








Preface
On behalf of the Norwegian Agency of Development (Norad), theNorwegian Water

Resources and Energy Directorate (NVE) has carried out a review of ear lier hydrological

and sedimentological investigations in the Kagera River Basin and the catchment

upstream of the Rusu mo Falls, which is located in the Kagera River on the border

between Rwanda and Tanzania, j ust downstream of the confluence between the two rivers

Nyabarongo and Ruvuvu. The main obj ective of the review is to provide the necessary

hydrological expert opinion for eva luating the hydropower potential and related sediment

transport issues of the proposed Regional Rusumo Falls Hydropower and Multipurpose

Project (RRFP) in order to guide subsequent planned feasibility and development work

by the proponents of the project. The expert opinion was requested by Norad, World

Bank and the Swedish International development Cooperation Agency (Sid a).

The work has been carried out in close collaboration and consultation with the Nile ·

Equatorial Lakes Subsidiary Action Program Coordination Unit (NELSAP  C U).

Norad, World Bank, and Sida.

The investigations have included a fieldtrip collecting hydrological, meteorological, and
sedimentological data , review of collected data, and calibration of a hydrologica l model

(HBV-model), long term simulations and investigation of the impact of c limate change on

the hydrological conditions. Training on the use of the hydrological model has been

carried out.

The maj ority of work was performed in the period February-March 2006 resulting in a

draft report of 3 May 2006. In accordance with comments rece ived from the World Bank

on 17 May, and additional precipitation data from Rwanda as well as runoff data and

precipitation data from Burundi received during June-July, the report was revised during

July and a 2" draft report was submitte d in August 2006.

Data on erosion and sediment transport today is very limited, and it was therefore decided

to further study this issue, based on analyses of high resolution sate llite images and
supplementary fieldwork. The maj or part of the work has been carried out by the National

University of Butare , Rwand a. The results of the study, which is included as Appe ndix 8,

has been taken into due consideration when preparing the Chapters 7 and 8, respective ly

on "Erosion and Sediment Tra nspo rt"" , and on "Recommendations for a Sed iment

Sampling programme. The analyses and the land use maps will also provide a valuable

contribution to other development projects in the Kagera Basin, besides the planned

feasibility study of the RRFP.

The final report have been prepared by Paul Christen Rohr, Terje Grindhaug and Kj e ll

Repp, with the latter one as the Team Leader.

Oslo, August 2007

Kj ell Repp

Project Manager
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Summary
This report presents the results from a preliminary hydrological and sedimentological

investigation of the Rusumo Falls Hydropower and Multipurpose Project in

Burundi/Rwanda/Tanzania locat e d on the Rwandan/Tanzanian border.

Hydrology

Daily rainfall, temperature and discharge data have been collected for establishing and

cali brating a hydrological model for the catchment upstream Rusumo Falls . In addition

long term daily precipitation data for the period 1932-2005 have been collected. Details

on periods and locations are given in the report.

A hydrological model have been ca librated and veri fied by use of IO+ IO years of
meteorological and hydrological data . The simulated discharge from the model shows a

good fi t with the observed discharge with an explained variance of R ' =0.80.

A long term simulation for the period 1932-2005 have been perfonn ed with the calibrated

simulation model and the long term precipitation data .

Two extremes of climate changes based on potential emission scenarios from IPCC

(Intergovernmental Panel of C limate Change) have been applied on the meteorological

data used as input for the simulation model (The B I -low scenario and the A2-high

scenario). The scenarios have been n m for the predicted 2020 and 2050 emission levels.

All scenarios indicate a small or moderate increase in runoff for al l seasons.

It has not been possib le to validate scientifically the large shift and increase of 60 - 70 %

in the discharge at Rusumo Falls as indicated in previous studies and in the discharge data

for the lower areas of the catchment and the Lake Victoria. No large shift can with

certainty be verified by analyses and testing o f the annual precipitation data. Some tests

may indicate a shift, while other tests rej ect any potential shifts in the precipitation data.

Fur ther quality control of the water level observations at Rusumo Fal ls and Kyaka Ferry
is advised, preferably also including quality control of discharge measurements and the

rating curves. Check discharge measurements and surveying of the station control at
Rusumo Falls should be carried out.

In our final opinion, even if there was an increase in runoff in the early 1960ies., the long

term simulated runoff records is of sufficient length (45 yrs) and quality to verify the
hydropower potential of the RRFP. The literature and research show that there have been

even wetter periods periods earl ier in the history, and there is no indication that the

re lative ly dry pre-196 1 period should be any more representative for the long term runoff

than the post- 196 1 period.

Using an overall e fficiency of 0,9 % and a net head of 30 metres (current base design),

the installed capacity has been estimated to approximately 82 MW, and an annual

production of 489 - 523 GWh/year (calculations based on observed discharge data).

However, the combination of reservoir, plant capacity and duration of use should be

optimised based on economical, social and environmental considerations. An

optimization study is part of the planned project feasibility study.
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Sediment transport issues

Visual observations clearly indicate that the Kagera River is carrying substantial amounts

of sediments. Our opinion is that based on the current reservoir size, sedimentation will

not to be a problem, and even with a conservative estimate the lifetime will probably be

much more than I 00 years. The size of the reservoir will, however, depend on the

outcomes of the optimization study and reservoir chosen. A run-of-the-river plant could

also be an option. Limited sediment analyses undertaken indicate a high content of quartz

in the river, which is worrying with regard to hydropower development. Careful and due

consideration therefore has to be given to the design and construction of water intakes to

mitigate the abrasive nature of the water on the turbines. A sediment sampling program

should be initiated as soon as possible to veri fy the sediment content.

Data on erosion and sediment transport today is very limited for the Kagera basin and

supplemental work has been undertaken to strengthen our opinion on sediment transport

issues. Analyses of high resolution satellite images and supplementary fieldwork has been

undertaken during the last half year in cooperation with the National University o f

Butare, Rwanda. Digital and hard copy land use maps has been prepared . The analyses,

however, confirm our assumptions above regarding the lifetime of the reservoir.
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1 Introduction
The aim of this report is to establish an expert opinion on the Kagera Basin Hydrology and on the
catchment upstream Rusumo Falls, and in particular defining the hydrological and sedimentological
foundation for hydropower development. Plans exist for development of Rusumo Falls Hydropower
Plant (Figure 1).
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Figure 1. Outline of the Rusumo Falls Hydropower Proj ect

However, there has been raised some concern about possible shifts in discharge around 196 1 and the
need for an updating of the hydrological records for the last 10 years. Studies of the Kagera River
done during the 1970-ies are to a large degree outdated, and infrastructure development and land use
changes necessitate a more thorough scrutinization of hydrological data as well as data on sediment
transport and erosion. It has therefore been decided to get an expert opinion on these issues prior to the
decision on the feasibility phase of a development project.

The Terms of Reference is shown in Appendix 1 - TOR. It should be noted, however, that it was
agreed that land use mapping and GIS should not be part of the study, as this will be included in the
full feasibility study. It was also agreed in meetings with the donor partners that the erosion and
sedimentological studies should be limited to a literature study and a more descriptive report, as the
possibilities for sediment sampling and analyses were limited. The report should therefore provide
further guidance on issues to consider related to both hydrology and sediment transport for further
inclusion in the feasibility phase of the proposed project. It was later decided, however, to include the
land use mapping by using satellite images. The work has been carried out by the University of
Butare, Rwanda, in cooperation with NVE.
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All information, methods, calculation procedures and opinions in the report are documented through
references in the text with a detailed description of the references towards the end of the report.
However, there may be several references on the same topic and the report may not list all sources
where the specific information is discussed.
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2 Fieldwork, Collection of Data and Training
The maj ority of the data applied in this report was collected during a field visit to Rwanda and
Burundi from 22" F ebru ary to 5" March 2006. Themaj or contact during the visit was theNile
Equatorial Lake Subsidiary Action Programme, NELSAP, which also supplied logistic support during
the field work.

A number of institutions were visited in Kigali and Butare in Rwanda and in Buj umbura in Burundi. In

Kigali, meetings were held with NELSAP staff from different parts of the programme; the Rwanda
Meteorological Service; the Water and Sanitary Department and with World Bank staff. In Butare
meetings were held with the GIS & Remote Sensing Training and Research Centre. In Buj umbura in
Burundi, meetings were held with Direction des Resources Hydrauliques; Institutit Geographique Du
Burundi, Departement de l' Hydrometeorologie et de l' Agrome teorologie; Ministry of Land
Management, Environment and Tourism and with REGIDESO, Equipement Electricite.

In addition a visit was paid to the dam site at Rusumo Falls and the nearby hydrological gauging
stations. Three sediment samples were collected from the river bed j ust upstream of the proposed dam
site. People and institutions visited during the stay are shown in Appendix 2 - People visited.

During the fieldwork, several arrangements on forwarding of data, either by e-mail or delivery by mail
or courier was agreed upon. In addition supplementary data was searched for through extensive e-mail
correspondence after the return from Rwanda & Burundi.

Supplementary data and information was received from Burundi last July, and has been used in the
preparation of the final report.

A training course on the HBV Hydrological Model was conducted at the University of Butare in late
June/early July. Some information on the course as well as list of participants are included in
Appendix 6.

All data applied herein is based on analyses of daily values for discharge, precipitation and other
meteorological data collected from the locally responsible institutions by the field team during their
visit to the region, or forwarded to NVE during the preparation of the report. The extent of other data
applied is clearly expressed in the text.
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3 Hydrology
The Kagera River is the principal river flowing into Lake Victoria, covering a total catchment of more
than 60,000 km 2 (Sutcliffe and Parks , 1999). According to the land use study, the catchment area is
only 58,088 km' .  At  Rusumo Falls, the catchment is reduced to only thehalf, however, or 30,200 km'.
With its two main tributaries, the Ruvubu (some places called Ruvuvu) and the Nyabarongo upstream
of Rusumo Falls, it drains most of Rwanda and approximately half of Burundi. The Nyabaronga rises
from north of Lake Tanganyika and east of Lake Kivu at an elevation of 2400 metres ams!, while one
of its tributaries, the Akyanaru River, starts at 2600 metres ams!. The Ruvubu originates in the
mountainous southern part of Burundi at an elevation of 2200 metres (also called the Source of the
Nile).

Both rivers are fairly steep in their upper parts, while the middle and lower parts upstream of Rusumo
Falls are rather flat, and in particular the Nyabarongo River.

The catchment is characterised by two rainfall seasons, with the short north easterly monsoon from
about September to November ("short rain") , and the longer south easterly monsoon bringing rain
between February and May ("long rain ). The peak flow occurs in April - May, depending on the
steepness and length of the sub-catchments. At Rusumo Falls the peak flow will normally occur in
May.

3.1 Survey and Analysis of Data

3.1.1 Available data

A number of data, reports and photos were collected digitally during the visit. An archive with
numerous historic reports at NELSAP was surveyed and relevant information was collected.

The maj ority of the collected meteorological and hydrological data are from stations in Rwanda. An
overview of the region with a number of meteorological stations applied in the analyses can be seen in
Figure 2, while some selected runoff stations are shown in Figure 3.

Rainfall data from the stations Kansi Paroisse and Kirinda were aquired from the Projet de Gestion
Nationale des Ressources en Eau, PGNRE, from the database prepared by S.H.E.R. Ingenieurs-
Conseils s.a. (SHER, 2004).

Some additional (but limited) precipitation and runoff data were prepared and delivered by Institut
Geographique Du Burundi (IGEB U).

3.1.2 Precipitation data

An overview of the daily precipitation data collected can be seen in Table A-1 in Appendix 3 - Data
collected. The missing values are indicated.

3.1.3 Other meteorological data

In addition to precipitation data, a number of other meteorological data were also collected, like
temperature data with daily maximum and daily minimum temperature for a number of stations, as
illustrated in Table A-2 and Table A-3 in the appendix.

Also a number of other meteorological parameters were collected. Due to numerous gaps they where
not applied in the analyses, however.
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Figure 2: Map of the region indicating the gauging and meteorological stations applied in the analyses and in the
model calibration and simulation. See text for further explanation.
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Figure 3: Runoff stations used in the analyses.

3.1.4 Discharge data
Runoff data were collected from a number of locations, mainly from Rwanda, as those were most
easily available. Records from only one station in Burundi was available, namely from the Ruvubu
River at Muyinga. Unfortunately the records are of rather short duration (1974 - 93), and does not
cover the period of the large increase in the water level of Lake Victoria in the early 1960ies.
Availabilty of discharge data is indicated in Table 3 and Table A4, Appendix 3.
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Some selected annual rainfall records from adj acent or nearby catchments in Tanzania were used for
verification/evaluation of the analyses/results. Figure 6 shows the annual rainfall at the two stations
Kigoma Met. St. and Rubuya Mission. Kigoma is located in the western part of Tanzania, along the
shores of lake Tanganyika (drainage to the Congo River), while the Rubuya Mission is located in the
far north western part, within the catchment to Lake Victoria.

Annual Precipitation

2500 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- Rubuya Mission

Ki goma Met. St.
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E
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h e

? 9  $° so s° & o > °,9' ,9 9 9 9 9 e g 9 , 9' ,e

Year

Figure 6: Annual rainfall at selected stations in Tanzania.

Annual rainfall for all stations have been analysed for the period before 1961 and the period after. The
results are shown in Table 1 below.

Station
Mean annual rainfall pre-1960 Mean annual rainfall post-1961

%  change
(number of years in bracket) (number of years in bracket)

Byumba 1260 (30) 14 17 (23) + 17

Kibungo 945 (30) 1025 (23) +8

Kansi Paroisse 1094 (30) 1209 (32) + 10

Kirinda 1224 (30) 14 14 (24) + 15

Muyaga 1182 (30) 1245 (43) +5

Muyinga 1048 (30) 1125 (42) +7

Rubuya Mission 1360 (31) 1375 ( 10) + I

Kigoma Met. St. 946 (36) 1005 (28) +6

Table 1:Comparison between mean annual rainfall for selected stations for the periods before and after 196 1.
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As can be seen, the long tenn increase in rainfall is not very large, varying from I to 17 percent . If the

rainfall after 196 1 is compared with the long tenn mean for the whole period of records, the deviations

will be even less. Similar results were found in Research Report No . 45/ l from the Bureau of

Resource Assessment and Land Use Planning at the University of Dar es Salaam (Ulf Rise, 197 1),

even if only the years 196 1-70, including the wet years 196 1-63, were compared with the long tenn

mean .

If considering shorter time intervals, however, the variations are more pronounced. The average

annual rainfall during the period 195 1 - 60 compared with the period 196 1 - 70 indicates an increase

in rainfall at some stations of 14 - 27 %, which might be sufficient to explain an increase in runoff of

50 - 100 % (Norconsult AS & Electrowatt , 1975; Sutcliffe and Parks, 1999). Such a highly sensitive

hydrological regime is difficult to model properly, however, a fact which should be considered when

evaluating the results from the hydrological model.

Based on the collected daily data, some typical precipitations figures for stations in the catchment can

be seen in Table 2 . Temperature data are also illustrated in the table . An overview of annual

precipitation for the stations listed in Table 2 including some basic statistics can be found in Table A-5

in Appendix 4 - Annual precipitation.

Elevation,
Annual

Average
Station Lat Long precipitation, (all

masl
years), mm

temperature, "C

Butare 02 ° 36 029 ° 44 1760 1245 19.6
Byu mba 01° 36 030 ° 03 2235 1297
Gikongoro 02 ° 29 029 ° 33 1910 1291
Gisney 01° 40 029 ° 15 1554 1158 20.2
Kamembe 02 ° 28 028 ° 55 1591 1379 20.2
Kibungo 02 ° 10 030 ° 32 1680 98 1 21.0
Kigali 01° 58 030 ° 08 1490 989 21.0
Ruhengeri 01 ° 31 029 ° 36 1869 1362 17.7
Kansi Paroisse 02 ° 41 029 ° 45 1675 1153
Kirinda 02 ° 10 029 ° 34 1701 1308
Muyinga 02° 51 030° 07 1756 1094
Gitega-Aerodromme 03° 25 29%55 1645 1192

Table 2: Overview of key figures for precipitation stations. See Appendix 4 - Annual precipitation for further
details.

Previously, isohyet maps for Burundi and Rwanda have been presented in Norconsult AS &

Electrowatt (1975). Unfortunately point precipitation values were not indicated. A more recent

analysis is presented in S.H.E.R. (2005b), but unfortunately only for Rwanda. The isohyets from

Norconsult AS & Electrowatt (1975) is presented in Figure 7 and the isohyets from S.H.E.R. (2005b)

in Figure 8. Though there are some small differences between the two isohyets, they show a fairly

good correspondence between the annual averages for the different precipitation stations and the

isohyets. One small exception is the observations from Kigali, which seems to be a bit lover than the

isohyet map indicate, particular ly when compared with the map from Norconsult AS & Electrowatt
(1975).

3.2.2 Discharge

Daily water levels and the rating curve were collected for Rusumo Falls for the period 1956 to 1990,

resulting in a time series for discharge . The quality of the data varies. T he whole year 1960 is missing

and there are frequent gaps in the l 960ies. The data can be missing for up to three months. In total,

some 8 % of the data are missing. However, the most recent of the discharge series seems to be of

better quality with fewer gaps. There are also about eight months of data from October 1995 onward .

Due to the unavailability of original data, as well as time limitations, it was not possible to make any

quality control on the rating curve, or carry out any check discharge measurements.
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Elevation,
No of

Station X V
masl

From year To year complete
years

RWANDA

Rusumo 586770 9736634 1325 1956 1996 28
Kigali Rd to Butare 500312 9783318 1352 1961 2000 29
Mfune 530899 9756564 1337 1971 2000 21
Mwaka 458147 9769624 1475 1972 1998 19
Nagaru 463021 9808898 1400 1974 2000 15
Nyabisindu 462631 9740792 1525 1972 2000 17

Station Lat Long
Elevation,

From year To year No of years
masl

BURUNDI

Muyinga 28 51' 30° 07' 1756 1974 1993 15

Table 3: Overview of discharge stations. Details about available data can be found in Appendix 4.
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Figure 7: /sohyet map showing annual precipitation for. From Norconsult AS & Electrowatt (1975).
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Figure 8: lsohyet map with annual precipitation for selected stations. lsohyet map from S.H.E.R. (2005b).
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Discharge rating curve, Rusumo Falls
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Figure 9. Discharge rating curve from Rusumo Falls (SHER)

As shown in Figure 9 above, the quality of the rating curve seems fairly acceptable, at least around
medium flow which is the most important for assessment of the hydropower potential. The high
discharge measurements are scattered, however, and should be verified for flood estimation and design
purposes. The quality of the curve also appears to be rather poor at low stages, which could be a
critical factor if considering a run-of-the-river scheme. Assuming a fairly large reservoir, however, the
uncertainty in the low flow is of minor importance. 17 of the registered measurements were carried out
prior to 196 1, while the remaining 35 measurements were carried out from July 1964 up to May 1979.
No measurements have been carried out since 1979, as shown in Table 4 below. The section control at
the hydrological station consists of a rock sill, and is assumed to be stable. Unfortunately the history of
the station is unknown. Stations being washed out by heavy floods and being re-established are fairly
common in the tropics, and often the 0-point of the staff gauge/recorder is changed, after which the
rating curve has to be recalculated accordingly. No information on such incidents has been available,
and there are no indications that anything has occurred to the station.

Monthly discharge for a number of additional stations in Rwanda was collected. A plot of monthly
data for those stations in the N ybarongo River is illustrated in Figure 10 below. The figure shows
clearly the distribution of data in time, indicating a lack of data from the first half of the l 990ies and
from about 2000 and onwards. The figure also indicates that collection of discharge data was started at
a number of river gauging stations in Nybarongo River upstream Rusumo Falls in the early l 970ies.
The correlation between the various stations seems to be fairly reasonable, at least with regard to
runoff pattern, and indicating a fairly good quality of the data. A more thorough analysis is needed,
however, in order to really assess the quality of each data series.

All available discharge data for Rusumo Falls are presented in Figure 11 with annual values up to
1956 and monthly values from 1956 onwards. Some data are missing. The annual average for the
period 1940 to 1956 is copied from Acres International Limited (2003), which had derived the data
through regression analysis with data from the Kyaka Ferry; a gauging station downstream Rusumo
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Falls which has been operational since 1940. The data for the period after 1956 is based on daily
observations at Rusumo Falls.

Date 0 , m'/sec. Stage, m Date 0, m'/sec. Stage, m

17.03.1955 193,30 1,69 28.04.1976 205,60 1,90

01.04.1955 133,00 1,31 17.05.1976 207,00 1,81

19.08.1955 106,40 0,62 10.06.1976 217,00 1,87

25.07.1956 150,40 1,33 22.06.1976 185,00 1,69

01.05.1957 156,50 1,55 29.06.1976 188,00 1,65

28.08.1957 173,00 1,55 09.07.1976 184,00 1,59

20.03.1958 176,10 1,60 17.0 1.1977 199,13 1,76

02.06.1958 185,80 1,62 0 1.03.1977 218,00 1,91

18.08.1958 122,00 1,13 24.03.1977 222,00 1,94

03.10.1958 100,00 0,88 22.07.1977 204,70 1,84

13.02.1959 166,90 1,49 10.08.1977 193,10 1,71

10.04.1959 154,90 1,44 31.08.1977 167,57 1,64

20.08.1959 121,60 1,06 13.10.1977 113,50 1,38

15.10.1959 134,20 1,12 04.11.1977 140,70 1,47

09.03.1960 199,50 1,72 06.12.1977 184,20 1,99

15.06.1960 196,00 1,83 20.12.1977 180.20 1,91

06.12.1960 99,90 1,10 19.0 1.1978 211,41 1,88

10.07.1964 310,00 2,33 17.02.1978 210,30 1,87

25.05.1972 308,00 2,17 23.02.1978 208,00 1,93

20.10.1972 168,60 1,48 08.03.1978 253,60 2,06

04.06.1973 317,00 2,32 17.03.1978 281,60 2,16

25.04.1974 287,00 2,26 31.03.1978 429,10 2,65

31.05.1974 324,00 2,39 12.04.1978 393,00 2,83

21.08.1975 169,20 1,34 10.05.1978 439,40 3,07

23.09.1975 154,40 1,36 04.08.1978 241,40 1,99

05.12.1975 157,90 1,58 25.05.1979 592,00 3,12

Table 4:Discharge measurements carried out at Rusumo Falls during the period 1955  -  1979.
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Discharge, m3/s
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Figure 10: Plot of monthly discharge for a number of stations in the Nybarongo River upstream Rusumo Falls.

26



Discharge

600

500

400

300

200

100

Discharge at Rusumo Falls

-

Average post 1962

Average all observed at
Rusumo Falls (1956-2005)

l
I

l
'I- • • • • • • • • • ------------------- ..- - - - - . . . . . . . . . - - - .. . . . N . . . ..- - . ........- - - - - - · - - - - - - - - - - -

« l. ----------- - - - ....- - - 1- - - - _] ,- - - - - - - - - ---------
.J L- - - - - - - - - - - l h - ,_ J la .. - - - - - - - - - -

ll c u l I l J
. . ...... .. . . . . .. .. .. ..- .... . . - - - - - - ......- - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - -

A

-
Average pre 1962 Average all (1940-2005)

I I I I I

I I0

1940 1950 1960 1970 1980 1990 2000

Figure 11: All available discharge data for Rusumo Falls.
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T he same data can be found in World Bank (2005) and in Acre s Intern ati onal Limited (2003). In

Figure 11, however, existing data are filled inn for the period after I 984 .

Several values for average discharge are illustrated in Figure 11. Using a ll available data for Rusumo

Falls incl uding data found through regression with Kyaka Ferry, the average discharge for the period

1940 - 2005 equals 205 m' /s illustrat ed with the thick dashed line in Figure 11. Equally thepre - 1962

average is 15 1 m' /s and post-1962 avera ge is 248 m' /s. These two are illustrated with the two dotte d

lines in Figure I I .

W ith regard to the data from the station at Kyaka Ferry, it has not been possible to do a thorough

quality control of these . Neither has the station been visited. It is assumed, however, that the station

control mainly consists of sand and finer material, which tends to be fair ly unstable. The quality of the

data might therefore be doubtful, and should be checked more carefully . In addition, the station is

located far downstream of Rusumo Falls, in the vicinity of Lake Victoria. Downstream of Rusumo

Falls and upstream of Kyaka Ferry there are numerous bigger and smaller lakes and swamps with a

high influence on the hydrological regime. The Kyaka Ferry' s close proximity to Lake Victoria also

makes it susceptible to the influence of the higher rainfall over the lake . It can therefore also be

questioned whether the station is representative for the higher areas of the Kagera basin upstream of

Rusumo Falls (personal communication from Dr. John Sutcl iffe, August 2007).

A plot of the discharge at Kyaka Ferry is shown in Figure 12d. Daily va lues for discharge have been

forwarded by Mr. Raymond Noel, SNC-Lavalin International . Where dai ly values have been missing,
monthly values from Norconsult AS & Electrowatt ( 1975) have been used .

A plot of the discharge at Kyaka Ferry vs the discharge at Rusumo Fall s is shown on Figure 12c

below. T he correlation coe fficient for the monthly discharge is 0 .34 which is rather low. The

correlation coefficient for the annual discharge is 0 .89. The low correlation coefficient for the monthly

discharge can be explained by the delay caused by the wetlands between Rusumo Falls and Kyaka

Ferry.

Using all the observed daily discharges at Rusumo Falls, the average discharge for the period 1956 to

1990 is 23 1 m' /s, which equals 24 1 mm/year. The maximum daily discharge observed for the period is

547 m' /s, while the minimum daily dischar ge observed is 63 m' ls.

Unfortunately, as mentioned earlier, runoff records from the Ruvubu River in Burundi were only

available from 1974 onwards, as shown in Figure 12 below. The data, however, might probably be

used for further quality control dur ing a feasibility study.

As anonther indication of quality, the correlation between the discharge at Rusumo Falls and Muyinga

is shown on Figure 2b belo w. The correlation for the annual discharge is shown on the upper half of

the figure and the correlation for the month ly discharge is shown on the lower half of the figure . The

corre lation coefficient for the monthly data is 0 .80. The correlation coefficient for the annual di scharge

is 0 .89 .

It may be concluded that the fairly high correlation coefficients indicate an acceptable quality of the

existing discharge data.

28





Muyinga
250

200

150

100

50

0

•
. ¢ ·.

•
y = 0.4023x- 2.5575 •

•

0 50 100 150 200 250

Rusumo
300 350 400 450 500

Muyinga
250

•
200 +- - - - - - - - - - - - - - - - - - - - - - - - - - - ..,----,/-'------j

••• • •
150  ]a¢% n al

•
¢ t

•
•

•

[ [) [) [ go. g ]
• ••

y = 0.4448x - 12.928

so  ]gee",, I
•

•• •

0 50 100 150 200 250
Rusumo

300 350 400 450 500

Figure 12b: Plot of discharge at Rusumo falls vs discharge at Muyinga. Annual discharge is shown on the upper
half and monthly discharge is shown on the lower half. The linear regression line and equation is indicated on the
plot.
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3.3 Trend and homogeneity analysis

3.3.1 Tests performed

Previously, some questions have been raised about a potential shift in discharge around 1960 with a
lower discharge before approximately 1960 and a higher discharge after 1960.

Trend and homogeneity tests have been performed on the precipitation data for determining any trend
or inhomogeneity in the data.

It is assumed that if all the meteorological data applied as input for the hydrological simulation are
homogenous, the simulated discharge will also be homogenous.

For applying some of the testes, a reference precipitation series from the region have been used (Rohr,
2003).The reference series from the Kilimanj aro region has been applied for double mass analysis
(ASCE, 1996) and for Alexandersons test (Alexandersson, 1986 and Olaussen et AI., 1996). In
addition, the series have been tested with rescaled adj usted partial sums (Buishand, 1982), Bayesian
procedures (Busishand, 1984) and Worsley' s likelihood test (Worsley, 1979).

In addition, similar tests have been performed with the observed discharge from Rusumo. A simple
double mass plot for a number of stations is illustrated in Figure 13. More double mass plots can be
seen in the Appendix 5 - Double mass plots.
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Figure 13: Double mass plots for precipitation series. The blue line is the observed data. A thin straight black line
is added for illustration. The plot Kigali vs. reference series is for the period 1971-1999, Kigali vs. Butare for the
period 1971-1992, Kibungo vs reference series for the period 1938-1980 and Rusumo Falls vs. reference series
for the period 1956-1989.
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3.3.2 Results from testing

The tests above have been performed on the data series collected. The tests have been applied on
annual values. A summary of the tests can be seen in Table 5.

Only 5 stations have long records dating back to the early 1930-ies (Byumba, Kibungo, Kirinda, Kansi
Paroisse and Muyinga. The trend and homogeneity testing indicate a break or shift for three of these
longer series. All the shorter series (post- 1964), except one (Gitega-Aerodromme), seem to be
homogeneous

It is difficult to be conclusive when the results are differing between different tests. All the
precipitation series are found to be homogeneous however, when tested towards a reference series
from the Kilimanj aro region in Tanzania, while some appear to have trends or homogeneity when
tested independently. It should also be kept in mind that even if the Kilimanj aro region is not far away,
the Kagera River basin is located further west and close to the main continental watershed, and the
representativeness of the Kilimanjaro region might therefore be questionable.

The homogeneity of the precipitation series is also confirmed by Acres ( l 990) and Institute of
Hydrology ( 1984).

From No of Alexander- Rescaled
Worsley's

Bayesian
Station tested To year Likelihood

year years sons test partial sums
ratio

procedures

Kigali, annu al precipitation 1971 2005 35
Butare, annual prec ipitation 1971 1992 22 - -
Gikongoro , annual precipitation 1968 1999 27 -
Ruhengeri, annual precipitation 1952 1992 41
Byumba, annual precipi tation 1938 1997 46 - ?? ??
Kamembe, annu al precipitation 1958 2004 29 ??
Kibung o, annual precipi t ation 1938 1980 43 -
Gisn ey, annual precipi ta tion 1976 2005 22 -
Kirinda, annual precipi t ation 1931 1993 54 ?? ??
Kansi Paroisse, annual precipitation 1931 1993 62 - ?? ??
Muyinga, annu al precipi tati o n 1932 2005 72
Gitega-Aerod romme , annual precipi t ation 1964 2005 42 - ?? ??
Rusumo Falls - Observed 1956 1989 32 ?? ?? ??
2? Indicate a possibl e break or shift.

Table 5: Result from trend and homogeneity tests. See text for details.

A similar test was performed on the observed annual discharge versus the reference series. Though
some of the tests are mainly designed for precipitation series, they give indications about the
homogeneity and shifts in the discharge series. The test of the annual discharge indicate a shift or an
inhomogeneity around 1959- 196 1. Unfortunately the observations for the year of 1960 are missing and
the number of years before 1960 is limited. The shift is confirmed by Sutcliffe and Parks ( l 999),
however, and an increase in rainfall during the early 1960-ies is also confirmed by other studies in
East Africa, showing that the rainfall between l 940 and l 950 was below the average for the previous
47 years. Between 1950 and 1960 rainfall continued slightly below normal. Between the end of 196 1
and 1970, there was a significant increase in rainfall (Sir William Halcrow and Partners, l 966). The
pattern of variation is also reflected in the levels of most East African lakes (Beresford, A.K.C. et al ,
198 1)

3.3.3 Conclusion for further use of data

For preparation, calibration and verification of a hydrological simulation model, simultaneous
observations of precipitation, temperature and discharge is necessary. It is also necessary to have a
series with precipitation and temperature data for filling in gaps in the observed discharge series from
Rusumo Falls. For obtaining a fairly representative time series, data from all the stations within the
catchment upstream Rusumo Falls was weighted and applied in a composite series. For simplicity, the
arithmetic mean for the available precipitation data for each time step were used for developing the
composite series. More advanced methods like Thiessen polygon or the isohyetal method would
require separate analyses and weighting coefficients for each combination of available stations, which
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was not considered necessary at this stage. The arithmetic mean of the available data resulted in the
following input series for hydrological simulations:

Calibration of hydrological model, period 1971-1980

• Daily discharge for Rusumo Falls

• Composite series of precipitation with daily data

• Observed daily max and min temperature from Kigali and Butare

Verif ication of hydrological model, period 1981-1990

• Daily discharge for Rusumo Falls

• Composite series of precipitation with daily data

• Observed daily max and min temperature from Kigali and Butare

This gives 10  +  10 years of good quality data for calibration and verification respectively. Further
description of the hydrological modelling will be given in chapter 4.

Long term simulation, period 1932-2005

• Composite series of precipitation with daily data

• Monthly average maximum and minimum from Kigali and Butare

Monthly average for temperature was applied since daily data hardly exist for the entire period under
consideration. For the long term time series of precipitation, the daily precipitation in the composite
series was formed by weighted values from 4 or more stations for about 90 percent of the data. Less
than l percent of the daily precipitation in the composite series was formed by 2 or less stations.

The long term simulations were performed for two reasons. Primary, for obtaining a longer time series
for tracing any inhomogeneity or breaks around 1960. With the time series 1932-2005, a potential
break will be somewhere in the middle of the series and roughly an equal number of years will be used
for calculating the average discharge before and after a possible break. It is also assumed that a well
calibrated model and homogeneous precipitation data will give simulation results satisfactory for
detecting a possible shift in discharge. It will also be a control of the tests performed with the series of
observed discharge. Secondly a long term simulation is used for uncover the consequences of climate
change scenarios. This will be described in chapter 5. Last, but not least, the simulated series will
probably give the most reliable results for assessing the hydropower potential at Rusumo Falls.
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4 Hydrological Modelling

4.1 Selection of a hydrological model
For the hydrological simulations, the HBV-model was selected (Bergstrøm et al. , 1973 and
Killingtveit, 1995). The HBV model is a conceptual deterministic model based on the actual physical
structure and processes taking part in the catchment. It has proven to be basically sound for a vide
variety of applications in polar, temperate and tropical catchments. The modelling system applied for
the HEV-simulation is based on the Process Integrated Network, PINE (Rinde, 1998), a small MS-Dos
operated toolbox for hydrological simulations. The system was used for describing a lumped model
for the catchment upstream Rusumo Falls. It requires precipitation and maximum and minimum
temperature as input data for the selected simulation time step. The availability of data permitted 24
hrs time steps in the simulation. Data from one or more meteorological station can be used for each
parameter. However, the user has to identify the weight of the different stations applied and prepare a
weighted input series for precipitation and temperature.

In addition, the confined parameters, like elevation of meteorological stations, catchment area, mean
catchment elevation and monthly potential evapotranspiration had to be determined from map and
literature. Information about potential evapotranspiration is taken from TBW (1997). The values found
have been used for the catchment upstream Rusumo Falls. The monthly evapotranspiration is
illustrated in Figure 14. The highest potential evapotranspiration is found from July to October,
varying between 5.4 and 5.9 mm per day. For the rest of the year, the potential evapotranspiration
more or less varies around 4.5 mm per day. However, the actual evapotranspiration will of course be
lower depending on the supply of water and the meteorological conditions.

The free parameters in the model equations have to be found through the calibration procedure by
using the data for the calibration period described in chapter 3.3.3. A check of the calibration is
thereafter found by using the verification period.

Daily evapo trans-
plratlon, mm/day
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Figure 14: Illustration of daily evapotranspiration for the catchment. From TBW (1997).

4.2 Calibration of the hydrological model
The period 197 1-1980 was used for calibrating the model. Daily discharge observations, precipitation,
and maximum and minimum temperature were available for this period. The calibration was
performed through a trial and error procedure for finding the best free parameters for the model
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equations. A spreadsheet visualisation tool was established for subj ective evaluation of the agreement
between the simulated and observed discharge and calculation of objective fit criteria. For objective fit
the accumulated difference (that is the water balance) and the R' value (Nash efficiency criterion)
(ASCE, 1996 and Maidment, 1993) was used. The simulated discharge after the calibration and the
observed discharge can be seen in Figure 15.

The simulated and the observed discharge show an overall fairly good agreement for the 10 year
calibration period. The Nash efficiency criterion R 2=0.80 which must be characterised as fairly
satisfactory for our purpose taking time and effort applied for the calibration into consideration.

It can be seen from Figure 15 that there are smaller variations between simulated and observed
discharge in first half of 1972, first half of 1976 and in the flood season of 1977. Various adj ustments
of the parameters for the model equations did not result in any substantial increase in fit between
simulated and observed discharge. The variations can most probably be explained by unrepresentative
or erroneous precipitation data or errors in the discharge measurements, which can only be revealed by
a thorough quality control of all the data, including all discharge measurements and the rating curve.

However, the overall fit is found to be satisfactory.

4.3 Verification of the hydrological model. Reliability and
uncertainties.

The hydrological model applied in the study has been used on numerous locations world wide under
different climatic conditions.

The period 198 1-1990 was used for verification of the calibrated model. Discharge observations,
precipitation and temperature data were from the same stations as for calibration. Given that the
meteorological data are correct and representative, there is no reason for questioning the model
algorithm itself. There can, however be good reasons for questioning the results from the model. In

hydrological simulations the meteorological data often cause the largest deviations between simulated
data and observed values, and contributes to the uncertainty of the model simulations. This is also the
case in this study. Wrong or uncertain input will always give wrong output from any model.

There are two maj or related issues regarding the meteorological data input used in hydrological
simulation models. Firstly, how representative are the meteorological stations for the area under study,
and secondly, how is the distribution of precipitation between the stations. Obviously the two are
interlinked and in this study no advanced methods for determination of the precipitation distribution
between the stations have been used. A simple elevation gradient has also been used in the model
simulation for adj usting the precipitation with elevation and this does not take, for example,
orographic impacts into consideration.

The result is uncertainties in the simulated discharge for the long-term simulations in the report. The
long-term simulations were not performed principally for replacing the observed discharge, which is
always preferable to simulated values. They were mostly used for filling in any gaps in the time series
where possible. Secondly they were used for determining the effects of potential climatic changes.

With this is mind it should be noted that simulated data cannot automatically replace gaps in observed
data. It should also be noted that the simulations were performed on a daily basis, which gives
sensibility to the observation of extreme precipitation events. In the analysis, several obvious
erroneous precipitation events have been found for some stations. For example there are observations
with extensive rainfall of 100 mm at one station that do not show up in the downstream discharge or in
rainfall observations from neighbouring precipitation stations.
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Figure 15: Result from calibration of a hydrologic model for Rusumo Falls. Plot of simulated and observed discharge. The daily precipitation is shown on the lowermost plot.

40





5 Long Term Simulation and Climate Change

5.1 Long term simulation

5.1.1 Input data

For revealing possible shifts in discharge, a long term time series for the period before and after the

shift is preferred. The long term series developed by use of the data described in chapter 3 form a time

series from 1932 to 2005 with daily data for precipitation.

Unfortunately there exist no simultaneous temperature series in the material collected from Rwanda &

Burundi. Therefore average monthly values for minimum and maximum temperature for Butare and

Kigali for the period 197 1- 1992 were applied for the simulation period 1932-2005. It is assumed that

th is will represent the monthly fluctuations in temperature over the year .

5.1.2 Result from simulation

T he result of the long term simulation can be seen in Figure 17. The actual values for simulated

discharge at Rusumo Falls shown in Figure 17 are representative for the actual discharge values since

the model is calibrated and verified with precipitation data from the same meteorological stations that
is used in the long term simulation.

From the simulated discharge presented in Figure 17, the average discharge for the entire simulation

period from 1932 to 2005 is found to be 2 14 m' /s which is 9 m' /s more than for theobserv ations

presented in Figure 11. The pre-1962 average is found to be 192 m' /s and the post- 1962 average is

found to be 230 m' s. Th e average annual evapotranspiration from the model is 826 mm/year for the

simulation period from 1932 to 2005.

The plot in Figure 17 indicate that the discharge appear to be higher towards the last half of the

simulation period. With basis in the figures above, the post 1962 average is about 20 percent higher

than the pre 1962 average. This result is also more in line with the increase in rainfall after 196 1. The
value , however, is considerably less than the values found in chapter 3 .2 .2 and from indications in

previous reports. Previously, the increase in discharge has been indicated as high as 65-70 percent.

This large discrepancy shows the necessity of a more thorough data quality control and extended

hydrological modelling during the feasibility study.

The statistical tests described in chapter 0 , was applied on the simulated discharge presented in Figure
17. The tests show to some degree contradictory results. Several tests indicate that there are neither

trends nor any breaks in the series. However, one test indicates a possib le break around 1960. A

double mass plot can be seen in Figure 18. Compared with the double mass plots in Figure 13, a small

deviation from the straight line can be seen.
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Figure 18: Double mass plot for the reference precipitation series vs. the simulated long term discharge for
Rusumo Falls.  A  thin straight line is added for illustration. The plot is for the period 1932-2005.

5.2 Climate change
The climate of Equatorial and East Africa is meteorologically one of the complex sectors of Africa.
Large scale tropical controls and several major convergence zones are superimposed on regional
factors associated with lakes, topography and maritime influence with the intertropical convergence
zone. Rainfall pattern have large spatial variations within the distance on the order of ten kilometres,
with transition from desert with 200 mm annual precipitation to forest with 2000 mm within relatively
small distances and altitudes. In this context, an exact prediction of potential climatic changes is a
difficult task.

5.2.1 Climate change scenarios

The impact from climate change on the hydrological characteristics at Rusumo Falls have been
simulated though imposing possible climatic changes on the meteorological data series for the
simulation model, that is time series for daily precipitation, and maximum and minimum temperature.
The time series, on which climate changes have been imposed, are the same series as used for the long
tem simulation described in chapter 5. l .

The extent of the climate changes are determined with basis in scenarios from the Intergovernmental
Panel of Climate Change, IPCC (IPCC, 200 I ) and its particular impact on the African climate (Hulme,
200 1).
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6 Recommendations on Hydrology
The purpose of this report is to establish a picture of the hydrological conditions for the potential
Rusumo Falls Hydropower Project. It should be noted that the timeframe for this investigation has
been limited, with limited possibilities for data quality control, as well as for additional data collection.

We are confident in the results and the findings presented in this report, and find it not very likely that
there will be any big surprises in the hydrological background material.

However, further analysis should be performed for revealing further details supporting decisions
which have to be made during the further process of the development of the Rusumo Falls hydropower
project.

A closer investigation of meteorological data for both Rwanda and Burundi should be performed,
particularly for Burundi. The data collected herein is limited, and a visit to MAH in Dar es Salaam
could also be useful, especially for collecting original data from the hydrological stations at Kyaka
Ferry and Rusumo Falls, as well as other hydrological stations indicated in their databases (MAJI,
197 1).

The discharge station at and the quali ty of the discharge data from Rusumo Falls and other stations
should be investigated further, particularly the rating curves. Check measurements of discharge with
current meter can give a check of the existing curve. Preferably also check measurements on high
discharges should be performed for checking the rating curve for flood discharges. This can be done
either with traditional current meter technology on normal discharges or with more recent doppler
technology when the conditions require this. Cf. chapter 4 .3 for deviations between simulated and
observed discharge.

In order to improve the water resources assessment and management of the Kagera basin, it is also
important that a monitoring programme is initiated as soon as possible. For the purpose of the Rusumo
Falls Hydropower Project alone only a very few stations are necessary. In addition to the existing
station at Rusumo Falls, tentatively one station in each of the two main tributaries upstream could be
upgraded/rehabi litated, or,if necessary, two new stations could be established. A firm decision on the
number of stations and locations can only be done during a thorough reconnaissance. A more
comprehensive station network might be considered for the benefit of the water resources management
of the whole Kagera basin. In such a case, however, a more institutionally sound approach is required,
and a cooperation mechanism between the neighbouring countries, ie. Burundi, Rwanda, Uganda and
Tanzania, should be established. The hydrometric station network should then be a part of a more
comprehensive Hydrological/Water Information System, preferably under the auspices of NELSAP.

A tentative Terms of Reference for such a programme is included as Appendix 7 in the report.
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7 Erosion and Sediment Transport

7.1 General
Data on erosion and sediment transport today is very limited for the Kagera Basin and supplementary

work has been undertaken to strengthen our opinion on sediment transport issues. Analyses of high

resolution satell ite images and supplementary fieldwork has been undertaken during the last year in

cooperation with the National University of Bu tare, Rwanda, and digita l and hard copy land use maps

have been prepared.

Meetings with Rwandan authorities responsible for the water resources indicate that no sediment

sampling program has been carried out in any of the rivers in the country in recent years. The results

o f the investigations done in the Kagera River Basin during the 1970-ies ar e more or less useless

today, as land use and physical conditions have changed.

An analysis of land erosion is possible, while the sediment discharge o f a ri ver is not an exact linear

function of land erosion, however. A considerable portion of the sediment load is not transported out

of the basin. This portion is accumulating on slopes and valley bottoms. Nevertheless, the river
sediment load is directly related to the erosion rate over the whole drainage area. Several studies have
been carried out to establish suspended sediment yield on a larger scale . T hey often give a fairly good

picture of the average sediment yield of an area , but fail to take into account smaller local variations

(Walling et al ., 1996).

T hese studies indicate a sediment yield for Rwanda in the area of 200 - 1000t/km 2 year , as indicated in

Figure 22 (Lvovich et. al ., 1992).
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Figure 22 The global pattern of suspended sediment yield according to Lvovich et al., 199 1.

Rwanda has the last 10 years experienced a growth in agriculture use of the land. There are hardly any

areas of native forests left. Almost all areas viewed from the roads are used for growing crops or as
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heavy used grassland. The methods for planting maize, banana and other plants seem to be replac ing

most of the natural vegetation cover by the preferred crop. This exposure of the bare soil on the slopes

to the rain and the resulting soil erosion is visible in most areas. This would probably mean that

sediment yield is to be expected close to I000 t/km 2 year or even higher.

As explained in the text above it is very difficult to calculate an average sediment yield for the Kagera

river upstream of Rusomo Falls . The early implementation of a sediment sampling program is

therefore of vita l importance to adj ust and confirm assumptions or estimates.

7 .2 Field observations.

The absence o f any regular sediment sampling program in Rwanda necessitated a more general

approach combined with field observations. A field trip to Rusumo Falls as well as driving through

and along the upper Kagera Basin towards and into Burundi gave a fairly good overview of land use,

vegetation cover and topography, which are all vital parameters when trying to assess the sediment

yield .

7.2.1 Th e catchment

Rwanda, and to some lesser extent Burundi, shows a heavy utilization of the land . Along the roads in

Rwanda there are hardly any areas of native forests left. Almost all areas viewed from the road are

cultivated, or used as pastures. The upper catchment shows some areas of native forests and generally

the land is less extensive ly cultivated. T he steeper slopes, however, combined with the cultivation

methods, make the land more susceptible to erosion caused by heavy and intense rainfall, and the

sediment load in the river is probably increased many fold .

7.2.2 Th e river

T he observed stretches of the river show a gently sloping watercourse meandering through marshlands

and swamp vegetation. The observed marshlands experience repeated flooding and is generally not

used for cultivation. Some lesser areas have been planted with sugarcane . Most of the riverbanks are

covered by heavy vegetation, dominated by 2 - 3 m high papyrus. The river channel is well defined
and is expected to be relatively deep. The water in the river shows high sediment concentration of

finer material and is heavily coloured by red finer particles in suspension.

7.2.3 Sediment samples

Three sediment samples were collected from the river bed upstream of the proposed dam site at
Rusumo Falls. T hese samples, however, only represent the location where they where collected and

can not be used to substantiate any numerical models. They only represent sediments on the river bed

in three relative ly randomly chosen locations.

In the absence of appropriate sampling equipment, some local fishermen were recruited for diving to

the bottom of the river and collect sediment samples from the river bed, which could be brought back

to Norway for ana lyses. For safety reasons the sampling had to be carried out at relatively shallow

water with moderate flow velocity . The selection of sampling sites were therefore limited.

W ith these constraints a gently sloping and curving area was selected, and one sample was collected

from each river bank as deep as the diver could go. In thi s way two sediment samples from both outer

and inner curve in a bend in the river were collected . One sample was collected from the steeper part

of the river closer to the waterfall , ie . altogether three samples were collected.
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7.3 Sediment analyses

7.3.1 Sample 1.

This sample was collected approximately 150 m upstream of the falls at left riverbank. A small
bedrock covered by vegetation is situated app. 15 m from the riverbank, and the sample was collected
at one to two m depth.

The material was mainly well rounded sand. There is a possibility that some of the finer material
originally represented in the sample were washed away when the sample was raised trough the water.
The porous material would easily allow the water to wash away the finer material.
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7.3.2 Sample 2.

The sample was collected approximately 350 m upstream of the falls, 30 m upstream of the gauging
station, at the left riverbank (seen downstream). This is the outward curve in the bend . The sample was
collected at more than two m depth directly outside of riverbank vegetation.

The sample contained very fine material with cohesive qualities. Several samples were collected, out
of which an average was brought back for analysis.
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7.3.3 Sample 3.

This sample was collected approximately 300 m upstream of the falls, very close to the cable post at
the Tanzanian side of the border, at the right riverbank (seen downstream), in the inward curve of the
river bend. Two samples were collected, and the analysis is based on an average of these two.

The sample contained very fine material with cohesive qualities.

The sample is collected almost across the river from sample 2, and contains slightly coarser material
compared to sample 2, as expected when collected at the inner curve of the bend .
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All samples were analysed with respect to quartz content in the material, which is an important

parameter, since quartz normally are the most serious threat to the life length of the runner and other

mechanical equipment exposed to the water.

T he finer material from the outer bend in the curve of the river shows a percentage quartz content of

only 7 . The inner curve material , on the other hand, contains 26%.

This is a significant result and shows a typical pattern. Quartz is a very hard material. It doesn' t easily

break down into smaller particles. Also, the crystall ine structure of the material prevent any further

degradation of the particles beyond a certain minimum size . The softer part of the sediments fed into

the river breaks down into very small particles, and is carried suspended in the water. It is therefore

not represented in the deposits at the river bed.

T his accumulation of quartz is c learly illustrated in sample I , where the ve loc ity of the water is higher

and where most of the small par ticles have been washed away. Only the hard material avoids
degradation and the quartz content is very high (79%).

7.4 Conclusion from the material tests.
From visual observation of the river, it is clear that Kagera River is carrying substantial amounts of

sediments suspended in the water. Nothing is known about the actual sediment load today, except
from indications in the land use study. Sediment samples from the river bed shows that the river is

carrying all grain sizes. The quart z content, up to almost 80%, is serious.

Any hydropower project utilising such sediment laden water would have to pay serious consideration

to sediment handling constructions. The material, if unchecked, would erode a runner within very
short time.
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8 Recommendations for a Sediment Sampling

Programme.
In order to veri fy the general and pre liminary sediment investigations, indicating an average sediment

yield in the catchments area of 200 - 1000 t/km 27year , it is of vital importance lo implement a

sediment sampling program in the Kagera River Basin.

The high quartz content in the collected material indicates possible severe tur bine wear in case of a

future hydropower project harvesting the recourses in the Kagera River. It has therefore been

considered of the greatest importance to start a sediment transport monitoring programme. If initiated

within short time it is possible to collect data for several years, and these data could be used in the

design of a potential project in the future, and wi11 contribute to less uncertainty in the design and

overall sustainability of the project.

Such a programme will not onl y provide the necessary information for the further planning of the

Rusumo Falls Hydropower Project, but also information for the future development in the Upper Nile

countries, like water supply planning, agricultural development and irrigation, industrial water use,

etc ., as the results might be transferred to other areas. Knowledge on erosion and sediment transport is
an important and necessary part of Integrated Water Resources Planning and Management, which is a

prerequisite for a sustainable development of the Kagera Basin, as well as for other river basins in the

Upper Nile .

Statistical and numerical analysis of the sediment transport in any river basin will usually demand an
extensive programme. As part of this hydrologica l study, however, a land use study has been carried

out by the Geographic Information Systems & Remote Sensing training and research centre at the

National University of Rwanda at Butare. The extensive report, Baseline Kagera Basin Hydrology,
Land Cover/Land Use, and Erosion Mapping, is included as Appendix 8 to this report.

T he report treats the possible erosion problems in unusual detail for a project in such an early phase,
and uses several methods to achieve a detailed description of the parameters of the Kagera Basin. It

does not, however, quantify the sediment quantities expected to occur at the suggested dam site at

Rusomo falls .

The report gives a detailed account of the many different factors contributing to the total sediment load

expected in the river. In order to calibrate the different models presented in the report and to minimise

uncertainties and calibrate assumptions, a modified sediment sampling programme is needed in the

river. A sediment sampling programme is the only valid way to calibrate models with actual sediment

conditions in the river. Uncertainties in quantifying the actual sediment load at the Rusomo Falls dam
site is especially linked to two areas:

The actual percentage of sediments reaching the main river body. There is no reliable
theoretical way to make correct estimates of how much of the soil erosion in different
areas of thecatchment is transported into the river, and how much is re-deposited on more
gentle slopes and in areas of different soil cover.
As the river flows through wide marshlands for considerable lengths of its course, it is
possible and even likely that part of the sediment load in the river is redeposited here .

The above factors, in addition to inaccuracies in land use, soil type and erosion estimate parameters,

necessitates a sediment sampling programme in the main r iver.
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Sediment Sampling Programme for Kagera River.

In order to calibrate the excellent sediment model in the report from The National University of

Rwanda a sampling programme should be implemented in the Kagera River in order to give necessary

design and decision input to the proposed hydro power project. This would supplement the other

infonn ation presented in the report and provide an excellent basis for later design of dams, settling

basins and intake structures.

Although various sediment sampling techniques can be used, it is possible here to use a method which

avoids the installation of heavy end costly equipment. Keeping it simple will also mean that training of
operators can also be easily achieved and the sediment sampling programme can be up and running

and produc ing results earlier to give input to dec ision makers for the way ahead for the project.

Equipment

Suspended sediment sampling can be achieved by retrieving a small volume of water from the river at

frequent interv als. A bottl e with a specially designed intake is lowered into theflowing river and fills

up with water and sed iments. The design of the bottle opening is such that the inlet flow has the same

velocity as the flow in the river. Consequently a representative fraction of the material suspended in
the river water is trapped . It is important that this sample is collected over the entire depth of the river

from the surface to j ust above the river bed. The bottle is lowered into the river from a cable

suspended across the river or from a bridge . In the case of a ropeway a suitable river section needs to
be se lected for ease of construction. A site where the river has a fixed hydraulic cross-section should

also be chosen whenever possible. This is normally the case at bridges etc . which can thus be used a

sampling sites without a cableway, thus saving both time and money. For bridge sites there is often

easy access or local inhabitants who can be trained and used to perform the sediment sampling.

A simple sediment laboratory with moderate equipment investment is also required for sample
analysis. This should inc lude a vacuum pump, filters, balance and some laboratory j ars. Typically, a 3-

room fac ility with electric ity supply is adequate for such a laboratory. W ith the samples transported by

road this could be located in the capital where recruitment of skilled personnel will be easier.
Transport cases and other general equipment should be available in Rwanda. Grain size distribution

measurement of the collected samples should also be performed on selected materials. This could also

be carried out in the sediment laboratory if it is not possible to accomplish al a geological laboratory in
Rwanda.

Site requirements

For an effective sediment sampling programme for the Rusomo Falls Project an absolute minimum of

3 sampling station sites should be used. Further stations may also be considered which will increase
the value of the results and the final analysis at a marginal cost. If a three-station sediment sampling

programme is adopted, all sampling stations should be placed at the lower end of the main river

course. T his would give mostly information on sediment quantities and not on erosion patterns etc.

The main station should be placed j ust upstream of Rusomo Falls where there is a location with some

older equipment along the river. This means that installation o f a cableway can be achieved relatively

quickly and simply without too much expense . This station already has water level measurement

facilities in the river. The other two sites should be located at bridges across the river. These sites must

be examined for suitability during fie ld investigations when final sediment sampling station locations

would be fixed. Water level measurement facilities will be needed at all sediment sampling station

sites. The cross section of the river and the velocity profile at the chosen locations also needs to be
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measured to ascertain the flow rating curve which gives the volume of flows corresponding with

different water leve ls in river.

Staffing Requirements

T he sediment sampling programme will necessitate a relative small amount of training. The personnel

would be required to measure sediments in the river 2-3 times a day. T he sampling technique is

relatively straight-forward. The sampling bottle is lowered down through the water at a relatively even

veloc ity to samp le a repre senta tive sample of the vari ations of sediments over depth . Accuracy in

timing, water level readings and sampling techniques is very important. A general understanding of

purpose and details o f the program is also important in order to motivate recruited staff.

Laboratory staff may consist of one or two persons, a laboratory technician and a leader for the

programme is quite usual, although both positions can be combined. T he samples should be measured,

weighed, filtered, dried and catalogued in a spreadsheet for later analysis. Accuracy and

standardisation of procedures is of vital importance . IL may be possible to rent these services if a

suitable laboratory is to be found in Rwanda.

Sampling Programme Timing

It is important to be able to take samples under flood situations since the bulk of sed iment transfer in

rivers occurs during these evens. In general retrieving data from two rainy seasons should be

considered as a minimum and further sampling would greatly enhance the va lue of the data. The

sediment sampling programme should also cover the dry season in order to confirm seasonal sediment

patterns in the river. This implies that the programme should be implemented as soon as possible in

order to have good data before the detailed design of the project star ts.

The programme described here could be a basis for calibrating the "Baseline Kagera Basin Hydrology,
Land Cover/Land Use, and Erosion Mapping" report from the National University of Rwanda. It

would also provide data on actual sediment transport and grain size distribution in the river at Rusomo

falls . All this would be of immense value during the detailed design phase of the project. It would give

the background for the design of intake and desilting facilities at the headwork structures and would

also, to a great extent, give data on how much sediment volume will need to be handled during

different flows in the river. It would also give input to calculations of the siltation rate and the life

expectancy of the storage in the reservoir, and could possibly fonn the basis for establishing operation

regimes of the reservoir and power plant in order Lo preserve the reservoir in general and to avoid

unnecessary wear on the turbines and other equ ipment.
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9 Land Use Study
A report and high resolution maps showing amongst others, hydrology, land cover/- use, and erosion

risk have recently been prepared by the University of Rwanda. The high resolution maps indicate low

to moderate erosion risk in the Burundian part of the catchment, as well as in the southern Rwanda,

while the erosion risk in the north western part of the catchment is higher. The analyses seem to

confirm the findings and conclusions given in the Summary. Reference is given to Chapter 8,

however, where the limitations of the land use study is described, and the necessity of more

sedimentological investigati ons in order to make the full use of the land use study. Even if the run-off

erosivity and erosion risk are shown on the maps, it can not give any quantification of the reservoir

sedimentation, as trapping of sediments upstream in the catchment is unknown. It is assumed from the

field visits, literature studies, and the land use study, however, that the sedimentation will not be a real

threat to the reservoir, and a lifetime of more than 100 years might be expected.

The report and the maps are included as Appendix 8.
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10 Discussion and Conclusions - Expert Opinion on

Hydrology and Sediment Transport in the Upper

Part of the Kagera Basin
The analyses have given information about the hydrological pattern of the catchment upstream

Rusumo Falls. Most of the precipitation series indicate an increase in rainfall during the early 1960-

ies, while the period afterwards is rather homogeneous without any parti cular shi fts . Th e

meteorological data and discharge data have been used for ca libration of a hydrological model for the
period 197 1-80, showing a very good correspondence with the observed runoff (R2=0.8). Applie d on

the verification period 198 1-90 , however, the R2 coefficient is reduced from 0 .8 to 0 .46, mainly due to

an underestimation of flow during the years 1989 and 1990. The problem should be closer examined
during the full feasibility study.

The calibrated model has been used for long term simulations for the period 1932-2005 . Th e same

long term simulation period, 1932-2005, is used for finding the impact o f possible climate changes in

the region. The magnitude of the cl imate change impact have been found through comparing the long
term simulation with and without climate change imposed on the meteorological data used as input for
the simulation model. See Table 6 for details about the cl imate change imposed on the meteorological

data .

T he indicated shift in discharge found in some statistical tests performed on the long term simulated

discharge, is most probably caused by changes in precipitation.

Changes in the hydrological regime in the area have taken place for Lake Victoria in the early 1960ies

(Pi per et AI. 1986, Sene et Al 1994, Nicholson et Al. 2000, Tate et Al. 2004 ). A sudden 2.5 meters

increase in the lake level started in 196 1 and continued until 1964, after which the lake leve l has
remained relative ly high. Kagera basin contributes with roughly 30 percent of the total inflow to Lake

Victoria (Sene, 1994). The change in lake level is argued mainly to be due to increased precipitation

on the lake and in the surrounding catchments, even if no quite re liable evidence has been found, and
has been widely studied and discussed elsewhere, as indicated above . One of the latest studie s (SNC-

Lavalin, 2007), however , concludes that the similarity in hydrological pattern at the two locations

Rusumo Fal ls and the Victoria Lake outlet tends to favour the opinion that the flow increase in the
earl y 1960-ies was real, and it is not the consequence of an error in data record or compilation. A

thorough quality control of all existing data (including discharge measurements) for the two stations at

Kyaka Ferry and Rusumo Falls is advisable, however, as no such qua lity control has been documented

in any of the above publications. Such an analysis, however, is probably more within the scope of a

research project.

Previous and present examination of the daily discharge data from Rusumo Falls indicate an increase

in annual discharge around 60 percent from the pre 196 1 to the post 196 1 period . The simulated

discharge from the long term simulations described in chapter 5 . 1, give a much smaller shift in pre-

and post- 196 1 dischar g e . The long term simulation presented in Figure 17 indicate an increase in

annual discharge in the range of 20 percent from the pre-196 1 to the post-196 1 period. The reasons for

the difference should be further investigated during the feasibility study, as a further improvement of

the model might confirm or disconfirm the above findings.

T he numbers of data used in the statistics for the observed and simulated discharge are varying and the

data source can differ. On Figure 11, data are shown from 1940 t0 1990 with roughly 20 pre- 196 1 and

30 post-196 1 years with observed data used when calculating the statistical values. On Figure 17 long

term simulated discharge is shown for the period 1932 to 2005 which give roughly 30 pre - 196 1 and 45

post- 196 1 years with simulated dat a used when calculating the stati stical values, i.e. longer period.
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The sam e average for the simulat ed discharges on Figure I7 for the peri od befo re and after the break

as shown for the observed data on Figure 11 can be calculated. The pre-break simulated discharge is

found to be 184 m' /s in average compared to the observed 15 1 m' /s as shown on Figure I 1. Th e same

amount of data has been used . Data for periods with missing data in the observed discharge have been

omitted when calculating the average based on the simulated data from the long term simulation. The

post-break average for the simulated discharges shown on Figure 17 is found to be 243 m' s compared

to the 248 m' /s shown on Figure  11. The deviation between the simulated and observed average for

the post-break period is about 2 percent while it is about 22 percent for the pre-break period. In-depth

data quality control and analyses, and further modelling efforts are necessary, however, in order to

explain the difference

It is not possible to state with 100 percent certainty that such a shift will not appear again as long as

the underlying causes for the change is not soundly determined, nor explained. Based on the analyses

presented in this report, there are signs in the precipitation data which can explain the sudden shift in

runoff around 196 1. The availability of rainfall records has been limited, however, especially from the

Burundian side, and it is important that more comprehensive rainfall data from Burundi are made

available for further studies.

It could also be mentioned that earlier studies indicate that the discharge of the Kagera River has

varied quite a lot through the history, and there is strong evidence that the lake level of Lake Victoria

in the ear ly 1960ies was not unique and has been equalled less than a century ear lier (Sutcl iffe and

Parks, 1999). There are no indications that the pre- 196 1-64 lake levels and lower discharges in the

Kagera River are dominant historically. We feel quite confident that the simulated and observed long

time runoff series, containing wet as well as dry periods, give a fairly true picture of the average runoff
and its variations at Rusumo Falls. T here are no indications that the pre- 196 1 runoff conditions are the

dominant.

Visual observations indicate a high concentration of suspended sediments in the Kagera River. No

recent or regular observation program can verify this assumption. Analyses of sediment samples from

three locations just upstream of the waterfall indicate a high content, up to 80 %, of quartz, which
might cause extensive wearing o f the runners of the turbines. Serious consideration therefore has to be

given to sediment handling and the design and construction of the water intake .

From the above discussion, the selection of the magnitude of the annual discharge is a difficult
question. There is no obvious correct answer to the question but two maj or alternatives. The first one

is using onl y the observations from Rusumo Falls with an average of 231 m' /s with actual observed
discharges from 1956 to present (actually observations exist only up to 1990). The second alternative

is to include the filled in values for the period 1940-1956 based on regression with Kyaka Ferry in the

calculation of the gener ated average, which gives and average of 205 m' /s.

Analysis of the design discharge and the installed capac ity at Rusu mo Falls is an extensive study in

itself. Figures for the firm power and non-firm power, construction costs for alternative designs, load

curves and related information have to be collected. Although this is outside the scope of this study,

by using general numbers for hydropower plants and from literature resources, an estimate of the

installed capacity and average production has been made. T his must be revised during the feasibility

study when further information is collected and analysed in connection with the se lection of design,

dam size and installed capacity. At this stage, however, there are no indications that the conditions at

Rusumo Falls should deviate dramatically from any other hydropower project.

Based on the present hydrological conditions, an estimate of the hydropower potential is made . All

estimates are made conservatively. Based on all available hydrological observations and generated

values (see above) for the period 1940 up to date, the average discharge to be applied for economic

calc ul ation is conservatively esti mated to 205 m' /s. Economic and financial analyse s of hydropower

projects are described in Goldsmith (1993) and calculation of production in Killingtveit ( 1995).
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Depending on the size of the reservoir, the plant capacity flow can be estimated to around 150% of

average discharge . Assuming the capacity n ows in the range of 130% and 170% of average discharge,

this give a theoretical plant capacity of 267-349 m' /s assumi ng no minimum release bypassing the

hydropower plant.

With a given capacity discharge, and physical conditions for the hydro power site , the installed

capacity can be calculated as follows:

P = n x g x p x Q x H

where P is the installed capacity, ri is the overall efficiency, g is the acceleration of free fall , p is the

density of water, Q is the discharge and H is the net head. If the overall efficiency of the power plant

is assumed to be 0.90, the net head is assumed to be 30 m, the following table can be found for various

capacity discharges using the now duration cur ve for the observed discharges at Rusumo Falls:

Capacity, % of average discharge 130 150 170
Capacity flow, m/ s 267 308 349
Annual production , GWh/year 489 510 523

Table 7: Annual production with various capacity flows for the power plant at Rusumo Falls.

T he calculations predict an annual production in the range o f 489 to 523 GWh per year. However, the
combination of reservoir, plant capacity and duration of use should be optimised further based on

economical considerations for the different installations and power marked prices. Also the type of
installation should be taken into consideration. With varying n ow regime over the year, different sized

turbines may be appropriate .

Chapters 6 and 8 and Appendix 7 give recommendations on further studies and monitoring of

hydrology and sediment transport. It should be noted that the tentative Terms of Reference for a

hydrological monitori ng programme indicated in Appendix 7 is only a brief ske tch and has to be

e laborated . Database and software has not been considered, as it is uncertain how much shall be done
within NELSAP and how much shall be done by the national hydrological services, where these exist.

T he most important is to rehabilitate/start monitoring as soon as possible . It is also important to plan

the sediment transport monitoring and the runoff monitoring simultaneously, as the sediment stations

are closely dependant upon runo ff monitoring.

If the monitoring programmes are not initiated, it is strongly recommended that as a minimum solution

the hydrological station upstream of Rusumo Falls is rehabilitated, in order to get a continuous water

level record during the feasibility study period. Discharge measurements should be carried out at a

wide range of water leve ls, for checking and verification of the existing discharge rating curve , and

eventual construction of a new rating curve. Additional rainfall data, and if possible, runoff data,

should be collected from the upper parts of the Kagera River Basin in Burundi, and additional runoff

simulations should be car ried out during the feasibility phase .

Similar ly, as a minimum solution, daily suspended sediment samples should be collected at the same

location as the hydrological station during the who le feasibility phase. Samples for analyses of grain

size and mineral content should be collected once a month. Bed load samples may be collected as

necessary. It should be recognised, however, that this solution will only give a one-point picture of the

sediment transport, and no information on sediment sources and what might happen in the future .

It is also important that the hydrological and sedimentologica1 monitoring program is coordinated with

other activities and the need of other users in the catchment. Considering integrated water resources

management and sustainability, it is of vital importance that standardized instrumentation and

sampling equipment, as well as standard observation and sampling methods, are used.
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Appendix 1 - TOR
3 1.0 1.06

TERMS OF RE FERENCE

REG IONAL RUSUMO FALLS HYDROELECT RIC & MULT I-PURPOSE PROJECT

Nile Basin Initiative (NBl)/Nile Equatorial Lakes Subsidiary Action Program (NELSAP)

Expert Opinion on Kagera Basin Hydrology and Sediment Transports at Rusumo Falls

1. Introduction

The governments of Burundi, Rwanda, and Tanzania have requested IDA to support preparation
and to mobilize grants and other financing for the implementation of the Regional Rusumo Fal ls

Hydroelectric & Multipurpose Proj ect (RRFP), concei ved as part of the Nile Equatorial Lakes

Subsidiary Action Program (NEL SAP) of the Nile Basin Initiative (NBD). Th e countries have

through NBI approached other development partners inc luding NORAD and Sida to support the

preparation and feasibility phase of the project in a partnership .

RRFP was assessed as one of the "best evaluated option" in the recently completed

Strategic/Sectoral Socia l and Environmental Assessment of Power Development Options (SSEA)

in the Nile Equatorial Lakes Region (Burundi, Eastern DRC, Kenya, Rwanda, Tanzania, and

Uganda) and features as a priority project in the associated NELSAP Indicative Power Master Plan.

The Indicative Power Master Plan was adopted by the NELSAP Ministers responsible for

Electricity Affairs on 6 December, 2005. Based on Stage I of the SSEA, the Electricity Ministers

of the three countries involved in the project, Burundi, Rwanda and Tanzania , issued a

communique confirming the ir commitment to develop the project and an initial notification to all

riparian countries of the Nile Basin that project preparation will begin was issued at the meeting of

the Nile Basin Council of Mini sters of Water Affairs in Mar ch 2005.

2.  Project Background

Th e RRFP, wh ich will be integrated in the three countries ' national and district deve lopment plans,
has four component ouputs : (i) generation of renewable, cost-efficient hydroelectric power (about

60 MW to be shared between the three partners), (ii) backbone electricity transmission for regional

integration of networks, (iii) rural electrification for multi-purpose deve lopment in growth centers
in the project area, through active load promotion and productive investments in both the public

and pri vate doma ins, and provision of micro-grant s or links to other financing sourc es to ensure

active use of the supplied electricity for rural economic growth, and (iv) the establishment of a

j ointly-owned utility/i nstitution for operation of the project, including social and environmental
management and investments in restoring watersheds.

The project concept is designed to ensure synergies with existing development initiatives in the
three countries, with a strategic focus on providing commercially viable, cost-efficient electricity

for multiple uses with the participating countries, together with supporting the establishment of a

sustainable basin institution and management plan to be developed through the ongoing NE LSAP

Kagera River Basin Management and Development Project (KRBM&D). Kagera Basin

development will meet multiple obj ectives inc luding managing water for the environment, power

generation, agriculture and livestock, and industrial and domestic water supply, and for other

service sectors such as tourism. Annex l provides an overview of the project' s core elements

within a broader basin development context.

3. Preparation phase management arrangements
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The agreed project preparation management arrangements consist of a Project Implementation

Committee (PIC) consisting of the Manager o f the Electri city Uti lity and Director of Energ y in

each country ; a Project Preparation Team (PPT) and the N ile Equatorial Lakes Subsid iary Action

Program Coordination Unit (NELSAP- CU) as the assigned T echnical Secretariat for the PIC.

NELS AP-CU will be strengthened to be ab le to handle project preparation coordination activities

efficiently . Annex 2 outlines the project feasibility phase w ith its d ifferent stages.

4. Scope of Work

Th e Consultancy Services requeste d in th is Term s of Referenc e are independ ent expert opi nions on

the Kagera ri ver regime (hydrology) and sediment transport/load at R usumo Fall s in the Kagera

Basin, to assess the viability o f a hydropower plant facility at the Rusumo Fal ls and to identify

related issues to address during the upcoming comprehensive study for the Rusomo Falls

Hydropower Project and the project preparation .

Th e average ann ual runoff at R usu mo Falls increased from abo ut 150 m3/sec befor e 196 l to abo ut

250 m3/sec in the period 1962 - 1980 . Stud ies have shown that the increase in flows can be

explained from unusual vari ati ons in rainfal l. Th ere is also st r ong evidenc e that similar fluctuati ons

in rainfall and runoff have occurred less than a century before . Power gene ration estimates have

been based on the average flow regime during the above period (with an average of about 200

m3/sec). T hi s may well reflect the long-term river regime, but it is not sure wheth er or not in the
short to medium term the Kagera River is regressing to its pre-196 1 le vels, nor what the potential

impact o f climate change on the ri ver regime at Rusumo Falls could be . M uch work has been done

till 1995 on the analysis of rainfall and runoff date in the Lake Victoria catchment, which needs to

be updated for the last IOyears, in conj unction with rainfall-runoff mode ling and analysis for the

Kagera r iver catchment at Rusumo Falls, in order to derive the series of flow data necessary for the

optimization of the design level of the reservoir and the estimat i on of pote ntial power production.

Scenario cum sensitivity analysis is required to optimize the design level of the reservo ir and

estimate power output under various assumptions regarding the future river regime at Rusumo Falls

(including the potentia l impacts of cl imate change) .

Much o f the basin has become deforested and intensively cultivated , resulting in significant erosion

and heavy sed iment load in the steep upstream parts of the Nyabarongo and Ruvubu rivers. It may

well be possible though that most of the course sediments are trapped in the swamps in the flat

regions of the rivers (river slopes below Kiga li are e .g . on ly 5 cm/km), and that predominantly only

fine (co lloidal) particles reach Rusumo Falls. It will be necessary to assess the erosion vulnerability

and potential sediment production of the catchment area, and estimate the potential sediment

transport/load and sediment characteristics at Rusumo Fal ls . The possible siltation in the planned

reservoir upstream o f Rusu mo Falls also needs to be estimated, to assess the life time o f the

reservoIr.

T he outcome of these studies shou ld confirm the hydrological underp inning o f the envisioned

hydropower plant, as well as de monstrate that sed iment loads in the river w ill not threaten the life

time of the reservoir, nor substantially harm the tur bines.

T he services are required up-front by the deve lopment par tners supporting the feasibility phase o f

the project (upstream due d iligence) and the work w ill, in add ition, support the NELSAP-CU and
the PIC in defining the scope of work of the feasibility phase to address hydrology and sediment

issues in order to design a sustainable hydropower p lant facili ty with appropriate mitigation

measures.

In undert aki ng this assignment data and information should be gath ered from Ministries in Burundi

and Rwanda, responsible for Water Manage ment, Agriculture , and the Environment, from

government agencies such as survey departments and geo logy and from NB I and NELSAP. Data
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and information should also be gathered from other re levant so urces such as UN agencies (FAO,

W MO), the World Bank, UN DP, NASA, NOAA etc .

Spec ifically this consultancy should undertake the following tasks, includ ing but not limited to :

1. Fact fi nding, data collection and literature review to be carried out in the three countries (but

main ly in Burundi and Rwanda) and at home base .

2. Rainfall - runoff modeling, scenario analysis, optimization o f reservo ir design leve l, and

estimation of erosion vulnerability and sediment production

3. Presentation of study results to donor partners and PIC

4 . T raining of NELS AP-CU staff in mode l use at handover of study outputs .

5. Expected study outputs
l . Baseline Kagera basin land use (including erosion) and r ivers network map based on satell ite

image technology using if deemed cost effective or other available mapping documentation.

2. A data base o f historical dai ly river flow data for several stations in the Kagera, Nyabarongo

and Ruvubu rivers (sub-catchments), along with historical rainfall series for these sub-

catchments.

3. Baseline lumped rainfall -runoff model estab lished for the Kagera basin at Rusumo Falls based

on available historic and current data and able to simulate the runoff variat ions based on long-

term rainfall series. The model used should be a well know international model.

4 . Erosion vulnerability map for the Kagera catchment upstream o f Rusumo Falls, and erosion

and sed iment transport/load estimates for both sub-catchments and at Rusumo Falls.(Ruvubu

and Nyaborongo catchments)

5 . Completed runoff-series for Rusumo Falls (until 2005) for the present situation and simulated

runoff seri es incorporat ing the effe cts of at least two plausible c limat e change scena rios (25 to

50 years time horizon).

6 . Results of scenario and sensitivi ty analyses (for various hydrological regimes, i.e . pre- 1962,

post-1962, average regime, and including potential cl imate change impacts) to estimate

Rusumo ' s long-term hydropower output, and optimize the design level of the reservoir

(simu lations for 3 design level s).

7 . Outline Terms of Reference for deta iled studies and fie ld measureme nts on hydrology, land

use and erosion vu lnerability, and sediment production and transport to be included in the

feasibility phase o f the project.

8. Database on hydrology and land use related information (paper and el ectron ic format) .

Database and hydrological model to be handed over to NELSAP-CU.

6. Deliverables
1. A draft report and p resentation to the donor par tners and the PIC.

2 . A final report outlining lessons learned , results and conclusions o f the stud ies, outline of TOR for

the detailed hydrological, land use (incl uding erosion), and sediment transport studies and

monitoring during the feasibility stage .

3. A data base and hydrological model delivered to NELS AP-CU, and NELSAP-CU staff trained as

appropriate

All materials should be prepared in both so ft and hardcopies(?). The fi nal report shou ld be prepared in

10 hardcopies in addition to an electronic copy.

7. Timing
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Initial fact finding and modeling work is expected to be carried out in February and March, 2006. A
draft presentation to donors and the PIC is expected towards the end of March. Final modeling work
and additional fact finding are to be carried out in April. Preparation of the final report and training of
NELS AP-CU staff is planned to be carried out in May 2006.

8. Language

All project reports should be prepared in English. Executive summaries of the reports should be

prepared in both English and French languages. The Consultant should be prepared to work with
translators during the presentation to the PIC and the donor partners (translation to be provided by the
workshop organizers).

9.Expertise

The consultant team should comprise at three experts with solid backgrounds and knowledge in
hydrology, geomorphology, satellite imagery and sedimentology. The team shall demonstrate
working knowledge in English and French.

1 O.Implementation Arrangements

The Consultant will report to, and be supervised by the Norwegian Agency for Development
Cooperation The World Bank shall provide required support to the Consultant to assist in achieving
the obj ectives of the assignment and facilitate access to relevant authorities, as required, in the process
of gathering relevant information. NELSAP-CU will provide limited logistical support. Travel
arrangements shall be organized by the consultants.

11. Level of Effort

The required level of effort is estimated to be 90 staff days. 8 staff weeks for information, data
gathering and initial modeling; 2 staff weeks for preparation of first draft report and participation in
workshop; 4 staff weeks for final modeling work and preparation of final report; and 2 staff weeks for
training at NELSAP-CU.
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Appendix 2 - People visited
List of people visited and meet.

Visit to Rwanda & Burundi, February-March 2006
A picture in the end is a scanned image of the business cards which have been collected.

Names and organisations

The Norwegian Delegation
Mr Kj ell Repp , Head of de legation

T he Norwegian Water Resources and Energy Directorate

Mr Terj e Grindhaug, Sediment expert

GTO Sediment AS

Dr. Paul Christen Rohr, Hydrologist and model ling expert

The Norwegian Water Resources and Energy Directorate

Institutions and people visited
Only fi rst visit/conference listed

Wednesday, 23 February 2006

Picked at airport:

Dr. Gaspard Bikwemu
Assistant Kagera Basin Project Manager, Kagerea Basin Transboundary Integrated Water

Resources Management - NELSAP (N ile Equatorial Lake Subsidiary Action Programme)

Thursday, 24 February 2006

09 :00 Meeting at NELSAP

Antoin e Sendama, Regional Coord inato r NELSAP

Desire Florent N ayanga, Programm e Officer Power Projects
Dr. .Joy Tukahirwa , Proj ect Manager, Kagera Basin

Dr. Gasp ard Bikwemu, Assistant Project Manager, Kagera Basin

Oiet Emmanuel, Irigation, Water Resources Management and Environmental Specialist
+ the Norwegian de legation

- 12:00

Mr Musoni Didace
Director of Rwanda Meteorological Service

Tel: 08502319 / 5758 13

E-mail: meto @rwanda l. com

14 :00 meeting at hotel, WE-delegation

Mr. Johan Grij sen, Sr. Water Resources Management Specialist Water & Urban

Mr. Deo-Marcel Niy ung eko, Municipal Engineer

Mr. Robert Muganga, (form er head of Water and San . Dept)

Friday, 25 February 2006

09:.00 Meeting at Water and Sanitary Department

Mr Jean-Marie Vianney Mushinzim ana , Head of Water an d Sanitary Depa rtment

Tel. 08405 138
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15:00 Rwanda Meteorological Service
Mr. Syldio Gakwisi, Data Manager

Tuesday, 27 February 2006
Meetings in Buj umbura.
10 :00 Direction des Resources Hydrauliques.

Mr. Gregoir e Kadinihiri ,  Ministere de l E nergie et des Mines, Direction Generale de le au et de
l' Energie, Direction des Resourcees Hydrauliques. Tel 22 22 03
Mr Sindaye Anicet, Adviser

1 I :00 Institutit Geographi que Du Burundi, Departement de I' Hydrometeorologie et de
I' Agrometeorologie

Ir. Maurice Shiramanga, Directeur

- 11:30 Ministry of Land Management , Environment and Tourism
Mr. Anaclet Nzirikwa, NILE-TAC Member and Ministry Adviser

12:00 REGTDESO, Equipement Electricite
M r. .Jerome Ciza, Chef de Service Electric Equipment
Tel: 22 57 89 / 75 82 98 / 957 092
Ir . Butare,  Electric Equipment Service

Thursday, 2 March 2006
09:00 GIS & Remote Sensing Training and Research Centre, Butare

Dr. Michele Schilling. Director
Mr Florent Lasry ,  Remote Sensing Coordinator
Mr. Eug ene Kay ij amahe, ( ?)
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Appendix 3 - Data collected
Year Butare Bvumba Gikona oro Gisnev Kamembe Kibunoo Kigali u henaeri Kansi Paro Kirinda Muvinaa Giteoa

1932 X b, C X X X

1933 X X X X X

1934 X X X X X

1935 X X X X

1936 e X e X e
193 7 a. h X X X X

1938 X X X X X

1939 X X X X X

1940 X X X X X

194 1 X X X X X

1942 X X X X X

1943 X X X X X

1944 X X X X X

1945 X X X X X

1946 X X X X X

194 7 X X X X X

1948 I X X X X

1949 X X X X X

1950 X X t, a X X

1951 X X X X X

1952 X X X X X X

1953 X X X X X X

1954 X X X X X X

1955 X X X X X X

1956 X X X X X X

1957 X X X X X X

1958 X X X X X X X

1959 X X X b X X X

1960 X X X X e, I b-k

196 1 X X X e-h X a

1962 X X X X X X x

1963 X x x x I, g x X

1964 x x x x X X

1965 X x x x X X

1966 X X x X X X x
196 7 X X h x d-1 x x
1968 x x X x x a-g x X

1969 X X X X X h-1 x x
1970 X x x x X a-i X x
1971 X x x x X x X X x x X

1972 x x X x X X X X x x X

1973 X X X X X X X X a X X

1974 X X X X X x X X X

1975 x X X X X X x X X X

1976 X X X X X X X X X X

1977 X X X X X X X X k X X

1978 X X d X X X x x X X X

1979 X X X X X X X X X X X

1980 X e X X X X X X c-d X X

198 1 X h x X X X X X d, i, j X X

1982 X X X X x X X t-I a, c, e-i, I X X

1983 X X X X X X X X X x X

1984 X X X X X X X X a-c. g-1 X X

1985 X X X X X X X X X X

1 986 X x X X X X X a-e X X

1987 x X X X X x X X X x
1988 X X X X X X x x X X X

1989 X X I X X X x x X X X

1990 X X x X x x X X X X X

199 1 X I X x X X X X X X X

1992 X X X X X i X X X

1993 X X X X g, g, i g, j X j , k

1994 c-1 b l X X

1995 X X X

1996 X X X

199 7 x X X x
1998 X X X X

1999 X X X X X

2000 x X X

200 1 X X X

2002 a, b X X X X

2003 X X X X X X x
2004 X X X X X

2005 I j . k, I I I I

(a)

(b)

(c)

(d)

January missing
February missing

March missing
April missing

(e)
(I)

(g)

(h)

May missing
June missing
July missing
August missing

(0)

(j)
(k)

(I)

September missing
October missing
November missing
December missing

Table A- 1: An overview of  some  precip itation data collected during visit to Rwanda & Burundi. The data from
Kansi Paroisse and Kirinda is from the PGNRE database (SHER, 2005a-c). The data from Muyinga and Gitega
are from lnstitut Geographique Du Burundi, IGEBU
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År Kigali Butare Gikongoro Gisney Kibungo Ru henger i Kamembe Byumba

1958 X

1959 X

1960 X

1961

1962

196 3

1964

1965

1966

1967

1968

196 9

1970 X

1971 X X X

1972 X X X

1973 X X X

1974 X X X

1975 X X

1976 X X X

1977 X X X X

1978 X X X X

1979 X X X X X

1980 X X X X X

198 1 X X X X X

1982 X X X X X

1983 X X X X X

1984 X X X X X

1985 X X X X X

1986 X X X X X

1987 X X X X X

1988 X X X X X

1989 X X X X

1990 X X X X X X X

199 1 X X X X X X X

1992 X X X X X X

1993 X X X

1994

1995 X

1996 X

1997 X X

1998 X X X

1999 X X

2000 X

200 1 X

2002 X

2003 X X X

2004 X X

2005

Table A-2: An overview of temperature data collected during visit to Rwanda & Burundi, daily maximum
temperature.
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Year Butare B umba Gikongoro Gisnev Kamembe Kibungo Kigali Ruhengeri

1958 X

1959 X

1960

196 1

1962

1963

1964

1965

1966

1967

1968

1969

1970 X

1971 X X X

1972 X X X

1973 X X X

1974 X X X

1975 X X X

1976 X X X X

1977 X X X X X

1978 X X X X X

1979 X X X X X

1980 X X X X X

198 1 X X X X X

1982 X X X X X

1983 X X X X X

1984 X X X X X

1985 X X X X X

1986 X X X X X

1987 X X X X X

1988 X X X X X

1989 X X X X

1990 X X X X X X X

1991 X X X X X X X

1992 X X X X X X

1993 X X X X

1994

1995 X

1996 X

1997 X

1998 X X X

1999 X X

2000 X

200 1 X

2002 X

2003 X X X

2004 X X

2005

Table A-3: An overview of temperature data collected during visit to Rwanda & Burundi, daily minimum
temperature.
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Year Rusumo
Kigali Rd to

Mfune Mwaka Nagaru Nyabisindu Muyinga
Butare

1956 X

1957 X

1958 X

1959 X

1960

196 1 X X

1962 X X

1963 i X

1964 f, I X

1965 X X

1966 X X

1967 X g, I

1968 a, e-f k-I

1969 e-g . k-I a, e-I

1970 X g-h, k-I

197 1 h-j X X

1972 X X X a- a-b
1973 X X X X X

1974 X X X X X X a-e

1975 X X X X X X X

1976 X X X X X X X

1977 X X X X X X X

1978 X X a-d g-h X X X

1979 X X X X X X X

1980 X X X X 1-g X X

1981 X X X X X X X

1982 X X X X X h-I X

1983 X X X X X X

1984 X d-e X X X a-i, I j-k
1985 X X X X X X

1986 X X X X X X g
1987 X X X X X X X

1988 X X i-l X I q X

1989 X X X X h X X

1990 g-h X X X d-k

1991 X

1992 X

1993 a, i-I

1994

1995 a-i a-c a-d X X a-g

1996 g X X X X X

1997 X X X X

1998 X X a-b, d, f- I X

1999 X I a-c X

2000 d-I a-i, I e-l d-I

2001

2002

2003

2004

2005

(a) January missing

(b) February missing

(c) March missing

(d) April missing

(e)

(t)

(G)
(h)

May missing

June missing

July missing

August missin

(i)

(j)

(k)

(I)

Sept ember missing

October missing

November missing

Decembe r missing

Table A-4: An overview of discharge data collected for stations in Rwanda & Burundi (Daily data).
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Appendix 4 - Annual precipitation
Table with annual precipitation applied in the analysis. Daily data for precipitation can be found on the
enclosed CD. The bold (red) numbers indicate yeas where from one to three month were missing and
average values for that month for the other years have been used for calculating the annual value. The
station names in red indicate stations that have not been used for forming an input series for the
hydrological simulation model.

Gikon- Kame- Ruhen- Kansi
Gitega-

Station Butare Byumba Gisney
mbe

Kibun-go Kigali
geri Paro-isse

Kirinda Muyin-ga Aero-goro
dromme

Lat: 02° 36 01° 36 02° 29 01° 40 02 ° 28 02° 10 01° 58 01 ° 31 02 ° 41 02 ° 10 02 51 03° 25
Long : 029° 44 030 ° 03 029° 33 029 ° 15 028° 55 030 ° 32 030 ° 08 029 · 36 029° 45 029° 34 030° 07 29 55
Altitude : 1760 2235 1910 1554 1591 1680 1490 1869 1675 1701 1756 1645

1931 1103 1093.6 1066 1042
1932 1161 888 989.7 1227 1190
1933 1224 855 1073.3 1119 978
1934 1019 925 94 1.8 1213 1093
1935 1199 855.5 1260 1088
1936 1461 1067 1414.7 1395 1261
1937 1394 1108 1288.8 1330 1209
1938 1205 1006 1060.4 1037 915
1939 1221 773 103 0.0 1416 1109
1940 1268 953 984.4 1095 1029
1941 134 7 1179 125 1.7 14 14 1279
1942 1250 100 4 1150.7 1322 1066
1943 970 762 90 0.5 1145 950
1944 1237 983 1013.4 1084 1010
1945 1141 671 1122.6 1122 1171
1946 1192 837 104 2.8 1109 893
1947 1459 1177 1228.8 144 1 1270
1948 1216 846 803.9 1070 926
1949 1096 876 938.3 909 705
1950 1190 893 1093.6 1018 885
1951 1581 1086 1267.0 1538 1226
1952 1139 775 1015 1078.2 1167 798
1953 1216 870 1420 1089.5 1126 1124
1954 1027 890 130 5 103 5.8 1084 1128
1955 1059 844 14 15 916.5 1494 884
1956 1106 924 133 4 1030.4 140 3 1086
1957 1598 1096 1251 1281.0 1409 1100
1958 1204 1234 1000 1261 1181.4 1305 836
1959 1114 1481 1257 1170 1629.7 1088 1147
1960 777 903 1126 1032.6 1315
1961 1277 1316 140 8 133 3.1 1504
1962 1390 993 143 5 168 1.1 163 1 1298
1963 1560 1110 180 1 153 5.2 1493 1272
1964 1467 1082 1399 1113.1 1279 1184
1965 1274 1124 1309 1006.8 1012 1369
1966 1596 1206 134 5 1292.9 1205 1107 1201
1967 1077 1459 863 1324 1137.2 957 1307
1968 1978 1256 1327 1453 1202.3 1359 1396
1969 1875 825 957 1693 1153.9 1103 1076
1970 1508 1069 1008 1282 1179.2 1194 1275
1971 1440 1238 1229 1426 881 909 1764 1290.0 1821 1054 1243
1972 1260 1562 1223 1516 1008 1155 1558 1213.5 154 1 1222 1285
1973 1365 1430 1978 1350 839 10 13 1495 1276.5 1699 1107 1112
1974 1171 1199 868 855 1652 1047.3 1333 1108 1257
1975 1174 1828 1593 977 890 1896 1058.0 1211 1097 1108
1976 945 1377 129 0 1433 980 794 156 5 1147.0 1096 865 1259
1977 1277 1523 1220 1406 1150 1008 1412 1369.5 1523 1289 1286
1978 1366 1391 1300 1510 1100 1081 136 3 1280.9 1795 1081 1317
1979 1391 1547 1140 1092 1014 1357 1280 1273.4 1301 1186 1379
1980 1241 980 122 4 1343 760 1075 129 3 1363.6 1618 951 1035
1981 1283 1309 143 0 1078 1505 1169 1194 93 1.3 1319 921 1151
1982 1277 1739 1313 1149 1481 994 1376 1129 1422
1983 1424 1379 1135 13 10 1594 924 126 2 1040.7 1899 1065 951
1984 973 1190 975 784 1330 996 1073 986.1 1064 1141
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Gikon - a. Ruhen- Kansi
Gitega-

Station Butare Byumba Gisney Kigali
geri Paro-Iss e

Kirinda IMuyin-ga Aero-
I

goro
dromme

1985 1150 1404 1064 1261 1421 1037 1192 1452.9 1307 1251
1986 1169 1260 1294 1349 I 953 1156 1273.9 1248 1468
1987 1406 133 1 1037 1454 I 1133 1548 125 1.2 1575 1505 1127
1988 1595 1405 1241 160 1 1569 1196 1530 1388.2 1804 1474 1477
1989 109 1 1287 1032 960 1768 1004 1175 1195.0 1184 1104 1348
1990 1046 1116 1266 1170 1409 1024 1059 1286 1067.9 1205 1051 1021
1991 1120 1344 1216 1184 1535 984 938 1216 1117.1 1097 938 1108
1992 1229 1428 934 1201 999 687 1171 1063.1 1351 1082 1080
1993 1000 1013 1280 774 952.2 935 1145 1009
1994 ' 1101 1011 1163
1995 980 991 1012
1996 848 991 1117
1997 1177 1065 1581 1532
1998 1354 1233 1283 964 1180
1999 1605 1181 869 817 1240
2000 710 852 813
2001 1283 1220 1206
2002 1176 1223 1004 1159 1043 1183
2003 1114 1181 1156 806 1207 1030 941
2004 1058 1153 801 1158 1221
2005 1123 1330 859 933 795

Averaae 1245 1297 1291 1158 1379 981 989 1362 1153 1308 1094 1192
Med ian 1251 1238 1260 1173 1406 983 996 1324 1120 1290 1091 1193

Max 1595 1978 1978 1601 1768 1327 1357 1896 1681 1899 1581 1532
Min 945 777 825 784 1092 671 687 1015 804 909 705 795

Table A-5: The table shows annual precip itation for the stations used in the hydrological analyses. See text above
for further explanation.
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Appendix 5 - Double mass plots
The appendix shows double mass plots for a number of stations vs the reference series from the
region. The reference series is from Røhr (2003) and is formed by data from the Mt Kilimanj aro area
in neighbouring Tanzania.

Double mass analysis, Byumba and Reference æ ries  - From KIiimanjaro
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-·------------

Double mass analysis Ka membe and Refere ncese ries  - From Kilimanjaro
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Double mass analysis, Kansi Parol91!18 From PGNRE databa æ and Refere nce se ries -
70000' p, Kjjjmgnjo
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Double mass analysis,Gltega-Aerodromme From Burundi and Reference series  •
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Double mass analysis . Annual discharge at Rusumo Falls vs Muyinga
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Appendix 6 Training course in Hydrological

Modelling
In cooperation with Nile Basin Initiative, Nile Equatorial Lake Subsidiary Action Programme

(NBI/NE LSAP) and The Centre for Geographic Information Systems and Remote Sensing of the

National University of Rwanda (CGJS-NUR), a combined workshop on:

• Training in Hydrological Modelling

• Meteosat Second Generation (MSG)

was held in Butare, Rwanda from 26 to 30 June 2006. The training workshop on hydrological

modelling was held from Monday to Thursday and the MSG-workshop and certificate ceremony was

held on Friday.

The workshop gathered 20 participants from the following 6 countries in the region:

• Burundi

• Democratic Republic of Congo

• Kenya

• Rwanda

• Tanzania

• Uganda

A list of partic ipants is enc losed at the end of this note . T he lectures and the training at the workshop

in hydrological modelling were given by Dr. Paul Christen Roehr from the Norwegian Water

Resources and Energy Directorate, Oslo, Norway.

The obj ective for the workshop in hydrological modelling was as follows:

T he participants shall be able to prepare the necessary data, set up the parameter file, calibrate
and run a lumped HBV model for a random catchment in tropical areas. The participants shall

also be able to evaluate the catchments response to various potential cl imatic changes.

T hrough lectures the participants were given a theoretical introduction to the HBV model describing

its setup and routines for understanding how the model operates. The input and calibrat ion data was

prepared and the processes of calibration were discussed in class. The lectures were followed by

extensive individual or paired hands-on training in front of the computer with guidance from the

lecturer. Towards the end, pote ntia l climate change scenarios in the region was presented and
discussed. The introduction of these in the hydrological model was demonstrated . The partic ipants

could then use their calibrated model to evaluate the catchment response to cl imate changes and

describe its consequences for the water resources in the region.

The partic ipants spent more than ha lf of the time in front of the computer with exercises and project

work in continuous interaction with other participants and the lecturer dur ing the training workshop.

A prerequisite for part ic ipating on the tra ining course was some knowledge on working with

hydrological and meteorological data. Familiarity with computers and basic skills in use of MS-

Windows/Office (Spreadsheet, simple text-editors, etc .) or similar software was essential due to the

emphasis on practical exerc ises.
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At the end of the training course in hydrological modelling, the participants received a certificate

issued by CGIS-NUR and NELSAP together with a CD containing the training material, hydrological

simulation model and the necessary data for running a simulation for the catchment upstream Rusumo

Falls.

After the list of participants follows the collaboration agreement between the NELSAP and the CGIS-

N UR.
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Participant list "Training on hydrological modeling" (26 to 30 June 2006)

Name Institution Position Address Telephone Email

Omari Ramadhani Mwinjaka NBI/NELSAP Project officer Po Box I 054 Kigali
584 424

omwinjaka @nilebasin.org

Daniel Ntawumenya MINAGRI Expert in GIS - Planning Po Box 62 1 Kigali
08594389

ntaday@yahoo.fr

Nsuela Tembo NBI/NELSAP Project officer LEAF Bunia Po Box 4 10 ntembo @nilebasin.org

DR CONGO 00243 999945987

Mohammed Badaza NBI/NELSAP Project manager Sio Malaba Malakisi mbadaza@nilebasin.org

River Basin Project
257 1 Kakamega
Kenya 254 56 32029

Joy Tukahirwa NBI7NELSAP Project manager Kagera Kagera TIWRMP jtukahirwa@nilebasin.org

TIWRMP 250 584 425

John L. B. Ndalahwa Ministry of Technical advisor (Water) Po Box 8 1 Bukoba
Water Kagera region Tanzania Tanzania 222 1774

Nicholas Azza Ministry of Principal Analyst Water Resources nicholasazza@yahoo.com

Water Management Dept azza.wrmd @dwd.co.ug

Po Box 19 Entebbe 256 78 224 1006

Alphonsine Musanganire Meteorological Research in water and Meteorological musanganire200 I @yahoo.com

department rainfall variability department Kigali 08520054

Sylvere Hatekimana IRST Research NBCBN IRST Butare hatesing200 1 @yahoo.fr

Secretary 5 10 5 12

Joseph K. Terer NBI/NELSAP Project officer Mara River Basin jostererQ4 @yahoo.com

Project P.O Box 113
MUSOMA. Tanzania

Ivan Ebong NBI/NELSAP Regional project Po Box 297 256 485 28 132 iebong@nilebasin.org

coordinator Bushnenyi Uganda

Mussolini Kithome NBI/NELSAP Project manager Mara Po Box 113 Musoma 255 744 456 458 mkithome @nilebasin.org

river basin project Tanzania
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Fidele Rurihose IRST - CRSA Director of CRSA B.P 227 BUTARE 08500806 frurihose @yahoo.fr
(applied science research
centre)

Evariste Sinarinzi IGEBU Adviser of Director B.P 34 Gitega 257 959 259 evaristesinarinzi@yahoo.com
Burundi

Gaspard Bikwemu NBI/NELSAP Assistant project manager Po Box 7054 Kigali 584 424 gbikwemu @nilebasin.org

Arsene Aime H. Mukubwa KIST Hydraulics and hydrology Po Box 484 1 Kigali 0849 6200 mkarsene @yahoo.co.uk
engineer

Jean Claude Shyirambere ISAE BUSOGO Lecturer B.P 2 10 Ruhengeri 0845 40 66 shyicl@yahoo.fr
Rwanda

Frederic Camberlin FAO Rural engineering Po Box 1502 Kigali 0889 9254 frederic .camberlin@fao.org
specialist

Daniel Mbugua Muikia NBI/NELSAP Project officer P.O Box 257 1 254 (56)32029 dmuikia @nilebasin.org
Sio-Malab-Malakisi RBP Kakamega, Kenya

Jean-Marie Vianney MINITERE Charge de la politique MINITERE KIGALI 0840 5 1 38 jmushinze @yahoo.fr
Mushinzimana (CPEA) nationale de I Eau et

Assainissement
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Collaboration agreement

Between:

The Nile Basin Initiative, Nile Equatorial Subsidiary Action Program
PO. Box: 6759
Kigali, Rwanda

And:

The Centre for Geographic Information Systems and Remote Sensing of the
National University of Rwanda (CGIS-NUR)
P.O. Box 212
Butare, Rwanda

For the joint organization of:
(1) a training workshop in Hydrological modeling and ;
(2) a stakelholder Workshop on the use of Remote Sensing technologies for
environmental, hydrological and meteorological applications: focus on the use of
Meteosat 2nd Generation for Rwanda
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Joint workshop NBI/NELSAP - CGIS-NUR

1. Training workshop in Hydrological modeling

2. Stakelholder Workshop on the use of Remote Sensing
technologies for environmental, hydrological and meteorological
applications: focus on the use of Meteosat 2nd Generation for

Rwanda

26-30 June 2006
Butare

Name of the workshop and field of study 89

Name of the workshop 89
Field of Study 89

Participating Organizations 89

Names of the participating organizations 89
Brief Profile of the participating organizations 89

NBI/NELSAP 89
CGIS-NUR 90

Division of responsibilities and tasks 9 1
Place where the training and the workshop will be conducted 9 1
Proposed period 92
Language in which the training and the workshop will be conducted 92

Description of the training workshop 92

Objective 92
Course descrip tion 92
Prerequisites 92

Description of the stakeholder workshop 93

Obj ectives 93
Target Group 93

Annexes 95

Annex 1: Programme of the workshop training 95
Annex 2: Programme of the stakeholder workshop  -  Launching ceremony ...........  96
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Name of the workshop and field of study

Name of the workshop

 Training workshop on Hydrological modeling.
 Stakelholder workshop on the use of Remote Sensing technologies for

environmental, hydrological and meteorological applications: focus on the use of
Meteosat 2nd Generation for Rwanda

Field of Study

Water resources and environmental management, geoinformatics, remote sensing,
hydrology and applied hydrology, watershed management, environmental management

Participating Organizations

Names of the participating organizations

NBI/NELSAP

Regional Coordinator:
Address:

Telephone:
Fax:
E-mail:
Website:

Antoine Sendama
PO. Box: 6759
Kigali, Rwanda
(250) 08307334
( 250) 511903
nelcu@nels ap.org
www.nilebasin.org/nelsap

Geographic Information Systems and Remote Sensing Regional Outreach
Centre (CGIS - NUR)

Director:
Address:

Telephone:
Fax:
E-mail:
Website

Dr. Michele Schilling
P.O. Box 212
Butare , Rwanda
(250) 530870
(250) 530210
info@cgisnur.org
www.cgisnur.org

Brief Profile of the participating organizations

NBI/NELSAP

NELSAP is an investment program within the framework of the NBI. It consists of a
Council of Ministers and a Technical Advisory Committee (NELTAC). The six countries
initially participating were Burundi, DR Congo, Kenya, Rwanda, Tanzania and Uganda.
Egypt and Sudan joined as participants in November 2000 and actively take part in the
continued development of the program. The  mission of the NELSAP is to contribute
to the eradication of poverty, to promote economic growth, and to reverse
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environmental degradation in the Nile Equatorial Lakes region. NELSAP
oversees implementation of the jointly identified Subsidiary Action Programs. It
promotes cooperative inter-country and in country investment projects related to the
common use of the Nile basin water resources.

The NELSAP-Coordination Unit (NELSAP-CU) facilitates the preparation process,
manages financial resources and builds sub-regional capacity for continued
preparation and implementation of Transboundary investment activities. The NELSAP-
CU project is implemented by the NBI through its executive arm the Nile Basin Initiative
Secretariat.

NELSAP Projects

At its inception, the NELSAP started the preparation of a set of projects regrouped into
two major areas of interest, (i) the Power Trade and Development and (ii) the Natural
Resources Management and Development. The projects were identified for preparation
during a highly participatory process including eight countries in the NEL Region
(Burundi, DRC, Kenya, Rwanda, Tanzania and Tanzania, as well as Egypt and Sudan).

• The Power Trade and Development sub-program consists of three projects,
which include (i) the Rusumo Falls Hydro-Electric Power Development, (ii)
Regional Transmission Feasibility Interconnection and (iii) the Strategic
Sectoral Social and Environmental Assessment of Power Development
options. The projects will ensure regional economic development and
improved quality of life through provision of ample power supply at
reasonable prices, increase regional power supply in the NEL Region and
improve the reliability of power supplies and the quality of power delivered
through interconnecting the currently isolated networks in each country.

• The Natural Resources Management and Development sub program
consists of (i) three Integrated River Basin Management projects, which are
aimed at reduction of poverty and achieving socio-economic development
through the rational and equitable use of the shared water resources (ii) the
Lake Albert and Edward fisheries Project for fisheries research and water
shed management (iii) Efficient Water Use for Agriculture and (iv)
abatement of the water hyacinth on the Kagera River.

CGIS-NUR

The initial objectives of the Centre through the agreement with Dian Fossey
Gorilla Fund International were to develop GIS-based conservation research,
develop a GIS curriculum for instruction by assisting in providing hands on
training in the application of GIS tools to current natural use and parks
management problems. In 2001, and in relation with the importance and
multiple applications of GIS and RS tools and methods, NUR decided to create
a permanent and inter-faculty structure under the Vice-Rectorate for Academic
Affairs, the Geographic Information Systems and Remote Sensing Research
and Training Center, CGIS-NUR. More specifically, the mission of the CGIS
comprises the following elements:

 Developing a GIS & RS curriculum for instruction, to support the NUR
mission to become a university of excellence based on solid IT supported
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education to prepare tomorrow trainers but also prepare students to a better
professional insertion.

• Assisting governmental and non-governmental institutions by providing
training in the application of GIS & RS tools, and thus establish formal links
with other national, regional and international institutions for GIS technology
Assisting in GIS-based conservation research in conjunction with our
partner, Dian Fossey Gorilla Fund International, Developing research in
various topics of national interest, to improve the quality of services
rendered to the community by use of ICT and support NUR mission to
provide integrated and coordinated community-orientated services that
impact positively on sustainable socio-economic development in Rwanda.

• Collect, create, organize and centralize regional geographic and other
database available at the national and regional level to allow interested
institutions and decision-makers to access easily to update information
critical in the decision-making processes. This objective to create a "Central
Clearinghouse " will allow the center to establish and serve the links
between universities, research institutes, government and non-government
organizations, overseas data sharing, and coordinate activities. Serving as a
mapping unit to respond to the needs of the community.

At present CGIS-NUR is actively involved in execution of NPT programmes
conducted at the National University of Rwanda and actively linking universities,
research institutes, governments and non-government organizations in
Rwanda. Through the NPT programme, CGIS has formal links with other
regional institutions (RMCRD, UCLAS, CEAD).

Division of responsibilities and tasks

Activities to be undertaken jointly by the partners:
• Development of course contents
• Selection of candidates
• Evaluation of the course upon completion and follow up
• Participation in the stakeholder workshop

NELSAP will be responsible for:
• Final formulation of the course contents and course structure
• Finalization of list of selected course participants
• Travel arrangements for course participants
• NELSAP will provide the principal trainer who will deliver the majority of the

teaching

CGIS-NUR will be responsible for:
• Providing training laboratory
• Local logistic and organization of the training workshop and of the stakeholder

workshop
• Technical GIS and Remote Sensing or country- or region-specif ic intervention

Place where the training and the workshop will be conducted
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The course will be conducted at the premises of the National University of Rwanda,
Geographic Information Systems and Remote Sensing Regional Outreach Centre
(CGIS-NUR).

Proposed period

Th e traini ng will be cond ucted for a total duration of 4 days, from the 26" to 29" of June
2006. Th e last day of the week, Friday the 30" will be allo cated to a stakeholder
workshop and an official ceremony to launch the MSG ground receiving facility at
CGIS-NUR. For this event high level officials will be invited from relevant ministries,
embassies, line agencies and NUR. A provisional program is appended.

Language in which the training and the workshop will be conducted

The training and the workshop will be conducted in the English language

Description of the training workshop

Objective
The participants shall be able to prepare the necessary data, set up the parameter file,
calibrate and run a lumped HBV model for a random catchment in tropical areas. The
participants shall also be able to evaluate the catchments response to various potential
climatic changes.

Course description
The course will focus on fulfilling the objective above. Through lectures the participants
will be given a theoretical introduction to the HBV model describing its setup and
routines for understanding how the model operates. The input and calibration data will
be prepared. The processes of calibration will be discussed in class. The lectures will
be followed by extensive individual or paired hands-on training in front of the computer
with guidance from the lecturer. Towards the end, potential climate change scenarios in
the region will be discussed and introduction of these in the hydrological model
demonstrated. The participants will then use their calibrated model to evaluate the
catchment response to climate changes and describe its consequences for the water
resources.

It is the intention that the participants are spending more than half of the time in front of
the computer with exercises and project work in continuous interaction with the
lecturer.
The course schedule is ambitious and requires motivated participants for fulfilling the
syllabus within the limited time frame of the course.

Prerequisites
Some knowledge on working with hydrological and meteorological data is preferable,
but not essential. Familiarity with computers and basic skills in use of MS-
Windows/Office (Spreadsheet, simple text-editors, etc.) or similar software is essential
due to the emphasis on practical exercises.

92



Description of the stakeholder workshop

Objectives
The objectives of the proposed workshop are:
To provide to the public and to GoR officials insight in recent and contemporary
developments related to the use of remote sensing data for environmental,
hydrological, meteorological, urban, forestry etc research and education activities and
projects, and focused on the recent achievements of the NUR in these fields;
To define the user needs in term of data (rough or processed), f inal product, frequency,
accessibility etc. extracted from the MSG archive;
To define future joint research and education programmes related to the use of
Meteosat images and any other remote sensed data;
To officially launch the recently installed ground receiving station of real time satellite
imagery at the CGIS-NUR;

Target Group
For the technical discussions and outputs, the workshop will be targeting key persons
from the partner institutions and any other relevant institution interested in further
collaboration that will comprise:
National Meteo Services, MININFRA;
MINAGRI;
MINITERE;
MINEDUC;
National University of Rwanda:
Faculty of Agronomy;
Faculty of Science, Water Ressources Management Programme;
Faculty of Science, Physics department;
Faculty of Economy and Statistics;
ISAR;
IRST;
REMA;
INS;
ORTPN;
RITA;
FAO;
Netherlands Embassy, Environmental officer.

For the official launching and the official commitments, the workshop will target the
following officials:
Honorable Minister, Ministry for Science, Technology and Scientific Research;
Honorable Minister, Ministry of Infrastructure ;
Honorable Minister, Ministry of Land and Environment;
Honorable Minister, Ministry of Education;
Honorable Minister, Ministry of Agriculture;
Secretary of State in Charge of Water and Natural Resources, Ministry of Lands,
Environment, Forestry, Water and Natural Resources;
Ambassador, Embassy of the Netherlands;
Ambassador, Embassy of Sweden.
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Both parties declare to have read this agreement, and accept its contents by signing
below

Date: Date:

On behalf of NBI/NELSAP

Mr Sendama Antoine
Regional Coordinator

On behalf of CGIS-NUR

Dr. Michele. Schilling
Director, CGIS-NUR
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Annexes

Annex 1: Programme of the workshop training

Principally lectures will take part in the morning, or first half of a lesson followed by
exercises in front of the computer for the afternoon. A close informal interaction
between the lecturer and the participants is assumed, resulting in fruitful discussions on
the topics presented and exercised.

Day 1:
Morning:
Introduction to course. Introduction to the use of Geoinfornatics (GIS and Remote
Sensing datasets) for hydrological modeling. Introduction to hydrological modelling.
Introduction to the HBV-model. Structure of the HBV-model. Meteorological data.
Afternoon:
Soil moisture routine. Manual exercise. Introduction to and guidance through the
computer model.

Day 2:
Morning :
Summing up day 1. The response routine. Manual exercise. Calibration procedures.
Verification. Goodness of fit - obj ective criteria.
Afternoon:
Running the simulation model on the computer. Change of parameters and observing
the response. Working with the simulation model.

Day 3:
Morning :
Summing up day 2. Sett ing up a new simulation model. Preparing parameter file and
input data. Calibrating a model.
Afternoon:
Work on calibration project.

Day 4:
Morning:
Summing up day 3. Climate change. Predictions for the region. Using climate change
predictions in the model. Project work on climate change.
Afternoon:
Project work with climate change. Discussing the results from simulations with climate
change. Summing up the course. Questions. Discussion.

Day 5:
Stakelholder Workshop on the use of Remote Sensing technologies for environmental,
hydrological and meteorological applications: focus on the use of Meteosat 2nd
Generation for Rwanda

Official launching ceremony of the Meteosat Second Generation receiving station at
CGIS-NUR
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Annex 2: Programme of the stakeholder workshop  -  Launching ceremony
30 June 2006

8:00-8:30 Arrival of participants and coffee

8:30-8:40 Welcome address
Prof. Bikoro MUNYANGANIZI, Minister of State in Charge of Water and Mines

8:40-8:50 Opening of the workshop
Prof. Dr. Chrysologue KARANGWA, Rector, NUR

8:50-9:15 Presentation :  METEOSAT 2" generation at NUR : background,
objectives, technical overview and first results
Presentation :  METEOSAT 2" generation for developm ent in Rwanda and
regionally : the way ahead - future applications
Mr Florent Lasry, Geo-Informatics Unit , CGIS-NUR

9: 15-9:45 Visit and demonstration:  receiving, archiving and processing system, on-
site demonstration.
CGIS-NUR MSG technical team

9:45-10.00 Official launching of the ground station reception facility

10:00-10:30 Coffee break

10:30-11.00 Presentation :  Overview of remote sensing applications developed at
CGIS-NUR: examples for forest mapping and urban planning
Mr Eugene Kayijamahe, Development and Natural Ressources Management
Unit , CGIS-NUR, Mr Deo Rutamu, Geo-Informatics Unit , CGIS-NUR

11.00-12.00 Discussions
Questions and remarks by the workshop participants.
Remote Sensing in Rwanda for which applications?
Remote Sensing in Rwanda for which users?

Moderator: Dr Michele Schilling , Director , CGIS-NUR

12:00-14:00 Lunch

14:.00-14:30 Presentation  : NBI/NELSAP

14:30-16.00 Discussions  -  Panel
MSG for education and training.
MSG for research projects (which research topics for BSc, MSc, PhD?)
Future partnerships and collaborations
Data access and release
Dissemination policy
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16.00-16:30 Closing remarks by the Guest of Honor
Professor Romain Murenzi, Minister in charge of Scientif ic Research

16:30-17.30 Cocktail
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Appendix 7 - Terms of Reference Hydrological

Monitoring Programme
As mentioned in Chapter 6, Recommendations on Hydrology, the proposed TOR below
is only tentative, and covers only the operational part of the hydrometric network. A
proper institutional cooperation setup between the various countries is essential for a
successful outcome. The data collection is only, even if extremely important, a part of a
bigger context. The hydrological data and the water resources assessment will be part
of a water information system, and hopefully contributing to a sustainable water
resources management. As such, the TOR below should probably be extended to
cover a much wider range, taking into consideration all stakeholders and future uses of
the data and water resources information.

1. BACKGROUND

The Nile Equatorial Lakes Subsidiary Action Program (NELSAP).  The countries
of the Nile Basin Equatorial Lakes Subsidiary Action Program - Burundi,
D.R. Congo, Egypt, Kenya, Rwanda, Sudan, Tanzania and Uganda - seek to
achieve joint action on the ground through cooperative investments that promote
poverty alleviation, economic growth, and the environmental degradation in the
sub-basin. A small NEL-Coordination Unit (NEL-CU) based in Kigali, Rwanda, in
collaboration with the Nile Basin Init iative Secretariat in Entebbe, Uganda,
coordinates and facilitates the activities of the program.

Kagera Basin Integrated Water Resources Management and Development
Project.  The Kagera Basin is the main catchment draining towards Lake Victoria
and the White Nile. The hydrological monitoring is at present scarce, if existent at
all. Thorough knowledge of the water resources with regard to quantity as well as
quality is of paramount importance for all development, and in particular for
integrated water resources management. Competing demands for water
necessitates knowledge on quantities for allocation of the resources.

A runoff monitoring program throughout the Kagera Basin should therefore be
initiated immediately, covering the four countries Rwanda, Burundi, Uganda and
Tanzania.

2. SCOPE OF WORK

The establishment of a monitoring program shall follow a step-by-step approach,
with defined milestones. The following phases and activities are envisaged:

Phase 1 Assessment and evaluation

• Assessment of the present situation with regard to the hydrometric network.
The activity shall include visits to all existing hydrometric stations in the four
countries, in cooperation with respective authorities responsible for the
hydrological services. An evaluation of each station shall be done, including
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an assessment of the needs for rehabilitation and the costs. The need for
new additional stations shall be identified . Existing and new stations should
be classified as primary, secondary or specific purpose stations. A close
contact with meteorological services of the respective countries is
necessary, as meteorology and hydrology is closely connected.
Workshop(s) on hydrometric network analyses and establishment shall be
conducted.

Tentative duration and cost: 2 months, total cost NOK 320,000 (the cost include 1
month fieldwork and travel/subsistence to all four countries' respective hydrological
services).

Phase 2 Planning

• Detailed planning. The hydrometric network shall be defined and planned in
accordance with the foreseen water demand of various users and research
need, and in close cooperation with NELSAP and the various user groups.
Standardization of equipment in accordance with World Meteorological
Organization standards should be followed as far as possible, but also
taking into account present standards in the various countries.

Duration and cost: W ill depend on the outcome of Phase 1. Part of the work,
however, should preferably be done in Kigali in cooperation with NELSAP staff.

Phase 3 Implementation

• Procurement.

• Construction/ installation.

• Technology transfer and training. NELSAP staff shall be involved in all
aspects of assessment, planning, design and procurement. Necessary
funds shall be allocated for short-term training of personnel. A detailed
training program shall be prepared in cooperation with NELSAP.

Duration and cost: W ill depend on the outcome of Phase 2.
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Appendix 8 : Land use study
Baseline Kagera Basin Hydrology, Land Cover/Land Use and Erosion Mapping

Technical report

The above report can be found on the following pages.
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Introduction

Obj ective of the study and Terms of References

Full title of the study :

REGIONAL RUSUMO FALLS HYDROELECTRIC & MULTI-PURPOSE PROJECT
Nile Basin Initiative (NBl)/Nile Equatorial Lakes Subsidiary Action Program (NELSAP)
Mapping of Land Use, River Network, and Erosion in the Kagera River Basin.

The governments of Burundi, Rwanda, and Tanzania have requested iDA to support

preparation and to mobilize grants and other financing for the implementation of the Regional

Rusumo Falls Hydroelectric & Multipurpose Project (RRFP) , conceived as part of the Nile

Equatorial Lakes Subsidiary Act ion Program (NELSAP) of the Nile Basin Init iative (NBI). The

. countries have through NBI approached other development partners including NORAD and

Sida to support the preparation and feasibility phase of the project in a partnership.

RRFP was assessed as one of the "best evaluated option" in the recently completed

Strategic/Sectoral Social and Environmental Assessment of Power Development Options
(SSEA) in the Nile Equatorial Lakes Region (Burundi, Eastern DRC, Kenya, Rwanda,

Tanzania, and Uganda) and features as a priority project in the associated NELSAP

Indicative Power Master Plan. The Indicative Power Master Plan was adopted by the

NELSAP Ministers responsible for Electricity Affairs on 6 December, 2005. Based on Stage

1 of the SSEA, the Electricity Ministers of the three countries involved in the project, Burundi,

Rwanda and Tanzania, issued a communique confirming their commitment to develop the

project and an initial notification to all riparian countries of the Nile Basin that project

preparation will begin was issued at the meeting of the Nile Basin Council of Ministers of

Water Affairs in March 2005.

The RRFP, which will be integrated in the three countries' national and district development
plans, has four component ouputs: (i) generation of renewable, cost-efficient hydroelectric

power (about 60 MW to be shared between the three partners), (ii) backbone electricity

transmission for regional integration of networks, (iii) rural electrification for multi-purpose

development in growth centers in the project area, through active load promotion and

product ive investments in both the public and private domains, and provision of micro-grants

or links to other financing sources to ensure active use of the supplied electricity for rural

economic growth, and (iv) the establishment of a jointly-owned utility/institution for operation

of the project , including social and environmental management and investments in restoring

watersheds.

The project concept is designed to ensure synergies with existing development initiatives in

the three countries, with a strategic focus on providing commercially viable, cost-efficient

electricity for mult iple uses with the participating countries, together with supporting the

establishment of a sustainable basin institution and management plan to be developed

through the ongoing NELSAP Kagera River Basin Management and Development Project

(KRBM&D). Kagera Basin development w ill meet multiple objectives including managing
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industrial and

The agreed project preparation management arrangements consist of a Project

Implementation Committee (PIC) consist ing of the Manager of the Electricity Utility and

Director of Energy in each country; a Project Preparat ion Team (PPT) and the Nile Equatorial

Lakes Subsidiary Action Program Coordinat ion Unit (NELSAP- CU) as the assigned

Technical Secretariat for the PIC. NEL SAP -CU will be strengthened to be able to handle

project preparation coordination activities efficiently .

The Consultancy Services requested in this Terms of Reference is a mapping of the

hydrology, land cover/land use, and erosion in the Kagera River Basin, in order for the
PIC, PPT and NELSAP-CU to assess the viability of a hydropower plant facility at the
Rusumo Falls and to identify related issues to address during the upcoming

comprehensive study for the Rusumo Falls Hydropower Project and the project

preparation.

In undertaking this assignment data and information should be gathered from all possible

sources, but limited to the scope envisaged within this ToR and budget.

The following tasks were performed in this study:

• Collection and purchase of satellite and map data covering the whole Kagera Basin

(complete DMC and Aster coverage);

• Literature review and fact finding

• Data collection for ground truthing and erosion parameters measurements in

Rwanda, Burundi, Tanzania;

• Watershed-sub-watershed and drainage system analyses using SRTM Radar Digital

Elevat ion Model;

• Satellite image processing, interpretation, analyses and classification;

• Quantitative erosion modelling of the upstream Rusumo using landscape analysis;

• Qualitative erosion modelling of the direct upstream of Rusumo falls using a modified

ICONA model;

• Production of map layouts and mapping production;

• Production of stat istics and a technical report.

Team

The team was composed of the following staff:

Florent Lasry, head of team
Remote sensing and GIS specialist , computer scientist and geographer with seven years of

international experiences in Europe and developing countries, w ithin international institutions

(European Commission, World Bank), and in academic or research institutes (Institute of

Research for Development, French National Centre for Spatial Studies, National University of

Rwanda). Focuses on the use of geoinformation in environment and natural resources

management (forestry, vegetation monitoring, land use/land cover mapping etc), agriculture

(yield forecast ing, agriculture monitoring etc) and in various other fields (hydrological
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modelling, urban planning, land administration etc). Lecturer and trainer in GIS, Remote

Sensing and associated fields, strong experience in organizing and conducting GIS and

Remote sensing courses and workshops. Deep computer science background and good

project coordination skills.

Mr Innocent Nzeyimana

Education:

• PhD student in Erosion, Soil and Water Conservation at Wageningen University &

Research Centre.

• Master of Science degree in Soil Science.

• B.Sc (or Agricultural Engine er - 5 Years) in Agriculture, Soil and Rural Engineering.

NZEYIMANA Innocent is a soil science ad erosion specialist , working since 1999 as a full -

time lecturer at the National University of Rwanda in the Faculty of Agriculture (Soil and

Environment Management Department). He teaches different courses related to soil in

undergraduate and postgraduate programs, and co-supervi sed and supervi sed B.Sc.

dissertation and M.Sc thesis. He is also attached to the NUR-GIS & RS centre as an

affialited researcher in the Environment Unit. He has 4 years of experience as a head of

Department of Soil and Environment Management, 3 years of experience as Project

coordinator of Master's degree programme in Agroforestry and Soil Management -

NUR/WUR, 4 years of experience in consultancy in Rwanda in different organization and

projects. He has specialised skills in erosion, soil & water conservation, soil chemical &
physical analysis, and soil and erosion mapping in GIS.

Ir Adrie Mukashema

Assistant Lecturer at the National University of Rwanda (NUR), with four years of experience

in agricultura l related research and agribusiness project management and coordination.

Specialist in Soil scient ist and soil information system for land management. Lecturer in

Geographical information System (GIS) and Remote Sensing (RS), Spatial modelling

courses at undergraduate and graduate level at the faculty of Agronomy, and involved in GIS

based NUR projects with emphasis on land degradation modelling that include erosion and

hazard risk assessment using Geo-information techniques. With enough competence for

handling GIS-oriented projects, focusing on model development for land degradation

management. More works and academic outputs on advanced GIS and RS for land

management. This includes land use and land cover mapping and modelling. Enough

computer and Geodatabase skills for land monitoring and evaluation for decision support

system (DSS).

Ms Grace lraguha
Remote Sensing, GIS and mapping technician, w ith a geographer background, she is a

current ly researcher at CGIS-NUR within the GeolT unit. She focuses on image acquisition,

image pre-processing and processing and field data collection with handled GPS. She has a

good experience in GIS analysis and modelling in various application domains, such as land

use and land cover changes in urban areas, forestry survey with image classification and

validation, hydrological modelling and other various fields.
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Literature review

Erosion analysis methods

Soil erosion is a serious concern worldwide, and it is difficult to assess its economic and

environmental impacts accurately because of its extent, magnitude, rate, and complex

processes associated with it. Soil loss is the amount of material that is actually removed from

a particular slope. Due to the possible on-site deposition of soil materials due to changes in

topography, vegetation, and soil characteristics, soil loss is usually less than soil erosion.

Thus, sediment yield is used to refer to the amount of eroded material that is actually

transported from a plot, field, channel, or watershed. Significant studies on soil erosion

assessment have been published since 1900s.

To estimate soil erosion and to develop optimal soil erosion management plans, many

parametric erosion models such as Universal Soil Loss Equation (USLE), Revised Universal

Soil Loss Equation (RUSLE), Water Erosion Prediction Project (WEPP), Soil and Water

Assessment Tool (SWAT), and European Soil Erosion Model (EUROSEM), have been

developed and used over the years. Among these models, the most common and widely
used parametric model, the Universal Soil Loss Equation (USLE) has remained the most

practical method of estimating soil erosion potential in fields. The parametric models rely on
statistical relationships between soil-loss and various parameters derived from larger sets of

data such as rainfall, soil erodibility , slopelength, slope gradient, crop management, etc.

In general, the methods to measure soil loss can be divided into quantitative methods such

as USLE, MUSLE, etc, and qualitat ive methods such as ICONA, CORINE, etc. Quantitative
methods usually involve the measurement and quantification of various components.

Qualitative methods, on the other hand, rely more on the judgments and responses of the

analyst. In practice, a more accurate prediction of erosion risks can be achieved by the
integration of the qualitative and quantitative methods considering long-run land conservation

strategies, management and monitoring.

The qualitat ive and quantitative methods have been used/integrated with Geographic
Information Systems (GIS), satellite images and DEM to estimate soil erosion by easily

manipulating and analyzing the spatial data. The tools and products also help the users to

identify the spatial locat ions vulnerable to soil erosion.

However, the studies using the parametric models such as the USLE did not consider the

sediment delivery ratio to estimate the sediment delivered to the downstream point of

interest. Regional variations in sediment yields are very important since sediment delivery

processes vary in space and time. The WinGrid system by Lin et al. (2002) considered the

sediment delivery rat io based on receiving drainage length ratio to total drainage length to

compute soil erosion and sediment yield using USLE and a sediment delivery ratio. However,

this system has separate component programs rather than being fully integrated with a GIS

system. Hence, it is not readily available to soil erosion decision makers because it was

developed for research purposes. Thus, a GIS integrated prototype version of the Sediment

Assessment Tool for Effective Erosion Control (SATEEC) (Lim et al. , 2003) was developed to

provide an easy-to-use GIS interface to estimate soil erosion and sediment yield without

additional input parameter data other than those for the USLE model. With the USLE input
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parameter maps, the SATEEC can estimate soil erosion and the sediment yield at any point
within a watershed with a menu-driven SATEEC GIS interface. However, the prototype
version of the SATEEC GIS system cannot be used to assess the effects of sediment
retention basins on the sediment yield of the receiving water bodies. Also, it cannot be used
to estimate the sediment yield from a single storm event for an effective sediment control
management. In addition, the SATEEC GIS system does not have any sediment and erosion
control structure design capability.

In this study, soil erosion risk and vulnerability have been modeled using qualitative method
as illustrated in the figure n. 3. This is a modified ICONA model as it includes an additional
factor, soil erosivity, extracted from the DEM.

Landscape analysis methods

Landscape analysis is one other successful method and it has been used by several
scientists (Hengl, Gruber, & Shrestha, 2003; Hessel & van Asch, 2003; Shrestha, Zinck, &

Van Ranst, 2004; Thomps on , Pena-Yewtukhi w , & Grove, 2006; Tomer & James, 2004)
because it describes the effect of topography in erosion occurrence within a watershed.
Hydrological or flow accumulation-based terrain parameters derived from digital elevation
model (DEM) are typically used to describe flow of material over gridded surface, i.e. quantify

flow intensity and accumulation potential or erosion potential.

However, the assumption in this method is that the surface material is homogeneous and
that the only difference in surface flow is due to the landscape diversity. In this case, the
ground cover and soil pattern are modelled independently and later they are included
together with topographic indices in final erosion risk map using decision tree in GIS. When
combined with ground cover and soil type, they constitute generally an important input for
erosion risk mapping and specifically for soil loss estimation. They are three major
hydrological indices that are commonly used to depict the erosion locations at watershed
level. The topographic wetness index (TWI), stream power index (SPI) and Sediment
transport index (STI).

Topographic Wetness Index (TWI) describe s the tendency of terrain to accumulate water.
Stream Power and Sediment Transport Indices (SPI and STI) describe tendency of flow and
can be used to depict locations of potential erosion.
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Applied methods

Data collection

The aim of the data collection part is to collect and purchase, where necessary, satellite and

map data covering the whole Kagera Basin. In GeoSciences domain, there are two types of

data that are generally used, raster and vector data.

Raster data

Most of the analysis that are foreseen in the genera l methodology are making use on raster

based data, mainly optical and radar satellite imagery.

For land cover classification, a complete coverage of the Kagera basin was needed, in

optical satellite imagery, with a spatial resolution from 10 to 30 metres, allowing a final output

map at a scale of 1:100 000. Current sensors available are Aster, Landsat, DMC, Spot and

some few others.
Criteria for selection of satellite imagery were the following:

Cloud cover (main factor for image classification result);
Date of acquisition (to avoid land use/land cover change analysis using the recent

dataset available);

Cost (budget for image acquisition being limited).

All image archive of the listed sensors were reviewed in order to pre-select the images to be

used for analysis.

It appeared that a very recent DMC' image dated 8 august 2006 almost cloud free was

available. In addition this image was covering most of the Kagera basin, except a very limited

are in the north and a larger are on the south.

Second a set of Aster images (15 m GSD) were downloaded and pre-processed., focusing
on the southern part (Burundi mainly). Unfortunately it appeared that all those images had an

important cloud cover percentage that would not allow classification.

Other sources were then reviewed and it appeared that a set of Landsat images dated 2000

to 2002 were available in the southern area, with good radiometric quality and very limited

cloud cover. It was then decided that, despite the difference of a few years between Landsat

and DMC image, the selection of those images was the best compromise.

The final satellite imagery mosaic is presented below:

' Disaster Monitoring Constellation
2 Ground Sampling Distance, equivalent to spatial resolution

10
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Figure 1  :  Mosaic of satellite imagery for the Kagera Basin
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Vector data

Vector data are data already processed or digitized and they are generally available per
country.
For the purpose of the present study, the following layers were mandatory:

Country boundaries;
Roads;
Main cities;
Lakes and wetlands;
Soils.

For the four countries part of the Kagera Basin, the mandatory data needed were already
available at the CGIS-NUR due to other previous activities and projects of regional scale
where the vector data collection process had already been done (from Ministries, NGO's ,

However, it is important to note that most of those layers are of limited quality and have to be
taken carefully as they do not represent any official layer from a specific authority and as
they were not checked for quality as this can only been done by the data provider.
The homogeneity of the vector databases among the four countries is also very difficult to
meet and some vector layers are very heterogeneous.

Additional vector layer were also used and are provided as detailed in the Results chapter.

11
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Spatial database design

The objective of this methodological step is to design the structure, format and organize the
regional Kagera basin database, both for raster and vector data.

Structure

The initial objective is to deliver a database readable with commercially available Windows-
based software (ESRI shapefiles and Erdas Imagine IMG or TIFF).

The data structure reflects directly the two main types of data format that are stored in the
database, raster and vector.

As to ease the interoperability process, it was decided not to store the database into an ESRI
GeoDatabase, as this restricts exchange between different softwares and platforms. The
various layers are then stored into folders and sub-folders in their respective formats as
described below. A detailed description of the database final structure is described in the
Results chapter.

Format

For the raster data:
Erdas Imagine *.IMG format

For the vector data:
ESRI Shapefiles ".SHP format.

For the GIS project documents:
ESRI ArcMap format  (. MXD)

For the map printing:
Adobe PDF format  (*.PDF).

Geographic reference system

The initial reference systems of various layers from the four countries were different from
each others. To build a regional database, and to avoid projection displacements, it was
necessary to reproject all the layers to a common reference system.

The reference system choosen was Geographic Coordinate System (GCS) based on
WGS84 datum, with the following parameters:

 Geographic Coordinate System:  GCS_WGS_ 1984
 Datum:  D_WGS_1984
 Prime Meridian: Greenwich
 Angular Unit: Degree.

12
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Data pre-processing

Satellite imagery pre-processings

The following processing was applied to the selected imagery as to prepare the raster data

for the classifications steps:

• Selection and procurement of imagery (see Database collection paragraph)

• Geo-referencing and ortho-rectification of all images:

o Georeferencing of Aster and Landsat images

o  Re-projection of DMC image

• Image format harmonization in Erdas Imagine *.img format;

• Quality check of spatial referencing;

• Production of subset:

o based on the Kagera basin shape file, creation of an area of interest (AOl) layer

corresponding to the shapefile

o  subsett ing of all images to the AOI layer

• Reclassification of null pixels;

• Radiometric enhancements of images and image to image histogram equalization;

Data preparation

• SRTM Digital Elevat ion Model pre-processing: fill void algorithm, and reprojection into

WGS84;

• Data layer preparation for modelling soil and erosion: spatial resampling, reprojection,
format conversion, reclassification of NoData and missing values.

Field data collection

Soil data collection

Methodology

Soil data sheets scaled at 1:50,000 for the upstream Rusumo were collected, merged and

clipped to the sub-catchments. Based on soil taxonomy, dissolve operation were run using

spatial analysis tools to get soil great - groups , sub-orders, and orders. A soil map for the

area of interest was at the end obtained as the result of the analysis.

Data collection for soil/erosion measurements

Methodology

Criteria for selection of measurement sites

According to the soil map of the upstream Rusumo, one can observe large variations

between and within the soil type; thus measurement sites were selected from major soil

types (i.e. the most representative), and where soil variations are minimum at a small scale.

13
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After that preliminary selection, we also consider within those sites areas/zones that are the

most vulnerable to erosion and sedimentation towards the site of Rusumo falls. Based on

both criteria, the following sites were selected:

Figure 2 : Selected sites for sampling and measurements

Site Soil type & area percentage

1 Rukira sector Entisols - 19.8%

2 Kigarama sector Inceptisols - 21.8%

3 Mushikiri sector Oxisols - 20.4%

4 Kigina sector UItisols - 22.2 %

Instrumentation

 Mobile GIS system using IPAQ's and ESRI ArcPA D software connected to a

bluetooth GPS;

 Topographic maps, of the upstream Rusumo

 Composite soil sampling using auger for organic matter content analysis and soil
texture (particle size distribution);

 Soil structure and soil permeability were estimated using a field book guidelines as

described in USDA;

 Inclinometer and decametre for slope gradient (%) and length measurements;

 Land use and agricultural management practice were observed and a given factor

value was attributed accordingly.

Data collection for ground truthing in Rwanda, Burundi, Tanzania and Uganda

1- Criteria for selection of ground truthing's sites

The following criteria were chosen in order to select the sites to be surveyed:

 Zones whose land cover is known to have a high impact on erosion and sedimentation

towards the site of Rusumo falls, with a high erosion and land cover/land use change

potential.

 Zones with confusing land cover, after the preliminary classification.

2- Instrumentation

 Preparation and setting up of the field material (Mobile G IS system using IPAQ's and

ESRI ArcPAD software connected to a bluetooth GPS;

 Preparation of the survey matrix for land cover classification based on the legend;

 Uploading of background layers (roads, rivers, cities) and classification layers (pre-

classification and satellite image mosaic).

 Field visits and survey in the selected sites (upstream Rusumo, Nyabararongo

catchment)

Timing: April 2-4 2007
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Spatial analyses

Land use/land cover

The aim of this methological step is to produce a Land cover/ land use raster layer based on

classification of satellite images and a pre-defined legend for classification.

1- Legend for classification

Due to the large area to be classified (and to avoid class mixing ), to the different images to

be classified (and to avoid overlapping anomalie s), and due to the overall objective of the

study and the use of this classification for erosion modelling (and with a focus on vegetation

cover densities), it was decided to aggregate the classes to nine classes described below.

1. Water
Name: Water Body

Description: Lakes, Permanently f looded areas, large river branches.

Code:  1-Wa

2. Wetlands
Name: Wetlands/Marshlands

Description: Permanently and temporarily f looded areas with natural vegetation (papyrus .. . )

Code:  2-Wet

3. Forest
Name: Closed Forest

Description: Natural forest (Mountain forest , dry forest) or forest plantation with a canopy
density > 40%, vegetation cover density > 80%.
Code:  3-For

4. Very High Vegetat ion Cover, Natural
Name: Very High Vegetation Cover, Natural

Description: Combination of closed trees and shrub, natural, vegetation cover density

between 60 and 80%.
Code:  4-VHVegNat

5. High Vegetation Cover, Natural
Name: High Vegetation Cover, Natural

Description: Combination of trees and shrub, natural vegetation dominant, vegetation cover

density between 40 and 60%.
Code:  5-HVegNat

6. High Vegetation Cover, Agricultural

Name: High Vegetation Cover, Agricultural

Description: Combination of crops and natural vegetation (trees and shrubs), agricultural

dominant , vegetation cover density between 40 and 60%.
Code:  6-HVegAgri

15
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7. Medium Vegetat ion Cover, Agricultural

Name: Medium Vegetation Cover, Agricultural

Description: Combination of crops and natura l vegetation (trees and shrubs), agricultural

dominant, vegetation cover density between 30 and 40%.

Code:  7-MVegAgri

8. Low Vegetation Cover, Rangeland

Name: Medium Vegetation Cover, Agricultural

Description: Combination of open shrubs and herbaceous vegetation (savannah), natural,

vegetation cover density between 10 and 30%.

Code:  8-LVegRan

9. Very Low Vegetat ion Cover/Bare soil/Urban
Name: Medium Vegetation Cover, Agricultural

Description: very open herbaceous natural vegetation, close to bare soil or bare soil, artificial

surfaces and urban areas, vegetation cover density less than 10%.

Code:  9-VLVegBare

2- Image classification

The classification method chosen is an Unsupervised ISODATA classification with 6

iterations. A first number of classes (50 for DMC image and 20 for other images) were

processed and then aggregated to the legend. For such large areas, a supervised

classification could not have been applied.

Final reclassification based on field data and on other external information (vegetation map

layers, forest , cities and topographical maps) was then applied to improve the results.

Hydrological modelling

The major hydrological modelling analyses are linked to watershed/sub-watershed and

drainage system analyses using SRTM Radar Digital Elevation Model. Those analyses are

described in detail below .

Input data
Along the whole hydrological process we used the SRTM (Shutt le Radar Topographic

Mission) Radar Digital Elevat ion Model as the main input and its outputs as inputs of next

steps. The SRTM and its outputs were in a WGS 1984 Geographic Coordinate System.

Softwares
The software packages used were ILW IS 3.3 with its Hydrological Dem package, ArcGis 9.2,

and MS Excel.

Methodology

The DEM- Hydroprocessing module has a sequential menu as the output map of a given sub

menu is used as input during the next step.

16
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FLOW DETERMINATION

Fill Sinks

The Fill sinks operation 'removes' local depressions (of single pixels and of multiple

pixels) from a Digital Elevation Model (DEM). Th e resulting output map of the Fill

sinks operation is a so-called sink-free or depression-free DEM. This operation had

been used before using the Flow Direction operation in order to clean up our Digital

DEM, so that local depressions (sinks) were removed. The following kinds of

depressions were concerned by our Fill Sinks operation:

 Depressions that consist of a single pixel, i.e. any pixel w ith a smaller height

value than all of its 8 neighbouring pixels,

 Depressions that consist of multiple pixels, i.e. any group of adjacent pixels

where the pixels that have smaller height values than all pixels that surround

such a depression.

Flow direction

In a (sink-free) DEM, the Flow direction operation determines into which neighbouring

pixel any water in a central pixel w ill flow naturally. Flow direction is calculated for

every central pixel in input blocks of 3 by 3 pixels, each time comparing the value of

the central pixel with the value of its 8 neighbouring pixels. When the position of the

steepest-slope-neighbour pixel or the lowest-height-neighbour pixel is determined,

the flow direction for the central pixel is known. The output map contains flow

directions as  N  (to the North), NE (to the North East), etc.

For the flow direction operation of our region of interest, we choose to use the

steepest-slope option.

Flow accumulation
The Flow accumulation operation performs a cumulative count of the number of

pixels that natura lly drain into outlets, i.e. as input, this operation uses the output map
of the Flow direction map. The output map contains cumulative hydrologic flow

values that represent the number of input pixels which contribute any water to any

outlets (or sinks if these have not been removed); the outlets of the largest streams,

rivers etc., will have the largest values.

NETWORK AND CATCHMENT EXTRACTION

Drainage network extraction
The Drainage Network Extraction operation extracts a basic dra inage network. The

output raster map will show the basic drainage as pixels with value True, while other

pixels have value false. Depending on the flow accumulation value for a pixel and the

threshold value (a value for the minimum number of pixels that are supposed to drain

into a pixel to let this pixel remain as a drainage in the output map)for this pixel, it is

decided whether true or false should be assigned to the output pixel. If the flow

accumulation value of a pixel exceeds the threshold value, the output pixel value will

be true; else, false is assigned.

17
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For the Kagera Basin drainage network extraction, we chose 5000 as the minimum

value of a pixel in the Flow accumulation map to let it as drainage. Since the following

expression have been used:

OUTMAP= MapDrai n ageNetwork Extra ction (flowacc_rasmap, threshold)

Where:
•  OUTMAP is the name of the output raster map.

•  MapDrainageNetworkExtraction is the command to start the Dra inage

Network Extraction operation.

•  Flowacc _rasmap is a raster map that is the outcome of the Flow

Accumulation operation.

•  Threshold a value (integer > 0) to define the minimum number of pixels (i.e.

the contributing area) that should drain into the pixel examined to form a

network channel.

If the condition is met (>=5000 in this case), true is assigned in the output map; else

fa lse is assigned.

In other words:

KageraDrainageNetwork = MapDrainage NetworkExtra ction (Kageraflowacc,
5000)

Drainage network ordering
The Drainage network ordering operation examines all drainage lines in the drainage

network map, i.e. an output map from the Drainage network extract ion operation,

finds the nodes where two or more streams meet, and assigns a unique ID to each

stream in between these nodes, as well as to the streams that only have a single

node. The output of this operation delivers a raster map, a segment map and an

attribute table in witch each drainage had been assigned an order number both in

Strahler Network Ordering and Shreve Network Ordering models.

Catchment extract ion
The Catchment extraction operation constructs catchments. A catchment will be

calculated for each stream found in the output map of the Dra inage network ordering

operation.

Catchment merge
The Catchment merge operation merges adjacent catchments, as found by the

Catchment extraction operation. New catchments are created on the basis of the

Dra inage network ordering map and its attribute table.

You can merge catchments in two manners: by specifying a point map that contains

locations of stream outlets within a catchment (it is this method that has been used in

this process); all adjacent catchments that dra in into such outlets will be merged.

Otherwise, by simply specifying a Strahler or Shreve ordering value: all adjacent

catchments that have this Strahler or Shreve order value (or a lower value) and which

drain into a common catchment will be merged.

18
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Manual adjustments
Some flat areas where the algorithm working on slopes are less efficient were

manually adjusted to reflect the reality: it mainly concerns lakes, wetlands, and other

very flat areas.

Statistics extraction
Several statistical parameters can be automatically extracted from the HydroDEM

package from ILWIS. They are described in details in the Results part.

Erosion risk modelling

To predict the areas that are vulnerable to erosion and to assess sedimentation, severa l

methods can be used. We used in this study two different methods based on the following

criteria:

Quantitative and qualitative methods;

Area of interest (Upstream Rusurna) and database availability .

The first method makes use of a DEM to derive erosion and has been processed on the

whole upstream catchment of Rusurna falls.

The second method involves several layers, such as vegetation land cover and soil types,

and was only applied to a restricted area of 2 sub-catchments right upstream of Rusurna falls

site in Rwanda due to the lack of relevant database on soil for the other catchments in

Burundi or Tanzania.

1- Landscape analysis method

Of the image processing techniques in ILW IS, the key input is basically digital elevation map

(DEM) that is used to generate both slope gradient ( tan /J in percentage) and specific

catch ment area (A, , mm ').

Using linear filtering procedure, the first derivatives (DEM_dx, DEM_dy) respectively in X, Y

directions per pixel are calculated.

• Positive values of DEM_dx in the output map mean that the terrain goes up from left

to right (West to East e.g. case of up stre am Rusumo);

• Negative values of DEM_dx in the output map mean the terra in goes down.

The slope gradient is then calculated using the formula in ILWIS command line as follow:

100 * HYP(DEM_dx,DEM_dy)/PIXSIZE(DEM)

After generating the slope map, this is used to generate the specific catchment area  (Ar,  m2

m ') using the multiple flow direction algorithms. Th e multiple flow dire ction algorithms

distribute the upslope area among all possible directions and give a more realistic picture of

water flow tendency. It uses the slope-length map to derive the drainage fraction ( A4,  ) out

of each cell direction. Here, the main assumption is that the fraction of the area dra ining each

,7
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grid element is proportional to the angle fJ of that cell. Thus, the drainage fraction AA, out of

cell is given by the following formula:

Ma - ta EL, _S,+ 2 a t » 2 s
Where, A; is the upslope area in ith down hill direction, L is the contour length orthogonal to

ith direction and S is the slope length.

Notice that the slope length (S) maps are approximated in a way that cardinal directions (2,

4 , 6, 8, ...) receive a slope length of _!_grid size (90 m in case upstream Rusumo DEM) and
2

diagonal direction (cell 1, 3, 5, 7, 9, .. . ) receive a slope length of  2 grid size.
4

In a GIS, the dra inage fraction can be propagated and summed to derive the total number of

contributing cells. Each cell receives the value 1 plus the sum of the fractions of possible

neighbours depending of the total amount of pixels of the contributing area (e.g. with 3 3
windows, it will receive 1plus sum of the fractions of eight neighbours) as in equation:

111

A, =I+)}_}AA,with , i = 1, 2, 3, 4 , 5, 6, 7, 8, 9 (exampl e for 3 3 wind ows).
j = l

Where, Am is the cumulative dra inage fraction from m neighbours. Finally, the  specific
catchment area  (referred in ILWIS script as CATCH, annex 1) can be derived as:

A 2 A 2

4 , - " a n= "2 8 •
Where, L; is derived as the sum of lengths for draining pixels.

Once the specific catchment area is determined, others indices such as TW I, SPI, and ST I

can then be estimated using the slope map.

The  topographic wetness index (TWI),  a predictor of zones of soil saturation, is the ratio of

specific catchment area to slope gradient:

TWJ = In(A, /tan p) .

Where Ar is the specific catchment area dra ining through the point and ,8 is the

representative local slope angle. The natural logarithm re-scales the values to produce a

normalized histogram. Note that for the contributing area (A) , TWI is higher for the pixels

with lower slopes. This means that TWI reflects the accumulation process.

To reflect the erosive power of the terrain,  stream power index (SPI)  is used. The SPI, a

measure of  runoff erosivity,  is the product of specific catchment area and slope gradient:

SPI = (A, tan ) .

Note that this index depicts areas of both high slopes and contributing areas.

T
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2- Erosion Risk Modelling by modified ICONA model

a- Model setup

[ fjg !lg] Land cover

prot ect io n

Erosio n

Run-off erosivity

So il vulnerabilit y

Figure 4  :  Flow diagram of Erosion Risk Modelling (modified ICONA model)

b- Model steps

Step 1: Slope layer from DEM
The slope layer was generated from the Digital Elevation Model (DEM) clipped to the
upstream direct catchment of Rusurna falls and re-projected to the Transverse Mercator (TM)
projection using ArcGIS spatial analysis tools. Resample was done up to 100m and the slope
ranges were extracted and calculated as percentage rise. By natural breaks, five (5)
following slope classes using equal interval:

Figure 5  :  Slope classes of the upstream direct catchment of Rusumo falls

Slope class Slope range  (%  rise) Slope label

1 0-7 Flat

2 7-14 Gentle

3 14-22 Medium

4 22-33 Steep

5 33-81 (100) Very steep

Slope map shows different types of slope ranges in the area of interest
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Digital Elevation ma p (OEM)

Legend

Eevationweoo

l o " 1 7259 000

Figure 6 : Digital Elevat ion Model map

Slope map

Figure 7  :  Slope classes map

Step 2: Soil layer
Only the upstream direct catchment of Rusumo falls (area of interest) was considered for this
spatial analysis. In order to categorize the soil layer, the 1/50,000 scaled digital soil maps of
Rwanda were used. Categorization of soil layer for Burundi and Tanzania was not achieved
due to the poor quality of available soil data for those countries. Soil map shows different
types of soil orders that are described based on the original parent material, and bie-physical
and chemical soil properties.
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Figure 8 : Description of soil types of the upstream direct catchment of Rusumo falls

Soil class Area (%}
Alfisols: Soils that do not have a p/aggen epipedon and that have either an argillic or 1.15
kandic horizon characterized by a significantly higher percentage of clay than the
overlaying eluvial horizon, columnar or prismatic structures in its upper part with or
without uncoated silt and sandgrains in the top of the horizon;
Alfisols are originated from strongly alkaline (calcareous) parent materials, and have soil
material with a lot of Ca " or AN' clay bonds forms sta ble aggregates that resist to both
mechanical and chemical erosion.

Entisols: Soils that have limited pedogenetic development, with subsoil characteristics 19.75
rather than those of the parent material; most Entiso/s are easily degraded due to
unstable geomorphic surfaces that are subj ect to frequent deposition, high rates of
geologic erosion, or drastic disturbance by humans;
Entiso/s are associated with alluvial parent materials, steep eroding landscapes and
nearly level to gently sloping depositional landscapes.

Histosols: Soils composed of organic materials that dominate the soil properties; 8.25
Histosols are characterized by a lower rate of decomposition of the organic materials
due to saturated an anaerobic soil conditions, resulting in high accumulation of organic
matter due to reduced biological activity; located in the valley landscapes, Histoso/s are
associated with alluvial and colluvial materials.

lnceptisols: Mineral soils that have significant subsoil or surface alteration, and can 21.78
form in any type of parent material except the thick organic deposits; lnceptiso/s occur
on any slope or landform from floodplains to mountaintops, including wetlands, volcanic
and glacial deposits, and steep or highly erosive slopes.

Mollisols: Soils that have an a/bie and or an argilli c, kandic, or natric horizon that 4.33
meets the color, organic carbon content, base saturation of 50  %  or more; soils that
have stable aggregates resistant to both mechanical and chemical erosion.

Oxisols: Are soils related to mid  -  to late-tertiary geomorphic surfaces composed of 20.44
material that has been weathered, eroded, transported, and redeposited many times
(e.g. sandy loam or finer textured soils); The oxic materials within which Oxisols form on
are those that have an accumulation of resistant minerals that have the properties of
oxiso/ subsoil deposits (e.g. stone-lines of quartz, cemeted gravel, etc) .Most Oxiso/s are
acidic in reaction, and have low base saturation percentages, low silt content, low
available water holding capacity, low bulk density, strong, fine, and very fine granular
structures, and a more rapid hydraulic conductivity; such soil properties allow unstable
aggregates that resist less to both mechanical and chemical erosion.

Ultisols: Soils that possess a subsurface horizon (argillic or kandic horizon) with more 22.23
clay than overlaying horizons, and low base saturation in the lower portion of the soil;
soils that have an advanced degree of weathering, with less organic matter content than
Mollisols, Oxiso/s, or Vertisols, but often possess quantities comparable to Alfisols.
Ultisols are commonly developed on parent materials that are both low and high in
bases and weatherable minerals; seasonal drying and wetting of the soils facilitate the
formation of argil/ic horizon, base leaching and subsequently Ultisols development.

Vertisols: Clay soils in which the clay fraction is dominated by swelling clay minerals, 0.25
mainly smectites; they are characterized by the swelling and shrinking processes of the
clays upon changes in moisture content. Soil parent materials are either silty/clayey
deposits, rich in smectite minerals, or weathering materials from mainly basic rock types
that produce swelling clay minerals upon further weathering. Vertisols surface soils are
usually well aggregated to resist to both mechanical and chemical erosion.

Areal quartzitic rocks: none soils 1.44
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Figure 9  :  Soil types map

The categorization of the available soil layer was achieved by reclassification of soil types
attributes into values of soil from 1 to 5. The vector shapefile was then converted into raster
and resample of soil order was done at 100m.

Figure 10 : Soil classes of the upstream direct catchment of Rusumo falls

Soil Class Class label/theme Reclassified class value

1 Alfisols 3
2 Areal quartzit ic rocks 2
3 Entisols 4
4 Histosols 1
5 lnceptisols 4
6 Mollisols 2
7 Oxisols 5
8 Ultisols 3
9 Vertisols 1
10 Water bodies 1

Step 3: Soil erodibility
Soil erodibility map was derived from the combination of slope and soil type layers. The
spatial analysis process was achieved by using map algebra tools as follows:
(out_grid) <grid I number> + <grid I number>
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The resulting soil erodibility map having 10 classes was reclassified into values from 1 to 5
by equal interval. Resample was done at 100m. Since the soil erodibility map is derived from
the combination of slope (i.e quantitative) and soil type layers (i.e. qualitative), various levels
of erodibility are qualitatively labelled. However, field data validation of interill erodibility (Ki)

is provided.

Figure 11 : Soil erodibility of the upstream direct catchment of Rusumo fa lls

Class value Erodibility index label Measured Erodibility Ki
(T ha' y' )°

1 Very low 0

2 Low 2
3 Medium 4
4 High 5
5 Very high 7

Soil erodibility map
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Figure 12 : Soil erodibility map

Step 4: Runoff Erosivity index derived from SPI

Runoff erosivity map was extracted by mask using spatial analysis tools. The resulting
erosivity map having 20 classes was reclassif ied into values from 1 to 5 by equal interval.
Resample was done at 100m.

Figure 13 : Runoff erosivity index of the upstream direct catchment of Rusumo falls

Class value Label STI - va lue
1 Very low 0.8
2 Low 1.9
3 Medium 4.0
4 High 13.1
5 Very high 2 1.5
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Runoff erosivity ma p

Nw-s

$ :«7 5 °
. : ' i3 3 1. . ,

. <·
%, 48i?

;'"l'., •·:,, '-
. !'•r

Legend

- Verylow

c:J Low
CJ Moderate

I o
- VeryH,gh

45

1 250,000

-==--===-----Km18

Figure 14  :  Run-off erosivity index map

Step 5: Soil vulnerability
Soil vulnerability map was derived from the combination of erodibility and erosivity layers.
The spatial analysis process was achieved by using map algebra tools as follows:
(out_grid) <grid I number>  +  <grid I number>

The resulting soil vulnerability map having 10 classes was reclassified into values from 1 to 5
by equal interval. Resample was done at 100m.

Figure 15 : Soil vulnerability of the upstream direct catchment of Rusumo falls

Class value Vulnerability index label

1 Very low

2 Low

3 Medium

4 High

5 Very high
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Figure 16 : Soil vulnerability index map

Step 5: l and cover and soil protection

From the 9 initial land cover classes, the following reclassification was applied, based to the
capacity of each class to allow soil protection.

Figure 17 : Land cover reclassification to soil protection

Initial class Initial class theme Reclassified Reclassified class
value class value theme

1 Water Body 1 Very low

2 Wetland I Marshland 1 Very low

3 Closed Forest 2 Low

4 Very High Vegetat ion Cover, Natural 2 Low

5 High Vegetation Cover, Natural 3 Moderate

6 High Vegetation Cover, Agricultural 3 Moderate

7 Medium Vegetat ion Cover, Agricultural 4 High

8 Low Vegetation Cover, Rangeland 4 High

9 Very Low Vegetation Cover/Bare so il/Urban 5 Very high
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Figure 18 : Soil protection classification map

Step 7: Soil erosion risk map
The last modelling step was to produce a soil erosion map by combining the protection and
vulnerability layers. As described above, the analysis was achieved by using map algebra
spatial analysis tools as follows:

(out_grid) <grid I number> + <grid I number>

The resulting soil erosion risk map having 10 classes was reclassified into values from 1 to 5
by equal interval. Resample was done at 100m. Various levels of soil erosion are
qualitatively and quantitatively labelled. Quantitative values are provided after field data
validation of interill erosion rate  (Di).

Figure 19 : Soil erosion risk of the upstream direct catchment of Rusumo falls

Class value Label Measured Di (T ha y' )
1 Very low 0
2 Low 69
3 Moderate 143
4 High 204
5 Very high 467

29



............_.........-··- ·- ·i t

Norwegian Water and Energy Directorate Ref: NVE_report 170807
Hydrological, land cover and erosion mapping of Kagera Basin 17 08.2007

Page 30 of 97

Soil erosion risk map

Legend

erosion risk

• ...,ryl l/W. ,,..
I v a.
- Hojh

g s «

1250 000

Figure 20 : Soil erosion risk index map

Soil Erosion Risk: Data validation

Methodology

Criteria for site selection for data validation

According to the soil erosion risk map of the upstream Rusumo, one can observe areas of
from very low to very high risk. Thus measurement points were selected in different
administrative sectors of Rwanda (Kibungo, Rukira, Kigina, Gatore, Murama, Kirehe and
Kigarama) within the study area of the upstream Rusumo. The selected points of sampling
and measurements served as repetitions for each of the 5 classes of erosion risk (1: very
low; 2: low; 3: moderate; 4: high; 5: very high}. Each class was repeated 3 times as
illustrated in the following figure.
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Erosion risk map and sample points
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Figure 21  :  Soil erosion risk and measurement & sampling points

Table 1: On  -  site erosion risk class description

Class Class
no name

Description

1 Very low a. A wetland/swamp located in Kirehe District, Kigarama sector. It serves as a

sediments deposition area.
b. A wetland/swamp located in Ngoma District, Murama sector. It serves as a

sediments deposition area. Some parts of the swamp is now under rice production.
Some areas of the wetland is burnt for that purpose.

c. A marshland located in Ngoma District, Murama Sector, serving as a sediments

deposition area. Most of the soils are under rice and other crop food production.
Samplings and measurements were taken on a maize field that has 8% (4.8°)
slope gradient and 31 .40 m slope length. There is no evidence of erosion. The soil
structure is a strong, medium and coarse subangular blocky. The permeability can
be classified as very rapid to rapid.

2 Low a. A grassland located in Ngoma district, Kibungo sector. The field has 17% (9.8°)
slope gradient and 32. 70 m slope length. There are no visible erosion symptoms.
The soil structure is massive; the soil material is more coherent; the permeability

can be classified as very slow.
b. A banana plantation located in Kirehe district, Gatore sector. The field has 5% (2.9°)

slope gradient and 33.60 m slope length. There are no visible erosion symptoms as
the whole field is well mulched. The soil structure is a weak, fine single grain. The
soil is excessively drained; the permeability can be classified as rapid to very rapid.

c. A banana intercropped w ith beans field located in Kirehe district, Kirehe sector. The
field has a 6% (3.5 )  slope gradient and 35.60 m slope length. There are no visible
erosion symptoms. The soil structure is a weak, fine single grain. The soil is
excessively drained; the permeability can be classified as rapid to very rapid.
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Class Class Description
no name
3 Moderate a. Sorghum field located in Ngoma district, Kibungo sector, Kamahango cell. The field has 12%

(7°) slope gradient and 24.10 m slope length. Coarse and rock concretions are found on-site,
but there are no visible erosion symptoms. The soil structure is a weak, medium, coarse and

very coarse angular blocky. The soil is excessively drained; the permeability can be

classified as rapid to very rapid.
b. Sorghum field located in Kirehe district, Klrehe sector. The field has 13% (7.5 ) slope

gradient and 34.70 m slope length. Coarse and rock concretions are found on-site, but there

are no visible erosion symptoms as almost 70% of the soils are covered. The soil structure is
a very weak, fine, medium and coarse subangular blocky. The soil is excessively drained; the

permeability can be classified as rapid to very rapid.
c. Banana intercropped with cassava field located in Kirehe district, Gatore sector. The field has

10% (5.7°) slope gradient and 17.80 m slope length. Coarse and rock concretions are found

on-site, and visible rills and interills can be observed on some isolated areas while almost
70% of the soils are covered. The soil structure is a weak, fine, medium and coarse
subangular blocky. The soil is excessively drained; the permeability can be classified as

rapid to very rapid.

4 High a. Eucalyptus plantation field located in Ngoma district, Kibungo sector. The field has 35%
(19.2°) slope gradient and 26.10 m slope length. Coarse and rock concretions are found on-
site, and visible rills and interills can be observed on some isolated areas while almost 70%
of the soils are covered. The soil structure is moderate, coarse subangular blocky. The soils
are very eroded at a point that strong coarse materials (stones, rocks, gravel, concretions, ... )

are left on-site. The soil permeability can be classified as very slow to slow.
b. Sorghum field loca ted in Kirehe district, Kigarama sector. The field has 27% (15°) slope

gradient and 11.60 m slope length. Coarse and rock concretions are found on-site, and

visible rills and interills can be observed on some isolated areas while almost 70% of the
soils are covered. The soil structure is moderate, medium and coarse subangular blocky.
The site is very eroded at a point that rills and interills are clearly visible in the middle slope

of the field, and the up-slope is characterized by strong coarse material left in place. The soil

permeability can be classified as slow to moderate slow.

C. Eucalyptus plantation field located in Kirehe district , Kirehe sector. The field has 48% (25.8°)

slope gradient and 8.40 m slope length. Coarse Fe-Mn concretions are found on-site, and
visible rills and interills can be observed on some isolated areas. The soil structure is a weak,

fine, medium, and coarse subangular blocky. The soils are very eroded at a point that strong

coarse materials are left on-site. The soil permeability can be classified as moderate to

moderate rapid.

5 Very a. Grassland located in Kirehe district, Gatore sector. The field has 17% (9.8 ) slope gradient

high and 13.20m slope length. Very coarse and rock materials appear on surface. Sheet erosion
ca n be observed on some isolated areas, and surface crust is evident. The soil structure is

massive and very compacted. The soil permeability can be classified as impermeable to very

slow.

b. Sucalyptus plantation field loca ted in Ngoma district, Kaza sector. The field has 43% (23°)

slope gradient and 27.20 m slope length. Very coarse and rocky materials are observed from
the soil surface. Sheet erosion, rill erosion, and sediments deposition are evident on site.

The soil structure is moderate, medium, coarse and very coarse angular blocky. The soil

permeability can be classified as slow to moderate slow.

C. Cassava field located in Ngoma district, Rukira sector. The field has 43% (23°) slope
gradient and 11.60 m slope length. The soils are eroded at a point sheet erosion and rill
erosion are evident, and strong very coarse materials are left on-site. The soil structure is a

moderate, medium, coarse and very coarse subangular blocky. The soil permeability can be

classified as very slow to slow.

a, b, c: repetitions for each erosion risk class;
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Instrumentation
The following tools and material were used to identify and locate the erosion risk classes on-
site:

• Mobile GIS system using IPAQ's and ESRI ArcPAD software connected to a
bluetooth GPS;

• Topographic maps, of the upstream Rusumo
• Soil erosion risk map of the upstream Rusumo
• A portable rainfall simulator with following technical specifications:

o Magnitude of rain simulation : 18 mm
o Duration of rain simulation : 3 min
o Intensity of rain simulation : 6 mm/min
o  Fall height of drops : average 400 mm
o  Diameter of drops : 5.9 mm
o Mass of drops : 0.106 g
o  Number of capillary tubes : 49
o Kinetic energy of rain : 4 J m mm'
o Kine tic energy of rain shower : 72 J m'
o Surface area of test plot : 0.0625 m
o Slope of test plot : Max 40%

A composite soil sample was taken on 10 spots within a 3 m radius from the point of
measurement using auger. The soil sample was analysed in the laboratory for organic matter
content and soil texture (particle size distribution).
Soil structure and soil permeability were estimated using a field book guidelines as described

by in USDA.
Inclinometer and decametre were used to measure the slope gradient  (S in degree) and
length (L in meter), respectively.
Land use or agricultural practice  (P)  was observed and a given value was attributed
accordingly.

Map layout

The layout mapping process was done using ArcGIS ArcMap tools.

The definition of a grid system for printouts at a scale of 1:100 000 was done manually to
ensure a maximum printing area on AO format, together with a minimum number of tiles to
be produced and printed out.
It was possible to come out with a minimum of 12 tiles to cover the whole Kagera basin, as
specified in the location diagram below:
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Figure 22 : Adjoining sheet index system for the Kagera basin 1 :100 000

All tiles are produced in PDF high resolution (300 dpi) for quality printing in AO on a plotter.

For the printouts at a scale of 1 :400 000, no tiling system was needed as it can fit on only
one AO page.

Each map comprises the following elements:
• Legend(s),

• Grid lines,

• North arrow,
• Adjoining sheet index,

• Scale bar,

• Scale text,

• Title,
• Sheet number,

• Logos,

• Acknowledgement.
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Results

The major outputs of the methodological steps described are summarized below:

 Hydrological  maps including watersheds, sub-watersheds and drainage network;
 Statistics on Kagera basin hydrology (catchment areas, drainage lengths, longest flow

path etc);
 Kagera sub-catchments attribute table;
• A  modelling of Rusumo fa lls hydro-electric plant reservoir,  including a mapping of

the potential reservoir;
 l and cover maps,  presenting land cover classes focusing on vegetation cover;
• Land cover classes statistics;
•  Run-off Erosivity maps (Stream Power Index);
•  Erosion Risk maps (Sediment Transport Index);
•  Erosion Risk using the modified ICONA model  on the upstream two first sub-

catchment of Rusumo Falls;
•  Erosion risk statistics  for Upstream Rusumo falls.

Hydrological parameters

Main outputs

The main results of the hydrological analysis are a set of hydrological maps, including
watersheds, sub-watersheds and drainage network, at scale of 1: 100 000.

The final output maps are:
• 12 maps at a scale of 1:100 000 (named  hydro_100_tilenumber.pdf)
 1 map at a scale of 1:400 000 (named  hydro_ 400.pdf).
The maps are stored in annex and in PDF files in the folder  \NVE\MAPS\Hydrology.

Kagera basin

The hydrological processing package allows extracting several useful statistical parameters,
first on the whole Kagera basin as detailed in the following tables:

Figure 23 : Kagera basin hydrological parameters

Catchment
Perimeter Catchment Total Upstream Total

(Km) Are a (Km') (Kmn) Drainage (Km)

Kagera 1 872.52 58 088.01 58 088.01 21 182.428
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Tota/UpstreamArea: The total area (m ) of the catchments that directly contribute to a
current catchment, i.e. the sum of the areas of the catchments listed in column
Upstreamli nkCatchment.

Tota/DrainageLength: The sum of the lengths of all drainages in a catchment.

DrainageDensity(m/km2) : The drainage density within a catchment as TotalDrainagel ength
I CatchmentArea

LongestF/owPathLength: The length of the longest flow path found in a catchment, from
the catchment's outlet to the most distant source on the catchment boundary, according to
the Flow direction and Flow accumulation input maps.

LongestDrainageLength: The length of the longest actual stream within this catchment.

Figure 25 : Kagera river sub-catchments hydrological parameters

Sub- Upstream Downstream Perimeter Catchment Percentage
catchments linkage linkage (km) Are a (Km) Area

4 0 19 198 4 687.53 0.81

2 0 15 188 8 191.30 1.41

3 0 19 186 10 944.24 1.88

4 0 11 169 10 264.55 1.77

5 0 16 259 13 615.12 2.34

6 0 18 318 16 599.16 2.86

7 0 15 288 20 359.25 3.50

8 0 21 332 26 557.48 4.57

9 0 14 261 18 913.51 3.26

10 0 14 415 33 447.01 5.76

11 {4} 21 421 26 445.31 4.55

12 0 15 437 4 1 674.46 7.17

13 0 18 511 53 209.60 9.16
14 {10,9} 18 241 14 359.90 2.47

15 {2,7, 12} 17 294 15 575.80 2.68

16 {5} 21 618 53 861.88 9.27

17 (15) 19 256 16 249.87 2.80

18 {13, 14,6} 19 317 22 221.73 3.83

19 {17,1,3,18} 20 408 29 795.21 5.13

20 {19} 21 557 66 568.41 11.46

21 {16,8,20,11} 0 926 77 338.70 13.31

Total Upstream Total
Drainage

Longest Longest
Subcatchment (km) Drainage (km) Density FlowPath (m) Drainage (m)

(m/km )

1 4 687.53 144.87 309.04 58 250.99 57 145.20

2 8 191.30 251.94 307.57 65 615.96 64 616.50

3 10 944.24 386.61 353.26 64 573.86 62 640.00

4 10 264.55 345.08 336.19 67 501.47 66 664 .10

5 13 615.12 486.24 357.14 95 877.77 93 515.60

6 16 599.16 505.11 304.30 107 552.19 105 072.30
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Sub- Total Upstream Total
Drainage

Longest Longest
catchments (km?) Drainage (km) Density FlowPath  (m) Drainage  (m)(m/km )

7 20 359.25 661.41 324.87 126 311.19 125 119.30
8 26 557.48 785.47 295.76 146 311.68 144 599.10
9 18 913.51 811.60 429.11 87 066.60 85 674.00
10 33 447.01 1 048.52 313.49 148 561.40 146 775.60
11 36 709.86 847.24 320.37 147 555.73 146 164.90
12 4 1 674.46 1 294.51 310.62 132 256.70 128 699.90
13 53 209.60 1 584.83 297.85 199 137.76 198 335.00
14 66 720.41 394.53 274.75 100 554.58 99 140.80
15 85 800.82 508.43 326.42 97 008.64 96 507.30
16 67 477.00 2 227.36 4 13.53 243 267.89 235 424.00
17 102 050.69 492.90 303.32 106 915.57 105 563.60
18 158 750.91 632.21 284.50 104 198.82 102 738.60
19 306 228.58 914.19 306.82 109 161.40 108 136.70
20 372 796.99 4 134.64 621.11 199 236.63 196 952.50
21 580 880.04 2 722.95 352.08 280 598.62 279 727.60

Rusumo falls hydro-electric plant reservoir modeling

The potential reservoir of the Rusumo falls power plant can be created by a proposed dam
site within a basin.

The reservoir will be a subset of cells within the dam's basin. To define the reservoir, a Map
Algebra expression that selects cells inside the basin whose elevation is less than the
proposed height of the dam, which will be 1350 and 1400 meters.

A conditional statement using CON function which syntax is:
CON(<condition>, <true_expression>, {false_expression}) is used.

Any expression that evaluates to true or false (or non-zero and zero) may be supplied as the
condition argument. If the condition evaluates to true, then the true expression is evaluated.
If the condition is false, then the false expression evaluates.

These expressions may be simple, like a single value or raster, or complex expressions
made up of multiple nested functions€"i ncluding other CON functions. If the optional false
expression is left blank and the condition evaluates to false, then CON returns NoData.
Note: In the Conditional toolset, there is a Con tool available that performs the CON
operation. However, this tool allows only one input layer. Since you have two input layers,
you will use the Single Output Map Algebra tool.

From the Map Algebra toolbox,
Single Output Map Algebra tool
Map Algebra expression:

CON([DamBasin] AND ([DamElev] <= 1350), 1350)
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CON(C:\NVE\ Vector_ data\Hydro/ogy \Rusumo _ falls\rec/ass _ sub_ 2 AND
(C:\NVE\Raster_ data\Rusumo_ reservoir\rusumo_ rese_ 2catchmerge.img <= 1350), 1350)

This CON statement translates as "If the cell is inside the basin and its elevation is less than
or equal to 1350 meters, then return a value of 1350; else return NoData". For the part about
"inside the basin", recall that Map Algebra considers any non-zero, non-

The color of the Reservoir is a shade of blue.

Two height for the dam were used, one at 1350m and the other one at 1400, depending on
the exact location of the dam.

The maps is stored in annex and in PDF file in the folder  \NVE\MAPS\
Rusumo_hydroplant_reservoir.

Land cover mapping

Main outputs

The main results of the land cover classification analysis are a set of land cover maps,
presenting land cover classes focusing on vegetation cover, at a scale of 1: 100 000.

The final output maps are:
• 12 maps at a scale of 1:100 000 (named  landcover_100_tilenumber.pdf)
• 1 map at a scale of 1:400 000 (named  lancover_ 400.pdf)

The maps are stored in annex and in PDF files in the folder  \NVE\MAPS\Land_cover.

Land cover statistics

Figure 26  :  Statistical results on Land cover

La nd c over c la sses
Number of Pixel area Perce nta ge

pixels (km? ) (%)
Water Body 904 820 918.1 1.6

Wet la nd / Marshla nd 1 643 382 1 667.5 2.9

C losed Forest 1 302 250 1 321.3 2.3

Very Hig h Ve g eta tio n Cover, Na tura l 2 543 190 2 580.5 4.4

Hig h Veg eta tion Cover, Na tural 11 4 14 763 11 582.0 20.0

High Veg eta tion Cover, Agric ultural 7 964 607 8 081.3 13.9
Med ium Veg eta tio n Cover,
Agric ultura l 19 257 457 19 539.7 33.7

Low Veg eta tion Cover, Ra ng e la nd 8 752 808 8 88 1.1 15.3
Very Low Veg eta tion Cover/Ba re
so il/Urba n 3 383 164 3 432.7 5.9

Tota l a re a 58 004.2 100
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Figure 27 : Histogram of Land cover classes and frequencies
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Erosion risk mapping

Main outputs

The main results of the erosion modelling are a set of erosion-related maps, at a scale of
1: 100 000, presenting various parameters such as erosion risk,

The final output maps are:

 Seven maps at a scale of 1:100 000 (named  SPl_100_tilenumber.pdf)  presenting the
Run-off Erosivity maps (Stream Power Index)

 One map at a scale of 1:300 000 (named  SPI_ 400.pdf)  presenting the Run-off Erosivity
maps (Stream Power Index) for the whole Kagera basin upstream Rusumo.

The maps are stored in annex and in PDF files in the folder  \NVE\MAPS\
Stream_Power _Index.

 Seven maps at a scale of 1: 100 000 (named  STI_ 1 00_tilenumber.pdf)  presenting the
Erosion Risk maps (Sediment Transport Index)

 One map at a scale of 1 :300 000 (named  STI_400.pdf)  presenting the Erosion Risk
maps (Sediment Transport Index) for the whole Kagera basin upstream Rusumo.

The maps are stored in annex and in PDF files in the folder  \NVE\MAPS\
Sediment_ Transport_lndex.

 One map of erosion map presenting the  Erosion Risk using the modified ICONA
model  on the upstream two first sub-catchment of Rusumo Falls, at a scale of 1:60 000.

The map is stored in annex and in PDF file in the folder  \NVE\MAPS\ Erosion.
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Erosion statistics

Figure 28  :  Erosion risk statistics in the upstream Rusumo falls

Soil Risk classes Number of pixels Pixel area Percentage
(km) (%)

1 : Very Low 1 051 238 12 794.2 41.7

2 : Low 933 187 11 357.5 37.0

3 : Moderate 415 690 5 059.2 16.5

4 : High 108 754 1 323.6 4.3

5 : Very High 12 220 148.7 0.5

Total area 30 683.3 100
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Figure 29  :  Measured interill erosion rate (Di) and % area coverage per soil erosion risk
class  -  Upstream Rusumo

Interill erosion (D ) is the detachment and transport of soil by raindrop impact and shallo w
overland flow (Lal, 1994). At the selected point, interill soil erodibility (Ki) and overland runoff
were measured by using the portable rainfall simulator. The simulated rainfall intensity (i) is
obtained after calibration of the apparatus. lnterill soil loss (Di) is therefore obtained by oven-
drying the runoff at 105°C in the laboratory. To obtain the Ki, the measured erosion rate (Di)

was divided by square of the simulated rainfall intensity (i) and the slope factor (St) (Elliot et
al. , 1989):

Where K, (Kgm s ' ) is the measured interill erodibi l ity;
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D (Kgms') is the measured interill ero sion rate or soil loss;
i (m s ' ) is the rainfall intensity;
S, is the slope factor = 1.05 - 0.858P(-0.85SING ))

The results are reported in Table 2. They represent actual values of soil erodibility and soil
loss as measured on site.

As most of the selected fields for sampling and measurements were croplands, it is also very
important to estimate the baseline interill erodibility (K;b) and rill erodibi l ity  (K ),  which
represent the values of a freshly-tilled soil (Elliot et al., 1989).
For interill erodibi lity  (K) ,  the following equations were used (Elliot et al. , 1989):

a. For cropland surface soils containing 30% or more sand, the following equation
was used :

K = 2728000 + 19210000 vfs

Where K (kg s m ) is the baseline interill erodibility;  vfs  is the fraction of very fine sand
in the surface soil. If very fine sand content is less than 0.40, a factor value of 0.40 was
used in the equation.

b. For cropland soils containing less than 30% sand, the following equation was
used:

K = 6054000  -  5513000 clay

For rill erodibi lity  (K),  the following equations were used (Elliot et al., 1989):
a. For cropland surface soils containing 30% or more sand, the following equation

was used :

K = 0.00197 + 0.030 vfs + 0.03863 exp "% or9mat

Where K rb (s m-1) is the rill erodibility; orgmat is the fraction of organic matter in
the surface soil; and vfs is the fraction of very fine sand in the surface soil. If
very fine sand content is less than 0.40, a factor value of 0.40 was used in the
equation.

b. For cropland soils containing less than 30% sand, the following equation was
used to estimate the rill erodibility:

K,b = 0.0069 + 0.134 exp - 20 clay

Where clay is the fraction of clay in the surface soil.
All the results are reported in Table 2.

Table 2: Mean values of Di, Ki, Kr, STI and overland flow per erosion risk class

Measured Measured Sediment
Runoff

Class of
Di Ki K Ka index (%) -

erosion risk
(r ha' y' ) (T ha' y ' )

(kg s m) (s m' )
(STI)

Overland
flow

Very low 0 0 4,014,190 0.0023 0.8 0

Low 69 2 3,903,930 0.0028 1.9 10

Moderate 143 4 4,050,943 0.0031 4.0 27

High 204 5 10,412,000 0.0511 13.1 55

Very high 467 7 10,412,000 0.1409 21.5 61
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Table 3: Suggested limits for baseline values for Kib and Krb for croplands

Kib (kgs m ") Krb (s m ')
Minimum Value 500,000 0.002
Maximum Value 12,000,000 0.050
Source: Elliot et al. (1994)

Prediction of erosion and sediment yield in upstream Rusumo falls

Linear relationship of runoff erosivity (SP/) and measured sediment yield (Di)

The Modified ICONA Model has shown moderate to high erosion risk occurring directly
upstream Rusu mo. Based on composite measured sediment yield (Di - T ha' y' ) at different
sites in the sub-catchment direct upstream Rusumo, the Generalized Linear Model (GLM)
has been derived from a linear regression between measured sediment yield (Di) and runoff

erovisity (SPI). The resulted equation can therefore be used to predict erosion and sediment
yield based on the rainfall erosivity.

Sediment Yield (Di) = 0 .8338$ PI -  19 .336
R? =  0.7727

500
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5 400..
-= 350a
5 300

"' 250"'g

G 200
Cl) 150,:,
Q)

10 0..
::i

"'re 50Q)
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Runoff ef' O S l vtty {SP lt

Figure 30 : Linear relationship between runoff erosivity and sediment yield

Linear relationship between erosion ratio index (STI) and measured sediment yield

The same model was also used to derive a linear regression equation between measured
sediment yield (Di) and sediment transport index (STI). The resulted equation can therefore
be used to predict erosion and sediment yield based on soil loss.
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Sediment Yield (DI) = 19 .595 STI + 14 .929
R = 0 .9282
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Figure 31: Linear relationship between sediment transport index and measured sediment yield

Both equations have revealed a strong correlation (R2= 0.772 for SPI; and R2=0.9282 for
STI)., and can therefore be used to predict soil loss in terms of sediment yield for the entire
upstream Rusumo falls using ILWIS script as shown in the final map (figure 32):

:»"2'71J'E 30 300 E .l'.)"4 (1(1"£ :»"4'71J'E

&yI a ll+ El.. Ehl a- +h i---- he 4 ..

],' 1+ ,w{'mph. "i-pee lg_ hai[ &
..  Legend ..

Soll loss (T ha-1y-1)

- <70
LJ 70-155 155--240
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._ - >340
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Figure 32: Soil loss map of upstream Rusumo falls
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Spatial database

The spatial database final structure for both raster and vector data is shown below:

Raster database Vector database

El Cl Raster _data

ElCl Elevat ion

, [B ID hillshade

s #Anvedem_wgs84. mo

El O Erosion_modeling

+ #a den
[tl ID dem.img

1±1·ID erodibility

$ ID erodibility .img

[B ID erosion .img

[B ID erosion_Scl

[B ID erosivit y .img

[B ID protect ion.img

[B ID slope . img

!B·ID slope_Scl

[B ID soil_Scl

[B ID soilt ype .img

[±1-ID spi_Scl

[B ID veg_Scl_clip

$ ID vulneScl

ffi· ID vulner abili t y .img

Ela Landcover classif icat ion

[B ID land_cover

: 1±1-gmLand_cover .img

Ela Rusumo _reservoir

+ da hillshade

[B ID res_1350

!B· ID res _1400

[B ID rusumo_rese_2cat chmerge .img

Ela Satellite _imagery

[B ID dmc_aug07 _ka gera.img

!B· ID landsat_l 72_6 1.img

[B ID landsat_ l 72_62 .img

!B·ID landsat_172_63 .img

[BIDlandsat_173_62 .img

El O TWI_SPI_STI

!B· ID project_spi_ l

1±1·ID project_st i_ l

1±1IDproject_st i_2

[B ID spi_upst ream

+ #a si _sd
ltl ID sti_upstream

[B ID twi_upstream

vector _data

El CJAdminist rat ive

+ J u
s MAsx

s Rw
[B Cl TZ

+ us
ffi·Cl UG_RW_BU_TZ

, · 61 Boundaries, shp

(:2) cit ies_east. shp

a sub _reg_admin_units _wgs84 . shp

msub _reg_bassin_wgs84 , shp

El sub _reg_count ry _boundary _wgs84 , shp

[B Cl Africover

El O Hydrology

s a sn
s J akes
[B O River _network

[B L] Rusumo falls

[B CJWatersheds

ffi·CJWet lands

ffl Lake s_rw92 .shp

El CJRoads
. [B CJBU

+ Rw
s rz
J u

El CJSocio_eco

[B CJHealth

ffi·Cl Markets

[B CJPopulat ion

ffi·Cl Schools

[B Cl Towns

El CJSoils

[B CJBrdi

+ O R» da

[B CJTz

. [B CJUgda

El-a Vegetat ion

+ srd
[BClRwda

s r
ffi·CJUgda
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Annexes

Annex 1: Hydrological maps
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Hydrological map (sheet 6)
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Hydrological map (sheet 10)

LEæ NO.... a #a» nm+.lb $
_ ,..,_.

• Man naspated • • -  .._ I N"nl'IIA:r•r .. 1 ,.,...._

• u m a pate ,_
"""''

R af totter . ......... _ .,...,,
- n--, -, C ,_,ikftl • , ...,_c,ø,,

aears berg art o ,,.,.._.,...,..., .,,_...Cålr t

c:J Cario ........ , - ........ .,...,.

es ---"--•
: :.:::: e '

1- \ 0 ,

Scasl t 1 OD.ODD
Hydrologic al Map

a,,,,,,. Cø!:rrr,..,,.1
31\1Dr.l:"'l!"l> lllall

SHEET N. I 0

.... ._ ....... _.__.......,..
.. r:-.. .....,c ... ______

_ -... ....... ilt...._,,

56



-····..···-·....··....-··- ·- ·- ·•- -...--
Norwegian Water and Energy Directorate - Ref : NVE_report 170807

Hydrological, land cover and erosion mapping of Kagera Basin - 17.08.2007
Page 57 of 97

Hydrological map (sheet 11)
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Hydrological map (sheet 12)
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Hydrological map (whole Kagera Basin)
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Annex 2 : Land cover maps
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Land cover map (sheet 1)
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Erosion Risk map (sheet 5)
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Erosion Risk map (sheet 6)
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Erosion Risk map (sheet 7)
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Erosion Risk map (STI) for the whole upstream Rusumo falls
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Annex 6 : Erosion Risk map using /CONA model for Rusumo falls
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Annex  7  :  Rusumo hydro-plant reservoir modelling map
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dA7t{dom=value.dom;vr=0.000:1.000:0.001}=iff(isundef(S7), 0, S7/SSUM)
dA8t{dom=value.dom;vr=0.000:1.000:0.001}=iff(isundef(S8), 0, S8/SSUM)
dA9t{dom=value.dom;vr=0.000:1.000:0.001}=iff(isundef(S9), 0, S9/SSUM)
calc dA?t.'

//generate drainage fraction into each cell for each direction as a fraction of the contributing cell
dA 1{dom=value.dom;v r=0.00O: 1.000:0.001 }=iff(isundef{dA9t#[1 ]),0,dA9t#[1])
dA2{ dom=value.dom;vr=0.000: 1.000:0.001 }=iff(isundef( dA8t#[2]),0 ,dA8t#[2])
dA3{ dom=value.dom;vr=0.000: 1.000:0.001 }=iff(isundef( dA7t#[3]),0 ,dA 7t#[3])
dA4{dom=value.dom;vr=0.000: 1.000:0.001 }=iff(isundef(dA6t#[4]),0,dA6t#[4])
dA6{ dom=value.dom;vr=0.000: 1.000:0.001 }=iff(isundef( dA4t#[6]),0,dA4t#[6])
dA?{dom=value.dom;vr=0.000: 1.000:0.001 }=iff(isundef(dA3t#[7]),0,dA3t#[7])
dA8{dom=value.dom;vr=0.000:1.000:0.001}=iff(isundef(dA2t#[8]),0,dA2t#[8])
dA9{dom=value.dom;vr=0.000: 1.000:0.001 }=iff(isundef(dA 1 t#[9]),0,dA 1 t#[9])
calc dA?.*
breakdep dA?. * -force

LSUM{dom=value.dom;vr=0.0: 10000.0:0.1 = pixsize(%1)(s qrt(2)/4(
iff(dA 1 >0, 1,0)+iff(dA3>0, 1,0)+iff(dA7>0, 1,0)+iff(dA9>0, 1,0)) + 0.5°(
iff{dA2>0, 1,0)+iff{dA4>0, 1,0)+iff(dA6>0, 1,0)+iff(dA8>0, 1,0)) )

calc LSUM.* -force

//generate start map for flow accumulation
start.mpr{dom=value.dom;vr=0.000:50000.000:0.001 }=iff(isundef(% 1 ),0, 1)
calc start.mpr

//calculate the total number of contributing cells
ASUM{dom=value.dom;vr=0.00:50000.00:0.01}= Maplter(start.mpr, iff(start#<50000,

dA1' start#[1]+dA2' start#[2]+dA3' start#[3]+dA4 start#[4]+
dA6*start#[6]+dA7*start#[7]+dA8*start#[8]+dA9*start#[9]+1, start),%3)

cal ASUM.'
breakdep ASUM." -force

//Derive the specific catchment area in m2/m

CA TCH_tmp{dom=value.dom ;vr=0.00:50000.00:0.01 }=ASU M*pixarea(% 1 )/LSUM

//Filter the undefined pixels taking the predominant value
CATCH=Maplter(CATCH_tmp.mpr,iff(isundef(CATCH_tmp) and not(i s undef(%1)),

NBAVG(CATCH_tmp#),CATCH_tmp),%4)
cal CATCH.'
breakdep CATCH.' -force
setdescr CATCH.mpr Specific catchment area in m2 /m- 1

TWI_tmp { dom=value.dom;vr=0.00:5000.00:0.01)=In(CATCH/%2 100)
TWl=Maplter(TWl_tmp.mpr,iff(isundef(TWl_tmp) and not(isundef(%1 )),

NBAVG(TWl_tmp#),TWl_tmp ), %4)
calc TWI.*

//Stream Power Index (directly proportional to the stream power - exp resses the erosive power of
overland flow)

SPl{dom=value.dom;vr=0.00:500000.00:0.01 }=% 1*%2/100
calc SPI .
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//Sediment Transport Index (expresses relative effect of topography on soil loss)
STl{dom=value.dom;vr=0.00:500000.00:0.01}=(CATCH/22.13)"0.6*(sin(ATAN(%2/100))/0.0896)" 1.3

calc STI.'

breakdep SPI.' -force
breakdep STI.* -force

breakdep TWI.' -force

setdescr SPl.mpr Stream Power Index using multiple flow direction
setdescr SPl.mpr Sediment Transport Index multiple flow direction
setdescr TWl.mpr Topographic Wetness Index using multiple flow direction

//deletes auxillary files from flow accumulation
del SSUM.* -force
del S? -force
del a?.* -force

del a??.* -force
del dA?.* -force
del dA?t.* -force
del ASUM.* -force
del ASUM_tmp . " -force

del TWl_tmp.* -force
del start.mpr -force
del CATCH_tmp.mpr -force
del LSUM.mpr -force

setnextwindowrect 30, 30, ,

open SPl.mpr -noask
setnextwindowrect 60, 60,
open STl.mpr -noask
setnextwindowrect 90, 90, ,
open TWl.mpr -noask
setnextwindowrect 120, 120, ,
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