricultural and 

industrial uses (Fetter, 1994) . 

The quality of water is as impol1ant as its quantity The quality of water is determined through 

the analysis of its physical, chemical and biological parameters. In this work emphasis is mainly 

given to the chemical water quality in relation to the WHO standard for drinking purposes. 

7.8.1 Water Quality Criteria 

The quality of water is determined through compan son of the analyzed results with the 

standard limit set by WHO . Hence, this determines their usefulness for industry, agriculture 

and domestic purposes (Todd, 1980) . 

More often TDS and EC values measured at the laboratory/fi eld is used as one of the basic 

too l limit ing their utilization. Accordingly the average TDS and EC measured for the water in 

the catchment was 303 mgll and 347 ~IS/cm, as a result all water can be grouped as fresh water 

and is used for all purposes. 

Another parameter which can be used as water quality parameter is hardness whi ch is 

generated due to the presence of divalent metalli c cations such as Mg and Ca present in water. 
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The higher concentration of thi s divalent cations in water limit their utilization for house hold 

cleaning purposes. The main problem in uti lizing thi s water is the development of scale on 

water sUlface and needs extra consumption of soap (Todd, 1980). 

H ard ness (HT) of a water where Ca and Mg are in milligram per liter can be given by the eq . 

below (Todd, 1980) 

HT= 2.SCa+4. 1 Mg 

The degree of hardness in water is commonly based on the classification listed in Table 7.7. 

Tab le 7.7 Hardness Classification of water 
(Sawyer and McCarty, 1967 cited in Todd, 1980) 

Hardness, mgll as CaCO, 

0-75 

75- 150 

150-300 

over 300 

Water class 

Soft 

Moderately hard 

Hard 

very hard 

Accordingly water bodies in the studied catchment are classified as soft water (Tab le 7.8) 

Table 7.8 Range of hardness in water bodies 

Sa mple type 

SP 

HW 

R 

hardness. mgll waleI' class 
.............. ... .................. ................... ............... 

9.5 soft 

I 1.8 

12.7 

soft 

soft 

I. Drinking Water Quality 

Al most all the analyzed water bod ies in the studied catchment li es well with in the sta ndard 

li mit set by UK (1989) and WHO ( 1993). For the sake of comparison, (Table 7.9) 
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Table 7.9 Compari son of water quality guideline values with the ana lyzed water samples 

Pa rameter UK (mgll) WHO (mgll) Sa mpl e Iype 

s.p HW R 
50 4 250 250 7.2 9.2 15.5 

Mg 50 30 11 .8 15 2 1.3 

Na 150 200 20.2 2 1 -I I 

K 12 10 0.8 I 3.8 

NO, 50 50 14.4 2 1.7 13.3 

NO, 0. 1 3 < 0.0 1 <0.01 < 0.0 1 

F 1.5 1.5 0.2 0.2 0.3 

CI 400 250 10.2 17.4 25 

Ca 250 100 43 .8 53.6 -n .3 

B 0.2 0.3 0.45 0.27 0. 52 

EC 1500 3 16.5 35 1.8 37 1.8 

Ag 0.0 1 <0. 1 <0. 1 <0. 1 

Cd 0.005 0.003 <0. 1 <0. 1 <0. 1 

Cr 0.05 0.05 <0. 1 <0. 1 <0. 1 

Pb 0.05 0.0 1 <0.1 <0.1 <0. 1 

Ni 0.05 0.02 <0. 1 <0. 1 <0. 1 

ZIl 5 <0.1 <0. 1 <() . I 

Cli 3 2 <0. 1 <0. 1 <0.1 

Fe (ta l) <0. 1 <0. 1 <0.1 

M il 0.05 <0. 1 <0 . 1 <0. 1 
........ ~ ....... ~ .... -"" .... ~ ..... - .. - ., ..•. - .•.. - ... ~.-..•... ~ ..... ""~~ ... ~ 

UK, 1989 and WHO, 1993 after Tebbutt, 1998 

Since there is a problem in the precision of the instrument used to determine trace element, 

hence no compari son is made between the water qu al ity criteria set by UK (1989) and WHO 

( 1993) and the analyzed water samples, (Tab le 7.9) . Generall y it can be sa id that the wa ler 

bodies in the studi ed catchment can safel y be used for drin ki ng pu rposes basica lly on the 

chemical analysis result s of major cations and anions . If just to be more safe from the danger of 

pathogens and trace elements, bacteriological analysis and precise trace element analysis is 

essential. 
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11. In'igatiQIl water Quality 

The suitab ility of water for irrigation depends on the chemical composition of the water and it s 

adverse effect on the soil and plant (Todd, 1980). For instance salt may harm plant growth 

phys ically by limiting the uptake of water or chemically by metabolic reactions such as those 

caused by tox.ic constituents. Effects of salt on soils, causing changes in soil structure, 

permeabi li ty and aerations indirectly affect plant growth. 

An important factor related to plant growth is drainage. If the so il has well drainage, salinity 

problem is that much significant. Accordingly salinity problem in the study area is by fa r out of 

trouble, so from the point of salinity view, the water bodies can safely be used for irrigation. 

The concentration of sodium in water is an important factor in determining its utili7.ation for 

irrigation because higher concentration of sodium in soil results in so il harden ing by reducing 

permeab il ity of the so il. Soil containing large quantities of sodium with bicarbonate 

predominant ani c;> n is termed as alka li so il ; those with chloride or sulphate as the predominant 

anion is termed as saline. Ordinary either type of sodium-saturated soil sUppOl1 little or no 

plant life (Todd, 1980). 

The danger of utili zing water containing higher quantities of sodium is expressed by sodium 

adsorption rati o, SAR; given below (Todd, 1980) 

where concentration of ions are expressed in mil li equivalent per li ter 
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As indicated in Fetter, (1994) : ifSAR value is 2 to 10, then there is little hazard , between 7-

18, medium hazard, SAR between 11-26, high hazard, SAR value over 26 then there is very 

high haza rd. The comparison of SAR values given in Fetter, (1994) and those calculated for 

the catchment is presented in Table 7. 1 ° 

Table 7. 10 Comparison ofSAR values of water sample 

Sample Type 

R 

HW 

SP 

Computed SAR 

1.3 

0.6 

0.5 

SAR in Fener, 1994 

2-10 

7- 18 

11-26 

> 26 

Designalion 
........... 

Lin le hazard 
Medium hazard 

High hazard 

V. high hazard 

As it is presented in Table 7. 10, there are no potential hazard of soil hardening resulting from 

the utilization of water bodies in the studied catchment for irrigation practices. 

Another important parameter in irrigation requirement is the quant ity of boron present in 

water. If the concentration of boron exceed a certain limiting value, it becomes toxic to plants. 

The quantities required vari es with the crop type; in case sensitive crop require minimum boron 

where as tolerant crop withstand higher quantities. The relative tolerance of crop to boron is 

summarized in Table 7. 11 , Wilcox, (1955) cited in Todd, ( 1980). 

Table 7. 11 Quality class ification of water for irrigation (After Wilcox, 1955 cited in Todd, 1980) 

Water class 

Excellent 
Good 

Pennissibk 
Doubt ltll 

%Na 
<20 

20-40 
40-60 
60-80 

EC (IiS/em) 
<250 

250-750 
750-2000 

2000-3000 

Sensitive crop 
<0.33 

0.33-0.67 
0.67-1.00 
1.00-1.25 

> 1.25 
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Boron, mgtl 
semi toleranl crop Tolerant crop 

<0.67 < I 
0.67-1.33 1-2 
1.33-2.00 2-3 
2.00-2.50 3-3. 75 

>2.5 >3.75 



As it is shown in Table 7.12 and annex 12. All the ana lyzed water samples fall s within the 

standard limit of Boron. Hence no danger of boron is expected in utilizing the water for 

irrigat ion scheme. 

Table 7.12 Computed sodium percent ratio and boron in water samples 

. Sa lllp~~F.~e ____ ~~W~a~le~r~C~la~s~s __________ ~%~N~a~ __ __ 
HW Good 20 
SP Excellent 18 
R Good 33.6 

m. Industrial water quality 

B 
0.27 
0.45 
0:52 

The water quali ty criteria for industries vanes with the type of industries and the process 

plants. More commonly sal inity, sili ca and hard ness are impO t1ant parameters for industrial 

process waters. The recommended limiting concentration for various industries process water 

are presented in (annex 13) (Todd, 1980). Accord ingly most of the analyzed water samples fa ll 

within the accepted li mit. However, some ions like nitrate and ni trite do not sati sfy the 

requ irements set fo r dai ry, food canning and freezing industries. Hence the quality of the fi nal 

product processed in thi s plants might be lowered. 

7.9 Pollution of water bodies 

T he air we breath, the water we ingest and the soil in which we cultivate our plants largely 

determine our chance of living longer and more producti ve life or in the contraty our chance of 

developing seri ous health problems (Boktin and Kell er, 1987). 
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When the concentration of a cel1ain substances exceed a standard limit and cause adverse 

effect to humans, domesti c animals and to the ecology then it is said unfit for that pu rpose. If 

the limit of substances in water exceeds the standard cri teria, then it is call ed polluted and unfi t 

for any use. The pollutio n of water can be caused either naturall y or th rough man-made effects, 

for instance the higher concentration of fluoride in the rift va ll ey water is natural pollution 

where as the pollution Akaki river by nitrate and other trace elements released from industri es 

is man made (END A Ethiopia, 1999). Acco rdingly the probable pollution of the Borkena river 

catchment is examined with this perspective. 

Stream pollution control has become one of the principa l problems facing modern civilization . 

The effect of pollution in one part is economic as in the added cost of purifYing the water for 

municipal or industrial use. Pollution may make natural water unfit as an environment for fish 

or other wild life and has caused extensive killings of fi sh on numerous occasions. Po ll ution of 

streams, lakes and even coasta l waters has rendered this natural resource unsuitab le for 

rec reation, preventing the enjoyment of swimming, boating and similar water side acti vities. 

Waters that are severely polluted may be esthetically offensive to the eyes and nose (Gurnham, 

1965) 

Industrial waste is considered one of the cause of stream pollutio n. It is roughly comparable in 

its nation wide pollutional effect with municipal sewage and other sanitary and domestic 

wastes. A third major source of contamination is agricu lture, which di scharge both excessive 

quantities of silt and chemicals leached or washed from the so il (Gurnham, 1965). 

In any case the pollution of water has adverse effect both on the environment and the ecology. 

If there is a need to conduct as to how much a water is polluted , one should conduct a survey 
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of how many incidences of illness or deat h or both is reported from using the polluted water 

(Pandey, 1997). 

Since there are ,more industri es (such as Textil e, Tannery, Poultry, BrewelY, Steel, Food 

processing and Slaughter house) located with in the catchment and almost all of them release 

their wastewater di rectly into the river, there is a potenti al danger of contaminants due to the 

increment of Biological Oxygen Demand (BOD), Mn, Cr, As. Even if there are no trace 

element data suppOJ1ing the idea, the analysis conducted on the major cati on and anions of the 

river water is higher than both the springs, hand dug well and boreholes. Hence thi s might 

indirectly indicate high inflow of effluents into the stream otherwise the concentration of the 

ions in stream should be less than the groundwater bodies. Accordingly the potentia l danger of 

effluents of each ,industries are discussed below 

A) Slaughter house, meat canning and poultt)' farm industt)' 

The mai n waste from such industries is the release of higher quantities organic materia l into the 

stream. In effect, the decomposition of these materials create unpleasant odor onto the 

enviro nment and severely deplete the di ssolved oxygen (DO) in the ri ver. 

B) Leather lndllsh), 

Tannery waste is mainly water borne and has all the undesirable characteri sti cs whi ch make for 

pollution: Hig h biological oxygen demand (BOD), high solids, suspended soli ds, so luble 

materi al, color and odor (O 'Flaherty, 1965) 
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The toxicity of tannery waste is mInor consideration, but such material as arsellic (As), 

chromium (Cr), high alkalinity or acidity and sulfides present can be objectionable if they are in 

high concentration (O'Flahet1y, \965). 

C) Textile Industl'y 

The main waste characteristics from such industries include dyes, starches and detergent which 

undergo biological and chemical change that consume dissolved oxygen from stream and 

destroy aquatic life . Metals such as chromium (Cr) and zinc (Zn) are toxic to aquati c life 

(Souther, \965). The decomposition of organic waste also create obnoxious odor. Hence, such 

industry present in the studied catchment, the potential harm from metals mentioned above is 

possible. 

D) Metal Industry 

The wastewater from metal industry generally include high suspended solids, acid water such 

sulfuri c, phosphoric, nitric and hydrochloric acids which are repeatedly used in the stain less 

steel processes and high grease and oil which are washed out from the different sector of 

process lines. The adverse effect include depletion of dissolved oxygen, changing of the natural 

pH condition of the water there by affecting aquatic life (Bramer, J 965). 

0) Brewery Industry 

The wastewater from such industries is highly loaded with organic material. The di scharge of 

such waste into the river and their corresponding decomposition result s in depleti on of 
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di ssolved oxyg en and creati on of bad odor and their settlement to the bottom of the river bed 

is deleteri ous to bottom dwelling organi sms. Indirectly it reduces the permeabi lity of the 

riverbed sediments. 

E) Nitrate Pollution 

There is a pote ntial of nitrate po llution in almost 50 percent of the ana lyzed samples. Specially 

one of the hand dug well (HW II) is strongly polluted with respect to nitrate with concentrati on 

reaching about 70 mg/1. As stated in Tebbutt, (1 997), if a baby below six month is bottle fed 

with milk made up with water containing more than 10-20 mg/I of ni trate, there is a possibility 

of the nitrite absorbed in the blood preventing oxygen transpol1 and caUSll1g 

methaemoglob inaemia, ' blue baby ' di sease. 

Even if there is high inflow of nitrate from sewage disposal into the ri vers, the correspond ing 

percentage concentration is only 4 percent of the total ani ons and is less than the ground water 

bodi es, thi s might be explained by the removal of nitrate by algal population in river water. The 

percentage concynt ration of chloride and sulphate in a ll water bodies show slig ht vari ab ility bu t 

their actual concentration in the river water is higher than both in the springs and hand dug 

well s. 
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CHAPTER 8 

Conclusion and Recommendation 

Hydrogeological investigation of the Borkena River catchment was done by conventional 

geologica l description and mapplllg of the different lithologic unit, analysis of 

hydro meteorological data, river di scharge and spring di scharge measurements. Accordingly 

four hydro stratigrap hic units are recognized and mapped at the sca le of I :50,000. The water 

chemical analysis conducted sho ws that two water types are ava il ab le and characterize the 

ground and surface water bodies. Basically two rock units are identifi ed. These are the 

volcanic and Quaternary sediment with volcani c being outcropping in the topographically 

eleva ted, steep slope region and on the recharge zone while the Quaternary sediments are 

exposing in topographical lows, gentle slopes and on the discharge zones. 

The climate of the regIon vanes between subtropical and subhumid. The catchment is 

characterized by rugged topography that resu lts in dense drainage patterns dominated by fir st 

and second order streams. The river flow direction generally follows the decrease in elevation 

fro m north to south . 

From fi eld investigation and review of regional works, seven lithologic units are identified in 

the studied catchment. These are very recent river channel deposits, alluvial and co lluvial 

deposits, colluvial deposits, fractured massive basalt, welded and unwelded tuff, sco raceous 

and basa lti c lava fl ow and rhyolite. Among w hi ch the scoraceous and basalti c lava flow and the 
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QuaternalY sediments cover more than 70 percent of the studied catchment. Structurally, the 

studied catchment is affected by three set of fault having NNW-SSE, NNE-SSW and E-W 

orientations. In the study area, the N-S faults are more common than the E-W fau lt and locally 

it was observed that the E-W fau lt crosses the N-S fault implyi ng the later is older. The 

basalts and the rhyo lite in the studied catchment co rresponds to the Tarmaber (26-28Ma) and 

Alaji unit (28-32Ma) 

From the analysis of meteorological variables recorded in the fi ve stations located in and 

arou nd the catchment, the mean annual rainfall the catchment receIve IS 1028 mm. The 

computed potential evapotranspiration from the existing meteorological variables through the 

app li cation of modified penman method generates 1339 mm. 

Actual evapotransp iration and soil moisture were ca lcu lated from the Thornthwaite and 

Mather ( 1955) soil-water balance approach and is obtained as 860 mm and 226 mm . From the 

surp lus calculated by Thornthwaite and Mather, 50 percent is avail able for sUlface runoff. The 

computed runoff coefficient would become 0. 11. Therefore, the catchment receives 50.7 

million cubic meter (mcm) of recharge water per annum. 

Four hydrostratigraphic are recognized in the catchment. The most promising being the ri ver 

channel and colluvial deposits followed by scoraceous and basaltic lava flow however its 

topographic and geomorphic position largely reduce and limits the storage capacity. 
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From weJl s driJled in the catchment, the Kombolcha subcatchment is characterized by many 

aI1esian type weJl s. BasicaJly two subcatchments are identified and mapped depending on the 

hydrogeological conditions of the rocks and local groundwater fl ow patterns. 

Water balance analysis for the subcatchment and the entire catchment resul ts in the foJlowing : 

• The D essie subcatchment receIves 18 mcm of recharge water per annum and 102 

mcm water leaves the catchment through runoff and evapotranspirati on 

• The Kombo lcha sub catchment receives 32.4 mcm of recharge water whi le 

18 1. 5 l'!l cmleaves the area as runoff and evapotranspira tion. 

T he hydrochemical studies conducted showed that the surface water is do minated with respect 

to major cations and anions than the corresponding groundwater bodies. Accordingly the 

plo tt ing of percentage concentration of values on a tri -li near d iagram enabled to identify two 

types of waters. Under thi s condition, the river water is classified as socl ium-ca lcium­

bicarbonate where as the groundwater (springs and hand dug weJl) is characterized by calcium­

sodium bicarbonate type. Except some deviation in nitrate and boron concentration, the water 

bod ies in the stuoied catclullent faJls with in the standard limi t set fo r do mestic, industrial and 

agricul tural purposes by WHO. 

Even if there are no trace elements analysis supporting poJlution fro m industrial efflu ents 

located with in the catchment, the potential hazard of these industri es are stiJl there as most of 

them scarcely have treatment plant in their compound . 
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The following recommendations are fOlwarded 

).- To calculate the water balance efficiently, better to install additio nal stream gaging 

stations in the catchment. 

).- pumping test data are lacking, so further pumping test data are required to efficiently 

compute the groundwater reserve and characterize the aquifer. 

).- [nstruments with high precision are required to accurately determine the degree and 

extent of pollution from industri al wastewater. 

~ Since the pollution is still there, further planning, ut ilization and management should 

take into account the effects of nitrate pollution. 

).- FUl1her bacteriological and trace elements analysis are recommended in order to be 

sure that the danger from pathogenic organi sm and toxic trace elements is safe. 

).- Since there is a potential pollutional risk of the water bodies of the studied 

catchment, policy maker in the region should put clear environmental policy and 

properly follow their implementation otherwise future generation will not be out of 

these problem. 

).- There is unwise waste disposal system. Specifically the rel ease of toilet waste 

di sposal by the Municipality of Dessie into the Borkena river. Hence in order to 

rescue down stream dwellers fi'om health ri sk and pollution of aq uifer from nitrate, 

the Municipality should stop releasing waste into the water body. 
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Annex 1 Monthly Stations Rainfall (1962-1 999) 
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Continued 

~ 
Year Cheffa Kombolcha Dessie Kutaber Haik 

1975 1119.1 11 35.3 11 0 1.7 

1976 956.8 1057.9 9 14.1 

1952 956.1 1977 1180.6 1091. 9 1229. 7 

1953 1293 .9 1978 875 857.5 942.1 1007.7 

195-1 1144. 1 1979 11 66.2 1021.6 1206. 3 464 

1955 1183 1980 863.7 995.7 967. 9 1021.3 990.2 

1956 936.7 235 1981 934.1 983 .8 1131 672.2 1340.6 

1957 1205.3 269 1982 1215.8 11 11.5 11 05.1 1066 92 1.2 

1958 1071.7 0 1983 487.5 1032.1 632.5 1022.5 1235.5 

1959 11 95 4 123 .6 198-1 598.5 706. 8 480. 7 572. 8 

19G0 9 13.6 672 1985 523.3 1005.3 1111.3 997.9 1004.5 

1961 1073 919.8 1986 1085 1254. 8 1242.3 1152 .3 

1962 1934 11 02.9 950.2 1987 51U 800.2 9144 1095.3 1038.9 

196 3 753.7 1095 .3 323 .5 1988 74 11 94.1 1439.3 1253.8 \368 

196-1 694.8 1324. 6 101 1989 1149 975 .8 974.4 703 

1965 750.5 74 L5 576 1990 893.8 810.7 13 9.9 1088.8 

1966 499 4 9 13 21 0 199 1 672 1160.9 1077 1161.2 

1967 10 12.5 1131.1 1992 1451.1 11 9 L5 1003.1 1290.2 

1968 1254.5 1076. 1 1993 1280 1439.5 988.5 121 6.9 

1969 1320 1307.6 199-1 1204.9 1337.1 14 18.8 1153.7 

1970 929.8 1067 1995 1096 14 34 .7 1129.6 1234.9 

197 1 931.5 859.5 1996 11 27.5 1320.7 1220.4 1364.5 

1972 9274 822 1997 1016.5 1248.6 12 18.5 \330.1 

1973 841.6 7 19. 5 1998 1319 .3 1486 .3 1289.8 1453 .6 

19 7-1 1207.2 1034.4 1999 10534 1053.4 119 1. 8 1107.1 
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Annex lA method of 
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I 

I 

Effective ra infall deoth of Au 'lIst isohyct 
Contour interval area bIn contour ave, contour % of total an:a we ighted Oul (nun) 

248-252 32 [ 250 0.099 24.643 
252-256 32.8 254 O. [O[ 25.583 
256-260 23.375 258 0.072 [S.5 [ 9 
260-264 22.575 262 0.069 [8. [63 
264-268 26.325 266 008 [ 21.503 
268-272 27.775 270 0.085 23.029 
272-276 29.8 274 0.092 25.074 
276-280 29.325 218 0.090 25.034 
280-284 29 [ 282 0 .089 25. [99 
284-288 26.25 286 0.08 [ 23 .054 
288-292 [7.725 290 0.054 [5.785 
292-296 8.675 294 0.027 7.832 
296-300 8.65 298 0.027 7.9[6 
300-304 645 302 0.020 5.982 
304-308 3.625 306 O.O[ [ 3406 
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Annex IB J ; , :~o'en polygon method of computing weighted monthly rainfall 

Annex Ie Computation of mean monthly rainfall by using arithmetic mean method 
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Annex I D Comparison of rainfall computed using different methods 

Month Arithmetic mean 
method 

Thiessen Polygon 
method 

Isohyetal 
method 
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Average of the three 
methods 

Average of thiessen and isohyetal 
method 



Annex 2 Monlhly Temperalure Al Kombolcha 

Annex 3 Monthly Relative Humidity At Kombo1cha 

Annex 3A Mean Minimum Relati ve Humidity At KomboJcha 

Annex 3B Mean Maximum Relative Humidity At Kombolcha 

Month Jan Feb Mar Apr Mal' Jun Jul Aug Sep Oel Nov Dec 
Max a16:00 94 97 92 96 81 74 89 90 90 92 9~ 91 
Max at 12:00 70 73 63 67 52 43 63 65 65 64 63 71 
Max at 18:00 91 93 85 92 87 60 70 84 89 91 90 89 
Meall:'Ipax '\ i s.5.00 WU/J · :.80 I1F lis <7:bl$ if §9 t<" '!! .·' ,]9:6,1 :·· 8J}~$ 82.33 < ~2.33 83:67 
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Annex 4 Computed Mean Monthly Saturation and Actual Vapor Pressure At Kombolcha 

Month Jan Feb Mar Apr May lUll Jul Aug Sep Oct Nov Dec 

Mea n temp.("C) 16.9 17.9 19 .3 19.9 20.9 22 . 1 20. 7 19.9 19.2 17.5 16. 3 16.1 

Sal. vapor pressure Cea) 16.0 17.2 19.0 19.8 21.2 230 20.9 19.8 18.9 16.7 15.3 15. 1 

Mean ReI. humidity 6 1.8 60.9 60.3 59.6 49. 1 40. 1 58.3 64 .3 64. 1 59 .3 57.6 59 .9 

A. Vapor pressure (ed) 988 1051 1144 11 79 1038 922 1217 1270.5 12 11 990 88 1 905 

Annex 5 Ohe Year Daily Piechie Evaporation At Kombolcha 

lan Feb Mar Apr May JUIl Jill Aug Sep Oct Nov Dec 

mean 5.50 4.80 4.50 3.68 5.46 8.03 4.99 3.29 3.67 4.3 1 4.47 3. 96 

Daily total 170.5 134.4 139.6 11 0.5 169.4 240. 8 154.8 102.1 110.2 133 .6 134 .1 118.7 

Min. 3 0.6 2 1.1 1.4 4 .2 \..5 1. 5 1.7 1.4 1.2 1. 3 
Max. 7 10.7 9.3 7.8 8.6 11.4 11.4 5.6 6.2 6.3 6.4 5. 8 

Annual 1203.1 

Annex 6 Monthly Wind speed At Kombolcha 

Annex 7 Monthly Sun shine Hour At Kombolcha 
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Annex 8 

Month T (oc) 

Jan 16.9 

Feb 17.9 

Mar 19.3 

Apr 19.9 

May 20.9 

JUIl 22.1 

Jul 20. 7 

Aug 19.9 

Sep 19.2 

OCI 17.5 

Nov 16.3 

Dec 16. 1 

Where ed 
e, 
R 
U2 

n 
N 

f, 
R, 
'RI 
ARo 
T 
0 

IRo 
H 

Computat ion of potential evapotranspiration by Penman (1) 

e, R Cd U, T ("F) 

13.80 0.618 8.53 73.65 62.36 

14.83 0.609 904 8 1.10 64.28 

16.26 0.603 9. 80 77.26 66.76 

16.90 0.596 10.08 76A6 67.81 

18.05 OA91 8.86 74.91 69.61 

19.56 OA01 7.85 84.8 1 71.81 

17.82 0.583 10.39 84.3 1 69.24 

16.89 0.643 10.86 75.53 67.78 

16. 18 0.641 10.37 57. 14 66.62 

14.37 0.593 8.53 49.76 63A5 

13.24 0. 576 7.63 53.69 61.25 

1309 0.599 7.84 6 1.58 60.96 

Actual vapor pressure 
Saturation vapor pressure 
Relative humidity in percent 
Wind speed in mile/day 

T (oK ) 

289.87 

290.93 

292.3 1 

292 .89 

293.89 

295 .12 

293.69 

292 .88 

292 .23 

290A7 

289.25 

28909 

Daily mean bright sunshine hour 

n N nlN f, R, 

7AO 11.54 0.64 0.533 12.6 

7.26 11.76 0.62 0.5 19 13.75 

6.74 12 0.56 OA89 14.72 

6.85 12.34 0.56 OA85 15 .2 

7.74 12.64 0.61 0.517 15.07 

6.30 12. 76 0.49 OA51 14 .9 

5.04 12.66 0.40 0.399 14.99 

5.70 12.44 0 .46 OA32 15.04 

5.76 12.12 0.48 0.44 1 14.76 

7.89 11.8 0.67 0.548 14.07 

8.47 11.56 0.73 0.583 12.92 

7.94 11.44 0.69 0.562 12.29 

' R, ARo 'Ro H E, 
6.38 13.77 2.77 361 2.28 

6.78 13.96 2.65 4.14 2.66 

6. 84 14.23 2AO 4A4 2.88 

701 1435 236 4.65 3.02 

7AO 14.55 2.77 4.63 4.02 

6. 39 14.79 2A8 3.91 5. 52 

5.68 14.5 1 1.79 3.89 3A9 

6.1 7 14.35 1. 94 4.23 2.65 

6.19 14.21 203 4.1 6 2.18 

7.32 \3.89 2.90 4A3 2.04 

7.15 13.66 3.23 3.92 2.04 

6.56 13.62 304 3.52 2.05 

Maximum possible sunshine hour determined by latitude and season and available in standard 
meteorological table 
a function of sunshine hour and is given by eq. 4. 14 
solar radiation fixed by latitude and season 
Incoming solar radiation given by eq . 4.12 
= 0*T" theoret ical black body radiation 
Temperature in degree Kelvin (Ok) 
Stephan Boltzman constant (567* 10-8*Wm-2k-2

) 

Out going solar radiation and given by Eq . 4. 13 
Available heat , given by eq . 4. 11 
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to Eo PE 
1.22 104.35 73.04 

1.30 10867 84.22 

lAO 129.78 90.84 

1A5 131.75 95.30 

1.53 140.70 98A9 

1.63 124.27 89.89 

1.51 118.63 83.04 

1.44 123.52 86A7 

1.39 115.23 83.35 

1.27 124.23 86.96 

1.18 107.22 77.55 

1.17 97.30 70.38 



Where 

E, Energy for Evaporation (mm/day), given by eq . 4.15 
t; The slope of the Saturation vapor pressure plotted against temperature and given eq. 4.8 
Eo Open water evaporation (mm/month) given by eq. 4. 10 
PE Potential evapotransp iration (mm/month) and given by eq. 4 .1 6 

Annex SA Computation of potential evapotranspiration by using modified Penman method (Penman 2) 

(, 

' RJ 
'Ro 
Eat 
HT 
PE' nd 

nmction of wind speed, given in eq. 4.21 
Incoming so lar radiation, given in eq. 4 .20 
Outgoing solar radiation, given by eq. 4.22 
Energy for evaporation, given in eq . 4 . 19 
Available heat , given by eq. 4 . 18 
potential evapotranspiration (mm/month), given in eq. 4.17 
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Annex 9 Computation actual evapotranspiration (ET m) fro m Soil-water balance approach developed by Thorntwaite and Mather. The 
maximum soil moisture holding capacity of all the soil is 150 but the mean value (116.67mm) was used for calculation actual 
evapotranspiration of the catchment. 

Month Pm PEm Pm - PEm Awl S , (FS) S (SL) 
Ja n 27.64 97.26 -69.62 -305.92 4.69 
Feb 40.3 1 111.06 -70.75 -376.68 2.31 
Mar 77.10 118.33 -41.23 -417.91 1.53 
Apr 92.35 123.87 -31 .52 -H 9.43 1.12 
May 71.03 13130 -60.27 -509.70 0.61 
Jun 3~.84 120.Q2 -85 .18 -594.87 0.26 
Jul 26 1.00 105.65 155.35 100 
Aug 273.65 109.89 163.76 100 
Sep 129.45 106.15 23.30 100 
Oct 42.66 115.35 -72.69 -72.69 48.34 
No\' 20.93 105. 11 -84. 18 - 156.87 20.83 
Dec 15.63 95.06 -79.~3 -236.30 9AI 
TOlal NtQ$lt~~ )0'_'1-

Where Pm Monthly precipitation 
PEm Monthly Potential Evapotranspiration 
Awl Accumulated Potential Water Loss 

Sm 
FS, SL and CL 

Soil Moisture 
Fine Sand, Sandy loam and Clay loam respectively 

Change in Soil moisture ~Sm 
ETm 
D 
S 

Actual Evapotranspiration 
Soil moisture deficit 
Soil moisture surplus 
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19.5 1 
12. 18 
9.25 
7.50 
5.02 
2.84 
150 
150 
150 

92.39 
52 .7 1 
31M 

S (eL) Mean S 8S ET D S 
4.69 9.63 -6.99 34.63 62.64 0 
2.31 5.60 -4.03 44.34 66 .72 0 
1.53 4.10 -1.50 78.59 39.7~ 0 
I. 12 3.24 -0.86 93.21 30.66 0 
0.6 1 2.08 - 1.16 72.20 59. 10 0 
0.26 1.12 -0.96 35.80 84.22 0 
100 11 6.67 115.55 105.65 0 39.80 
100 11 6.67 0 109.89 0 163.76 
100 116.67 0 106. 15 0 23.30 

~8.34 63.02 -53.64 96.30 1905 0 
20.83 3 1.46 -31.57 52.49 52.62 C 
9 . ~1 16.62 -IU3 30A7 6~.59 C 

i~~!ht2 ..........• "'zzKst 



Annex 10 Daily di scharge (m3/sec) measurement of Borken a River near Boru meda 
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§ill )} 

Jan Feb Mar ADr May JUI1 Jul Aug SeDt Oct Nov Dec 
Mean 0.37 1 0. 214 0.195 0.234 OA83 0.399 1.633 26.964 1.031 0. 162 0. 146 0.1 28 

Mean total 992822A 5360 19A 521510A 605750A 1294185.6 1035072.0 437451 8A 72219340.8 2671056.0 434764.8 377913.6 343 I 80.8 

Max 2.344 0.28 0 .237 0.581 I A4 1.255 7.586 418.7 15 8.821 0.212 0.169 0.134 

Min 0.251 0.19 0.19 0.19 0.19 0.225 0.329 0.525 0.19 0. 151 0.134 0.1 27 

Monthly T. IIA91 5.99 6036 7.01 I 14.979 11. 98 50.631 835.872 }0.915 5.032 4.374 3.972 
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. i 
"" i ..... ii. "' .... \ i',,· \\i···· ··ii. ""''''''i '''ii· . ... 

Jan Feb Mar Apr May lun l ui Auo Sepl OCI Nov Dec 
Mean 0. 128 0 .1 07 0. 128 0.098 0.084 0.106 1.584 3.455 0.329 0.367 0.892 0. 193 
mean total 341 971.2 257817.6 343267.2 255264.0 225417.6 273542.4 4242758.4 9254044. 8 852595.2 984009.6 2311286.4 5164 12.8 
Max 0. 134 0. 127 0.265 0. 134 0.094 0. 169 4.751 27.197 0.675 1.1 98 7. 302 0.312 
Min 0. 127 0.083 0.073 0.088 0.D78 0.078 0. 179 0.225 0.169 0.142 0.225 0.134 
MonthlyT. 3.958 2.984 3. 973 2.659 2.609 3. 166 49.106 107.107 9.868 11.389 26.751 5.977 

Annex 11 Springs geographic location, EC and corresponding discharge 

Spring code Na me Spring Iype Ownership EC (j.lS/cm) E. discharge(l/s) Lalilude(UTM) Longilude(UTM) EleYalion (m) 

SPI 13ircyc FC community 257 0.3-0. 5 1240908 566205 261 3 

Sp: Ulaula FC " 274 2.5-3.0 1247081 560034 2659 

Sp, Kotu CS " - - 1246127 559673 2644 

Sp, Abi le DP " 260 0. 1-0. 12 1228288 568440 2432 

Sp, SaJaycsh FC " 480 1.5-2.0 1228585 568652 2432 

SP6 Sire FC " 240 1. 0-15 1230873 568443 2554 

Sp- Weluko DP " 400 15-2.0 1231554 568842 2542 

Sp, Mume FC " 220 2.0-2.5 12 323 33 568677 2547 
-----
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Ambo Gideb " 441 -
, 

- - -

SP9 Mumcl FC " 227 2.5 1240406 566835 2652 

Sp,o - FC Bam hospital 237 8.0-9.0 1241184 56685 1 2653 

SPII Mado Gojo FC Conununity 244 1.0-12 1240943 566823 2653 

Sp" Mume2 FC Conununity 243 2.5-3.0 1241732 56691 7 2653 

SP13 Guto Beriho DP " 380 1.0-1.5 1231963 581386 2538 

Sp, ., Teg Amba DP " 368 0.5-0.7 1231963 58 1386 2538 

SP15 Aba Kolba CS " 509 0.2-0.5 1232627 578869 251 4 

SP16 Shalla CS " 443 0.1-0.2 1225745 574336 1955 

SP17 Cherae CS " 343 0.3-0.35 1225747 574336 1956 

SP18 Sholaw Metene CS " 385 0.2-0.3 1225380 571733 1962 

Sp" GRP FC " - 0.12-0.15 1232 108 568753 2536 

SP20 Zeritu Abegaz CS " - 1.0-1.5 1233198 568463 2568 

SP21 Ismano Dr " - 0.1 -0. 15 1238223 566693 2656 

Sp" Soste Gedel Dr " - 0. 3-0.5 1234794 572548 2503 

Sp" Aba kasu CS " - 0.3-0. 35 122 1721 572248 2491 

SP'4 - DP " - OA-0 .5 1221773 573426 2436 

Sp" Bambowuha DP " - 0.2-0. 3 1222840 573685 2406 

SP:o Bado\\'uha CS " - 0. 1-0. 15 1220042 583 542 2025 

Note: FC = fault controlled spring; CS = contact spring; DP = depression spring; E. discharge = estimated discharge 

Annex 12 Results of chemical analysis of selected water samples 

FIELD No. HW, HW, HWII SP15 SP, SP6 SP12 SP" Rs R, Rs RII BH, HW, 
LAB No. 402510 I 4026 4027 4028 4029 4030 4031 4032 4033 4034 4035 4036 4037 4038/0 I 

Carbonate (CO,' ) - - - - - - 6 - - 8 - - -
Bicarbonate (HCO,) 366 226 295 294 197 236 J72 170 255 326 305 257 177 21 9 

Chloride (Cr) II 8 49 12 10 7 10 12 18 19 26 37 10 9 

SlI lphate(SOi' ) 10 3 25 9 7 6 4 10 10 20 15 17 3 5 

Fllioridc(F· ) 0. 26 0. 12 0. 28 0.22 0. 12 0.16 0. 13 0. 12 0.22 0. 36 0.29 0.2 0. 1 0. 15 

Nitrate (NO)") 14.62 8.86 66.45 12 .85 11.96 0.44 15.95 30.88 14 .62 1.77 5.76 31.01 7.97 10.63 
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Sodium (Na" ) 27 9 36 16.3 8. 1 16.7 14 20 .2 23 6 1 49 31 19 14 

Potassium (K1
1 ) 0. 9 0 .6 L7 0.3 2.1 0.5 0. 9 0.3 2.5 2.6 3.2 7 0.7 0.9 

Calcium (Ca+2
) 70 43 84 63 4 1 41 37 37 52 27 39 55 27 44 

Magnesium (Mg+~) IS 12 20 18 12 9 10 10 13 3 1 21 20 12 13 

Boron (l-U30 , ) <0. 15 0.46 <0.15 0.46 0.23 <0. 15 0.6 1 0.83 <0. 15 1.37 0.3 0. 3 0.38 0.3 

Silica (SiO, ) 54 37 64 71 49 37 30 . 35 33 31 25 22 36 34 

Nitritc (NO,· ) <0.0 1 <0.0 1 <0.01 <0.0 1 <0.0 1 <0.0 1 <0.01 <0.0 1 <0.0 1 <0.0 1 <0.01 <0.0 1 <0.0 1 <0.0 1 

Si lver (Ag) - - - - <0.1 <0 .1 <0. 1 <0. 1 <0. 1 <0.1 <0.1 <0. 1 <0.1 <0. 1 

Phosphate (PO,' ) 0 .24 0.17 0.35 0.2 0.S6 0.42 0.19 0. 15 1.2 0.2 0.78 7. 8 0.45 0.29 

Cadmium (Cd) - - - - <0.1 <0.1 <0. 1 <0.1 <0 .1 <0.1 <0 .1 <0. 1 <0.1 <0.1 

Chromium (Cr) - - - - <0. 1 <0.1 <0. 1 <0.1 <0. 1 <0.1 <0.1 <0 .1 <0.1 <0. 1 

Lead (Pb) - - - - <0.1 <0.1 <0. 1 <0.1 <0. 1 <0 .1 <0.1 <0.1 <0. 1 <0. 1 

Cobalt (Co) - - - - <0.1 <0.1 <0.1 <0.1 <0. 1 <0.1 <0.1 <0. 1 <0.1 <0. 1 

Nickel (Ni) - - - - <0.1 <0. 1 <0.1 <0. 1 <0. 1 <0.1 <0. 1 <0.1 <0. 1 <0. 1 

Zinc (Zu) - - - - <0. 1 <0.1 <0.1 <0. 1 <0. 1 <0. 1 <0.1 <0. 1 <0 .1 <0. 1 

Copper (Cu) - - - - <0.1 <0. 1 <0.1 <0 .1 <0 .1 <0. 1 <0.1 <0. 1 <0 .1 <0. 1 

Iron (Fe) Total - - - - <0. 1 <0. 1 <0. 1 <0. 1 <0.1 <0. 1 <0.1 <0.1 <0.1 <0.1 

Manganese (Mu) - - - - <0. 1 <0. 1 <0.1 <0.1 <0. 1 <0.1 <0 .1 <0. 1 <0.1 <0. 1 

TDS 396 239 499 35 5 244 240 218 244 298 372 343 354 208 244 
-
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Annex 13 

U" 

Air condItioning 
Bakmg 

Baller feed 
Brewmg 

Carbonated 
bcycraRc 
Confectionery 

Dall)" 

Dnnkmg 

Food ~!lnning 
and freezing 

Food 
eqUipment, 
washmg 

Food processing 
general 

lee manufacture 

Laundenng 

Paper and pulp. 
fine 
Paper. 
W"Oundwood 

Paper. krafl 
hleachm~ 

Paper. kraft, 
unblcachmg 

Paper, soda, and 
sulphate pulps 

Rayon and 
acetate fiber 

Ranges Recommended Limiting Concentration For Industrial Process Waters (uni ts are mg/I, except as noted) 
(After Amer. Water Works Asso 5

) 

Turbidity, Color. Taste and Dissolved Hardness. Alkalinity, pH, units Chloride, Sulphate, iron, as /'.\angan [ron plus Hydroge Fluorides.. 
unit unit 000, sohds as CaCO, asCaCO, ~CI asSO. F, ese, as Manganese " ~F 

threshold "" sulphide 
low 0.5 0.5 05 

10 10 none-Jow , 02 02 0.2 02 -. 

0-10 0- \0 none-low 500_1500° , 75-80° 65.7.0
c 60·]00 0 1 01 01 0.2 I 

]·2 5-1 0 none·low 850 200-250 50·130 250 250 0.1-0.2 02 o 1-0.4 0-0. 2 0.2-1 

[ow 50-100 .on >7,0 0.2 0.2 0.2 0.2 
none none 50ci 180 30 60 0.1 -0.3 003-0.1 

, IS 3, 500 250 250 0.3 0.05 14---24
g 

inoffens\\'e 

1-10 none 850 h 30-250 >7.5 0.2 0. 2 0 2-0.3 I I 

I 5-20 10\'''' 850 10 250 0.1 I 

1-10 5-10 [ow 850 10-250 30-250 0.2 0.2 0 .2-0.3 I 

, 5 170-1300 0.2 0.2 0.2 ; 
0-50 60 6_6.81: 02-1 0 2 0.2·1 

10 5 200 100' 75 0. 1 0.05 

50" 30 500 200 ISO 75 0.3 01 

4<l 2S 300 100 7S 200 0.2 0. 1 -

100 100 500 200 ISO 200 I 0.5 

25" 5 250 100' 75 75 01 0.05 

- --
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Other requirements 

Not corrosive or slime promotin~ 

Potable 

Potable if steam is used for food p~c.Earal!on 
Potable, numerous other requirements 

potable: COD, I 5, OrganiC matter. 
infinitesimal. alga and protozoa, none 

Potable 
Potable; NO)-N. 5.5; N(),;-N. O. Nli)-N trae 
only; COD as KlvInO •. 12 

Potable 

Potable : free from saprOph)1ic organisms; 1",1("1 
1000.1500, NOl-N. 2 8, NH)-N, 0.4 

Potable; orgamc matter. mfiniteSlmal 

Potable 

Potable. Sial. 10 

Soluble SiOz. 20; free CO:. 10. residual 
chloride el:. :; 
Soluble Sial. 50. free Cal. 10 

Soluble Si(),;. 50; free COl. 10 

Soluble SiC!, 100, free Co,., 10 

Soluble SIO!. 20, free CO!. 10 



pulp productLon 5 5 JOO' 8 50-75 005 0,03 005 AllO,. 8. SL, 25. Cu, 5 

Rayon 03 55 78-83 0 00 00 
manufacture 

Sugar low low 20 20 01 Ca, 20~ J\..1g, 10, bH;arbonatc as CaC03 . II) '~ 
stcril. no saprophytLc o~arusms 

Bicarbonate hardness. low~ COD, 8. hea\,., 
Tannmg 20 10- 100 50-500 llO 6·8 0, 1-0.2 0.1-0.2 02 metals none; Ca, \0; l'vlg, 5~ bicarbonate. as 

CaCO),200 

Bicarbonate hardness. low; COD. 8. hea\'\ 
Te.'I(t1ie 0. 3-25 0-70 0·50 ' 00 '00 0. \-\ 0.05 0.2: 1 metals none; Ca. \0; hlg, 5. blcarbonat~. as 

- L ._- CaCOj . 200 

Note . 
' Some calcium is necessary for yeast action. Too much hardness retards fermentation, but too little softens the gluten to produce soggy bread. Water of zero hardness is 
required for some cakes and crackers. 

"Not more than 300 mgtl of any one substance. 
' CaS04 less than 100 - 500 mgtl ; MgSO, less than 50-200 mgtl 
dFor dark beer alkalinity as CaSO, may be 80- 150 mgtl 
CRange lower to upper limits 
'Total solids 
gToierance limit depends on annual average daily maximum ai r temperatures for a minimum of five years 
"For legumes 25-75 ; fo r fmits a nd vegetables, 100-200; for peas, 200-400 
~ 1.5 mgtl of nuoride has been reported to cause embrittlement and cracking of ice. 
JCalcium hardness 50 
' No gritty materia l 
lCalcium hardness 50; magnesium hardness 50 
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