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EXECUTIVE SUMMARY

OO OO OO OO OO OO OO OO OO OO OO OO

Introduction

1.

The Gibe Il hydroelectric project is the third in a series
of five dams the Ethiopian government is constructing
on the Omo River to meet the demands of the region’s
power industry. Once completed, it will be the largest
hydroelectric plant in Africa, with a power output of
about 1 870 Megawatts (MW), more than doubling
Ethiopia’s total installed capacity from its 2007 level of
814 MW (EEPCo 2009b).

Lake Turkana is the largest permanent desert lake in
the world. It lies in a low, closed basin in northwestern
Kenya and southwestern Ethiopia. As a closed lake,

the influx from rivers and evaporation from the lake’s
surface determine water-level fluctuations. Of the three
rivers that contribute to Lake Turkana—Omo, Turkwel
and Kerio—the Omo River, which flows from the
Ethiopian highlands, contributes more than 80 per cent
of the lake inflows (Rickets and Johnson, 1996).

Historical Lake Levels and Previous Studies

3. Lake Turkana experiences seasonal variations in its

water level of 1-1.5 m over the year, and it has a long-
term natural variability of 5-10 m. Although Lake
Turkana’s water level declined considerably over the last
century—by more than 10 m—the trend shows a slight
increase over 1992-2010.

Analysis of Lake Turkana's water levels from 1880 to
2008 obtained from Kenya’s Marine and Fisheries
Research Institute (KMFRI) shows that in the late 19th
century, Lake Turkana’s water level was about 20 m
higher than the level in 2011 (362.5 m above sea level),
followed by a general decline during the first half of the
20th century. The water level decreased to a minimum in
the 1950s, and during the early 1900s, it was about 10 m
higher than the 2011 level. There was a rapid increase in
the 1960s through to the 1970s, with the level reaching
a height of 366 m during the late 1970s and 1980s.

The most recent water-level fluctuations captured by
the TOPEX/Poseidon satellite (between 1993 and 2009)
show that the lake’s level gradually increased to reach

a maximum of about 365 m by the end of the 20th
century. However, between 2000 and 2006, the level
gradually declined to about 361 m. Satellite altimetry
data show that by the end of 2011, the lake’s water level
was about 362.5 m.

There has been no considerable change in rainfall
patterns in East Africa over the last few decades (Cheung
and others, 2008). In our study, analysis of satellite

rainfall estimates over the Turkana basin for
1998-20009 reveals a nearly constant overall trend in
mean basin rainfall.

Avery (2010) determined that the dam would cause the
lake’s level to drop by up to 2 m. Salini Constructions
(2010) reported that the potential hydrological impact
of Gibe Il on Lake Turkana’s water levels would be a loss
of up to 1.5 m during the initial impoundment period.
These reports, however, limited their results to the
reservoir’s first impoundment period.

The Present Study

8.

10.

This assessment study uses multiple sources of satellite
data from 1998 to 2009 and a hydrologic modeling
approach (Velpuri and others, 2012) to study the
potential hydrological impact of Gibe Ill on Lake Turkana
water levels.

This study incorporates the operational strategies for the
Gibe Il dam published by the Ethiopian Electric Power
Corporation (EEPCo) (2009b), which include discharge
from the reservoir: (a) all-time environmental flow of 25
m?3/s, (b) artificial flood release of 1 000 m3/s for 10 days
in September each year, and (c) scheduled releases from
the reservoir after power production.

This study also considers the potential impact of the
dam beyond the reservoir’s first impoundment period
and analyzes the dam’s impact on lake levels under
different rainfall scenarios.

Hydrologic Impact Assessment: Results

11.

12.

Results indicate that because of the Gibe lll dam, the
peak flows into the lake are reduced and dry season
flow is increased with a dam moderated average flow
rate of 500-550 m3 s including the initial impoundment
period. Furthermore, the dam would have a greater
impact when the basin receives above-normal rainfall
and a smaller impact when the basin receives
below-normal rainfall compared to conditions

without the dam.

Three different approaches that use existing satellite
data and various future rainfall scenarios were used

to assess the potential impact of the Gibe lll dam on
the lake’s water levels. The first approach is based

on the simple assumption that the Gibe Il dam was
commissioned (start of reservoir filling) in the past (on

1 January 1998). Thus, we use the observed historical
climatic data for the period 1998-2009 to assess the
dam’s impact had it actually been built at that time. The
model’s results show that the Gibe Ill reservoir would



13.

14.

have reached a minimum operation level (MOL) of

201 m depth of reservoir by August 1998 (in around 220
days). The results further indicate that during the initial
period of dam/reservoir filling, the lake level would have
dropped by up to 2 m (95 per cent confidence interval).
This result is similar to the one reported by Avery (2010).

It is impossible to accurately predict the Turkana basin’s
future climate. In the second approach, however, we
built future rainfall scenarios based on a knowledge
and understanding of the frequency and distribution of
rainfall over the Turkana basin region. The climate’s past
variability provides the context in which different below-
normal (drier) and above-normal (wetter) rainfall years
were combined to generate 20 likely rainfall scenarios
and to assess the potential impacts of the dam on lake
water levels. The results of this approach show that the
Gibe Il reservoir would reach MOL in 8-16 months,
depending on the rainfall under different scenarios.
When compared to lake levels modeled without the
dam, there will be either no change (with above-normal
rainfall) or a decline of up to 4.3 m in the below-normal
rainfall scenario after the dam is commissioned. Lake-
level variability due to regulated inflows after the dam’s
completion was found to be within the lake’s natural
variability (4.8 m).

The nonparametric resampling technique using the
most recent 12 years of satellite data was used to
generate several future scenarios of climate data and
to evaluate the potential impact of Gibe Ill. The results
indicate that in the median scenario, it would take
about 10 months for the Gibe Il reservoir to reach
MOL. Results also indicate that the average decline in
the lake’s level because of the dam would range from

Overlooking Lake Turkana .

15.

1.5 to 2.3 m upper confidence interval (UCI), 1.2 to 2.2
m (median), and 0.6 to 1.8 m lower confidence interval
(LCI) under the three rainfall scenarios, respectively. Due
to the regulation of lake inflows, the dam would have a
greater impact when the basin receives above-normal
rainfall and a smaller one when the basin receives
below-normal rainfall.

Changes in the shoreline or surface area are associated
with the lake-level variations. This study identified hot
spots of shoreline change, such as the Omo River Delta,
Ferguson’s Gulf, and the Turkwel-Kerio River Deltas,
which will show possible shrinking and expansion due
to Gibe Ill. Further analysis is required to assess the
impact of change in seasonal variations on the Omo
River flows and the consequent impact on the ecology
and fisheries in the lake.

16. The use of satellite-based data in this study, to estimate

runoff and evapotranspiration, makes the modeling
approach consistent and robust, especially for a basin
where long-term historical runoff and climate data are
scarce. The results obtained under different scenarios
will be of great use to planners and others assessing the
hydrological and environmental impacts of the dam
under future climatic uncertainty.

17.This case study only considers the hydrologic impact

of Gibe Il dam on Lake Turkana water levels and does
not include the potential irrigation scenarios from the
Omo River. The eco-hydrological impacts of the dam,
potential irrigation projects and accompanying socio-
economic changes in the basin will be addressed in
another study carried out by UNEP in collaboration with
the Lake Turkana basin countries and stakeholders.
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1. INTRODUCTION

OO OO OO OO OO OO OO OO OO OO OO OO

1.1 Lake Turkana

Lake Turkana is the largest saline lake among the most
northerly of the Rift Valley lakes; its delta extends into
Ethiopia, Kenya, Sudan and Uganda (Figure 1). The lake
is 250 km long, 15-30 km wide, has an area of nearly

7 000 km?, and is the fourth largest lake in Africa by volume.

It has a maximum depth of 125 m and an average depth
of 35 m. More than 80 per cent of inflows to the lake come
from the Omo River in Ethiopia (Cerling 1986, Ricketts

and Johnson 1996). The Omo River is perennial and flows
nearly 1 000 km from north to south before ending in Lake
Turkana. Most of the remaining inflows come from two
southern tributaries, the Turkwel and Kerio Rivers. Lake
Turkana is considered an endorheic or closed lake because
there is no surface outlet and insignificant seepage. The
outflow is almost wholly dominated by evaporation. The
annual loss by evaporation is estimated to be a little higher
than 2 m. Rainfall over the lake could be as low as

200 mm/year. The lake once provided drinkable water

but is now becoming increasingly alkaline.

Omo Delta
Wetland complex

Figure 1: Location of Lake Turkana, East Africa.

Note: Landsat ETM+ imagery mosaic acquired on 6 August 2000 over Lake Turkana, Africa. Insets: (a) Omo River Delta (b) Turkwel and Kerio River Deltas.
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Lake Turkana’s water levels usually show seasonal
fluctuations of 3-4 m. Generally, the annual amplitude
of lake-level fluctuation is 1-1.5 m, but it also undergoes
considerable long-term variations that exceed those
of any other lakes of natural origin (Butzer 1971).
Paleolimnological studies indicate that during the Holocene
period, the lake’s level was about 60-80 m higher than the
present-day level and that it was connected to the Nile
River (Yuretich 1976). The current lake has no outlet and the
mean lake level is 360 m above sea level. In 1988, Kallgvist
and others synthesized Lake Turkana'’s water levels for the
previous 100 years and concluded that around 1895, the
lake was about 20 m higher than in 1988. The lake declined
gradually during the first half of the 20th century, reaching
its lowest level in the 1950s, after which there was a rapid
increase in the 1960s through the 1970s, with the peak level
attained during late 1970s and 1980s.

Evidence of Lake Turkana water levels from the early
20th century until the end of 2008 (Figure 2) indicates
fluctuations with respect to the Hopson'’s 1972 datum
(365.4 m). Interestingly, the lake’s water level fluctuated
widely over the last century, on the order of about 10 m.

Currently, Ethiopia is constructing a series of
hydroelectric dams on the Omo River: Gibe | and Gibe ||
are completed, and at the time of this writing (2012), Gibe
lllis under construction. Because the Omo River supplies
more than 80 per cent of the inflow to Lake Turkana, it is
speculated that damming the Omo River will lower Lake
Turkana’s water level and eventually dry up the lake. If
this occurs, it would negatively impact nearly 300 000
people from different communities who depend directly or
indirectly on Lake Turkana for their survival.

8 -
T
3
3
~ 4 A
~
2
2, &,A
3 L'
>
3
-4 A
©
c
g
5
5
2-8 T T T T T T T T T "
3

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Time (Years)

Figure 2: Lake Turkana water levels in the 20th century.
Source: KMFRI, Kenya

1.2 Past Studies

Over the past decade or so, several studies on Lake
Turkana’s water levels and related environmental issues
have been carried out (Table 1). Initially, the Ethiopian
Electric Power Corporation released a report on the Gilgel
Gibe dam (EEPCo 1995). Although the document identified
several hydrological and environmental implications of this
dam, it did not report on the impact on Lake Turkana. EEPCo
(2004) performed an environmental impact assessment of
the Gibe Il hydroelectric project, which indicated that Lake
Turkana would benefit from the Gibe | and Gibe Il projects.
In 2008, the European Union performed an independent
assessment of hydroelectric projects in Ethiopia and its
published report, The Gilgel Gibe Affair (2008), included
environmental and socioeconomic aspects, but it failed to
identify the hydrological impact of these dams.

No. Report Focus of Impact Assessment Impact on the Lake level
1 EEPCo 1995 Gibe I: Hydrologic impact assessment Not reported
2 EEPCo 2004 Gibe II: Environmental Impact Would have a positive impact
3 The Gilgel Gibe Gibe I: Environmental Not reported
Affair 2008 and Socio-economical
4 ARWG 2009 Environmental and Socio-economical Would decrease up to 10-12m
5 Avery 2009 Hydrological Would decrease
6 EEPCo 2009a Downstream Would have a positive impact
7 EEPCo 2009b Environmental and Socio-economical Not reported
8 FoLT 2009 Hydrological, Environmental and Socio-economical | Would decrease
9 Hathaway 2010 Hydrological, Environmental and Socio-economical | Would decrease
10 Avery 2010 Hydrological Would decrease up to 2 m
11 Salini Constructions|  Hydrological Would decrease by 1.5m
2010

Table 1: Previous studies on the hydrological impact of Gibe Ill on Lake Turkana water levels.
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In 2009, several agencies published hydrological,
environmental and social impact assessment reports.
ARWG (2009) concluded that the lake’s water level would
decline by up to 10-12 m. However, it is not clear how this
estimate was derived. Based on preliminary results from
a hydrological impact assessment, Avery (2009) reported
that Lake Turkana’s water level would decline due to
commissioning (start of dam filling) of the Gibe Il dam,
but the loss was not exactly quantified. EEPCo’s (2009a)
downstream impact report predicts a positive impact on
Lake Turkana. EEPCo (2009b) focuses on the environmental
and social aspects of its impact assessment and does not
report on the direct impact of Gibe Il on Lake Turkana water
levels. Based on these reports, others, such as those by
Friends of Turkana (2009) and Hathaway (2010), concluded
that lake levels would decline due to the construction of the
Gibe Ill dam and advocated halting the dam.

The recent report on the hydrological impacts of the
Gibe Il dam by Avery (2010) determined that it would
cause the lake’s level to drop by up to 2 m. The Avery study
provides the most comprehensive information on Lake
Turkana and Omo River and uses a water-balance model
to evaluate the drop in lake level during the filling of the
dam’s reservoir; based on data for the period 1993-2009,
the report indicates that the lake would have reached
equilibrium after 15 years if the dam had been constructed
in 1993. Salini Constructions (2010) reported that the
hydrological impact of Gibe Ill on Lake Turkana water
levels would result in a loss of up to 1.5 m during the initial
impoundment period only. None of these reports account
for the variability in climatic conditions and thus fail to
provide information about the dam’s impact in a situation
of climatic change.

1.3 The Current Study

This study evaluates the likely hydrological impact of the
Gibe Il dam on Lake Turkana water levels. Remotely sensed
data and hydrological modeling techniques were used to
forecast the impact of the Gibe Ill dam on the lake’s water
levels using different rainfall scenarios and approaches.
Several characteristics of this study make it different from
previously published studies:

- Uses consistent remote sensing data

« Analyzes the impact of Gibe lll using three different
approaches, including different climate scenarios

« Models the impact beyond the initial impoundment
(beyond three years after dam commencement)

« Models the impact of the dam based on different initial lake
water levels at the time of the dam’s commencement

« Models the dam’s impact on the lake’s shoreline changes
under different rainfall scenarios to identify hot spots of
change

1.4 Structure of the Report

This first chapter provides the background for examining
the likely changes in Lake Turkana due to the construction
of the Gibe Il dam, the results of past studies on
environmental impacts of the dam, and the need for the
present study and its characteristics. Chapter Two briefly
describes the status of dams on various continents,
including Africa, and then more specifically, of the Gibe
hydroelectric power project in Ethiopia. Chapter Three
describes the Lake Turkana basin and various climatic

and physical factors that influence lake levels and their
variability over time. Chapter Four describes the satellite
data and the modeling approaches used to determine
the likely impact of the dam on lake levels. Chapter Five
presents the results of the study by using three different
approaches under a number of different climate scenarios.
Finally, the last chapter presents the main conclusions of
the study. Following are the chapters in this report.

1. Introduction
2. The Gibe Hydroelectric Power Projects in Ethiopia

3. The Basin’s Climatic and Physical Factors Influencing
Lake Levels

4. The Methodology to Model the Impact of the Dam on
Lake Levels

5. An Impact Assessment of Gibe Ill on Lake Turkana
Water Levels

6. Conclusions

Omo River near the GIBE Il dam site.

© Manohar Velpuri
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2. THE GIBE HYDROELECTRIC POWER PROJECTS IN ETHIOPIA

OO OO OO OO OO OO OO OO OO OO OO OO

2.1 Dams

Managing water for the benefit of humankind has always
been regarded as a noble activity. Dams provide several
benefits: water for irrigation, drinking and industrial uses;
flood control; hydroelectric power generation; redirecting
river flow; recreation; general surface-water management;
and above all, water security. According to the World
Commission on Dams (WCD), about 3 800 km? of freshwater
is withdrawn annually from the world’s lakes, rivers and
aquifers; dams contribute the highest proportion of

this water.

Although dams are promoted as an important way
to meet water and energy needs and support economic
development, they can be controversial due to their social
and environmental impacts. Dams themselves affect many
different ecological components of rivers. For example, they
change water flows, interrupt fish migrations, contribute
to soil erosion and sedimentation, and modify the water
temperature, which consequently changes oxygen levels
and creates inhospitable environments for many species.
Furthermore, creating a reservoir requires flooding large
areas of land at the expense of the natural environment and

sometimes requires the displacement of villages, towns and
small cities.

To understand the impacts (both positive and negative)
and to make a judicious decision about whether to build a
proposed dam, a complete impact assessment of the dam
is needed before the project begins. Such an assessment
is critical for the sustainable development of the river
basin. Impact assessment studies can lack credibility when
they are not performed comprehensively. Indeed, the
environmental and social costs of large dams have been
poorly accounted for in economic terms; consequently, in
most cases, the true profitability of these schemes
remains elusive.

After the World War II, there was an unparalleled increase
in the number of large dams (larger than 15 m). See Figure
3. Nearly 5 000 large dams were built worldwide from 1970
to 1975. Since the 1980s, the pace of dam building declined,
especially in North America and Europe where most
technically attractive sites for dams are already utilized;
activity is now focused on the management of existing
dams, including rehabilitation, renovation and optimizing
the operation of dams for multiple functions.
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Figure 3: Trend in the global distribution of dams between 1900 and 2000.

Source: WCD 2000

Note: Information excludes the time-trend of dams in China.
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Figure 4: Regional distribution of large dams at the end of the 20th century.
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The top five dam-building countries account for nearly
80 per cent of all large dams worldwide (ICOLD 1998). China
alone has built around 22 000 large dams, or close to half
the world’s total number (Figure 4). Other countries among
the top five dam-building nations include the United States
(6 390 large dams), India (4 000 large dams), Spain (1 000
large dams) and Japan (1 200 large dams). Approximately
two-thirds of the world’s existing large dams are now in
developing countries. An estimated 1 700 large dams have
been under construction in other parts of the world in the
last few years (Table 2).

2.2 Hydropower Projects in Africa

Hydroelectric power generation is currently the largest
renewable energy source worldwide, and it has increased

by 50 per cent since 1990. In 2008, global hydropower
plants generated 3 288 terawatt-hours (TWh), which was
roughly 16.3 per cent of worldwide electricity production.
During 2009, China produced 17.8 per cent of the world’s
total hydroelectricity, or 585 TWh (McMahon and Price,
2001). Other major nations producing hydropower are
Canada with 11.5 per cent (383 TWh), Brazil with 11.2

per cent (370 TWh), the United States with 8.6 per cent
(282 TWh) and Russia with 5.1 per cent (167 TWh). Globally,
approximately two-thirds of the economically feasible
potential sites for dam construction remain undeveloped
(Bartle, 2002). Untapped hydrologic resources are still
abundant in Latin America, Africa, India and China.

Africa has plentiful water resources for hydroelectricity
and can boost energy security and economic development
by increasing hydropower development. Currently,
electricity production in Africa is the lowest in the world.

Country Number of Dams Purpose

India 695-960 Irrigation, multipurpose

China 280 Flood control, irrigation, hydropower
Turkey 209 Irrigation, hydropower, water supply
South Korea 132 Irrigation, hydropower, multi-purpose
Japan 920 Mainly flood control

Iran 48 (< 60 m) Irrigation, multipurpose

Table 2: Dams under construction globally by the end of 2000.

Source: WCD 2000
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Figure 5: Gross theoretical hydropower potential in Africa.

Source: WEC 2004

Although Africa has the second largest population after
Asia, it has the lowest energy consumption per capita

of any continent. Many African nations have per capita
electricity consumption of less than 80 kWh/yr, compared
to 26 280 kWh/yr in Norway, 17 655 kWh/yr in Canada, and
13 800 kWh/yr in the United States (Bartel 2002). Africa’s
gross theoretical hydropower potential is 4 000 000 MWh
(Figure 5), but its current hydropower production is about
20 per cent of that total potential. The technically feasible
hydropower potential of Africa is around 1 750 TWh, which
is about 12 per cent of the global capacity. Presently, only
5 per cent of this technically feasible potential is exploited.
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Thus, Africa is referred to as an “underdammed”
continent (The Economist 2010). Only 3 per cent of its
renewable water is used, compared to 52 per cent in Asia
and 21 per cent in Latin America. Assessments of the
proportion of Africa’s potential hydropower capacity that is
actually used vary from 4 per cent (Bartel 2002) to 7 per cent
(AfDB 2006) and 8 per cent (World Bank 2010) depending
on the source. It is clear from these estimates that there is a
lot of hydropower energy yet to be utilized.

In 2002, about 2 403 MW of new hydropower capacity
was under construction in 18 African nations, and between
2000 and 2002, the production of hydropower throughout

!\l
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Figure 6: Lake Turkana and the cascade of Gibe reservoirs in Ethiopia.
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the continent increased by more than 2 000 GWh/yr
(Bartel 2002).

2.3 The Gibe Hydroelectric Power Projects in Ethiopia

With abundant rainfall and suitable physical features,
Ethiopia has several potential sites for hydropower
development. The Ethiopian government has started
building a series of dams on the Omo River, primarily to
meet the demands of the power industry in the East African
region. Figures 6 and 7 show the location and distribution
of the Gibe dams in Ethiopia. These dams on the main
Omo River will also regulate the flow of water into Lake
Turkana. Gibe | and Gibe Il are already commissioned and
operational. Gibe Ill is now under construction and Gibe
IV and Gibe V are proposed dams. Table 3 describes the
characteristics of the Gibe dams.

The Gilgel Gibe | dam (Gibe |) is the first of the three

Project Power Total Power | Dam Dam Reservoir Catchment | Status

Capacity | Production | Type Height Storage Capacity | Area

(Mw) (GWh/yr) (m) (x10° m3) (km?)
Gibe 184 722 Rock 40 657 4225 Commissioned in 2004
Gibe Il 420 1635 RC 55 - 4034 Commissioned in 2010
Gibe lll 1870 6400 RCC 243 11500 34150 Under construction
Gibe IV 1470 5917 RCC 164 10 000 44300 Proposed
GibeV 662 1937 RCC 60 - 49000 Proposed

Table 3: Characteristics of existing and planned Gibe hydroelectric projects on the Omo River, Ethiopia.
Source: EEPCo 2004, 20093a,2009b; Note: RC - Reinforced Concrete; RCC - Roller Compacted Concrete

fee



Figure 7: Map of Turkana basin showing locations of Lake Turkana and the cascade of Gibe reservoirs.

Source: USGS Landsat Mosaic / prepared by UNEP-GRID Sioux Falls
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Roads along the Omo River leading to construction site.

Workers on the dam abutment excacation. Left bank dam excavation.



) Manohar Velpuri

Diversion tunnel outlet.

Diversion tunnel inlet.

Diversion tunnel outlet.
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hydroelectric projects built within the Lake Turkana basin.
It was built on the Gilgel Gibe River, a small tributary of
the main Gibe River, which flows into the main Omo River
(Figure 8).

Commissioned in 2010, the Gibe Il hydroelectric plant
channels the water already impounded by the existing
Gilgel Gibe | hydroelectric plant through a 26-km long
tunnel directly into the Gibe-Omo River (Figures 6 and 9).

Gibe I3

sHydroelectric Facilityy,

ared by UNEP-GRID Sioux Falls

© GeoEye lgrepared by UNEP-GRID Sioux Falls

Figure 10: Gibe Ill dam site as seen by high-resolution satellite

) imagery on 21 March 2009.
Figure 9: Gibe Il (under construction) as seen by satellite imagery on

9 December 2007.




1600 -

=

B

o

=]
.

1200 -

1000 -

Mean annual runoff at Gibe Ill (m3/s)
3
o

600 -

400 -

200

.0 888 I
Jan Feb Mar Apr May Jun

Figure 11: Mean annual runoff at the Gibe Ill site.

Source: EEPCo 2009b

The resulting 500-m head is used to generate 420 MW of
electric power. As this project does not impound any water
itself, it has no substantial impact on Lake Turkana

water levels.

The Gibe lll dam is located on the Omo River around
150 km downstream of the Gibe Il outlet (Figures 6, 7,
and 10). Near the dam, the area is characterized by a large
plateau with a long and relatively narrow canyon through
which the river flows (Gilgel Gibe Affair 2008). Upon
completion, a 150-km dammed reservoir will be created,
flooding the whole canyon from the dam upstream to
the Gibe River, retaining about 14.7 billion m? of water at
maximum capacity. Upon completion, the Gibe Il dam will
be the tallest dam in Africa. It is estimated that the dam
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Krasnoyarskaya (Russia)

Robert-Bourassa (Canada) 5

Churchill Falls (Canada)

Bratuskaya (Russia) 4500

Gibe Ill (Ethiopia) 1870
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will be completed by 2013 and possibly be operational by
mid-2014. The mean annual inflow or discharge into the
reservoir is estimated to be 438 m3/s (13 800 million m?3),
with seasonal inflows varying from less than 62 m3/s in
March to over 1 500 m3/s in August (Figure 11).

In terms of power generated, the capacity of Gibe Ill is

one-third of the 10th largest project in the world (Figure 12).

Despite its relatively smaller size/capacity, there is a need to
evaluate the likely social, hydrological and environmental
impacts of the Gibe lll dam on the downstream water
resources within the Turkana basin to avoid and/or

to mitigate any adverse impacts by changing the

design parameters and/or by developing suitable
management strategies.

22 500
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Figure 12: Gibe lll hydroelectric project power generation capacity compared to the top ten

hydroelectric projects in the world.
Source: WCD 2000
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Children on the shore of Lake Turkana.
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3. THE CLIMATIC AND PHYSICAL FACTORS IN THE TURKANA BASIN

THAT INFLUENCE LAKE LEVELS

OO OO OO OO OO OO OO OO OO OO OO OO

3.1 The Lake Turkana Basin

The Lake Turkana River basin extends over a portion of
Ethiopia in the north and a part of Kenya in the south,

with a small area extending into Sudan and Uganda in

the west (Figure 13). The lake’s watershed covers nearly

145 500 km?2. The climate is classified as tropical humid in
the highland regions surrounding Jima and the headwaters
of the Gojeb River in the northern part of the basin. Most of
the other regions in the Gibe Ill watershed have a tropical
sub-humid climate. In areas south of the Gibe Il extending
to Lake Turkana, the climate mostly varies between

tropical humid to hot and arid. The seasonal variation

in climate is associated with the oscillation of the Inter-
Tropical Convergence Zone (ITCZ), a low pressure area of
convergence. The ITCZ shifts northwards across southern
Ethiopia from September to November and southwards
from March to May, providing a wet season (from June to
September) and a dry season (from December to April).
During the wet season, the area is under the influence of
Atlantic equatorial westerlies and southerly winds from

the Indian Ocean, producing strong precipitation. During
the dry season, the moist air comes from the Gulf of Aden
and the Indian Ocean, producing short rains in the basin.
Rainfall rates decrease strongly southwards, to less than 300
mm/year near Lake Turkana. Soils in the Turkana basin vary
from Orthic Argisols in mountainous areas with steep slopes
to Orthic Luvisols in hilly regions of the basin.

3.2 Rainfall Variability in the Turkana Basin

The Lake Turkana basin has four distinct seasons, with two
dry periods (December to February and July to August)
and two rainy seasons (March to June and September to
November). The rainfall ranges from over 1 900 mm/year
in the northern and western part of the basin to about 200
mm/year in the southern part. As the main source of moist
air is from the Atlantic Ocean in the southwest, the eastern
parts of the highlands are

Gilgel Gibe River

Omo River

Turkwel
River

[ Lake Turkana Basin
I Lake Turkana

<~ River Network Kerio River
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Figure 13: Location and extent of the Lake Turkana basin, East Africa.

(Figure 14) obtained from the U.S. Geological Survey
(USGS) Famine Early Warning Systems Network (FEWS
NET) website. Since June 1995, the National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction
Center (CPC) has produced daily satellite-based RFE with a
spatial resolution of 0.1 x 0.1 degrees for the FEWS project
of the U.S. Agency for International Development (USAID).

The trend line associated with the 12 years of rainfall
data indicates that the rainfall pattern in the basin dur-
ing that time has been stable and there has been minimal
change (Figure 14). Though there were some very dry years,
such as 2000, 2003 and 2009, there were also very wet years,
such as 1998, 2006 and 2007.

—o—Mean Basin Rainfall

mostly rain shadowed. _r=_u 0.20
. . c
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(northern part of the basin) £
v o
receive maximum rainfall in S g 0.12
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sharply in the southern 0
parts of the basin. Rainfall t—': 0.04
variability over the Turkana §
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basin area was analyzed
using the satellite-based
rainfall estimates (RFE)

for Africa for 1998-2009
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Figure 14: Modeled mean monthly rainfall in the Lake Turkana basin, 1998-2009.
Blue line indicates statistical trend.
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Figure 15: Total monthly rainfall pattern over Lake Turkana modeled from satellite-based rainfall estimates (RFE) for Africa. Blue line indicates

statistical trend.

3.3 Rainfall Variability over the Lake

Data on rainfall over Lake Turkana were extracted from the
RFE rainfall estimates; Figure 15 shows the monthly rainfall
variability over the lake. The trend line (in blue) indicates
that there has been a slight decline in rainfall over the lake
since 1998. Over-the-lake rainfall declined from an average
rate of 6.5 to 4 mm/month by the end of 2009.

3.4 Total Monthly Runoff in the Lake

Total monthly runoff, or inflows, to the lake for 1989-2009
were modeled using a lake-level modeling approach

0.8

(Velpuri and others 2012) and is presented in Figure 16. The
data indicate that there has been a slight increase in total
monthly lake inflows of 0.05 m over the 12-year period.

3.5 Over-the-Lake Evapotranspiration

Similarly, over-the-lake evaporation losses were determined
from modeled evapotranspiration (ET) data estimated using
the VegET modeling approach (Senay and others 2008) and
are presented in Figure 17. The data indicate that over the
recent past, ET over the lake increased from an average of
0.18 m per month to 0.22 m per month.
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Figure 16: Modeled total monthly runoff over Lake Turkana basin, 1998-2009. Blue line indicates statistical trend.
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Figure 17: Total monthly evapotranspiration over Lake Turkana, 1998-2009. Blue line indicates statistical trend.
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3.6 Land-Use/Land-Cover Dynamics in the Turkana Basin

The MODIS-based land-cover product—Land Cover Type
Yearly L3 Global 500 m (MCD12Q1) (Friedl and others
2010)—incorporates five different land-cover classification
schemes, derived through a supervised decision-tree
classification method spanning a year’s input of Terra and
Aqua data. The primary land-cover scheme identifies 17
classes defined by the International Geosphere-Biosphere
Program (IGBP), including 11 natural vegetation classes,
three human-altered classes and three non-vegetated
classes. For this study, we clipped out the 12-class IGBP
classification product for the Turkana basin and summarized
it into 10 classes: water; forest; shrublands; woody savannas;

savannas; grasslands; wetlands; croplands; cropland and
natural vegetation; and a combined barren, urban and built-
up class, as shown in Figure 17. Yearly MODIS land-cover
products from 2001 to 2009 were summarized.

The annual land-cover maps were generated from the
MODIS land-cover product for 2001 to 2009 (not presented
here). It is difficult to identify the areas that changed from
the visual comparison of these annual images. There appears
to be negligible change in the extent of important classes
such as forests, croplands and wetlands. Land-cover change
is better seen by a visual comparison of land-cover maps
derived in 2001 and in 2009, which show the dynamics of
land-cover change occurring in the basin (Figure 18).

2001

I \Vater

I Forest

I Shrublands
Woody Savannas
Savannas
Grasslands
Wetlands

pm Croplands

{ Cropland/Natural Vegetation
Barren/Other classes

Figure 18: Land cover map of the Turkana basin in 2001 (left) compared to 2009 (right).

Note: the land-cover classification for the Turkana basin was derived from the MODIS land cover product (MOD12Q1).
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Figure 19: Land-cover dynamics for each land-cover class in the Turkana basin, as derived from the MODIS land-cover product, 2001-2009.

Land cover Area
(ha) (km?)

River bank 555 6
Woodland 27193 272
Riverine forest 19754 198
Bush land - thick 44 804 448
Bush land - sparse 34504 345
Bush land - other 44762 448
Bare ground 27 681 277
Marshland 5615 56
Cultivated land 2938 29
Recession agriculture 801 8

Table 4: Area under different land-use/land-cover classes in the
lower Omo River basin.

We found that for most land-cover classes, the
percentage of area under each class remained almost
unchanged, except for grasslands, shrublands and woody
savannah, which showed less than 5 per cent change in area
during 2001-2009 (Figure 19). For other classes, the extent
of change over the last decade was found to be negligible.

3.7 Land Cover along the Lower Omo River

As part of the downstream impact assessment study, EEPCo
released a series of land-cover maps for the lower Omo
River basin. Understanding the land cover along the riverine
plains of the lower Omo River is important because these
areas would be directly affected by the Gibe Ill reservoir.
Figure 20 shows the tiles of land-cover maps released by
EEPCo on the left. These individual land-cover maps were
stitched together in Geographic Information System (GIS) to
produce a seamless map of land cover along the lower Omo
flood plains (Figure 19). The area under each land-cover
class was extracted (Table 4). Our analysis revealed that the
area under cultivation or agriculture, including recession
agriculture, was around 3 738 ha.
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Land cover along the lower Omo Basin.



Legend

- Cultivation

B Recession-Agriculture
Bushland-other
Bushland-sparse
Busland-thick

B Marshland
B voodiand

Riverine Forest

Bareground

Figure 20: Land cover along the lower Omo River.
Source: Generalized from EEPCo 2008 maps
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Fishing communities living along the Lake Turkana shore near Ferguson’s Gulf.

3.8 Climate Change Impacts on Lake Turkana
Water Levels

Against this background of high natural variability in

lake inflows, as presented in Figure 16, climate-induced
changes in rainfall and temperature will further increase the
uncertainty of inflows to the lake. The Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment

Report provides a comprehensive review of climate-model
projections for different regions in Africa, which are based
on a set of 21 models from the Multi-Model Data (MMD) set
using the A1B emissions scenario (Christensen and others
2007). The climate models project warmer (+3.2°C) and
wetter (+7 per cent) conditions in East Africa by the 2080s
(Table 5).

According to Christensen and others (2007), projections
of extreme events in the tropics remain uncertain. There is
a tendency for monsoonal circulations to result in increased
precipitation despite a tendency towards a weakening
of the monsoonal flows themselves. The main and most
understood climate drivers of inter-annual and decadal
rainfall variability in Africa are Atlantic (and other) Ocean
sea surface temperature (SST) patterns (West Africa and
the Sahel), EI-Nifio Southern Oscillation (ENSO) behaviour
(West, Southern and East Africa) and Indian Ocean
dynamics (East and Southern Africa). Funk and others (2008)
predict that rainfall patterns over East Africa will gradually
decline by 2080 based on SST data over the Indian Ocean
and other weather data. Current model simulations of
future climates do not show clear tendencies in the future
behaviour of these large-scale drivers (Conway and others
2007).
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Overall, these results suggest that warming is likely
to be greater than the global annual mean warming
throughout the continent and in all seasons. On balance,
higher temperatures are likely to increase evaporative
demand throughout Africa. This increase in temperature
would cause evapotranspiration to increase over the lake
with a consequent decrease in the lake’s level. On the
other hand, annual rainfall over East Africa may increase
by 7 per cent (Figure 21). This increase in rainfall would
mean increased basin discharge and a subsequent rise in
lake level. Because both temperature and rainfall show an
increase, negative impacts on lake levels would increase in
below-normal rainfall years and decrease in above-normal
rainfall years. However, based on the currently available
IPCC projections for East Africa, temperature and rainfall
impacts would balance each other out in the long term;
therefore, it is anticipated that climate change will not have
a major impact on Lake Turkana water levels. However, the
dam’s impact on lake water levels would depend directly on

rainfall distribution and pattern after the dam is operational.

Recent climate variability provides a rich source of
empirical detail to provide context for the implications of
uncertain climate change in the future. The most recent
water-level fluctuations (1993-2009) captured by TOPEX/
Poseidon satellite altimetry (Cretaux and others 2011) show
that the lake’s level gradually increased to a maximum of
about 365 m above sea level (asl) by the end of the 20th
century (Figure 22). However, between 2000 and 2006, the
level gradually declined to reach about 361 m asl. Even
recent lake levels show fluctuations of up to 5 m. Over
the 18 years, Lake Turkana water levels show a slightly
increasing trend. Natural causes, such as variation in rainfall

Region Temperature: Annual Seasonal *
(inter-model range)

Precipitation: Annual Seasonal *
(inter-model range)

East Africa +3.2°C Warming in all Increase of 7 per cent Increase in all

(12°S, 22°E (+1.8 to +4.3°C) seasons:+3.1°C (-3 to +25 per cent) seasons: 4 per cent

to 18°N, 52°E) (DJF, SON) to (JJA) to 13 per cent
+3.4°C (JJA) (DJF)

Table 5: Changes in mean temperature and precipitation between the present and the 2080s.
Note: Multi-model means and model range are shown, based on Christensen and others 2007.
* DJF: December, January, February; MAM: March, April, May; JJA: June, July, August; SON: September, October, November.



multi-model

multi-model

Figure 21: IPCC rainfall projections, 2000-2100.
Source: Christensen and others 2007

JJA

Note: By the end of the century, blue and green areas on the map are projected to experience increases in precipitation, while precipitation is projected to decrease in
areas in yellow and pink. The top panel shows projections for the December, January and February period, while the bottom panel shows projections for June, July

and August (Christensen and others 2007).

and temperature, are considered to be the main drivers
of these fluctuations in the lake’s level. Human activities
are also beginning to impact these fluctuations, but their
influence is yet to be understood.

Itis not yet possible to predict future climate change
with a known degree of confidence. There are large
uncertainties in the climate scenarios derived from Global

366

Climate Models (GCM:s), particularly regarding precipitation
changes. The knowledge-based scenarios presented in the
analysis in section 5.3 are therefore not predictions; mixes
of dry and wet futures have been used to highlight the
variability. It is not yet possible to produce reliable estimates
of future basin discharge taking into account the effects of
climate change; therefore, we consider a range

of possibilities.
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Figure 22: Recent Lake Turkana water-level fluctuations based on TOPEX/Poseidon satellite altimetry data. Red line indicates statistical trend.

Source: Cretaux and others 2011
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Abandoned Lake Turkana Lodge along lake shore near Ferguson's Gulf.




4. METHODOLOGY USED TO MODEL THE DAM'S IMPACT

ON LAKE LEVELS

OO OO OO OO OO OO OO OO OO OO OO OO

4.1 Satellite Data

The satellite data used in this study are summarized in Table
6 and Figure 23. NOAA CPC produces satellite-based RFE for
the FEWS project of USAID, which have been produced daily
with a spatial resolution of 0.1 x 0.1 degree since June 1995
and are available to the public in near-real time. Validation
studies of RFE rainfall over the Ethiopian highlands using
gauge data suggest that RFE can be reliably used for early
warning systems to empower decision making (Dinku

and others 2008). Velpuri and others (2012) have used RFE
data for Africa to model Lake Turkana water levels with
reasonable accuracy. For this study, we used RFE data from
January 1998 to December 2009 and we also used daily
reference evapotranspiration (ETo) data produced at the
USGS Earth Resources Observation and Science Center
from 6-hourly Global Data Assimilation System (GDAS)
climate parameters using the standardized Penman-
Monteith equation, then downscaled to 0.1 degree (Senay
and others 2008).

Historical average decadal (10-day) Normalized
Difference Vegetation Index (NDVI) datasets (1982-2006)
described by Tucker and others (2005) from the Advanced
Very High Resolution Radiometer (AVHRR) were used to
characterize the land-surface phenology (LSP) and to
estimate actual evapotranspiration (ETa) on a pixel-by-pixel
basis at 0.1 degree resolution.

To estimate the canopy interception parameter, we used
the global percentage tree cover product produced from
the MODIS Vegetation Continuous Field (Hansen and others
2003). Area weighted, average interception losses were
estimated for each modeling pixel based on the percentage
of bare, herbaceous, and tree cover area for each pixel.

The interception coefficient for each modeling unit varies
from a minimum of zero in bare-cover types to a high of 35
per cent in areas with a dense forest cover.

We used the Digital Soil Map of the World (FAO 1995) to
estimate water holding capacity (WHC) for the dominant

No. | Data Satellite Frequency | Resolution/Scale | Reference
Sensor / Source
1 Rainfall estimate for Africa | SSM/I, AMSU 0.10x0.10 Herman and others 1997;
Xie and Arkin 1996
2 Global GDAS reference Model assimilated 0.10x0.10 Senay and others 2008
Evapotranspiration (ET) satellite data
3 Climatological NDVI NOAA AVHRR Dekadal 8 km Tucker and others 2005
4 Landsat TM/ETM Multiple 30m -
dates
5 MODIS Landcover map MODIS Terra 2000-2009 1 km Friedl and others 2010
6 Digital soil map National statistics | Single date | 1:5000000 FAO 1995
of the world
7 Global per cent tree MODIS VCF Single date | 500 m Hansen and others 2003
cover map
8 Digital Elevation Model SRTM Single date | 90 m Farr and others 2000
9 Lake Turkana water levels | TOPEX/Poseidon, Daily >200m Birkett 1995
Jason-1, ENVISAT
10 Lake Turkana - Single date | - Kalqvist and others 1988
bathymetry data
11 Lower Omo River basin - Single date | - EEPCo 2008
Landcover data

Table 6: Satellite data and products used in the Lake Level Modeling (LLM) approach.
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Figure 23: lllustration of the satellite data and methodology used in this study.

Source: Modified from Velpuri and others 2012

soil type for each grid cell. Shuttle Radar Topography
Mission (SRTM) 90-m and Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) Global Digital
Elevation Map (GDEM) 30-m digital elevation model (DEM)
data were used to derive several hydrological variables.

4.2 Lake-Level Modeling Approach

Figure 23 illustrates the type of data and scheme for lake-
level modeling (LLM) used in this study using multi-source
satellite data. Velpuri and others (2012) provide a detailed
description of the LLM approach. First, satellite rainfall and
evapotranspiration data were used to estimate runoff [m]
on a pixel-by-pixel basis using the phenology-based ET
model (Senay 2008, Senay and others 2009). The runoff for
each time step was estimated based on the principle of soil
saturation excess, where soil-water content, after meeting
other demands such as evapotranspiration and interception

losses, is compared to the soil's WHC. The excess soil water
with respect to the WHC is then considered runoff. Runoff
generated using this approach is routed using a source-
to-sink routing algorithm (Asante 2000, Olivera and others
2000, Velpuri and others 2012), and total routed runoff
volume contribution for each basin (Qinf) is produced as
outlined in Velpuri and others (2012). Modelled routed-
runoff data were calibrated using long-term (1964-2001)
mean monthly Omo River flow data at the Gibe Ill site and
at Lake Turkana obtained from EEPCo (2009b). Finally, lake-
level height for each time step was estimated using the
water-balance principle shown below.

Di = Di—l + Qrain+ Qin_ﬂows+ ngin_ Qevap_ ngout_ Qoutﬂow

where D, and D, are lake or reservoir depths for current
and previous time steps and Q represents the fluxes in
variables for the current day; rain is direct rainfall over




Lake level measurement gauges along Lake Turkana’s shoreline.

the lake or reservoirs; in_flows refers to inflows into the
lake or reservoirs; evap is over-the-lake/reservoir ETo; and
outflow is the outflow from the lake/reservoir. As Lake
Turkana is considered endorheic with no surface outlet,
its groundwater fluxes and surface outflows (Rickett and
Johnson 1996) are considered negligible. Furthermore,
according to EEPCo (2007), contributions of groundwater
fluxes to and from the reservoirs are minimal. Hence, we
ignored groundwater fluxes (gwin and gwout) in equation
1. Surface outflows (Qomﬂow) for the Gibe | reservoir
include a rated outflow of 101.5 m3/s and a continuous
environmental flow of about 1.3 m3/s released downstream
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of the Gibe | dam and any excess flow from the reservoir
when Gibe | is at its maximum level. Surface outflows
(Qoutﬂow ) for the Gibe Ill reservoir include the environmental
flow released from the reservoir (25 m3/s), the artificial flood
released from Gibe Ill (1 000 m3/s) for 10 days in September
every year, the water discharged from the Gibe Il power
plant and any excess flow (spill flow) from the reservoir
when Gibe Il is at its maximum level. The lake water levels
modeled using this approach have been validated using
satellite altimetry data and found to be in reasonable
agreement with a Pearson’s correlation coefficient of 0.90.
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To assess the impact of the Gibe Il dam on the lake levels,
the LLM approach was modified to include a simple
hydrologic algorithm that would route the basin runoff
through the Gibe | and Gibe Il dams before flowing into the
lake. This study attempts to evaluate the impact of the dam
on the lake’s water level using existing data. However, to
reliably perform the impact assessment of the Gibe Il dam
on the lake’s level, data over longer time periods (>30 years)
are required to account for the variability in the hydrologic
variables under study. Also, the study is carried out in an
ungauged basin where the available data are limited, so
satellite-based estimates of hydrologic variables, which

are available for a limited period, were used to forecast the
potential impact of the Gibe lll dam. Therefore, a complete
characterization of the variability in lake inflows is not
feasible. This is a common problem, especially in ungauged
basins where ground-truth data are either limited or
unavailable.

5.1 Operational Strategies of the Gibe Ill Dam

The LLM modeling approach takes into account the
operational strategies to be followed by EEPCo to simulate
the dam'’s possible impact. The following operational
strategies were implemented in the modeling framework:

1. All-time environmental flow would be released from
the Gibe Ill dam at the rate of 25 m?/s.

2. An artificial flood at the rate of 1 000 m3/s would be
released from the Gibe Il reservoir for the duration
of 10 days in September to maintain natural flooding
conditions in the lower Omo basin.

3. The minimum operating level for operational power
generation is 854 m asl or 201 m absolute depth of
the reservoir.

4.The maximum operating level of the Gibe Il dam is
894 m asl or 241 m.

5. Operational power production would begin in the first
year if the basin experiences above-average or average
rainfall.

6. Operational power production would begin in the
second year if the basin experiences below-average
rainfall.

7.The hydroelectric power plant would work only for
11 out of 24 hours a day. Hence, a plant factor of 0.46
would be used to estimate the total power produced.

Three different approaches were used to determine the
potential hydrological impact of the Gibe Ill dam on Lake
Turkana water levels.

5.2 Evaporation losses from the Gibe reservoirs and
Lake Turkana

Quantifying evaporation losses from the Gibe reservoirs

is important as the water is lost from the reservoirs
(consumptive use) and would never reach Lake Turkana.
GDAS ETo was used to estimate the evaporation losses
from Gibe |, Gibe lll and Lake Turkana. Based on the analysis
of GDAS ETo data from 2001-2009, we found that Gibe |
and Gibe lll would lose up to 1.34 and 1.46 m per year of
water respectively due to evaporation. The evaporation
loss of 1.46 m per year from Gibe Il reservoir resulted in the
reduction of Lake Turkana inflows by 10 m*/s. On the other
hand, evaporation losses from Lake Turkana would account
forupto2.2to2.4m.

| Lake Turkana
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Figure 24: Comparison of evaporation losses from the Gibe reservoirs
and Lake Turkana. A 7-day moving average evapotranspiration rate
(mm/day) is shown here.

5.3 Approach I: The Impact of the Gibe Il Dam under the
Assumption it was Commissioned in the Past

In this approach, a simple scenario is used to test

the potential impact of the Gibe lll dam. We make an
assumption that the Gibe Il dam was commissioned
sometime in the past. Using existing satellite data of
rainfall, runoff and ET for the period 1998-2009, we used
the LLM approach to model Lake Turkana water levels
without the dam. We estimated the volume of inflows

to Lake Turkana (without the dam) for each month and
modeled Lake Turkana water levels for 1998-2009. Since
January is a dry period in the Lake Turkana basin, we re-ran
the LLM approach under the assumption the dam was
commissioned on 1 January 1998 and used volumes of the

inflows routed through the dams to model lake water levels.

A direct comparison of the volume of inflows and the lake’s
water levels with and without the dam provides an estimate
of the impact of the Gibe Il dam using existing datasets. We
then estimated the time taken for the Gibe Ill reservoir to
reach minimum operation level (MOL).
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Figure 25: Total monthly inflows to Lake Turkana (top) and lake water levels (bottom) with and without the Gibe Il dam.

Source: Velpuri and Senay (2012)

Note: The model was run assuming the dam was commissioned on 1 January 1998.

This simulation uses the actual lake level for 31
December 1997 obtained from the satellite altimetry
data as the initial lake level. First, the model was run to
derive Lake Turkana levels without the dam. During this
time period, the long term median rate of inflows into the
lake was about 400 m3/s and lake levels varied between
365.25 m and 360.14 m asl (Figure 25).

The model was then re-run assuming that the dam was
commissioned on 1 January 1998. The model predicts
that the Gibe Il reservoir would reach the MOL of 201 m
absolute depth of the reservoir in around 220 days (by the
first week of August). During the first impoundment period,
the volume of lake inflow rate was found to be 58 per cent
lower when compared to the rate without the dam. Due to
this reduction in inflows, by the time the Gibe Ill reservoir
reaches the MOL, the difference between the lake levels
with and without the dam appears to be around 0.65 m
(Figure 25). The lake’s level decreases further during the
impoundment period, and the difference between the
lake level with and without the dam gradually increases to
slightly over 3 m by the beginning of 2000 (Figure 25).

The lake’s level then continuously decreases both
without the dam and with the dam due to low rainfall until
the middle of 2006. However, the difference between the

two levels is gradually reduced to about 1 m. Lake levels
then rise as a result of good rainfall, and the difference in
lake levels under the two situations—with and without the
dam—is further reduced. Lake inflow is moderated after
the firstimpoundment period, with reduced peak flows in
the wet season and an increased base flow during the dry
season, as shown in Figure 25.

5.4 Approach II: The Impact of the Dam under
Knowledge-Based Scenarios

Kolding (1992), Camberlin (2001), and Shongwe and others
(2009) investigated past rainfall variability in the East African
region. A classification of rainfall patterns and trends in the
Turkana basin over 1998-2009 shows that there were severe
droughts with a prolonged dry period in 2000 (WFP 2000)
and below-normal rainfall in 2003, 2004, 2005 and 2009. In
1998, there was an incidence of heavy rainfall due to the El
Nino effect (Behera and others 2005) and there were severe
floods in 2006 (Moges and others 2010), and above-normal
rainfall was observed in 1998, 2001, 2002 and 2006. Normal
rainfall occurred in the other years: 1999, 2007 and 2008.
Existing satellite-based rainfall for 1998-2009 is classified as
below-normal, normal and above-normal in the Gibe Ill and
Lake Turkana basins, as shown in Table 7.

Basins Below-Normal Rainfall Years Normal Rainfall Years Above-Normal Rainfall Years
Gibe Il basin 2000 to 2003, 2005, 2009 2004, 2008 1998, 1999, 2006, 2007
Turkana Basin 2000, 2003, 2005, 2009 1999, 2007, 2008 1998, 2001, 2002, 2006

Table 7: Classification of satellite-based rainfall (1998-2009) for the Gibe Ill and Lake Turkana basins.



Kolding (1992) studied the rainfall distribution over
Lake Turkana and summarized that severe drought occurs
roughly every 6 years. He found the summer rains in this
region to be significantly correlated to ENSO, which repeats
at average intervals of 5 years (Camberlin and others 2001).
However, Shongwe and others (2009) summarized that
in recent years, East Africa has suffered frequent episodes
of both excessive and deficient rainfall. They found an
increased frequency of anomalously strong rainfall-causing
floods, from an average of less than three events a year
in the 1980s to more than seven events a year in the
1990s and almost ten events a year from 2000 to 2006.

The patterns observed during the 12 years of data largely
follow trends established by Kolding (1992) and Camberlin
and others (2001), with one severe drought in 2000 and

2 years of severe rainfall in 1998 and 2006. However, the
observations of Shongwe and others (2009) may explain
other patterns of years of both below-normal and above-
normal rainfall.

Based on knowledge of the regional climate and using
three categories of rainfall years observed over 1998-2009,
we built 20 scenarios comprising different combinations
of above-average, below-average and near-normal rainfall
distributions based on the likely occurrence of droughts
and floods. Our analysis was restricted to 20 scenarios
generated randomly to capture the impact of rainfall
variability on the Gibe Il dam and resulting Lake Turkana
water levels. Scenarios were built such that the occurrence
of severe drought years such as 2000 or severe flood years
such as 2006 would not occur more than three times each
in a selected scenario. The choice of other years was based
purely on random selection, without any constraints. Table
8 presents various combinations of these scenarios used
to assess the impact of the dam. Under each scenario,
simulations of lake levels with and without the dam are
modeled and compared. Furthermore, we estimated the
time taken for the Gibe Ill reservoir to reach MOL and the
loss in Lake Turkana water level during the first reservoir
impoundment.

Based on the results obtained from the 20 different
knowledge-based scenarios, we estimated the time
required for the reservoir to reach MOL. Figure 26 and Table
9 show the results of the analysis using approach Il. The
dam’s reservoir would reach the MOL level of 201 min 8
months (in the case of scenarios 6, 7, 8, 12 and 15) to up to
16 months (in the case of scenarios 16 and 18), depending
on the rainfall under different scenarios. The time to reach
MOL would depend on the amount and distribution
of rainfall received after the dam commencement.
Simulation results indicate that on average, it would take

up to 10 months to reach MOL. During the period of first
impoundment, a below-normal rainfall would prolong the
time to reach MOL by more than a year. However, a year
of above-average to near-normal rainfall would cause the
reservoir to reach MOL in less than a year.

Compared to without the dam scenario, regulated
inflows during the first stage of reservoir impoundment
would cause Lake Turkana’s water level to drop by a
minimum of 0.8 m (in the case of scenarios 16 and 18) to
a maximum of 1.6 m (in the case of scenario 6). In general,
above-normal rainfall is more desirable than below-normal
rainfall: above-normal rainfall provides increased inflow to
the reservoir and increases power production, resulting in
increased discharge and a subsequent rise in Lake Turkana's
water level. After reaching MOL, the dam becomes
operational and much of the water would be released back
into the river, which would help the lake to stabilize. The
results predict a maximum loss in lake levels of 3.4 m (an
average of 1.8 m) compared to without the dam scenario
after the first impoundment period (Figure 25). After the
period of firstimpoundment in the case without the dam,
lake levels would fluctuate anywhere between no-change
to a little over 4 m. The dynamic range of fluctuations in
each scenario is illustrated in Figure 26.

Results from approach Il indicate that the dam’s impact
would be higher in scenarios 6, 14, 15, 18 and 19, in which
lake levels drop by over 4 m compared to lake levels
without the dam. In all these scenarios, the highest impact
occurred only during years with above-normal rainfall, such
as in 2006 and 2007. Scenarios 2, 3, 10, 11 and 16 show the
least impact with < 0.5 m difference with respect to the
case without the dam. These scenarios have more years of
below-normal rainfall.

During the period of firstimpoundment, below-normal
rainfall causes a smaller impact on the lake’s level and
above-normal rainfall causes a higher impact. During dry
years, natural inflow into the lake is regulated. With the dam
in place, there is always an average inflow of 400-500 m?3/s,
so the lake level with the dam will not actually drop as
much as it would in a naturally dry condition. Hence, the
difference in lake level, or the impact, appears to be smaller
in dry periods. However, this outcome requires the initial
condition of an already-full reservoir. On the other hand,
with wet conditions, the lake would naturally receive heavy
inflows, so lake levels would increase without the dam.
However, with the dam, the lake would always receive
moderated inflows that would be smaller than the natural
inflows during wet years and hence the impact on the lake
would be greater in wet years.



Years Knowledge-Based Scenarios
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 | 20
Y1 2005 {2000 2009 |2000 2008 | 2006 | 1998 | 1998 |2008 |2009 | 2009 | 1998 [2009 | 2001 | 2006 (2003 | 2004 (2003 | 2000 |2001
Y2 2009 [2002 |2002 {1998 |2000 |2001 |2004 |[2000 | 1999 |2001 | 2006 | 2004 |2007 | 2006 | 2005 2000 | 2009 | 1998 | 2000 | 1998
Y3 2007 |2006 |2006 [2004 |1998 | 2006 |2005 2007 |2005 |2003 | 2005 | 2000 | 2000 | 2002 | 2004 | 2002 | 2000 | 2007 |2004 | 2000
Y4 2000 [2004 |2005 [2001 {2004 |2001 |2009 [2002 | 2006 |2006 |2000 | 2006 |2003 | 2003 | 1999 1998 | 2007 | 2009 |2007 | 2002
Y5 2006 |2009 | 1998 |2000 [2000 |[2007 {2000 |2000 | 1999 | 2008 2004 |2001 | 2005 | 1998 | 2003 | 2000 | 2004 | 2006 | 1999 | 2007
Y6 2001 |1998 |2009 |2009 [2009 |2009 (2009 |2008 | 2004 | 2003 |2005 | 2007 | 2009 | 2002 | 2000 | 2008 | 2008 | 2003 |2004 | 2001
Y7 12004 |2001 |2002 |2001 |2002 | 1998 |2005 |2001 | 2002 | 2007 2004 | 2009 | 2006 |2005 | 2002 |2000 | 1998 | 2002 | 2006 | 2006
Y8 2002 [2009 |2003 |2007 |2008 |2001 |2008 2004 | 2004 | 2008 | 2000 | 2002 [2000 | 1998 | 1999 |2002 | 2005 | 2005 |2001 | 2003
Y9 1998 [2000 |2000 {2002 (2006 |2004 |2006 [1999 |2000 |2009 | 2001 | 1999 | 1998 | 2007 | 2004 |2002 | 2000 | 2000 |2007 | 2005
Y10 |2004 [2000 |2002 [2006 |2005 |2000 |2005 (2001 | 2008 |2009 | 2008 | 2000 |2004 | 2007 | 2007 |2006 | 2008 | 2008 | 2008 | 2005
Y11 |2000 |2001 |2001 {2007 |2007 |2002 |2000 |2006 | 2001 |2006 |2006 |2004 |2002 [2009 | 1998 |2001 | 2004 | 2002 |2009 | 2003
Y12 |2002 |2003 | 2007 |2008 |2004 |2003 |2005 |2008 | 2007 | 2001 [2007 | 1998 | 1999 | 2000 | 2003 | 2008 | 2006 | 2005 | 2006 | 2000
Table 8: Rainfall scenarios to simulate rainfall and ET using historical data using the knowledge-based scenarios approach.
Source: Velpuri and Senay (2012)
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Figure 26: Impact of Gibe Ill on Lake Turkana Water levels based on 20 knowledge-based rainfall scenarios. The red and blue lines indicates lake
level fluctuations under each scenario with and without the Gibe 11l dam, respectively.
Source: Velpuri and Senay (2012)
Note: The blue line shows the lake level fluctuations under each scenario without Gibe lll dam and the red line shows the lake level fluctuations after the
commissioning of the Gibe lll dam.




Time to fill Gibe lll Loss in Lake Turkana level with respect to without the dam
Knowledge- reservoir (reach
Based minimum operation During first After the firstimpoundment
Scenarios level of 201 m) impoundment Max Mean Min
[Months] [m] [m] [m] [m]
1 10 0.8 29 1.6 0.7
2 10 1.0 29 1.3 0.4
3 9 1.1 2.6 1.0 0.0
4 10 1.0 2.9 1.7 0.7
5 9 1.2 2.6 1.6 0.6
6 8 1.6 4.0 24 1.3
7 8 1.1 3.0 1.7 0.5
8 8 1.1 34 2.1 1.0
9 9 1.2 35 2.1 0.8
10 10 1.1 2.2 1.1 0.3
11 10 1.1 3.0 1.2 0.4
12 8 1.1 3.8 2.5 1.0
13 10 1.1 3.1 1.4 0.4
14 15 0.9 4.2 1.9 0.6
15 8 1.6 43 2.2 1.0
16 16 0.8 24 1.1 03
17 10 1.4 33 1.9 0.7
18 16 0.8 4.0 24 0.7
19 10 1.0 4.1 23 0.6
20 15 0.9 2.8 1.7 0.8
Average 10 1.1 3.2 1.8 0.6

Table 9: Likely impact of the Gibe Ill dam on the Lake Turkana water level using knowledge-based scenarios.

Source: Velpuri and Senay (2012)

5.5 Approach lll: Univariate Nonparametric
Resampling Technique

In this approach, 12 years of existing lake rainfall,
evaporation and inflows data (1998-2009) are used to
simulate time series information on the potential scenarios
of rainfall, lake inflows and ET data using nonparametric
resampling techniques. The nonparametric bootstrap
resampling technique, first introduced by Efron and
Tibshirani (1993), is employed because it does not require
preselected distribution or models to be fitted to data

or sampling distribution of the data. This technique has

been widely used for simulation of rainfall or inflows using
historical data (Rajagopalan and others 1997, Sharma and
Lall 1997, Srikanthan and McMohan 2001). This approach

is highly useful for simulating inflows using satellite data

in ungauged basins/lakes where simulated data are
required to analyze the future impact of alternative designs,
operation policies, lake-management studies and other
rules for water resource systems.

Different methods of nonparametric resampling are
available. In a simple nonparametric bootstrap resampling
method, the Monte Carlo approach is used numerous
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Figure 27: Schematic representation of univariate non-parametric resampling of lake inflows.

times to draw time series data of plausible future scenarios
at random from the historical data (Figure 27). Using

this approach, the simulated data would have the same
distributional properties as historical data because the
resampled scenarios representing plausible future inflow
scenarios use the historical data under the assumption that
the future will be similar to the past. Because observations
are randomly resampled with replacements using the
Monte Carlo approach, serial dependence is not preserved.
However, the daily observations are bagged, values from
the set of observations for that day are randomly drawn,
and the seasonality and distribution of observed rainfall is
preserved in this modeling technique.

First, the model was run numerous times (100 000) and
lake water levels were derived for cases with and without
the dam. For each scenario, this approach provided three
estimates: an upper 95 per cent confidence interval (UCI), a
median, and a lower 95 per cent confidence interval (LCI),
where UCI can be interpreted as an above-normal rainfall
scenario, the median as a scenario in which the basin
receives normal rainfall and an LCl scenario that represents
below-normal rainfall. An estimate of the time required for
the reservoir to reach the maximum level was made. The
loss in lake level during the first impoundment period in the

case without the dam was also estimated. Finally, the lake
level at the end of the 12-year simulation was measured in
the case without the dam. Because we do not know the lake
level at the time of the dam’s commencement, we ran this
approach for various initial lake levels from 358 to 365 m.

The results of the approach using simulated lake levels
and nonparametric inflows are shown in Figure 28 and
Table 10. The results indicate that the time required for the
Gibe Ill reservoir to reach MOL is about 10 months in the
median scenario. However, the reservoir would reach MOL
in less than half a year with above-normal rainfall (UCI). With
below-normal rainfall (LCI), it would take up to 15 months
to fill the reservoir if the rainfall fails after commissioning of
the dam. During initial impoundment, the lake would lose
up to 1.2 m depending on rainfall conditions and the initial
lake level. The loss in lake level at the end of the 12-year
simulation in the scenario without the dam was found to
range from 1.5 to 2.3 m (UCI), 1.2 to 2.2 m (Median), and 0.6
to 1.8 m (LCI) under the three rainfall scenarios, respectively.

These results indicate that the impact of the dam would
also depend on Lake Turkana’s initial water level at the time
the dam begins operation. The impact at different initial
lake levels was estimated by identifying the difference
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Figure 28: The impact of the Gibe Ill dam on Lake Turkana water levels simulated using the LLM approach and non-parametric resampled data.
Source: Velpuri and Senay (2012)

Note: The impact of the dam is simulated for each initial lake level from 358 m through 365 m asl as shown on the Y-axis. The X-axis shows Time (months after the
commencement of the dam). The blue line indicates the lake level simulated without the dam and the red line indicates the lake level simulated with the dam.

between the lake levels derived without the dam and 3

with the dam at the end of simulation period. Due to the

relationship between runoff volume and surface area, our

results indicate that the impact is lowest when the initial —gz'S |

lake level is low, and it increases as the initial lake level g

increases (Figure 29). g 2
The results also show another effect of the dam on g

the lake’s water level: because of the dam, the seasonal 215 -

fluctuations in lake levels over a year (up to 1.5 m) are -

dampened and would reduce to less than 0.5 m, because

peak flows would decline while base flow would rise, 1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

L . . ) ) 357 358 359 360 361 362 363 364 365 366
resulting in an increase in summer flows in the Omo River Initial Lake Level at Dam Commencement (m asl)

(Figures 25, 26, and 28). Figure 29: Impact of the Gibe Il dam (difference between with and

without dam) at the end of 12 yr simulation period is a function of
initial lake level at the time of commencement of the dam.
Source: Velpuri and Senay (2012)

Initial Time to reach MOL - Loss in lake level in the case Lake level at the end of
Lake minimum operation without the dam before 12-yr simulation in the case
Level level of 201 m reaching MOL of 201 m without the dam
[Months] [m] [m]
[m] udi Med LCI ucdi Med LCl udi Med LCl
358 <5 8 15 0.0 1.1 1.3 1.5 1.2 0.6
359 <5 8 15 0.0 1.1 1.2 1.6 1.2 0.8
360 <5 8 15 0.0 1.0 1.2 1.8 1.3 0.8
361 <5 8 15 0.0 1.0 1.1 1.9 1.3 0.9
362 <5 8 15 0.0 1.0 1.1 2.2 1.5 0.9
363 <5 8 15 0.0 0.9 1.1 23 2.1 1.3
364 <5 8 15 0.0 0.9 1.1 23 2.2 1.8
365 <5 8 15 0.0 0.9 1.1 23 2.2 1.8

Table 10: Impact of the Gibe Ill dam on Lake Turkana water levels modeled using approach Ill (Nonparametric bootstrap resampling technique).
Note: UCl and LCI denote upper and lower bootstrap percentile 95 per cent confidence intervals respectively; Med represents median value.



5.6 Analysis of Shoreline Changes Using SRTM Elevation
and Bathymetry Data

The overall impact of the Gibe Il dam in terms of lake water
levels cannot be clearly understood unless the impact of
frequency, timing and duration of water-level fluctuations
on the lake shoreline is known. To understand the impact
of shoreline changes, we combined SRTM elevation data
(outside-the-lake elevation data) with the lake’s bathymetry
data to generate a seamless elevation model. Using this
approach, we first modeled the lake’s shoreline at various
elevations, ranging from a minimum lake level of 355 m to
a higher lake level of 365 m, as shown in Figure 30. Outputs

of this analysis are (a) the lakes’ shoreline changes based on
the changes in lake levels and (b) the identification of areas
that are more prone to changes in lake level, or “hot spots”
of change.

This analysis, however, would provide only baseline
information of changes in the lake’s shoreline with respect
to changes in lake water levels. To evaluate the impact of a
decline in lake levels due to the Gibe Ill dam under various
rainfall conditions, we modeled the impact of changes in
lake levels using three scenarios from approach Il. The lake-
level modeling approach was used under three different
rainfall scenarios: (a) below-normal, (b) near-normal, and (c)
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Figure 30: Changes in the Lake Turkana shoreline in relation to the depth modeled using SRTM and lake bathymetry

elevation data.
Source: Velpuri and others 2012



above-normal. We recorded monthly lake levels obtained
under each scenario and determined surface areas of the
lake. Finally, we combined the lake’s surface areas obtained
for each month to understand the shoreline changes due to
the fluctuation in lake level.

The model was run for a period of 12 years with three
possible scenarios of rainfall, and we studied the impact of
changing lake levels along the shoreline (Figure 31). The
dark blue areas in the figure indicate intact regions in the
lake that would have water all the time during the modeling
time period. Colours other than dark blue indicate that the
lake would have water for fewer months than the modeling
time period. Figure 31a indicates modelling results for
a below-normal rainfall scenario, where the lake would
shrink up to 5 m from the initial lake level of 363 m. Results
indicate that the lake would shrink along the following
areas: the Omo River Delta; the Todenyang in the north;
Ferguson’s Gulf; the Turkwel and Kerio Deltas in the west
and South and North Sandy Bays; Allia Bay; and Koobi
Fora in the west. These regions would experience periodic
wetting and drying of the shoreline. A total of 22 per cent
of the lake-surface area (areas other than dark blue) would
show wetting and drying conditions. Furthermore, due to

below-normal rainfall in the basin, Ferguson’s Gulf could
stay dry for a longer period as lake levels would go below
362 m (Figure 31a).

The near-normal rainfall scenario (Figure 31b) shows low
fluctuations in lake level. With near-normal rainfall in the
basin, the lake would shrink in areas such as the Omo River
Delta, Ferguson’s Gulf, Turkwel and Kerio Deltas and regions
south of Allia Bay and would soon recover and possibly
expand in these same areas. These areas of shrinking and
expansion correspond to up to 9 per cent of the total
lake-surface area. Under near-normal rainfall conditions,
Ferguson’s Gulf would retain water for more than 10 years
over the 12-year modelling period. Finally, in the above-
normal rainfall scenario, the lake does not show any
shrinking (Figure 31c). On the other hand, the model results
indicate the lake would expand and inundate the areas of
the Omo River Delta, Ferguson’s Gulf, the Turkwel and Kerio
Delta, Allia Bay and regions of Koobi Fora. A total of 10
per cent of the regions along the lake shoreline would show
wetting and drying conditions. Future research is needed
to evaluate the implications of this decrease or increase in
lake level and wetting and drying conditions along the lake
shoreline on the lake’s fisheries, ecology and hydrology.

Omo River
Delta

Todenyang Todenyang

Koobi Fora

Ferguson's
Gulf

.+ Omo River

Delta

Todenyang

Koobi Fora Koobi Fora

Allia Bay

Ferguson’s
Gulf

N. Sandy Bay

(a) (b) (©
A Lake Area under water
(in months)
Initial Lake Level (363 [ el km
s/ B0t Lake, Level (363m) 1 35 70 105 144 50 0

Figure 31: Impact of the Gibe Ill dam on Lake Turkana'’s shoreline simulated under three potential scenarios.

Source: Velpuri and Senay (2012)

Note: The scenarios are: (a) below-normal rainfall scenario (LCl)—the lake’s shoreline shrinks inwards from the initial lake level and reaches up to 6 m; (b) average
rainfall scenario (Median)—the lake’s shoreline exhibits little variability from the initial lake level; and (c) above-normal rainfall scenario (UCI)—the lake’s shoreline
grows outwards from the initial lake level, flooding several regions along the shoreline. The colour denotes the time in months that the lake is under water.
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6. CONCLUSIONS
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Africa’s biggest dam (by height) is under construction on
the Omo River. The river contributes more than 80 per

cent of inflows to Lake Turkana. However, the impact of
regulated inflows to the lake and potential interactions
between the Gibe Il dam and Lake Turkana are not well
understood due to its remote location and the dearth of
reliable ground-truth datasets. The overarching goal of

this study was to assess the potential hydrological impact
of the Gibe Ill dam on Lake Turkana water levels using a
calibrated water-balance model driven by satellite data for
Lake Turkana. In this study, we analyzed existing data and
presented a hydrologic modeling approach that uses multi-
source satellite data to study the potential hydrological
interactions between the Gibe Ill dam and Lake Turkana
water levels using topo-bathymetry data, satellite-based
rainfall estimates, modelled evapotranspiration (ET), runoff,
and satellite altimetry data using different approaches.

Historical data indicate that there were wide fluctuations
in Lake Turkana’s water levels in the past. During the late
19th century, the lake’s water level was about 20 m higher
than the present day lake level (363 m), followed by a
general decline during the first half of the 20th century.
Lake levels declined to a minimum in the 1950s. There
was a rapid increase in the 1960s through the 1970s and
it reached a height of 366 m during late 1970s and 1980s.

Most recent fluctuations show the lake has been expanding.

Lake Turkana'’s level has seasonal variations of 1-1.5m

over a year, with a long-term natural variability of 5-10 m.
The rainfall patterns over East Africa during the last few
decades suggest there has been no considerable change
(Cheung and others 2008). MODIS satellite land-cover data
for 2001-2009 indicate that the percentage area under each
class has remained almost unchanged, except for areas
under grasslands, shrublands and woody savannah, which
have undergone minor changes of less than 5 per cent.

We assessed the impact of the Gibe Il dam on the
lake’s water levels with three different approaches that use
existing satellite data and various future rainfall scenarios.
The first approach uses the past climatic data for the period
1998-2009 and the assumption that the rainfall pattern
would be same after the dam is commissioned. The results
indicate that during the initial period of reservoir filling, the
lake level would drop up to 2 m (95 per cent confidence
interval). This result is similar to that reported by Avery
(2010). We further found that the Gibe Il dam would
moderate water releases into the lake: inflows decrease
from over 1 500 m3/s to around 1 000 m3/s in wet seasons,

but base flow would increase in dry seasons with an all-time
average flow rising to nearly 500 m3/s.

It is not possible to predict the future climate in the
lake’s basin. To understand the potential climate, we used
a second approach to build future rainfall scenarios based
on knowledge and understanding of the frequency and
distribution of rainfall over the Lake Turkana basin. The past
variability in the climate provides the context under which
we combined different below-normal (drier) and above-
normal (wetter) rainfall years to generate 20 likely rainfall
scenarios and to then assess the impacts of the dam on the
lake’s water levels. Based on the results from this approach,
we found that the Gibe Ill reservoir would reach Minimum
Operation Level (MOL) in 8-16 months, depending on
the occurrence of rainfall under different scenarios. When
compared to the lake level modeled without the dam,
lake levels will remain unchanged or decline by up to 4.3
m in the below-normal rainfall scenario after the dam is
commissioned. The variability in the lake levels due to
regulated inflows after the dam is commissioned is found to
be within the lake’s natural variability.

We employed the nonparametric resampling technique
using the most recent 12 years of satellite data to generate
several future scenarios of climate data and to evaluate the
impact of Gibe Ill. Results indicate that the time required
for the Gibe Il reservoir to reach MOL is about 10 months
for the median scenario. Furthermore, results indicate that
the average loss in lake levels as a result of the dam would
range from 1.5 to 2.3 m Upper Confidence Interval (UCI),
1.2 to 2.2 m (median); and 0.6 to 1.8 m Lower Confidence
Interval (LCI) under the three respective rainfall scenarios
(Table 10). The impact of the dam would be greater when
the basin receives above-normal rainfall, and the impact
would be smaller when the basin receives below-normal
rainfall.

In this study, we also identified hot spots along the
Lake Turkana shoreline due to fluctuations in lake levels.
Our shoreline-change analysis revealed that regions of
the Omo River Delta in the north, Ferguson’s Gulf and the
Turkwel-Kerio River Delta regions in the west and Allia Bay
and the Koobi Fora regions in the east are more susceptible
to change. Furthermore, we found that under the below-
normal rainfall scenario, the lake would shrink up to 5 m
and the lake shoreline would show periodic wetting and
drying in up to 20 per cent of the lake-surface area. Under
the near-normal scenario, up to 9 per cent of the total lake



surface area would experience shrinking and expansion.
Under the above-normal rainfall scenario, the lake would
not shrink at all but would expand by up to 10 per cent of
the surface area. Further analysis is needed to assess the
impact of regulated Omo River flows due to the dam and
potential irrigation projects on the lake’s ecology

and fisheries.

The use of satellite-based data for estimating runoff and
evapotranspiration modeling makes the approaches used
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and climate data. Results obtained from this study are
thus based on observed remotely sensed data and results
under different scenarios will be of great use to planners
and others involved in the hydrological and environmental
assessment of the dam’s impacts under future
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