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Abstract: The Lake Tana Basin, comprising the largest natural lake in Ethiopia, is the source and the
uppermost part of the Upper Blue Nile Basin. In this review paper, research papers, mainly on the
rainfall-runoff modeling and lake water balance, and on the hydrogeology, have been reviewed. The
earlier water balance estimation attempts used simple conceptual and statistical approaches and
calculate on a monthly timescale. More recent research has been using advanced semi-physically
or physically based distributed hydrological models. Accordingly, mean annual precipitation over
the lake was estimated in the range 36.1–53.1%; lake evaporation at 45.3–57.5%; river inflow (all
gauged and estimated ungauged) at 43.6–63.9%; and river (lake) water outflow at 0–9.2%. With the
few isotope studies, groundwater inflow and outflow are found insignificant. Different studies had
estimated groundwater recharge, ranging from 57 mm to 850 mm. The basin has a heterogenous
aquifer system consisting of different volcanic rocks and alluvio-lacustrine sediments. Generally,
groundwater with low TDS, Ca–Mg–HCO3 type, isotopically relatively enriched, and high TDS,
Na–HCO3 type, isotopically relatively depleted, water types have been identified. In this paper,
major research gaps such as aquifer hydraulic characterization, surface-groundwater interaction,
groundwater flow and groundwater balance have been identified. Hence, future research shall focus
on the groundwater resources, so that existing surface water studies are updated and future water
usage options are explored.

Keywords: Lake Tana Basin; water balance; hydrogeology; aquifer; recharge; research gap

1. Introduction

Consumptive uses of the Nile River water had been rapidly increasing over the last
century, and demand projection shows a significant increase that may exceed the average
annual supplies [1]. Population growth (expected to be double by 2050), urbanization,
irrigation expansion (an anticipated increase of 60–70% in the coming decade), extreme
poverty and lack of alternative livelihoods, high seasonal flow variability, environmental
degradation, low land productivity, and lack of adequate infrastructural management
will result in increasing pressure on the limited water resources of the river basin [2].
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Furthermore, many studies (e.g., [3–5]) showed that several parts of the Nile Basin are
sensitive to variations of climatic variables suggesting that climate change will have a
significant impact on its water resources. The transboundary nature of the Nile waters
reveals the interconnectedness of the Nile states, which rely upon the Nile ecosystem not
only for economic, social and cultural needs but also for the maintenance of peace and
security in the region [6]. Since recent years, the hegemony of Egypt over the Nile River is
changing, and the hydropolitics has entered into a new dynamism [7]. For example, the
flow dynamics of the Blue Nile River (contributing about 87% of the Nile River water) will
be changed due to the construction of a big dam reservoir, named the Grand Ethiopian
Renaissance Dam (GERD) [8]. Through this dam, Ethiopia aims at providing access to
electricity for its citizens while also becoming the energy hub in the region and sell cheap
energy for the other Eastern Africa countries [2]. The dam is near completion and will be
the biggest dam in Africa. Though it is primarily for power generation purposes rather than
for consumptive use, its operations will change downstream flow patterns significantly [8].
This dam filling and future operation is the current hot political issue of the region and the
hydropolitics of the world. Lake Tana is the source of the upper Blue Nile River which is
the major tributary to the Nile River. The Nile Basin is shared by eleven riparian countries
and is the lifeline for more than 238 million people living in the basin [9,10].

The Lake Tana Basin (Figure 1) has a total drainage area of approximately 15,077 km2,
of which Lake Tana, the largest natural lake in Ethiopia, covers about 3077 km2. Lake Tana
is situated in the northwestern Ethiopian highlands and receives flow from more than
40 rivers [11–14]. It has an average depth of about 9 m [12,15,16]. In addition to the lake’s
aquatic environment, floodplains that surround the lake in the east, north, and southwest,
form extensive wetlands. These wetlands contain heterogeneous habitats that support
high biodiversity, leading it to be one of the top 250 lake regions of global importance for
biodiversity [17]. Although the Lake Tana Basin has significant importance concerning
water resources and the ecological balance of the area, many years of mismanagement,
wetland losses due to urban encroachment, population growth, and droughts are causing
its rapid deterioration [9]. The land-use/cover changes in the Ethiopian highlands have
significantly increased the variability of runoff and sediment fluxes of the Blue Nile River
during the last few decades [10].

There has been limited water-resources research on the upper Blue Nile Basin in
general and Lake Tana Basin, in particular. There are few hydrological, hydrogeological,
and climatic data available, which hinders an in-depth assessment of the hydrology and
hydro(geo)logy of the basin [18–21]. The first hydrological study on the Lake Tana basin
dates back in time to 1903 [22] when a team from Egypt had visited Ethiopia to collect
all necessary information and to consider the possibility of converting Lake Tana into
a flow-controlled artificial reservoir for irrigation of big cotton and sugar cane farms
in Egypt during the dry period (March to July). Later, in 1920, a team of professionals
traveled to the lake and collected hydrometeorological data for about four consecutive
years [22]. In addition, detailed mapping and survey work of the lake outlet to Blue Nile
river, and the lake level had been made successfully. Only recently, the gauged river
coverage reached 60% [12], while the ungauged river water contribution remains one of the
major sources of uncertainty in the water balance calculations. Besides, in recent years, the
water resource development projects are affecting the flow amount and system (Figure 2).
Moreover, rainfall is highly variable spatially and temporally [10,12,13,23–25] but there are
few gauging stations measuring precipitation with a daily time scale [5,11,13,14,26–28].
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Figure 1. Location map of Lake Tana basin showing the topographical setup and main rivers. The Beles, the Blue Nile and
the Tekeze basins are the major adjacent basins for Lake Tana Basin. The lake has two outlets: natural to the Blue Nile and
through a tunnel to the Beles basins.

Figure 2. “The Blue Nile channel leading from the outlets of Lake Tana” (looking to the South), as seen in 1920 (Grabham
and Black, 1925) (a), Google Earth map of the area taken in 2005 (b), and Google Earth map of the area taken in 2020 (c). A
significant amount of the previous watercourse in (c) is exposed, portraying the water flowing out of Lake Tana is reduced
due to water transfer to the Beles basin since 2010.

The complex nature of the aquifers, owing to multi-stage volcanism and hence the
presence of different volcanic rock varieties (with complex geometry), has hampered
the effective production of groundwater in the Lake Tana basin in particular and in the
Ethiopian volcanic plateau in general. This might lead to difficulties in locating productive
aquifers and sustainably develop the groundwater [19,29,30].

Due to the complex geology, insufficient research attention, lack of financial resources,
together with many socio-political reasons, the groundwater database remains very limited.
In general, the groundwater component of the Tana Basin has been relatively little studied
(e.g., [19,30,31]). This study limitation of the groundwater resource is contrary to its
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contribution, especially for drinking water supply. Despite there are many unsuccessful
stories in the drilling of productive wells, it is still the important sources of domestic and
industrial source of water for the cities and towns of the area. In this review paper, we
wanted to show the study gaps and cruciality of future research on the groundwater part
by reviewing the existing relatively few research works. Furthermore, in the hydrogeology
section, we did not restrict the review articles for only the studies that have been done in the
specific area but tried to review papers published in the other parts of the Ethiopian volcanic
plateau so that readers understand the groundwater system in a broader perspective.

A summarized and compressive understanding of the surface and groundwater
hydrology of the study area is important for the researchers, water managers, policy
makers, and political actors of the nation and the region. Understanding what are the
main conclusions drawn by different studies, methods followed, and data used, and
thus identifying main study limitations will help in facilitating further research in this
economic, social, and political important area. This paper presents a review of research
works conducted on the water balance and hydrogeological systems of the Lake Tana Basin
and identifies gaps yet to be filled. It also provides recommendations for future research.
This review mainly focuses on the lake water balance, surface-groundwater interrelation,
and hydro(geo)chemistry.

2. Study Area Description

The Lake Tana Basin lies in the highlands of the Blue Nile Basin. The climate is
strongly influenced by elevation [3,19]. The climate of the study region is tropical highland
monsoon, with one main rainy season between June and September and with a mean
annual amount of 1280 mm [18,32,33]. The air temperature shows large daily but small
seasonal changes with an annual average of 20 ◦C. The Atlantic Ocean is the main source of
rainfall in summer but the eastern mountainous parts of the Blue Nile Basin receive rainfall
originating from the Indian Ocean in March and April [19], which also rains in Tana Basin
to a certain extent.

The Lake Tana Basin is perched on a topographic high part of an uplifted dome that
was active during the Tertiary volcanic events [34]. It is located on a faulted depression
between the erosional escarpment overlooking the Sudan plains to the west, and the tectonic
escarpment of the plateau margin overlooking the Afar depression to the east [34]. Stratified
Tertiary volcanic rock piles in northwestern Ethiopia overlie the Mesozoic sedimentary rock
stratigraphical sequence where there is a major unconformity between the sequences [34].
They have an average thickness of 1 to 1.5 km [35,36] and covers a significant area of the
basin (Figure 3a). The volcanism for the formation of this Tertiary flood basalt is related
to massive crustal warping along the main Ethiopian rift margins that happened during
the Quaternary Era [37]. Furthermore, Quaternary basalt covers most of the southern part
of the Tana Basin [35] (Figure 3a). The Lake Tana Basin was formed by the junction of
three grabens [34]. It acquired its present form through damming by a 10,000-year-old
Quaternary lava flow on its southern part [35]. Prave et al. [38] used ages of the different
mafic and felsic rocks of the basin and conclude that the basin was formed by central
volcanism which formed a 60–80 km diameter caldera, about 1-km deep, contradicting the
hypothesis that the basin was formed by the junction of three grabens [34].

The high topography of the upper Blue Nile River Basin is the result of regional
uplift, and Tertiary and Quaternary lava flows [39]. During the later stages of volcanism,
magmatic outlets became focused and built up large shield volcanoes. The Tana area is
also characterized by many dike and pipe feeders [40]. The flat plain, towards the mouth
of major rivers to the Lake Tana, is covered by Quaternary lacustrine sediments, reworked
with alluvial process (some call it alluvio-lacustrine) (Figure 3a).
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Figure 3. Geological map of Lake Tana Basin (a) and a cross-section from Sekela to Gondar mountain (A–A′) (b) modified
after Nigate et al. [41], (2017). The UTM zone is 37P and the coordinate system is WGS 1984.

3. Water Balance

The first attempt of estimating the water balance of Lake Tana was by Grabham and
Black [22] using the hydrometeorological measurements collected from 1920 to 1923. They
estimated the over-lake rainfall and evaporation, annual lake level fluctuation, and lake
outflow to the Blue Nile River.

In the recent past, different authors applied different techniques to estimate the water
balance of Lake Tana Basin with the available hydrometeorological data at either monthly
or daily time steps. Most of them applied distributed physical hydrological models such as
SWAT and HBV-96 (e.g., [13,14,33]), while others used simple conceptual process-based
hydrological models (e.g., [12]), simple mass conservation, chemical mass balance models
(e.g., [30,42]), and simple spreadsheet water balance programs (e.g., [26,28]).

The water balance, which is based on conservation of mass at the lake, should consider
river inflow (both from gauged and ungauged catchments), groundwater inflow, and
precipitation over the lake as the total inflow to the lake; and lake water evaporation,
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groundwater outflow, and lake water outflow as outflows terms (Figure 4). It is only the
lake water outflow, to both the Blue Nile River and through the artificial hydropower
tunnel (since May 2010) (Figure 1), that is completely measured. In the other components
of the balance equation, significant uncertainties might be incorporated due to some gross
assumptions and sparse measured data availability Both estimation and measurement
errors could be possibly involved. The reliability of estimated water balance terms depends
on the quality of those parameter estimations and measurements. In most of the previous
water balance studies, the groundwater inflow and outflow were ignored.

Figure 4. Conceptual diagram depicting possible water balance components at Lake Tana. Uncertainties are indicated by
question marks.

Different authors have used different methods and different time scales (monthly or
daily) for estimating the precipitation, evaporation and ungauged river flows of Lake Tana;
the considered time scale (monthly or daily); the time-series data used (mostly similar
period but some differ (e.g., [12,28]); and assumptions considered for simplifications. The
following discussion on the water balance of the Lake Tana Basin considers the water
balance estimation methods applied, the input and output variables, the assumptions
made, and finally the overall resulting lake water balance from the different studies.

3.1. Precipitation

In the Lake Tana Basin, the precipitation in the upper catchments has been used as
input in the modeling of river discharge, and precipitation on the lake has been used in the
water balance calculations. In 1920, the study team from Egypt established a measuring
station at Bahir Dar (Figure 3a) for the first time [22]. They observed uneven distribution
of rainfall over the basin and as well as over the lake. However, they considered the
annual average value of 1290 mm recorded at Bahir Dar as fairly central and representative.
Rientjes et al. [10] used daily rainfall data from seventeen meteorological stations collected
from 1994–2003, for the basin-wide spatial interpolation of areal rainfall. According to
SMEC [26], the average annual overall basin-wide rainfall, calculated using Inverse Dis-
tance Weight (IDW) interpolation method, was 1326 mm. Mamo [30] applied the Thiessen
polygon method using long-term (1995–2009) monthly rainfall data from eight stations for
the land part of the basin and estimated a value of 1400 mm. Dessie et al. [15] estimated
areal rainfall depth from 34 gauging stations using Thiessen polygon, IDW, and Satellite-
derived Rainfall Estimates (from NOAA). The estimated mean annual basin-wide rainfall
amount was1482 mm, 1404 mm, 1331 mm, respectively, for the Thiessen polygon, IDW,
and satellite-derived methods. Wale et al. [14] used a similar Thiessen polygon method
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for the basin rainfall estimation. A poor correlation of rainfall with topography had been
noted by Dessie et al. [11] for Gilgel Abay and Gumara, and by Getenet [43] for Rib, which
gives good reasoning for the application Thiessen polygon and IDW method.

Mean annual rainfall over the lake was estimated by different authors. SMEC [26]
calculated using the Thiessen polygon and inverse distance weighting (IDW) methods
and found mean annual values of 1321 mm and 1248 mm, respectively (Table 1). The
IDW seemed to provide good results rather than the Thiessen polygon method when
compared with Tropical Rainfall Measuring Mission (TRMM) satellite data (which is with
better spatial resolution but low data acquisition). Rientjes et al. [13] interpolated using
IDW squared method to address the higher spatial variability of the rainfall over the lake
area. They used daily rainfall from five surrounding meteorological stations and calculated
the mean annual value at 1290 mm (Table 1). Chebud and Melesse [42] used monthly
data from similar stations and used ordinary kriging interpolation to estimate an average
of 1230 mm. Kebede et al. [28] estimated rainfall by using monthly data in the period
1960–1992 solely from Bahir Dar station and found a value of 1451 mm while Grabham
and Black [22] found 1290 mm using measured data of 1920–1923 at a similar station
(Table 1). Mamo [30] also applied the Thiessen method, using the 1960–1992 data from
seven stations (surrounding, and one on Dek island), and estimated the average annual
rainfall on Lake Tana to be 1270 mm. Wale et al. [14] used Thiessen polygon, IDW and IDW
squared methods. They estimated long-term mean annual rainfall values (Table 1). The
one with IDW squared is adapted because high weight was given for the data from Dek
Island. Dessie et al. [12] applied Thiessen polygon method using data from six stations on
a daily timescale (Table 1).

Table 1. The mean over-lake precipitation estimations made by different authors (applying different methods) for the
different periods and time scales.

Literature Timescale Data Period Number of Stations Areal Interpolation
Technique Applied

Mean Annual
Over-Lake

Precipitation (mm)

Grabham and Black [22] monthly 1920–1921 one Single station 1290

Wale et al. [14] daily 1992–2003 six

Thiessen polygon 1229

IDW squared 1290

IDW 1254

Rientjes et al. [13] daily 1994–2003 five IDW 1290

Kebede et al. [28] daily 1960–1992 1 (Bahir Dar station) Single station 1454

SMEC [26] monthly
1960–2005 2 (Bahir Dar and

Gondar stations)
Thiessen polygon method 1321

1960–1995 IDW 1248

Mamo [30] monthly 1995–2009 seven Thiessen polygon 1230

Setegn et al. [33] daily 1978–2004
not explicitly

mentioned (probably
Gondar and Bahir Dar)

Not mentioned 1281

Dessie et al. [12] daily 2012–2013 six Thiessen polygon 1330

Chebud and Melesse [42] monthly 1960–2003 five ordinary kriging
interpolation 1230

There have been no significant trends over the long term in total annual rainfall
in the highlands of Ethiopia over the past 30–50 years [44]. However, there is much
spatial variability due to high topographical relief. The rainfall has increased in Gondar
and decreased in Bahir Dar and Dangila stations (Figure 3a) from1980 to 2016 [23]. The
average rainfall is highest in the southern and south-eastern parts of the basin and strongly
decreases towards the northern and north-western parts, with an appearance of a marked
pattern over the lake [26]. Rainfall in the basin (taking upper Gilgel Abay catchment as a
case study) was analyzed by Rientjes et al. [43] on monthly basis using Mann-Kendall test
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statistics. It was found to increase year-to-year during wet season months of June, July, and
August while decreasing year-to-year the rest of the months. Future projection of rainfall
to 2080s shows a decrease during the beginning of the rainy season (May to June), and an
increase during the end of the rainy season (September to October), but with no clear trend
in the main rainfall period of July and August [45]. In general, the use of satellite images
has shown promising results for poorly-gauged catchments with complex topography in
the Upper Blue Nile Basin [46,47]. Compared with a value obtained from Tropical Rainfall
Measuring Mission (TRMM) satellite data, the interpolated rainfall using meteorological
data has a similar trend of spatial variation but the TRMM estimates are generally lower by
33% than interpolated [26].

3.2. Evapotranspiration and Evaporation

Grabham and Black [22] made direct measurements of the evaporation from Lake
Tana for the first time from 1920 to 1921. They had applied evaporimeters of Piche Tube
and Tank Evaporimeters (Figure 5) and estimated the mean annual evaporation loss from
the lake at 1365 mm.

Figure 5. The photograph taken in 1920 shows a tank evaporimeter floated on a Tankua (a locally made tiny boat) on
Ifwadda Lagoon nearby Lake Tana outlet. It was used by sinking the Tankua to about 5 cm and anchoring it with rocks to
maintain temperature equality between inside and outside.

For over-lake evaporation depth estimation, Rientjes et al. [13] used a procedure that
combined the Penman-combination equation developed by Maidment [48], using daily
data from Bahir Dar meteorological station, and a satellite-based approach. They estimated
the mean annual evaporation to be1563 mm for the period 1994–2003 (Table 2). Similarly,
Wale et al. [14] used the same technique but from two meteorological stations (Table 1),
and estimated 1690 mm/year. Kebede et al. [28] applied the Penman method by using
long period monthly meteorological data (1960–1992) from only Bahir Dar station and
estimated the over-lake evaporation to 1478 mm (Table 2). SMEC [26] and Mamo [30]
estimated the evapotranspiration from land, and evaporation from open lake water using
the Penman-Monteith and Penman methods, respectively, at a monthly time scale. They
assumed that the marshy area surrounding the lake was open water from August to
November, and dryland for the rest of the year. SMEC [26] estimated the over-lake mean
annual evaporation to be 1697 mm while Mamo [30] estimated it to be 1544 mm. Similar
to Rientjes et al. [13] and Wale et al. [14], the Penman combination method was applied
by Dessie et al. [12]. They used minimum and maximum temperature from six stations
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(mostly at the lakeshore), and only Bahir Dar station for sunshine hours, wind speed
and relative humidity, and estimated the daily over-lake evaporation for the period 2012–
2013. They found average annual evaporation of 1789 mm (Table 2). The estimation was
higher than that determined by Rientjes et al. [13], Wale et al. [14], Kebede et al. [28], and
Mamo [30] (Table 2), which could be due to the addition of data from many meteorological
stations. This shows the significant variability of meteorological parameters over the lake.
Underestimation of evaporation/evapotranspiration for coarser time scales compared to
the fine (e.g., monthly over daily) had been noted by Bakundukize et al. [49]. However,
this underestimate was not observed among the estimations made on Lake Tana (Table 2).
This could be due to the consideration of meteorological data from different stations as
well as the variability of the time series considered in the interpolation. Chebud and
Melesse [42] estimated evapotranspiration using the Penman, the mass transfer (Meyer’s
deterministic), and the Thornthwaite methods. The Penman method (representing the
energy budget approach) and Meyer’s mass transfer approach, were applied for estimating
the monthly lake evaporation (Table 2). The Thornthwaite method was used for the yearly
lake evaporation and underestimated the evaporation from the lake. The energy budget
and mass transfer methods show a significant seasonal pattern. From January to June,
when buoyancy dominates the turbulent ET production, the energy budget method is
more relevant. From June to October, when turbulent production dominates, the Meyer’s
mass transfer method becomes more pertinent [42], resulting in ET estimations higher
by 20–300 mm compared to the Penman method. In general, the seasonal application of
methods is suggested, instead of using solely one of them for all months.

Table 2. Lake evaporation estimations made by different authors (applying different methods) for different periods and
time scales.

Literature Timescale Data Period Number of Stations Estimation Method
Applied

Annual Over-Lake
Evaporation (mm)

Grabham and Black [22] monthly 1920–1921
Direct measurements at

points and areal
extrapolation

Direct measurements
using Piche and Tank

Evaporimeters
1365

Wale et al. [14] daily 1992–2003 2 (Gondar and Bahir Dar
stations)

Penman-combination
equation 1690

Rientjes et al. [13] daily 1994–2003 1 (Bahir Dar station) Penman-combination
equation 1563

Kebede et al. [28] daily 1960–1992 1 (Bahir Dar station) Penman 1478

SMEC [26]
monthly 1960–2005 2 (Bahir Dar and Gondar

stations)
Penman 1697

monthly 1960–1995 Energy balance method 1657

Mamo [30] monthly 1995–2009 1 (Bahir Dar station) Penman 1544

Setegn et al. [33] daily 1978–2004
not explicitly mentioned
(probably Gondar and

Bahir Dar)
Hargreaves method 1248

Dessie et al. [12] daily 2012–2013
6 (but Wind speed, RH,

and sunshine hours, only
from Bahir Dar)

Penman-combination
method 1789

Chebud and Melesse [42]
monthly

1960–2003
1 (Bahir Dar station)

aided by Satellite images,
and GHCN

Penman 1458

monthly Meyer’s mass transfer 1543

yearly Thornwaite method not reported

3.3. River Water Inflows to Lake Tana

The inflow of the main rivers has been estimated by different authors (Table 3).
SMEC [26] used long-term meteorological and hydrological data and determined the
annual flow in the Gilgel Abay River (which was about 994 mm, which is 53% of the
catchment’s areal rainfall). A high total river discharge value was also measured for
the Gumara river. However, for the adjacent Rib river catchment, they found low river
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discharge despite its receiving a similar annual rainfall amounts to the Gumara catchment.
The Gumara catchment received about 80 mm more annual rainfall than the Rib, but its
river discharge was higher by 400 mm.

Table 3. Summarized annual estimations for river water inflows of Lake Tana by various authors. The model or estimation
technique used, time scale, data period, the gauged areal coverage where the inflow data for model calibration and validation
used are indicated.

Literature Timescale Data Period Ungauged Flow
Estimation Method

Type of Model
Applied

River Inflow

Gauged
(mm)

Ungauged
(mm)

Total
(mm)

Wale et al. [14] daily 1992–2003
regionalization, spatial

proximity, and catchment
size comparison

HBV-96 1280 880 2160

Rientjes et al.
[13] daily 1994–2003 regionalization HBV-96 1252 526 1778

Kebede et al. [28] daily 1960–1992 gross runoff coefficient Simple mass balance 1082 80 1162

SMEC [26] monthly 1960–2005

multiplication factor
developed from lake
evaporation versus

gauged inflow amount

simple mathematical
water balance

equation
1622 497 2119

Mamo [30] monthly 1995–2009 gross runoff coefficient

hydrological
continuity equation

or chemical mass
balance

1356 735 2091

Setegn et al. [33] daily 1978–2004 Gross runoff coefficient SWAT2005 1193 129 1322

Dessie et al. [12] daily 2012–2013
regionalization for hill

slope, and runoff
coefficient for floodplain

Simple process-based
conceptual 1807 394 2201

Chebud and
Melesse [42] monthly 1960–2003 ignored Simple mass balance

and MODFLOW 1128 not
accounted 1128

Dessie et al. [11] analyzed runoff for Gilgel Abay and Upper Gumara catchments by
developing a process-based hydrological model based on a simple water balance approach.
Accordingly, about 65% of the total discharge for Gumara is from interflow (unsaturated
soil reservoir). Surface runoff generates a lower fraction of total stream discharge (18–19%
for Gumara and 20% for Gilgel Abay). Setegn et al. [33] applied SWAT for hydrological
modeling of the Lake Tana Basin water balance for the period 1978–2004 (Table 3). The
total simulated annual flows for Gilgel Abay, Megech, Gumara, and Rib were respectively,
900 mm, 265 mm, 1830 mm, and 553 mm. According to them, the model performed well
for the rivers except for Megech catchment. They attributed the poor match for Megech
as being due to an underestimation of rainfall and evapotranspiration (due to the low
number of meteorological stations) and/or due to regulated flow by a dam constructed
in the upper part of the basin. Dessie et al. [12] found that about 58% of the inflow to
the lake was from the Gilgel Abay catchment, which covers 38% of the total lake basin
area. The western and northern catchments of the lake were less important in terms of
their contribution per surface area [12]. Dessie et al. [12] estimated the water balance terms
of the Lake Tana Basin by considering the effect of the floodplain of the basin with two
scenarios: 1) with an absence of the floodplain, and 2) with its presence (the real situation).
They used data from thirteen river gauging stations which increased the gauged areal
coverage from 42% in the previous studies to 60% (Figure 6 and Table 3). Three of the
stations were in the floodplain of the major rivers (Gumara, Rib, and Megech). The runoff
response for the hill and the floodplain areas were analyzed separately using separate
gauge data set. Therefore, with floodplain buffering (with about 931 km2 of floodplain
area being omitted), the total inflow from the rivers into the lake was 2349 mm, while the
estimate was 2201 mm in the realistic scenario. The difference between the two approaches
indicates that an appreciable volume of river inflow to the lake, about 148 mm is abstracted
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within the floodplain which SMEC [26] roughly estimated at only 15 mm. Rientjes et al. [13]
used a Monte Carlo procedure for calibrating their HBV-96 water balance model using
daily meteorological and streamflow data from 1994–2003. Their estimated streamflow
was lower than the estimate made by Wale et al. [14] despite using the similar method and
time-series data. This could be due to several reasons that relate to the use of the advanced
model calibration procedure and the selection of a different set of physical catchment
characteristics that used for regionalization.

Figure 6. Map of Lake Tana Basin with the location of the floodplain, gauged and ungauged
catchments modified after Dessie et al. [12]. According to Dessie et al. [12], runoff from the groups of
ungauged catchments was predicted based on calibrated model parameters of observed runoff data
from Gelda for Group 1, from Rib for Group 2, from Megech for Group 3, from Dirma for Group 4,
and Dirma for Group 5. The selection of hydrological areas to transfer hydrological parameters is
based on similarities in hydro-physical characteristics.

More than 40 rivers flow to Lake Tana [11–14], which makes gauging all of them
difficult. As a result, different methods and procedures have been followed to estimate
the ungauged river contribution in the water balance estimations, usually by regional-
ization techniques, i.e., transferring hydrological model parameters of gauged rivers to
ungauged rivers (e.g., [13,42]), some by simply using lumped runoff coefficient values
(runoff here refers total river discharge) adapted from regional literature (e.g., in [28,33]),
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and some others using both simple rainfall-runoff model and runoff coefficients together
(e.g., [12]). Dessie et al. [12] used regionalization for hill slope parts (Figure 6), and a runoff
coefficient for the floodplain from neighboring gauged catchments. SMEC [26] found
that regionalization, between catchments that were supposed to have similar meteorolog-
ical, physio(hydro)graphic, and anthropogenic factors was misleading because gauged
catchments with similar characteristics have highly different runoff responses, e.g., Rib vs.
Gumara and main Gilgel Abay vs. its sub-catchments, Koga and Kilti (Figure 1). As a result,
they used a multiplication factor developed from relationships of lake evaporation versus
gauged inflow amount. Similarly, Kim and Kaluarachchi [50] also noted the difficulty of
transferring model parameters in the Upper Blue Nile River Basins. Kebede et al. [28]
estimated ungauged runoff using the gross runoff coefficient of 0.22 (adapted from regional
literature). Kebede et al. [18] applied an isotopic balance method (18O content of the water)
to estimate the inflow contribution of ungauged catchments. The isotopic method is a
different approach compared to physically-based hydrological models. Hence, their work
was independent verification of other estimations made using regionalizing or an assumed
runoff coefficient. The isotopic method of Kebede et al. [18], however, had uncertainties
estimations of some sensitive parameters in the isotopic balance equation. On average, they
found about 16.4% (113 mm/year) of the total river inflow to the lake is being contributed
by ungauged catchments, in between the estimations by Kebede et al. [28] and SMEC [26]
which were 7% and 25%, respectively. The 16.8% estimation was comparable to the value
found by Rientjes et al. [13], using regionalization (Table 3). The ungauged river inflow
contribution by Kebede et al. [18] and Dessie et al. [12], are almost equal, 538 mm and
530 mm, respectively, despite each of the studies applied completely different techniques.
Wale et al. [14] estimated the discharge contribution from ungauged catchments using
daily meteorological and gauged river data of 1995–2001. They used regionalization, spa-
tial proximity, and catchment size comparison method for regionalizing calibrated HBV
model parameters (Table 3). Accordingly, they estimated 42% using the regionalization
method, 47% for the spatial proximity method, and 46% for the catchment size comparison
method. The ungauged catchments inflow contribution calculated by Wale et al. [14] is
six and two times of the previous estimations made by Kebede et al. [28] and SMEC [26],
respectively. According to Rientjes et al [13], about 29.5% of the inflow to Lake Tana is from
ungauged systems while the area they cover is nearly 62%. Mamo [30] estimated ungauged
catchments, as a product of estimated areal rainfall with a runoff coefficient of 0.314.

The total discharge of the rivers is mainly contributed both by surface runoff and
groundwater. Different authors had tried to separate the groundwater component from
the other river discharge components (surface runoff and interflow). According to Dessie
et al. [11], 44–48% of Gilgel Abay river discharge was from groundwater. Setegn et al. [33]
estimated that the groundwater accounts for about 50% of the total river inflow to the lake.
This was similar to the estimation made by Abiy et al. [27]. Abiy et al. [27] used the SWAT
model to obtain groundwater contributions of 718 mm/year for Gilgel Abay, 414 mm/year
for Gumara, 451 mm/year for Rib, and 350 mm/year for Megech. This accounts for about
60% of the total annual river inflow to the Lake Tana water body, which is more or less
similar to the findings of SMEC [26]. SMEC [31], and later Dessie et al. [11,12] concluded
that there is significant groundwater contribution to both Gilgel Abay and Gumara rivers
flow while only little for Megech and Rib. The differences could be explained by the highly
permeable Quaternary basaltic aquifer seen on both of the former catchments which are
absent on the latter. Setegn et al. [33] had also estimated the groundwater contribution
of the main rivers: 54% for Gilgel Abay (486 mm), 60% for Megech (159 mm), 64% for
Gumara (1171 mm), and 65% for Rib (360 mm). Except for Gumara the groundwater
contribution estimation by Setegn et al. [33] is lower than the estimations by Abiy et al. [27].
The groundwater contributions for the Rib and Megech rivers as estimated by SMEC [26]
and Dessie et al. [15] were considered very small.
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3.4. Lake Water Outflow Estimation

Historically, measurement of the Upper Blue Nile discharge at the outlet of Lake Tana
was made for the first time by Grabham and Black [22] at regular times in the years of
1920–1923. It was estimated to 23 mm/year, which is close to recent estimations which had
used better data sets. River discharge data source for all of the water balance studies which
used historical data back in time to 1960 or more recent data were all obtained from the
Ministry of Water Resources (MoWR) (e.g., in [12–14,26,33,42]). However, there was some
confusion with supplied data, and hence SMEC [26] checked the reliability of the data
by comparing the average flow velocity multiplied by the wetted cross-section with the
discharge on the summary sheets and found deviations on a few of the measurements. This
could be due to problems with the rating curve and/or possible reference point variations
for river stage measurement at different times. From 1960 to 1995, the lake water was
flowing naturally. However, in 1996 a weir at the outlet was built, which raised the lake
water permanently [26]. The outflow from the lake is controlled manually by gates at
the outlet to the Blue Nile and a tunnel to the hydropower outlet (Tana-Beles) since 2010.
Due to the diversion of lake water to the hydropower plant, lake outflow to the Blue Nile
river dropped to 157 mm/year during the years 2012 and 2013, in contrast to its average
annual outflow of 278 mm/year before May 2010 [12]. Azeze et al. [51] applied a stochastic
modeling technique (a first-order autoregressive model) and found it effectively simulated
the lake outflow.

In general, the lake water outflow estimates by Kebede et al. [28] and SMEC [26] were
relatively low, compared with other studies (Table 4). This could be due to a problem of
an old lake stage-discharge rating curve, which could possibly be erroneous because in
both studies data before 1996 were used. The other studies had more or less similar results.
The annual values calculated by Dessie et al. [12] and Chebud and Melesse [42] are higher
than the others (Table 4). In the former, this could have been due to more water abstraction,
since the study used the outflow data after the start of water conveyance to the Beles Basin,
while in the latter, this could have been possible due to a uniform surface area assumption
in the rating curve development.

3.5. Lake Level Simulation

Lake level had been simulated by all the authors who estimated the water balance
of the lake with different timescales (e.g., in [12,14,33,42]). For simulating the lake level,
a simple water balance model is applied and further compared with the observed lake
levels [26]. The lake bathymetry is needed to estimate the change in lake-stage with changes
in volume. Different Lake bathymetry surveys are documented in Wale et al. [14]. The
first detailed survey was carried out by Pietrangeli [52], and later by Kaba [53] with sonar
and GPS (cited in [12,14,26,28]). A detailed and wide study of the bathymetric survey of
Lake Tana was later conducted by Omega Development Service Plc in 2012, financed by
the Ethiopian Ministry of Water, Irrigation, and Energy [12].

The earliest records of the Lake Tana levels started in 1920 [22]. However, data
recorded since 1960 are more reliable. The annual lake level fluctuations are about 1.6 m,
reaching a maximum around September and a minimum around June [12,14]. Simulated
versus observed lake levels indicated a good match, where climatic seasonality with clear
dry and wet periods was well presented in the simulated lake level values [13]. In the
study by Rientjes et al. [13], large deviations were observed specifically during the first
few and last few years of the simulation period 1994–2003, for reasons that could not be
identified and related to any of the water balance terms.
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Table 4. Summarized annual estimations for water balance terms of Lake Tana by various authors. The change in storage is the difference between the inflows and outflow terms, assuming the inflow
positive and the outflow negative. The percentages are individual terms per total inflows or outflows.

Literature Time
Scale

Over-Lake
Precipitation

(106 m3)

Gauged River
Inflow

(106 m3)

Ungauged
River Inflow

(106 m3)

Lake
Evaporation

(106 m3)

River Outflow
(106 m3)

Groundwater
Inflow/Outflow

(106 m3)

Irrigation
Abstraction from
Ungauged Rivers

(106 m3)

Closure Term
(106 m3)

Wale et al. [14] daily 3784 (36.1%) 3970 (37.9%) 2729 (26%) 5242 (52.7%) 4714 47.3%) 0 0 +527 (5%)
Rientjes et al.

[13] daily 4104 (43.1%) 3821 (40.1%) 1605 (16.8%) 4762 (51.4%) 4502 (48.6%) 0 0 +260 (2.7%)

Kebede et al.
[28] monthly 4431(55.5%) 3300 (41.4%)

<248 (3.1%)
Later to 1698 by

Kebede et al.
[18] isotopic

method

4513 (55.3%) 3399 (41.7%) <248 (3%) +68 (0.8%)

SMEC [26] monthly 3816 (43.4%) 3444 (39.1%) 1542 (17.5%) 5073 (57.5%) 3753 (42.5%) 0 0 −24 (0.3%)

Mamo [30] monthly 4016 (37.9%) 4207 (39.7%) 2278 (21.5%) 4720 (45.3%) 4733 (45.5%)

955 (9.2%)
(outflow)
93 (0.9%)
(inflow)

0 +186 (1.8%)

Setegn et al. [33] daily 4300 (51.2%) 3700 (44%) 400 (4.8%) 3900 (49.4%) 4000 (50.6%) 0 0 +500 (6%)
Dessie et al. [12] daily 4129 (37.7%) 5608 (51.2%) 1223 (11.1%) 5547 (51.8%) 5023 (46.9%) 0 134 (1.3%) +256 (2.3%)

Chebud and
Melesse [42] monthly 4260 (53.1%) 3500 (43.6%) Not take into

consideration 4600 (46.5%) 5300 (53.5%) 270 (3.3%)
(inflow) 0 −1870 (23.3%)
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However, Chebud and Melesse [42] identified that the final deviation was due to
the installation of additional gates at the Chara Chara weir in 2001, which had led to a
sudden drop. Chebud and Melesse [42] employed three stochastic methods (perturbations
approach, Monte Carlo methods, and wavelet analysis) for lake level and volume simu-
lation to capture historically well-known events of drawdown and rise of the lake that
had happened in the last 44 years (1960 to 2004), and which were not identified by simple
water balance approach of inflow, outflow, and storage (e.g., in [13,14,28,33]). The stochas-
tic simulations predicted the lake stage level of the 1972, 1984, and 2002/2003 historical
droughts by 99% accuracy. Kebede et al. [28] found that, unlike other East African lakes
whose level significantly varies for small rainfall changes, Lake Tana level is less sensitive
for rainfall variations which is a typical characteristic of lakes with significant outflow.
Dessie et al. [12] simulated the lake level reasonably (with R2 = 0.95 between observed
and simulated values). Alemayehu et al. [17] applied the WEAP (Water Evaluation and
Planning) model and assessed the impact of the then planned water resources development
plans which are now partly completed and operating in the Lake Tana Basin. According to
them, these projects will bring about an annual lake water level drop of 0.44 m.

3.6. Groundwater Inflow to/Outflow from Lake Tana

Interaction of groundwater and lake water, as well as groundwater flow to and from
Lake Tana, is assumed negligible or very little in most of the water balance studies (e.g.,
in [12–14,28,33,42]). Using the stable 18O and 2H isotope method, Mamo [30] agreed with
negligible interaction between Lake Tana and the groundwater beneath the lake. Similarly,
Kebede et al. [18] found little interaction. Unlike the 18O and 2H enrichment of the lake
water, the shallow groundwater in the floodplain shows depletion, showing less linkage
and little or no interaction of the waters [18]. The annual floodplain abstraction of the
river inflows calculated by Kebede et al. [18], and by Dessie et al. [12], using the stable
isotopic and water balance approaches, is 454 × 106 m3 and 420 × 106 m3, respectively.
The isotopic linkage between lake water and groundwater immediately downstream in
the southern natural outlet was compared by Kebede et al. [18]. They concluded that there
is no evidence for subsurface groundwater leakage out of the basin. Later Mamo [30],
applying a similar method, came up with a contrasting conclusion that there is a measurable
groundwater outflow to Blue Nile Basin. Any groundwater outflow towards the Beles basin
in the southwestern part (Figure 1), showing strong topographical and hydrogeological
suitability, was not dealt with by Kebede et al. [18]; later, Mamo [30] found a significant
outflow amount (Table 4). The presence of a deep lineament network in the western margin
towards the adjacent Beles basin, where an important outflow amount was estimated,
gives good geological evidence for the high groundwater leakage [30]. Similar to Kebede
et al. [28], SMEC [26] assumed insignificant lake water-groundwater interaction with lake
bottom as well as surrounding aquifers, owing to the thick clay and silt deposit on most of
the lake floor, and the very low hydraulic gradient between the lake and the groundwater
aquifers near to the lake. This low hydraulic gradient, and hence low groundwater inflow to
the lake from the shallow lacustrine aquifer was also supported by Enku et al. [54] through
their study conducted on the Gumara floodplain (Figure 6). Chebud and Melesse [42]
estimated the groundwater inflow using a simple MODFLOW model at 3% of the total
river water discharge. This estimate was in line with the assumption of less than 7%
groundwater contribution by Kebede et al. [28].

3.7. Irrigation Water Amount from the Ungauged Rivers

Irrigation using a surface motor pump from different rivers and hand-dug wells is
being commonly practiced in the Lake Tana basin. Dams and diversions have also been
built, and a significant amount of agricultural land is being irrigated. Irrigation water
from gauged rivers is considered in the balance calculation since the river gauging stations
measure inflow left after irrigation. However, those from the ungauged are not considered
in the water balance calculations of the lake (Table 4). Dessie et al. [12] estimated the
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irrigation water amount abstracted from the ungauged catchments was to 133× 106 m3 per
annum, which could cause an annual lake level drop of 43 mm. According to Alemayehu
et al. [17], when the complete irrigation development plan in the whole basin (irrigation
both in the gauged and ungauged catchments) is realized, roughly 3600 × 106 m3 per year
of water will be consumed.

Though it is difficult to evaluate which one of the studies best estimated the different
water balance terms, Dessie et al. [12] seemed better estimated due to the following reasons.
(1) they have used the maximum number of rainfall stations (34 stations) for the areal
interpolation of the rainfall amount. (2) they treated the hilly and the floodplain part
differently by installing river gauging stations at the foothill, and in the middle of the
floodplains, respectively. This is a good approach as runoff response would be different for
the two topographies (3) their river inflow estimation is using river flow data by increasing
the gauged part of the study area from about 40% to 60%. (4) most importantly, their river
flow data is their own. They established the stations and developed rating curves. Besides,
the river water level is collected with a very fine time scale (10–15 min) using automatic
data recorders, which the others used data recorded manually at a daily scale. Considering
the highly changing river morphology where stations are established by the Ministry of
Water Resources, regular updating of the rating curve would have been important, and
hence possible calculation errors would be significant in the river flow data used by the
other authors that Dessie et al. [12] had not used. (5) irrigation consumption had been for
the first time (Table 4). Having these all, the estimated value of the different water balance
components by Dessie et al. [12] can be taken as the best estimates. However, they had not
invested anything in the groundwater component, and hence, the groundwater inflow and
outflow were assumed 0 mm like many of the other studies.

3.8. Summary of the Lake Water Balance Estimations and Closure Terms

Different authors presented estimations of the water balance components of Lake
Tana (Table 4). The time scale used for measuring and equating the different budget
components and the errors incorporated in the balance of the inflow and outflow terms
is also indicated (Table 4). Though the errors of estimating the inflow and outflow terms
would have been balanced by themselves, the closure term might give some clue about the
effectiveness of the water balance calculation of each study. The water balance estimations
by Dessie et al. [12] had closure error of +742 × 106 m3 and +256 × 106 m3, respectively, for
floodplain absent and with floodplain considered scenarios, showing that the floodplain
has a significant effect on the water balance estimation. According to Setegn et al. [33],
the analysis of the Lake Tana water balance has shown that there is an annual surplus
(6% of the inflow) of water (Table 4). In the study of Chebud and Melesse [42], there is a
23.3% inflow deficit compared to the outflow. They ascribed the imbalance to the ruling
out of runoff contributions from the floodplain (downstream of the gauging stations),
regional groundwater flow, errors of measurements, and calculations. However, Dessie
et al. [12] concluded that the floodplain consumes rather than contributing to the runoff.
In the view of this review paper, the deficit amount by Chebud and Melesse [42] is due to
the disregarding of the inflow from the ungauged rivers, from which most authors (e.g.,
in [13,14,18,26,30]) estimated comparable (even more) results (Table 4). The closure error in
the study of Wale et al. [14] is reported to −527 × 106 m3 in the paper (Table 4) which is
in fact +527 × 106 m3 when we recalculated. In general, higher total inflow terms (up to
6%) compared to outflow (Table 4) may support the hypothesis of lake water outflow via
groundwater to mainly the adjacent Beles basin.

4. Hydrogeological Studies in Lake Tana Basin and Related Volcanic Ethiopian
Plateau Aquifer System

A relatively small number of groundwater studies exist compared to surface water
studies for Lake Tana Basin in particular and Upper Blue Nile Basin in general. These
are studies on physical hydrogeology (e.g., [18,30]), hydrogeochemistry (e.g., [18,29]) and
groundwater isotopes (e.g., in [18,29,30,55]). Groundwater in the Upper Blue Nile Basin
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is the main water source for large cities and towns [31]. According to Alemayehu and
Kebede [31], the hilly and mountainous topography of the basin causes the recharge
mechanism to be more mountain-front recharge type where the groundwater moves into
the alluvial deposits and fractured rocks, and incised topography intercepts the recharge
mound generated from hillsides. The stream valleys and lowlands are the major discharge
areas that are usually characterized either by wetlands or springs or both [29,31]. Lake Tana
Basin is generally underlain by three hydrostratigraphic units: the Tertiary volcanics, the
Quaternary basalts, and the early Quaternary to recent alluvio-lacustrine sediments [41,56].
Generally, the Tertiary formation is less productive than the Quaternary basalts and alluvial
deposits [41]. There are no drilling data available to confirm the existence of the Mesozoic
sedimentary rocks in the study area as an aquifer [56]. Nevertheless, Hautot [57] suggested
that possibly there are Mesozoic sedimentary rocks (having a thickness of about 1.5–2 km)
beneath the basaltic sequence.

4.1. Aquifer Characterization and Associated Physical Hydrogeological Studies

SOGREAH [58] applied four different geophysical techniques and mapped the sub-
surface geology of Lake Tana Basin beneath the flat floodplain area. Two geophysical units
were identified in the floodplain. The upper unit with alternating layers of fine and coarse
alluvial deposits and volcanic formations underlain by alternating layers of massive basalts,
weathered and/or fractured volcanic formations. Fine sediments have been found closer
to Lake Tana and at relatively shallow depth [58], correspond to lacustrine deposits. This
is in contrast with most of the previous assumptions in the other hydrogeological studies
(e.g., [18,19,30]), which assumed the lacustrine deposit to be thick and covering the whole
floodplain area. In the geophysical interpretation of SOGREAH [58], the underlying vol-
canic unit, lateral and vertical heterogeneity in weathering and fracturing was commonly
detected and can highly affect the groundwater potential. This volcanic unit was also
identified by Kebede et al. [18] as the main aquifer in the floodplain. A similar survey in the
northeast and northern plain area determined similar sub-surface geology. Besides, a num-
ber of faults trending north-south have been identified in all of the survey areas, which can
have more potential for groundwater [58]. Many faults have been encountered especially
in the Kola Diba floodplain (Figures 3 and 6), which is currently a well field comprising
more than 15 deep wells and supplying Gondar and Kola Diba towns. SOGREAH [58] also
applied similar geophysical techniques on the southern part of the basin to determine the
Quaternary rock depth and hydrogeological characteristics, and to characterize the aquifer
of high discharge springs. The upper highly permeable Quaternary vesicular basaltic lava
flow has a depth of 10 m but reaches 20 m near the center where the springs are located,
indicating the presence of an old topographical depression underlain by massive rhyolitic
rocks in the spring area. The emergence of the high discharge springs could be due to the
depression and the presence of impervious rhyolitic rock underneath. Nigate et al. [29]
confirmed that the springs are chemically less evolved, and not deep circulating, and the
high discharge is due to the highly permeable, highly fractured Quaternary basalts.

A thick sequence of basaltic lava flows [39] overlying the Mesozoic sedimentary
rocks are separated by numerous layers of paleosols, which are perching and produce a
multi-layer aquifer system in the basin. They are causing the emergence of contact and
fracture-type springs, that are common on the upper hilly part of the plateau [31]. On
some of the volcanic ridges, Alemayehu and Kebede [31] noted over eighteen basaltic flow
layers. These multi-flow basaltic layers can cause more percolation time of the water in the
unsaturated zone which results in a delay of groundwater recharge. There are paleosols
between the lava flows which can act as aquitards and produce perched aquifers, that are
commonly producing mountain-front springs.

The geological structures and geomorphology control both the flow system and the
occurrence of groundwater in the volcanic province of the Ethiopian plateau [59]. This
geological and geomorphological variability across the volcanic rock terrain can also be
explained by the highly changing recharge rate. Ayenew et al. [59] noted that there are
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transmissive rocks and high recharge rates in some mountain-front aquifers. However,
the groundwater storage is low owing to the fast release of the stored water into the
adjoining plains through large open fractures. The highest infiltration is occurring in
the Quaternary basalts (Figure 3), which are characterized by high transmissivity (100–
200 m2/day) compared to the relatively low transmissive basalts of Tertiary volcanic rock
formation [28,31]. Studies by Kebede et al. [19], Ayenew et al. [59], Demlie et al. [60], and
Alemayehu et al. [61] identified a deep aquifer system having long flow paths, and shallow
aquifers discharging locally. Felsic rock ridges, volcanic centers, and dikes act as barriers
to the groundwater circulation in the plateau part of the Awash basin [62]. According to
Kebede et al. [18], they are one of the reasons for blocking deep groundwater flow paths
and the emergence of high TDS spring waters in the Tana Basin. In addition, Alemayehu
and Kebede [31] also noted high compartmentalization of the volcanic aquifers in the Lake
Tana Basin by more recent faults and dike formations. Hence, different continuous aquifers
are intersected and result in the appearance of artesian and mineralized groundwater from
a deep aquifer system through springs and boreholes. The water level map shows that
groundwater joins into Lake Tana from all directions and generally reflects surface water
flow direction [63]. High hydraulic heads occur in the highlands, and groundwater flows
under a steep hydraulic gradient towards Lake Tana, with the gradient then flattening on
the floodplains adjacent to the lake [63] (Figure 7).

Figure 7. Groundwater head distribution in the Lake Tana Basin modified after Kebede et al. [63,64].
The hydraulic head values of the well points and some the contour are shown. The contour interval
is 100 m. They are concentrated on the highlands and relatively far apart in the plain part, showing
the high gradient in the highland, and the low in the lowlands.
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4.2. Groundwater Recharge and Surface-Groundwater Interaction Studies

Values of 284, 285, and 196 mm/year were estimated as average groundwater recharge
based on chloride mass balance (CMB), soil moisture balance (SMB), and baseflow separa-
tion techniques, respectively, for the whole of Tana Basin [30] (Table 5). The similarity of
estimated values by the first two methods enabled the authors to conclude that the average
value of CMB and SMB (i.e., 285 mm/year) represents the annual groundwater recharge,
accounting for 20% of the average basin rainfall. Getenet [43] and Van Landtschoote [64]
estimated groundwater recharge using CMB, SMB, water table fluctuation (WTF), and
baseflow separation for the Rib and Gumara river catchments, respectively (Table 5). The
recharge estimated in the flat, low-lying, extensive floodplain of Gumara (Figure 6) by Van
Landtschoote [64] using the WTF method was about 105 mm (quite below the average
range of 250 to 320 mm/year for the whole catchment). Similarly, Getenet [25] calculated
the recharge in the floodplain part of Rib catchment using the WTF and SMB methods
and found annual values of 98 mm and 124 mm, respectively. These estimates of around
105 mm were in contradiction with the one determined by Enku et al. [54] using a simi-
lar method (Table 5). Enku et al. [54] estimated a groundwater recharge rate of 850 mm
Yenehun et al. [65] applied different methods to estimate recharge on the upper part of
Gilgel Abay catchment. They estimated 431 mm, 477 mm, and 462 mm, as mean annual
recharge values using the SMB, the CMB, and the WetSpass (spatially distributed water
balance model), respectively. They had also applied the WTF method, and calculated
recharge values ranging from 157 mm to 760 mm. Walker et al. [66] calculated the natural
groundwater recharge using nine different methods in the shallow aquifers of Dangila area
(upper part of Gilgel Abay catchment). In general, they found recharge ranging from 45 to
814 mm/year. However, the mean actual recharge amount has been estimated to range
from 280–430 mm. The SMB method overestimates while the WTF method strongly varies
from place to place (higher on steeply sloping aquifers and lower on the flat lowlands) [64].
Generally, groundwater recharge is found storage controlled on the flat floodplain areas,
and rainfall controlled on the highland areas [65,67]. Abiy et al. [27] estimated a recharge
of 414 and 451 mm/year, respectively, for Gumara and Rib river catchments (excluding
the lower floodplain), which could be overestimated. This could be due to assigning high
values for model parameters pertinent to groundwater flow in the applied SWAT model.
Comparison of SWAT applications for hydrological modeling on the same or similar case
study but by different authors and/or model versions resulted in very different results in
the upper Blue Nile Basin [67], owing to the representation challenges of the distributed
processes and parameters, especially the land use. Beyene et al. [68] calculated the recharge
from the return flow of flood irrigation water in the floodplain of Gumara river at tradi-
tional farmer-managed flood irrigation field using the WTF method. They found about
34–46% of the applied irrigation water is recharging the groundwater. Variation of the tex-
ture (mostly clay loam to sandy loam) and structure (granular and blocky) of the soil, is the
reason for the variation of recharge across the study area. In general, as Yenehun et al. [65]
evaluated, the water balance models such as the SMB and the WetSpass are appropriate
methods in the highland area aquifers including sloping mountain-front aquifers, while
water level measurement-based methods like WTF are preferred for storage controlled flat
floodplain aquifers
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Table 5. Summarized groundwater recharge values estimated either on the whole Tana basin or on its catchments using
different techniques.

Literature Estimation Method
Applied

Estimated Average Annual
Groundwater Recharge (mm) Area of Application

Mamo [30]

SMB 285

Whole Tana BasinCMB 284

Baseflow separation 196

Getenet [25]

SMB 365 Whole Rib catchment;
WTF = 97.6 mm and SMB =

123.5 mm on the Rib
floodplain area

CMB 154

Baseflow separation 57

WTF 189

Van Landtschoote [64]

SMB Ranging from 235 (for highland) to
320 (central)

Gumara catchment
CMB Ineffective (high Cl- variation due

to pollution)

Baseflow separation 142

WTF Ranging from 250 to 320 about 105 mm for the Gumara
floodplain area

Abiy et al. [27] SWAT model
414 Gumara catchment

451 Rib catchment

Enku et al. [54] A simple water balance 850 Gumara floodplain

Yenehun et al. [65]

SMB 431

Upper part of Gilgel Abay
catchment

CMB 477

WTF 430

WetSpass 462

Enku et al. [54] studied the shallow groundwater aquifer on the eastern floodplain
of Lake Tana Basin using groundwater level monitoring data distributed all over the
plain. They concluded that the groundwater is always (year-round) flowing towards
the lake but with an insignificant rate owing to a very small hydraulic gradient and
low hydraulic conductivity. Accordingly, they concluded that the lateral groundwater
drain is very low and unimportant, and the groundwater level fluctuation is only in
response to evapotranspiration. The estimated average annual evapotranspiration from
the groundwater ranges from 850 mm to 1000 mm for different estimation approaches. The
water level reaches the surface usually in the first week of August, where the recharge
stops due to the unavailability of aquifer storage. They assumed the recharge is equal to
the evapotranspiration of the dry period (based on a simple water balance assumption) and
estimated the annual recharge to be 850 mm. However, compared to the 1360 mm/year
total annual rainfall amount in the floodplain, and the aquifers full recharging scenario in
the first week of August [54], the evapotranspiration from the groundwater and then the
recharge looked highly overestimated.

The high variation of the estimated values by different authors (Table 5) could show the
strong spatial variability of recharge in the basin. Alternatively, the different authors used
many different important assumptions that might bring significant errors. Fore example,
the underestimation by baseflow separation could be due to deep aquifer percolations that
have not been captured by the river discharge measurements which Mamo [30] also noted.

The groundwater flow to streams accounts for about 68.7% of the average basin
groundwater recharge, while the remaining 31.3% is recharging the deep volcanic aquifer
which does not return to streams or rivers [30]. According to Mamo [30], the water
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that recharges shallow aquifers returns to the local rivers and sustains the river flow
(Figure 8a,b). Similarly, a significant baseflow amount was estimated by Setegn et al. [33],
and particularly for Gumara and Gilgel Abay by Dessie et al. [11] and Kebede et al. [28].
Similar to Mamo [30], Van Landtschoote [64] identified two different flow systems; the
shallow and deep systems. Water in the shallow is subjected to a shorter travel distance
and appears at the surface as springs or contributes to river valleys, while the deeper
flow travels regionally (Figure 8a). This deep groundwater converges in the lower flood-
plain part of the catchment and flows further towards Lake Tana. Deeper groundwater
discharge directly to Lake Tana and the floodplain and shallow groundwater discharge
to local valleys from upstream recharge areas in the northern and southern periphery of
the Rib river catchment had also been noted by Enku et al. [25,30] (Figure 8b). Similar
results by Alemayehu et al. [61], Ayenew et al. [59], Demlie et al. [58,60], and Kebede
et al. [19] were also noted for the Ethiopian plateau volcanic aquifer including the Lake
Tana Basin. Chebud and Melesse [42] applied MODFLOW on the floodplain of Gumara
catchment and observed that the hydraulic head distribution for the dry season is from the
rivers towards the groundwater system in the floodplain. According to Chebud and Me-
lesse [42], about 160 × 106 m3/year baseflow of the rivers recharges the floodplain aquifer,
while the floodplain itself contributes 100 × 106 m3/year to Lake Tana. The difference
(6 × 106 m3/year) is being stored in the floodplain. However, the flow of water from the
aquifer to the river is observed during the wet season, reversing the flow direction of the
dry period. Similarly, a significant abstraction of river water by the floodplain had also
been observed by Dessie et al. [12] and Kebede et al. [18]. Furthermore, the groundwater
in the lake-shore aquifers did not show any sign of 18O and 2H enrichment caused by
the possible admixing of lake water, showing an insignificant flow of lake water to the
surrounding aquifer systems [18,55,63]. However, deeper wells (as deep as 100 m) in the
floodplain area (on volcanic aquifers) had the most depleted δ18O values, consistent with
higher elevation precipitation, possibly indicating that their recharge is from the regional
groundwater inflow from the far remote highland area [18]. Similar conclusions had been
obtained by Kebede et al. [18] for the Seraba and Wanzaye springs (Figure 7), respectively,
in the middle Rib and Gumara catchments.

Figure 8. Hydrostratigraphical model for Gumara river catchment (a) (not to scale), and for Rib (b) with the different
recharge/discharge mechanisms from the Guna shield mountain chain to the Lake Tana (after Van Landtschoote [64] and
Getenet [43]), (DR = diffuse recharge, MFR = Mountain Front Recharge, LR = Leakage recharge, FR = Flooding recharge,
LD = Lake discharge, ET = Evapotranspiration, RD = River Discharge, RO = groundwater discharge from springs.

4.3. Hydrogeochemical and Stable Isotope Studies

According to Kebede et al. [19], two major types of groundwater systems in the Upper
Blue Nile Basin as well as in Lake Tana Basin were distinguished. The first is low salinity,
Ca–Mg–HCO3 type, isotopically relatively enriched cold (13–25 ◦C) groundwaters from
the basaltic plateau; and the second is high TDS, Na–HCO3 type, isotopically relatively
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depleted, low temperature (25–40 ◦C) thermal groundwater systems from the deeply
faulted grabens. The former water type is the recharge area water or quickly moving
groundwaters which lacks strong interaction with minerals in the rock (for example along
with open fractures), while the latter type shows strong geochemical evolution. In the high
TDS water, hydrolysis of silicate minerals by the Ca–Mg–HCO3 type waters leads to an
increase of the concentration of Na, K, Mg, and HCO3 [19,31]. Increasing Ca concentration
is inhibited by early time Ca saturation, leading to precipitation of carbonates. Similar
results were found by Demlie et al. [60,69] in the Addis Ababa area (on the rift margin
plateau), by Alemayehu et al. [62] on a plateau in the Axum area, and by Ayenew et al. [70]
and Yitbarek et al. [62] in the Awash basin, which are all on the volcanic plateau. The low
TDS Ca-HCO3 or Ca-Mg-HCO3 water is usually found on the topographic highs, while
relatively high TDS cold Na–HCO3 water type is found on topographic lows, and very
high TDS is along deep-seated low-temperature hot springs [19,59–61,69,71]. However, the
water type with low geochemical evolution is also found in the lowlands. This may be due
to preferential flowing of water through open fractures without having much residence
time for strong rock-water interaction. Similar results have been also obtained by Nigate
et al. [29] for large. Similar to the result by Yitbarek et al. [62] in the plateau of Awash basin,
Nigate et al. [29] found NaHCO3 water with relatively low TDS in a deep well at the upper
Gilgel Abay catchment. Both studies explained it as it is due to the cation exchange of Ca+

by Na+ in the thin clay beds intercalating the volcanic layers.
There are at least two geochemical types of groundwater within the general shallow

aquifer system of the basaltic plateau, representing shallow circulation and relatively deeper
circulation, whereby the concentration of all major parameters (except SiO2 and Ca2+, due
to earlier saturation), the pH, and the TDS increase from the former to the latter [19,60].
Using an integrated application of water isotopes, major ion chemistry, and δ13C values,
different types of groundwater composition were identified by Kebede et al. [18]. High
saline groundwater in the shallow aquifers of the floodplain was found by Kebede et al. [19]
and Kebede et al. [18]. According to the latter study, the shallow groundwater around
the wetlands area indicates no apparent 18O enrichment and is similar to groundwaters
in the adjacent basalt aquifers, precluding the role of evaporation in imparting salinity
to the wetland shallow groundwater. Instead, explained that the salinity was due to the
dissolution of salts from the alluvio-lacustrine sediments. The accumulation of salts is
thought to take place in the pockets of evaporation pools dotting the floodplains. These
saline waters are not found everywhere rather they are found localized in certain areas
where such evaporation pools were located [18].

The Ethiopian plateau basins including the Upper Blue Nile Basin are characterized by
high altitude, low mean annual air temperature, a long distance from the Atlantic moisture
source. However, the recharge area groundwaters of the area do not show corresponding
δ18O depletion compared to modern meteoric waters of Sahelian Africa [19,60]. This is
similar to the findings by Rozanski et al. [72], and Joseph et al. [73], respectively, for East
African rainfall and groundwater across Sahelian Africa. Unlike the groundwaters in the
Ethiopian Rift, the groundwaters of the Upper Blue Nile Basin are characterized by high
(>15) 2H excess [19]. Similar results were also obtained by Alemayehu et al. [61], Demlie
et al. [60], Yitbarek et al. [62], and Nigate et al. [29] at different parts of the Ethiopian volcanic
terrain. This δ2H excess in the groundwater could be due to the effect of evaporation
before joining the groundwater [62]. The low-temperature thermal and the high TDS
Na–HCO3 type groundwaters in the fault grabens of Lake Tana Basin were found to
have relatively highly depleted δ18O compositions and low tritium values, indicating
recharge had taken place in the highland areas and it was recharged during former cold
climate [19,60]. Hydrochemical and stable isotope signatures, supported with stratigraphic
and hydrostratigraphic evidences, showed groundwater inflow from the adjacent Blue Nile
plateau area to the Upper Awash Basin groundwater system through the lower basaltic
regional aquifer [62], portraying inter-basin groundwater transfer between these two
largest highland basins of Ethiopia. The subsurface regional fault systems, which may
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be acting as deep aquifer water conveyors, had been also noted by Ayenew et al. [59],
Demlie et al. [60,74], Kebede et al. [19], and SOGREAH [58] between different basins in the
Ethiopian volcanic plateau aquifers. This gives new insight and probable revision to the
water balance estimation made in all basins including Lake Tana.

The presence of high partial pressure of CO2, high HCO3
−, and usually high min-

eralization in the deep circulating groundwater system shows that there is a source of
CO2 at depth. This could be a direct source from the mantle along the deep faults, or it
could result from metamorphic decarbonation of the underlying limestone [19,60,61]. An
exception is the Wanzaye low-temperature hot spring water system, located at the foothill
of the Gumara catchment to the floodplain (Figure 7). While its isotopic signature indicates
that it is from the old circulating deep aquifer system water [19], it has a very high pH, the
extremely low partial pressure of CO2, and very low TDS dominated by Na+, HCO3, SiO2,
and with extremely low Ca2+ and Mg2+ cations. Kebede et al. [16] explained that these
spring waters exist through interaction with a metamorphosed Miocene lacustrine lignite
and mud rock beds embedded between the Trap Series basalts. This metamorphosed zone
could act as a major sink zone for CO2, Ca2+, and Mg2+ with an increase in Na+, K+, pH,
and SiO2 leading to this unique characteristic [19]. However, we could not find any report
that shows the presence of coal/mudrock beds near the spring or in any of the drillings
in the downstream plain of the springs. Another unique spring water, which is highly de-
pleted in δ18O and δ2H and highly mineralized chemistry (TDS >7000 mg/L), is the Sereba
spring (Figure 7) which are also noted by Kebede et al. [18]. This groundwater might have
been recharged at a higher altitude, perhaps in the former cold climate, and is emerging to
the surface due to the blockage of the deeper groundwater circulation by volcanic plugs
or dikes observed at the spring site. The source for the high TDS might be deeper water
interaction with the Mesozoic sedimentary rocks unconformably underlying the Tertiary
volcanic rocks [39,55]. Volcanic plugs and dikes are common in the Tana Basin [40,56,58].
Hence, similar groundwater types perhaps would have been more commonly found if
detailed isotopic and chemical sampling and analysis had been performed.

5. General Research Gaps in the Hydrogeology of Lake Tana Basin

High spatial variability (mainly due to topography) and temporal variability (prin-
cipally seasonal, but with small and opposite long-term trends at different gauging sta-
tions of rainfall) have been noted for the land part of Tana Basin [23] as well as over the
lake [13,24,26]. Similarly, calculation of the areal rainfall from the measured point rainfall
has significant uncertainty and is one of the challenges in hydrological modeling [42].
Hence, estimates of runoff and other hydrological terms are expected to incorporate sub-
stantial uncertainties. Furthermore, rainfall intensity has an important role in affecting
runoff, infiltration, and other water balance terms [75–78]. Thus, it is one of the impor-
tant model parameters that is calibrated in the hydrological models. However, since no
study has been done so far about rainfall intensity only estimated values are assigned
in the calibration processes of the hydrological modeling of the Lake Tana Basin and its
catchments. Therefore, rainfall intensity should be studied by installing very fine time
scale measuring gauges rather than total daily measurement. Above all, rainfall over
the lake, which is about 50% of the total inflows to the lake but with significant spatial
variation [12–14,24,26,33], shall be better estimated by installing some more new gauges
on the islands as well as at different sites on the lakeshore or nearby.

Similarly, data for the other meteorological variables such as min/max temperature,
wind speed, sunshine hours, and relative humidity which are important to calculate the
evapotranspiration and lake evaporation, are poorly available given to the large areal extent
of the study basin and the water balance sensitivity to these terms. Significant variation in
estimated values of annual over-lake evaporation by various authors (Table 2), has been
partly due to using different meteorological data sources, where a bit more meteorological
station data have been added only in recent studies (e.g., in [12]. The high topographical
variation leads to large differences in values for the different meteorological variables.
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Having a geographically well-distributed network of meteorological stations (especially
min/max temperature and precipitation) will help to estimate both inflows and outflows
(evaporation) in a more accurate way. Direct measurement of lake water evaporation
which Grabham and Black [22] tried using old techniques should be done in a continuous
and more coordinated way using more recent technologies. Such measurements will help
validate the calculations using long-term meteorological data. In addition, good estimates
of precipitation and evapotranspiration will allow making more reliable groundwater
recharge estimations (which is, in turn, important input data for groundwater modeling of
the basin).

It is noted that one of the gaps in the water balance studies is the ungauged river inflow
to the lake (Table 3), leading to significant uncertainties in the estimated water balances.
Ungauged catchments could behave very differently from gauged catchments, mostly
due to subsurface geological conditions [26]. Therefore, increasing river gauging stations,
especially for rivers with relatively high flows in the northeastern and northwestern parts
of the study area, is essential for updating the inflow amount, and hence the water balance.

Generally, the groundwater in the basin is less studied than the surface water (e.g., [18,
19,29,30,56]). Most of these studies were concentrated on general geochemistry. However,
the following aspects are either poorly studied or not studied at all.

• aquifer properties characterization such as transmissivity and hydraulic conductivity;
• groundwater flow system and groundwater balance;
• more detail surface-groundwater interactions studies with water bodies such as rivers,

the lake, and wetlands
• groundwater potential and sustainability to possible natural (e.g., drought) and human

exploitations.

Fortunately, there are high numbers of newly-built hand-dug wells and several new
boreholes in recent years. These represent new data sources for physical hydrogeological
studies as well as for sampling for further hydrochemical and isotope studies, which can
partly fill the current data scarcity.

Finally, groundwater wells and springs with anomalous TDS (in the middle Rib
catchment) and hot springs with extremely low TDS (unlike the other highland or rift
hot springs), aforementioned by [18,19] are not well justified and need a thorough study.
Also requiring more study are the high sulfate concentrations in the floodplain boreholes
that were found by Kebede et al. [18,19], but who offered little explanation regarding
why and how they appeared and no information who offered little explanation regarding
their spatial distribution. Furthermore, water usage for irrigation is growing fast in the
floodplains as well as in the highlands. In addition, Eucalyptus tree coverage, whose
evapotranspiration uptake is high, is expanding in the basin. Both these new activities
affect the hydrology. Hence, updating the water balance of the basin is important, by
considering these changing scenarios.

6. Conclusions

The Lake Tana Basin is identified as one of the few agricultural growth corridors of
the country. Basin-wide surface-groundwater studies performed in the Lake Tana Basin
are summarized in this review paper. In general, mean annual precipitation over the
lake was estimated to have a range from 3784–4431 × 106 m3; lake evaporation of 3900–
5547 × 106 m3; river inflow of 3500–6832 × 106 m3; and river (lake) water outflow of
3399–5300 × 106 m3. In most of the studies (except Mamo [30]), groundwater inflow and
outflow is considered insignificant. Hydrometeorological data scarcity (both spatially and
temporally) is the critical limiting factor for the water balance studies of the lake. Hence,
the present water balance studies have many discrepancies. In addition, the interaction
between the surface water bodies and the groundwater has not been investigated in
detail which could have led to different results for the water balance terms if significant
interaction exists.
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Multi-layer aquifer systems interbedded with aquicludes result in high heterogeneity
and anisotropy in the groundwater systems of the basin. Despite the natural complexity,
there have been few groundwater studies in the area. In this review, the studies on
groundwater recharge, aquifer characterization, and hydrochemistry of groundwater in
the Lake Tana Basin with reference to some studies on the other plateau volcanic aquifers
have been assessed. In general, two groups of groundwater are found in the Lake Tana
basin: (1) low TDS, Ca–Mg–HCO3 type, isotopically relatively enriched cold (13–25 ◦C)
groundwaters from the basaltic plateau; and (2) high TDS, Na–HCO3 type, isotopically
relatively depleted, low temperature (25–40 ◦C) thermal groundwater systems from the
deeply faulted grabens. Within the general shallow aquifer system of the basaltic plateau,
there are two groundwater types, representing shallow circulation and relatively deeper
circulation, whereby the concentration of all major parameters, the pH, and the TDS
increase from the former to the latter. According to the limited studies, there is strong river
water and groundwater interaction; however, based on some chemistry and stable isotope
studies, the lake-groundwater interaction is insignificant. Groundwater recharge values
estimated at different parts of the basin applying different techniques show high variation
possibly due to strong spatial variability, and/or the disparity between the reality and the
assumptions of the methods applied.

The different water balance studies have their own weakness and strength. Thus, it
is difficult to conclude the result of any of the studies is accurate. However, given the
methods followed to estimate the river inflows (the increasing of the gauging coverage and
separate parameterization of the hilly and the floodplain parts), the water balance values
estimated by Dessie et al. [8] might be more acceptable results. The groundwater outflow
to the Beles basin result by Mamo [20] is a new insight, and at least gives a reason for the
water balance discrepancy estimated by the other authors. The evaluation of the different
groundwater recharge studies by Yenehun et al. [64], shows how the effectiveness of the
different methods varies from place to place. Hence, estimating recharge using a single
technique or averaging the values by different methods is less accepted. Values by using
the WTF and other water level data-based methods are accepted in floodplains and values
by water balance methods like the SMB on the sloping and plateau highland aquifers are
more accepted.

Further detailed studies on the interaction of lake-groundwater as well as river-
groundwater are suggested. In addition, pumping test data, groundwater water level
monitoring, and detailed litho-section studies will help to explicitly characterize the differ-
ent layered aquifer systems and their interconnection. It is also very important to assess
the sensitivity of the groundwater resource to climatic variations. Using this review work,
researchers can easily identify the research gaps and refer to the investigated values, and
the conclusions drawn.
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