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1 Introduction

This report describes the work performed under task 4.2.9 of the EIA Feasibility Study on the
Mutonga/Grand Falls HydropowerProject.The objective and methods involved inthis task are described
below in accordance with the terms of reference set out in Acropolis Kenya Ltdand Otieno Odongo &
Partners (1995).

Objective

To prepare a plan of reservoir operation which will allow for the provision of optimal flood release to
the downstream river-dependent environments.

Methodology

Working in conjunction with the Nippon Koei Hydrologist establish a consistentdaily discharge set.
Establish the normal flooding patterns at Garissa from this daily discharge set. Perform additional
correlative assessment on selecteddaily flow at Garsen and/or Hola. Obtain andanalyse any additional
relevant meteorological (ie remote sensing) data corresponding to these flood periods. From these
analyses determine the flood release required at Grand Falls to sustain the normalpattern of flooding at
Garissa.

Review all available information on previous artificial flood release schemes.

The current report concentrates on Task (1) above, as the findings of a literature review of previous
schemes where artificial flood releases have been considered are incorporatedinto the separate report
on flood and sediment releases from reservoirs.

The data and methods employed to establish a consistent daily discharge set for the Lower Tana are
described in chapters 2 and 3. The detailed analysis of the discharge data to characterise the normal
pattern of flooding at Garissa and correspondingfloods at Grand Fallsare describedin chapter 4. Chapter
5 describes additional rainfall analyses performed to assist in the evaluating the relationship between
flooding at the two sites. Followinga discussion of the findings of the flood eventand rainfall analyses
in chapter 6. Chapters 7 and 8 comprise the conclusions and recommendations for further work.
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2 Data

The consultants visited Nairobi in July 1995 and met with theNippon Koei hydrologist and with staff
of the Ministry of Water Development (MOWD), Kenya Meteorological Department (KMD) and the
Tana and Athi Rivers Development Authority (TARDA). Followingthese discussionsseveral visits were
made to the MOWD in order to collect gauging and stage data for gauging stations on the lower Tana
River. Stage data were provided by the Nippon Koei hydrologist for six stations; 4F13, 4001, 4G06,
4008, 4009 and 4010. No reference to station 4006 can be foundin any of the reports contained in the
reference list and it is assumed that the stage data may in fact relate to station 4G04, Hola. Stage data
for one further key station, 4002 at Garsen, were subsequently collected from MOWD. The location of
these gauging stations is shown on Figure 2.1.

Current mater data were provided by Nippon Koei for station 4F13,Grand Falls. Data for stations 4001,
4002, 4008 and 4010 were subsequently collected from MOWD. Details of the data collected are given
in Table 2.1.

Table 2.1 Gauging and stage data collected from MOW!). July 1995

Station Number Station Name Period of Gaugings Period of Stage Data -

4F13 Grand Falls 07/62-01/81 1962- 1993

4001 Garissa 03/44 - 03/95 1933- 1993

4002 Garsen 03/46 - 11/91 1950- 1985

4004 Hola None available from





MOWD




4006 7 None available from 1966- 1974




MOWD




4008 Nanigi 10/74 - 09/79 1973- 1985

4G09 Ngao None available from 1973- 1985




MOWD




4010 Saka 02/84 - 05/85 1983- 1985

Stage is observed manually either once or twice a day at each gaugingstation, with twice daily readings
being more common in the two wet seasons. However, at all stationsthere are frequent gaps in the data,
and there are only a few years with complete data. Figure 2.2 illustratesdataavailability at each station,
with the figure showing the percentage of days in each year havingat leastone observed stage reading
from which daily mean flow may be computed. Data availability is best at Garissa, perhaps because the
station is close to a large town, and there are 11 complete years out of 61, with a further 21 having
greater than 95 percent daily data available (equivalent to less than 18 days missing observed stages in
any year). The key record at Grand Falls has only 3 nearly complete years out of 32 (i.e. greater than
95 percent daily data availability), and Garsen has only 4 nearlycomplete years out of 35, and 1970 is
missing completely at this station. The earlier current meter datarecorded at the gauging stations with
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longer records was provided in imperial units. This data were converted to metric format before
proceeding with any analysis.

In addition to the stage and gauging data, daily rainfall records for approximately 200 to 300 stations in
and around the Tana catchment collected by the KMD were provided by Nippon Koei to the consultants.
These data were provided in several formats, some of which required processing before any analyses
could be performed. Further details of the rainfall data used in the study are given in chapter 5.
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3 Ratings and Discharge Conversion

3.1 Review and fitting of rating curves

The existing rating curves used to derive flow from stage at eachof the five stations for which current
meter gaugings were collected were reviewed through an assessment of the goodness of fit with the
gauging data detailed in table 2.1. The ratings were taken from DFIV(1986) and Nippon Koei (I 995a)
which, apart from minor discrepancies and difference in units, are broadly in agreement. These curves
were fitted by MOWD except in the case of Saka for which curves were fitted by consultants involved
in a previous study (DHV, 1986).

Following this review new ratings were fitted to the gauging dataof each station. The gaugingswere first
assessed for any possible shifts in the relationship between stage and discharge and split into what
appeared to be periods during which this relationship remained consistent. Outliers were. inspected
carefully to assess whether any errors may have occurred in the transcription of the data: Rating curves
were then fitted to each of the periods of gauging data using the automatic fitting procedure on the
Institute of Hydrology's HYDATA hydrological database and analysis software. Curveswere fitted with
between one and three parts with the goodness of fit judged partlyby an automatically computed error
function, and partly subjectively by an experienced hydrologist.

The new HYDATA ratings were plotted against the existing MOWD curves and the gauging data. For
each station and each rating period the old and new curves were compared and a decisiontaken on which
curve to use to convert the stage data to flows. In most cases the HYDATA rating curves appear to fit
the gauging data provided more closely than the existing MOWD curves. In a minority of cases the
HYDATA and MOWD curves are virtually identical. For consistencyit was decided to select all the new
HYDATA ratings for the conversion of stage data to discharge.

Details of the review, fitting and comparison of rating curves eregiven in Appendix A.

3.2 Conversion of stage to discharge

The stage data provided by MOWD were converted to discharges using the new HYDATA rating
equations described in Appendix A. The conversion was made difficult by variations in the raw stage
data, with some days having two stage readings, some just one and others none at all. A program was
written to convert the raw stage data and to produce a single valueof discharge for each day of record.
On days with two stage readings each was converted to discharge and the mean taken. The resulting set
of daily discharges are plotted in Appendix 8.1.

The daily discharge series were carefully checked for any anomalies or suspected errors. Two types of
anomaly were apparent. The first, single days of high or low values inconsistent with adjacent values,
were easily checked by examining the stage data. In most cases the cause of these errors were obvious
and could be amended. The second type of anomaly comprise periods of apparently constant discharge.
In these cases examination of the raw stage data revealed that levelhad indeed been recorded as constant
for a number of days. These periods of data were therefore not amended although suspected to be
erroneous.

As a check on the daily discharges the values were summed to produce monthly totals and the mean
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monthly flow found. Complete months of record were compared with the values given as the 'reference
streamflows' in Nippon Koei (I 995a). This was only possible for the flow series for Grand Falls and
Garissa. The two sets of data agree well with divergences as expected according to differences between
the MOWD and HYDATA ratings. In most cases the discharge values estimated from the HYDATA
ratings curves are slightly lower than those from the MOWD curves. Scatter plots comparing the monthly
flows are presented in Appendix B.2.
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4 Flood Event Analysis

4.1 Objective

The daily discharge series at Garissa was analysed in order to establish the characteristics of flooding
at Garissa. Floods were characterised in terms of their duration, peak flow and total volume. The
objective of this analysis was to produce an estimate of the 'normal flood at Garissa. The daily discharge
series at Grand Falls was also analysed in order to isolate the flowpattern correspondingwith the normal
flood downstream at Garissa. This flow is indicative of the releaserequired from Grand Falls reservoir
to sustain an acceptable pattern of flooding at Garissa.

The daily discharge series at Nanigi and Garsen were also analysedin order to examine the relationship
between flooding at Garissa and that downstream.

4.2 Pattern of flooding at Garissa 1960 to 1993

The daily discharge series at Garissa from 1960 to 1993 was examinedin order to establish the pattern
of flooding. There is a marked seasonal pattern of river dischargewith floodsoccurring in general during
two distinct wet seasons in each year, the first during April and May and the second in November and
December. Daily discharges between 1960 and 1969 are shown in figure 4.1 whilst those for the entire
period are plotted in Appendix B. I.

In around half of the years between 1960and 1993 floods greaterthan 500 m's-' occurred in both wet
seasons. In the niajority of other years floods greater than 500 es" occurred in one or other of the two
wet seasons. However, in seven out of the 34 years there were nofloods above this threshold and out of
bank flow presumably did not occur. In probabilistic terms, andon the basis of this period of record,
there is an 80% chance that a flood over 500 m's-' will occur at least once in a year. The chance that
floods will not occur in one or other of the two wet seasons isaround 0.5 in any one year.

There appears to be a degree of clustering in the pattern of floodingbetween 1960 and 1993 (see figure
4.2). During the 1960s there were floods greater than 500 m's.' in almost all of the wet seasons. In
contrast floods were significantly lower during the early and mid 1970s. For four years between 1973
and 1976 there were no floods greater than 500 m's-' at all. Followinga period of higher floods in the
late 1970s the pattern of flooding has become more erratic. Since 1981 floods greater than 500 m1/44
have occurred in only one season or not at all in 8 out of 13 years.

The pattern of flooding in the first wet season is slightly different to that in the second. There is a slight
tendency for flood peaks to be greater in the first wet season, withthis beingthe case in 22 out of the 34
years considered. This is supported by the flood frequency curvesshown in figure 4.3 which show the
return periods associated with recorded flood magnitudes separately for the two wet seasons. At low
return periods (less than 2 years), in other words the most frequentoccurrences, flood peaks are higher
in the first wet season. However, the flood peaks of more infrequentevents, with return periods of more
than 2 years, are higher in the second wet season. The highest flood peaks recorded in each of the two
seasons are extremely similar. Peak floods of around 1600 m's'l occurred in April 1988and in November
of both 1961 and 1984.
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43 Assessment of the 'normal' flood at Garissa

Prior to any analysis it was important to establish a definition to describe the 'normal' flood, or pattern
of flooding, at Garissa. Ideally the flood should be defined in terms of a probability of occurrence, best
described by a return period. The normal flood might, for instance, be selected as that which occurs on
average once a year, with a return period of about 2 years.

Previous studies have preferred to describe the normal pattern of flooding at Garissa in terms of
magnitude and duration. The consensus normal flood has a duration of 5 days during which mean daily
discharge is over 500 This is assumed to represent the dischargerequired for out of bank flooding
to occur at Garissa and to inundatethe floodplain both upstream and downstream for a period sufficient
to maintain the environment and level of economic activity currently supported by the river regime.

This definition, although strictly describing a requirement for flooding rather than a natural pattern, is
useful because it places certain constraints on the assessment of the normal floodat Garissa. These are,
firstly, that the flood results in out of bank flow at Garissa and, secondly, that the floodplain both
upstream and downstream is inundated to an optimal extent and period of time.

In the present study it was assumed that these criteria must be satisfied by thenormal flood at Garissa.
Following a brief review of the work performed as part of previous studies the discharge value of
500m1/44was accepted as the threshold above which out of bank flow is likely to decur at Garissa. This
value was identified from a change in slope in the rating curve for Garissa gaugingstation and from a
comparison of bank height and river water levels using the RIVMOR morphological model (Delft
Hydraulics, 1994). It is also reported that this value agrees with local records (Nippon Koei, I995b).

A check on the estimated threshold value of 500 m's-' for out of bank flow wasperformed by comparing
river water depths and channel cross sections published in DHV (1986). The results of a series of
gaugings include the following water depths and discharges:

Date Water Depth (m) Discharge (m's-' )
17/05/85 3.83 490.0
23/05/85 4.85 683.0
27/05/85 4.01 539.0

The nearest channel cross section (at km 510, with Garissa at km 509) indicates that bankfull height is
around 3.5-4.0 m. Given the above gaugings this appears to confirm that out ofbank flooding will occur
with a flow of around 500 m3s4at Garissa.

A further check was performed in order to examine whether, given this threshold of 500 m1/44,out of
bank flooding is a 'normal' phenomenon. The annual maximum series of floodpeaks (the largest flood
peak recorded in each year) was extracted from the daily discharge series at Garissa and plotted against
return period (see figure 4.4). The flood with peak of, or greater than, 500 m's1 has a return period of
around 1.3 years. Given that the out of bank flooding is likely to occur, on average,nearly once a year
it is fair to describe this pattern of flooding as normal.

However, in order to characterise the range of out of bank flooding which occurs at Garissa it was
necessary to take account of not just the minimum flood over the 500 m1/41threshold but of all events
with daily discharge above this value. This set of flood events is best characterised in terms of a median
flood describing the middle value of flood duration, peak and total volume whenthese are ranked from
largest to smallest. The median is an appropriate choice to represent the pattern of flooding because
exactly half the events analysed are greater than it and exactly half are smaller. Inprobabilistic terms the
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median flood, with return period 2 years, has a 0.5 chance of occurring in any year. The mean flood is
a poorer representation due to the skewed nature of the distribution of flood characteristics. It has an

estimated return period of 2.33 years and is greater in magnitude than more than half of recorded events.

The working definition of the normal flood assumed in this study is therefore given by:

The median flood of those events resulting in out of bank flooding at Garissa and which inundate the
floodplain both upstream and downstream for a period sufficient to maintain the environment and level
of economic activity currently supported by the river regime. The median of floods with at least one days

flow of over 500 m3s-1.

4.4 Estimation of the median flood at Garissa

The series of daily discharges at Garissa from 1963 to 1993 was analysed to isolate all flood events with
at least one day of flow greater than 500 rn's-'. Given that it was important that concurrent flow records

were also available for Grand Falls during each event the start date was determined by the availability

of data for this latter station.

The discharge data extracted comprised all flood events with flow greater than 500 m's-' at Garissa along
with the ten days prior to the onset of the flood. Concurrent records were extracted for Grand Falls.
Linear interpolation was used to infill a small number of single missing days of data at Garissa. Given

the more incomplete state of the discharge data for Grand Falls periods of up to 3 days were infilled by

the same method. Events with significant infilling or remaining missing days of data were not included

in further analysis due to the high degree of uncertainty over the true daily discharge values. Where the
daily discharge during a single event dropped slightly below 500 m's-1 these days were included in the

analysis. Only 6% of all flows included in the analysis were lessthan 500 m's-'.

Each flood event at Garissa was characterised in terms of its duration (number of days with flow greater
than 500 m1/44), peak flow and total flood volume. The characteristics of the 52 flood events examined

are given in Appendix C.1 and are summarised in table 4.1.

Table 4.1 Summaty characteristics offload events at Garissa greater than 500 mit'




Duration

(days)

Peak Flow

(m's-' )

Total volume

(MCM)

Maximum 47.0 1631.5 3208.6

75% percentile 18.0 1007.6 1043.7

Median 6.5 784.8 394.2

25% percentile 3.0 667.8 184.7

Minimum 1.0 504.7 47.6

The median event from the 52 analysed has duration 6.5 days, peak flow of 784.8 m's-' and total volume

of 394.2 MCM. These characteristics were assumed to represent the 'normal' flood at Garissa. For

comparative purposes it is worth noting the characteristics of the mean flood. This has duration 11.2
days, peak flow of 841.4 m1/44and total volume of 708.6 MCM. The characteristics of the mean flood
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are higher than those of the median flood because of the skewed nature of the distribution of flood
characteristics. The mean flood is less representative of the normal flood than is the median flood
because it has a longer duration, higher peak and greater total volume than morethan half of the events
analysed.

The median flood resulting from this analysis compares well with the normal or requiredflood at Garissa
specified in previous studies. The normal flood given in Nippon Koei (1995a) hasduration 7 days, peak
flow 600 m's-I and total volume 345.6 MCM for the period during which discharge is greater than 500
In3S-1.

4.5 Comparison of floods at Garissa and Grand Falls

Having estimated the median flood at Garissa the next stage of the analysis involved comparing the
concurrent discharge records of Garissa and Grand Falls in order to establish the relationship between
flooding at the two sites. Of the 52 events analysed in the estimation of the medianflood at Garissa only
34 were suitable for inclusion in this comparison, the remainder having insufficientor too much infilled
data at Grand Falls. Some of the long duration floods at Garissa were disaggregated where it was clear
that they represented a sequence of flood events that could be analysed separately.

The flow records at the two sites were compared graphically for each of the 34flood events. From this
comparison it was evident that the relationship between flooding at Grand Falls andthat at Garissa is not
constant. There appear to be four distinct types of flood, each one characterised by differences in the
relationship between discharge at the two sites. Each of the four categories is illustrated graphically.in
figure 4.5 and summarised below.

A Flood attenuates as it moves downstream. Peak flows and total volume significantly less at
Garissa than at Grand Falls.

Massive flooding at Grand Falls with much greater attenuation than in type A. Flood at Garissa
appears insignificant in comparison.

Little change in flood as it moves downstream. Flood at Garissa very similar in terms of peak
and/or volume to that at Grand Falls.

Flood increases as it moves downstream. Peak flows and total volume significantly more at
Garissa than at Grand Falls.

Of the 34 flood events analysed I I were identifiedas type A, 5 as type B, I I as type C and 6 as type D.
The distribution of each type of event over the period 1963 to 1993 is shown in figure 4.6. It is
noticeable that type B floods appear to have been confined to the 1960sand early 1970s. The apparent
lack of other events in the 1980sand 1990sis due to the patchy nature of the flowrecords for Grand Falls
over this period.

On the basis of this evidence it appears that type B floods are no longer a featureof the current flood
regime of the Tana. There is also some doubt over the validity of these events. In one example
(December 1963) losses between Grand Falls and Garissa were estimated to be 80%. Given this
uncertainty, and given that flows at Garissa were less than 500 m's-' for many type B events, these type
B events were excluded from any further analysis.

The remaining 30 floods events at Grand Falls were characterised in terms of their duration, peak flow
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and total volume. The lag time between flooding at Grand Fallsand Garissa was also estimated.These.
details are listed in Appendix C.2.

The events with characteristicsat Garissawhich were relatively similar to thoseof themedian flood were
selected in order to establish whether they were linked to a consistentpattern of flooding upstream at
Grand Falls. No consistency was evident with three of theseeventsfalling into category A and two each
into C and D. The most similar event to the median flood in eachof the three cases was examined in
order to isolate the different patterns of flooding at Grand Falls which could give rise to a median type-
flood at Garissa. Details of these three events are given in table4.2 and are shown in figure 4.7.

Table 4.2 Characteristicsof eventsrelating to median-typefloodsat Garissa




Grand Falls




Garissa(median type floods)




Type & Peak Due Volume Lag Peak Dura Volume . Losses




date (m's-' ) (days) (MCM) (days) (m's1 ) (days) (MCM)




A 1306.2 8 518.8 1 835.4 8 461.8 11.0%
26/4/79







C 679.1 8 358.1 2 770.9 8 .374.7 -4.6%
9/12/82







-
D 671.9 6 243.8 2 840.0 6 322.5 -32.3%
28/11/82







There is clearly no single flood at Grand Falls which will give rise to the normal flood at Garissa.The
flood hydmgraph may either attenuate,as in caseA, be supplementedby additional runoff, as in caseD,
or undergo little change, as in caseC. In order to improve the definition of these three relationships all
events in each category were analysedand the median of eachtypeestimated. The resultsof this analysis
are presented in table 4.3.

Table 4.3 Median floods in eachof typesA, C and D




Grand Falls




Garissa(median type floods)




Type Peak Due Volume Lag Peak Due Volume Losses




(m1/44) (days) (MCM) (days) (mY ) (days) (MCM)




A 1460.1 10 7173 2 1002.7 10 615.8 19.6%

C 1039.5 8 448.4 1 864.7 8 473.0 3.1%

D 671.9 8 358.1 1 840.0 8 387.3 -8.3%

The median events at Garissa for eachof types A, C and D are largerthan the overall median (or normal)
event specified in section 4.3. This is due to the fact that manyof the original 52 events excluded due
to lack of data at Grand Falls were small magnitude, short duration events.
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The information in table 4.3 allows the estimation of the floodat Grand Falls relatingto the normal flood
at Garissa for each of categories A, C and D. This is assumed to be a better estimate than relying on the
relationship presented in table 4.2 which is based on a single flood event.

The normal flood at Garissa, having peak flow 784.8 m's1, duration 6.5 days and total volume 394.2
MCM, is estimated to correspond with the floods at Grand Falls specified in table 4.4 and presented
graphically in figure 4.8. Peak flows are estimated from the ratio of peaks at the two sites and volumes
from the losses between the two sites, both of which are specified in table 4.3.On the evidence of the
events examined in this analysis the duration of flooding at both sites appears to be the same.

Table 4.4 Flood characteristics at Grand Falls corresponding to the normal flood at Garissa

Type Peak (m's-' ) Duration (days) Volume (MCM)

A 1145.8 6.5 490.3

	

943.4 6.5 406.8

	

627.7 6.5 364.0

The values listed in table 4.4 can be viewed as estimates of the release required from Grand Falls to
ensure the normal flood at Garissa. Although these values are only estimates theyare important in that
they indicate that the release required at Grand Falls is not the only variable determining the flood
response at Garissa but that other factors are involved. These other factors can apparently make a
considerable difference between the release required at Grand Falls, with that estimatedfor type D flood
conditions only 75% of the total volume of the release in a type A flood.

In flood types C and D it is evident that flow downstream of Grand Falls is supplemented by additional
runoff from the Lower Tana catchment. The differences between runoff generation in each of the three
flood types were investigated fitrther through an analysis of rainfall. This is described in chapter 5.

4.6 Pattern of flooding downstream of Garissa

The analysis of flooding downstream of Garissa was based on fewer events due to the scarcity of data
for gauging stations on the lower Tana. Events were examined where reasonably complete daily
discharge series were available for the gauging stationsat Nanigi and Garsen. The short daily discharge
series for Saka does not contain concurrent data with any of the flood events analysed at the other
stations and was not included in this analysis.

Despite the shortage of data the analysis was able to reveal the general pattern of flooding at Nanigi and
Garsen. Flood hydrographs show significant attenuation as the flood moves downstream from Garissa
(see figure 4.9). The recorded peak flows and total volumes are lower at Nanigi, 79 km downstream of
Garissa, and still less at Garsen, a further 300 km downstream. The lag time between the onset of
flooding at Garissa and Nanigi is less than one day but appears to be at least four or five days from
Nanigi to Garsen.

Flood discharges at Nanigi typically peak at 400-550 m's' and remain at this levelfor an extended period
rather than receding quickly as do flood peaks upstream at Grand Falls and Garissa. Losses between
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Garissa and Nanigi during flood events are in the range 20-50% with a meanof 37%. Flood hydrographs
at Garsen are further attenuated with an extremely gradual rise to peak flows which level out at around
200-300 m1/44.Losses between Garissa and Garsen are in the range 40-70% with a mean of 60%.

Given these figures the normal or median flood at Garissa may be expected to give rise to a flood
downstream at Nanigi with peak of around 400 m1/41and total volumeof 250 MCM. The flood at Garsen
would have a peak of around 200 m3s-1and an estimated total volumeof 150MCM. It was not possible
to examine the actual response at Nanigi and Garsen following a median-typeevent at Garissa due to the
lack of concurrent data for any such event. These estimates are therefore extremely speculative and
should be treated with caution.

The pattern of flooding at Nanigi and Garissa does not appear to beaffected by the relationship between
flooding at Garissa and Grand Falls. The attenuation of floods downstream of Garissa appears to occur
in a similar fashion irrespective of whether a flood is classed as type A, C or D upstream.
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Rainfall Analysis

5.1 Objective

Daily rainfall data from selectedstationswere analysed in order to assessthe extentto which variations
in the relationship between floods at Grand Falls and Garissarelate to runoff generatedby rainfall in the
Tana catchment below GrandFalls.The rainfall preceding flood eventsof type A, C and D was examined
in an attempt to characterise the rainfall corresponding with each type.

5.2 Selection of rainfall data

As described in chapter 2 rainfall datawas provided for between200and300 stations in and around the
Tana catchment. The vast majority of these lie in the headwatersof the catclunent upstream of Grand
Falls or in areas draining through lagas to the Tana downstream of Garissa. Only a snnall number of
stations lie in the area of interest draining to the river between Grand Falls andGarissa. Daily rainfall
data was extracted for 14stationslying in this areaof the Tanacatchment.The stationsare listed in table
5.1 whilst their locations are shown in figure 5.1.

Table 5.1 Details of rainfall data used in the analysis

No ID Name Area Alt

(m)

Long Lat Period

10 8937041 Lare, Mem NH 2796 37.93 E 0.33 N 1957-90

12 8937059 Maua Nyambene Hills NH 1738 37.93 E 0.23 N 1959-90

13 8937060 Meru Mucii Mukuru NH 2050 37.85 E 0.18 N 1960-90

24 8937086 Atheru Gaiti Coffee NH 1410 37.97 E 0.20 N 1974-90

25 8937089 Kathanga Primary School NH 1935 37.98 E 0.43 N 1974-90

26 8937091 Akachiu Chiefs Camp NH 1542 37.95 E 0.18 N 1974-90

27 8937092 Atheru Ruujine Coffee NH 1410 37.97 S 0.37 N 1974-90

30 8938001 Kinna Schemelsiolo NF 754 38.20 E 0.32 N 1957-90

31 8938005 RapsuScheme NF 722 38.22 E 0.28 N 1973-87

223 9038020 Usueni Dispensary, Kitui ds GF 443 38.20 E 0.15 S 1974-87

225 9038024 Nzanzeni Primary School ds GF 508 38.20 E 0.22 S 1974-87

227 9038026 K.aivirya Primary School ds GF 607 38.15 E 0.32 S 1974-87

233 9039000 Garissa Met Station Gar 138 39.63 E 0.48 S 1957-90

234 9039001 Garissa Balambala Police us Gar 205 39.07 E 0.03 S 1982-90

Key to areas:NH - Nyambene Hills, NF - Nyam benefoothills, ds GF- downstreamof Grand Falls, Gar -
Garissa, us Gar - upstream of Garissa
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Daily rainfall was extracted for each of the flood events analysedpreviously.This included rainfall
duringand for a ten day periodbeforeeachevent. Duringmostof the eventsthe rainfallrecordsof one
or more stations was missing. For ease of comparisonthe rainfallstationswere put into one of five
groupsaccordingto their location;NyambeneHills, Nyambenefoothills,intheTanavalley downstream
of GrandFalls, Garissa,andon the Tanaupstreamof Garissa.Therewas only a single station in each of
the lattertwo groups. Inthe otherthreegroupsthe mean daily rainfallof the individualsites was found
and assumed to be representativeof those areas

The daily rainfallof 28 events was examined.Onlytwo of theseeventshadrainfallrecordsforall of the
five areas. This was largely due to theunavailabilityof recordsfor station9039001, the site upstream
of Garissa. This site was largely excludedfrom the analysis describedbelow. Half of the events had
complete recordsforthe otherfoursiteswhilstthe remainderhaddataonly forthe NyambeneHills and
Garissa

5.3 Analysis of rainfall events

The rainfall events were characterisedin termsof theirduration,total rainfall,meandaily rainfalland
maximumdaily rainfall.Eventsweregroupedaccordingto thefloodtypes they correspondwith. A list
of the characteristics of the events analysedis given in AppendixD.

The median characteristicsof rainfallevents in each area foreach type of flood were estimated.The
median was estimated firstly only fromthose events for whichdatawas availablefor each of the four
areas('common'events). Unfortunatelythis halvedthe numberofevents underanalysis.Inparticularthe
number of type C and D events was dramaticallyreduced so the decision was made to examine the
rainfall of these two groups together.Inorderto examine whethertherewere differences between the
rainfall of type C and D flood events it was therefore necessary also to estimate the median
characteristics from all the availabledatafor each site, althoughno longercomparinglike with like.

The characterisationof rainfallevents in this way resulted in a largearrayof summarystatistics.The
median characteristics for each areaof the catchment duringeach type of flood event are given in
Appendix D.2. A descriptive summaryis providedbelow.

Type A floods are characterisedby heavyrainfallon theNyambeneHills, with mediandaily rainfallof
around 35 mm and total rainfall of around 200 mm. Rainfallon the foothills and in the valley
downstream of GrandFalls is low, withdaily rainfallof 4-8 mmandtotalsduringthe event of around
15-20% of that falling on the NyambeneHills.

Type C/D flood events have a lower medianrainfallon the NyambeneHills by 50 mm comparedwith
type A. Daily rainfall intensities arealso less with a medianof under30 mm/day.Rainfall in the river
valley below Grand Falls is higher beingaround50%of thatonthe Hills and withdaily intensitiesof
15 mm/day. Rainfall on the Nyarnbenefoothills is also slightlyhigherthanduringtype A events, with
total event rainfall of 20-30% of thatfalling on the Hills themselves.

There are also differences between therainfallof events of typesC and D (althoughit should be noted
these resultsare not based entirely on 'common'rainfalldata).DuringtypeD events rainfall is heavier
at all sites than during type A events. Median total rainfalldownstreamof GrandFalls and on the
Nyambene foothills is 60% and 35%respectivelyof thatfallingon the NyambeneHills. Daily rainfall
is 12-25mmat these sites duringtheseeventsbutis relativelylowat32mmonthe Hillsthemselves.Type
C events show less extreme patternsof rainfallthanduringtypeD events, but rainfallis still heavier
downstream of GrandFalls and loweron the Nyambene Hills thanduringa type A event.
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These differences between the median rainfall characteristics of rainfall events associated with flood
types A, C and D are also borne out by an examination of the range of rainfall (total rainfall and mean
daily intensities) in events of each type. Figure 5.2a shows the range (maximum to minimum) and
median of total rainfall in each area during common events of type A and types C/D. Figure 5.26 shows
the pattern of mean daily rainfall in the same fashion. The ranges of both total and mean daily rainfall
are higher during type C/D events than type A events in all areas other than the Nyambene Hills. In
contrast, the range of mean daily rainfall in the Nyambene Hills is significantly higher during type A
events whilst the total rainfall in this area covers a wider range in type A events than in type C/D events.

This general pattern of rainfall variations during the different types of event isshown in figures 5.3a-c
which present the rainfall and flow during examples of each of a type A, C and D event. In the event
during April and May 1977(type A) over 200 mm of rain fell in the Nyambene Hills.The rainfall on the
foothills and downstream of Grand Falls was only 12% and 19% of this total respectively. During the
type C event shown in November 1977 rainfall on the Nyambene Hillswas over300mm. The proportion
of this rainfall falling elsewhere in the catchment was 15% on the foothills, 28%downstream of Grand
Falls and 10% at Garissa. Rainfall in these areas relative to that on the Hills waseven higher during the
event of November 1984(type D). During this event 350 mm of rainfall fell on theNyambene Hills with
15% of this total falling on the foothills, 40% downstream of Grand Falls and at 26% Garissa.
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6 Discussion

6.1 Explanation of flood types

The analysis of flood events described in chapter 4 showed that the relationship between floodsat Grand
Falls and those at Garissa is not constant but varies in one of fourways. During type A events the flood
attenuates as it moves downstream having a lower peak and totalvolume at Garissa than at Grand Falls.
These floods might be thought of as 'classical' events. In contrast, the flood hydrograph appears to
undergo little attenuation as it moves downstream during type C floods. The pattern of flooding during
type D events is the reverse of that during type A events with higherflood peaks and volumes at Garissa
than at Grand Falls. Type B events, during which massive attenuation occurs between Grand Falls and
Garissa, were excluded from detailed analysis as they do not appear to be a current feature of the flood
regime of the river. The validity of these events is somewhat uncertain.

The rainfall analysis described in chapter 5 identified variations in the pattern of rainfall corresponding
with each of event types A, C and D. These differences in rainfall are important in determining the
additional runoff to the Tana between Grand Falls and Garissa and so directly influence not only the
change in the characteristics of a flood as it moves downstream between the two sites, but also in
consequence the volume of flood release which would be required from Grand Yellsdam. Figure 6.1
illustrates these differences.

During a type A event heavy rainfall falls on the Nyambene Hills,the highest land inthe Tana catchment
downstream of Grand Falls. Rainfall on the lower slopes of these Hills and in the Tana valley
downstream of Grand Falls is relatively insignificant.Runoff fromthe Nyambene Hills is carried to the
Tana via several tributaries, most of which appear to be ephemeral lagas, such as the Um and the
Rojewero. As flow down the tributaries is not supported by further rainfall at lower elevations
transmission losses are relatively large and the inflow to the Tana is greatly diminished. With relatively
low inflow from its tributaries the flood flow in the Tana attenuatesas it travels downstream to Garissa.

The pattern of rainfall during a type C or D event differs from that during a type A event Rainfall is
distributed over a wider area of the catchment with significant amounts falling on the foothills of the
Nyambene Hills and in the Tana valley. The wider distribution of rainfall means that, although still
heaviest on the Nyambene Hills themselves, rainfall intensities here are lower than during the more
concentrated type A rainfall. With a geater area of the catchment contributing runoff losses from
tributary inflows are proportionately less than in type A events (as mean travel time from the runoff
source to inflow into the main river is reduced). The runoff fromthese areas of the catchment therefore
represents an important component of total flow in the Tana and offsets the transmission losses and
evapotranspiration occurring between Grand Falls and Garissa. The difference between type C and D
events appears to be one of scale. During type C events losses fromthe Tana are balanced by tributary
inflows whilst during type D events the inflows are significantly greater than the losses. During some
type D flood events it is also likely that local heavy rainfall at Garissa and in the river stretch upstream
can further supplement flow in the Tana with the result that fairlyminor events at Grand Falls become
much more significant at Garissa.

According to this explanation the critical factor influencing the characteristics of flooding on the lower
Tana is the pattern of rainfall in the top end of the catchment downstream of Grand Falls. Inflow from
lagas further downstream towards Garissa is assumed to play a less significant role. This assertion is
supported by two pieces of evidence. The first is the map of meanannual rainfall in the catchment (see
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figure 6.2). This clearly shows the Nyarnbene Hills and the surrounding areas to be the most important
areas of rainfall, and hence runoff generation, in the lower Tana catchment. Meanannual rainfall is at
a maximum of over 2400 mm on the Nyambene Hills and decreases through a steeprainfall gradient to
around 600 mm on the lower foothillsand in the Tana valley downstream of GrandFalls. Mean annual
rainfall further downstream towards Garissa falls below 300 mm.

The second piece of evidence relates to the pattern of flooding downstream of Garissa. The analysis of
flooding at Nanigi and Garsen, described in section 4.6, found a consistent attenuationof floods in the
lower reaches of the Tana. This pattern of attenuation occurs irrespective of whether the relationship
between flooding at Grand Falls and Garissa is of type A, C or D. In general it appears that inflow from
lagas in these reaches of the river is not significant in relation to variations in runoff generation in the
top end of the lower Tana catchment.

6.2 Implications for flood release

The normal flood at Garissa estimated from the analysis of flood events with discharge greater than 500
in's.' (section 4.4) has a total volume of 394 MCM. The corresponding flood volumeat Grand Falls was
estimated to be 490 MCM during a type A event, 406 MCM during a type C eventand 364 MCM during
a type D event. These values may be assumed to represent the release, and hencethe reservoir storage,
required at Grand Falls to support the normal flood at Garissa.

The required storage at Grand Falls was estimated by a previous study (Nippon Koei, I995a) as 423
MCM. The results presented here are at variance with this figure and suggest that either more or less
storage is required dependingon the volume of additional runoff to the Tana downstreamof Grand Falls.
The earlier study did not identifythe different patterns of rainfall and inflow fromGrand Falls which we
now believe to be very important in flood production at Garissa and the LowerTana.

In the case of a type A flood, with relatively low tributary inflow, the estimated release required from
Grand Falls is 16% greater than that previously estimated. A release of this size should be able to
guarantee normal flooding at Garissa regardless of inflows below Grand Falls.With relatively more
runoff from tributaries of the lower Tana the release from Grand Falls could be reduced with the
additional runoff supplementing flow in the main river to produce the normal floodat Garissa. In these
circumstances, an estimated release of between 74-83% of that required in the type A situation should
be sufficient to support the normal flood depending on the extent and intensity of rainfall.

These findings suggest two alternative strategies for the release of flood flows from Grand Falls. The
first, and more straightforward, strategy is to release the flood flow which will guarantee the normal
flood at Garissa regardless of other inflows (type A release). A possible concern with this strategy is that
it could result in more extreme, and potentially hazardous, flooding than requiredat Garissa if coinciding
with large inflows from the catchment downstream of Grand Falls.

The alternative strategy is to deliberately release floods flows to coincide withtributary inflows. This
strategy would require a smaller release from Grand Falls, but is reliant on an ability to forecast runoff
generation from the top end of the lower Tana catchment, particularly from the Nyambene Hills.
Although not analysed here in detail, the lag time between rainfall in these areas and flow at Garissa
appears to be around 3-4 days. The lag time between flows at Grand Falls and Garissa was estimated as
1-2 days. This difference in lag times suggests that a strategy of flood flow release which takes into
account rainfall on the Nyambene Hills and lower slopes and in the area downstreamof Grand Falls over
the previous 1-2days would indeed be feasible. This strategy would require a systemof instrumentation
to monitor rainfall in the critical areas of the catchment and a set of release control rules governing the

•
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volume of flows released in relation to threshold rainfall values. The release of flows in accordance with
these control rules could ensure that extreme flooding would not occur at Garissa because inflows
downstream of Grand Falls were always taken into account. This approach would also have the
advantage of minimising the volumes which would have to be released from Grand Falls in order to
ensure maintenance of downstream flooding.

One further comment relates to the frequency of the normal flood at Garissa. Floods of greater than 500
m's1 currently occur in at least one of the two wet seasons in 8 out of every 10 years (see section 4.2).
However, the chance that a flood of greater than 500 rn3s4 will occur in only one wet season of any year
is estimated to be 0.5. The release of flood flows, by whatever strategy, to allow out of bank flooding at
Garissa in  everywet seasonwould therefore represent a marked improvement on the current pattern of
seasonal flooding.
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7 Conclusions

The pattern of flooding on the lower Tana river has been examined through an analysisof discharge and
rainfall records during flood events. Flood events with at least one day of flowgreater than 500 m's-' at
Garissa were analysed, with this figure taken to be the best estimate above which out of bank flow
occurs. The 'normal flood was found to be best represented by the event with median characteristics in
terms of its duration, peak flow and total volume. The median flood has an estimated duration of 6.5
days, a peak flow of 785 m's-' and a total volume of 394 MCM. It is assumed that a flood of this
magnitude will inundate the floodplain both upstream and downstream of Garissafor a period sufficient
to maintain the environment and level of economic activity currently supported by the current river
regime.

Flooding on the lower Tana occurs on a bi-annual basis, usually during April/May and November/
December. However, out of bank flooding does not occur in all wet seasons andsome years, particularly
during the 1970s, have suffered from a lack of such flooding in both seasons. The release of flood
discharges to guarantee out of bank flooding at Garissa and the inundation of the floodplain both
upstream and downstream would representa significant improvement on the currentsituation. Regulation
of flood discharges could have the added advantage of reducing the magnitudeof the more extreme, and
potentially hazardous, flood events.

Further flood event analysis revealed that the relationship between floods at Grand Falls and thosrat
Garissa is not constant but varies in one of four ways. During type A events the flood attenuates as it
moves downstream with a reduction in both peak flow and total volume. In contrast, the flood
hydrograph appears to undergo little attenuation as it moves downstream duringtype C floods whilst
peak flow and total volume increase between Grand Falls and Garissa during a type D event. Type B
events, during which massive attenuation occurs between Grand Falls and Garissa,were excluded from
detailed analysis as they do not appear to be a current feature of the flood regimeof the river

The analysis of rainfall identified variations in the pattern of rainfall correspondingwith each of event
types A, C and D. These differences in rainfall appear to play an important role in determining the
additional runoff to the Tana between Grand Falls and Garissa and hence the relationshipbetween floods
at the two sites. Rainfall during a type A event is concentrated on the Nyambene Hills and results in
relatively large losses as runoff is carried to the main river via various tributaries.The impact of these
tributary inflows on the flood flows of the Tana are relatively insignificant andthe flood attenuates as
it travels downstream. During type C and D events rainfall is more widespread over the top end of the
lower Tana catchment. The mean travel time of runoff between source areas andthe main river is less
than during a type A event with a consequent reduction in losses. Inflowsfrom tributariesbetween Grand
Falls and Garissa during these events can help to sustain a flood or even boost it to as it moves
downstream. As floods move downstream beyond Garissa they appear to attenuatein a consistent fashion
with flood peaks and total volumes falling significantly as they reach first Nanigiand then Garsen. There
appears to be no real difference in flood behaviour downstream of Garissa resultingfrom floods of type
A, C or D. This confirms that runoff generation at the top end of the lower Tanacatchment is the critical
influence on the characteristics of floods as they move downstream.

The estimated release, and hence the reservoir storage, required at Grand Fallsto support the normal
flood at Garissa varies according to the different types of flood. In the case of a type A flood, with
relatively low tributary inflow, the estimated release required from Grand Falls is 490 MCM, 16%
greater than that estimated in previous studies. A release of this size should be ableto guarantee normal
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flooding at Garissa regardless of inflows below Grand Falls, althoughthere would be a risk of generating
large downstream floods in certain circumstances with this type ofrelease pattern. With relatively more
runoff from the tributaries of the lower Tana (type C and D floods),the release from Grand Falls could
be reduced by 17-26% depending on the extent and intensity of rainfall.

These findings suggest two alternative strategies for the release of flood flows from Grand Falls.
The first, and more straightforward, strategy is to releasethe flood flow which will guarantee
the normal flood at Garissa regardless of other inflows(full type A release).
The alternative strategy is to deliberately release floods flowsto coincide with tributary inflows.
This strategy would require a smaller release, and hencehave less impact upon storage at Grand
Falls, but is reliant on an ability to make short-term forecastsof runoff generation from the top
end of the lower Tana catchment. Such an approach wouldrequire a system of instrumentation
to monitor rainfall in the critical areas of the catchment combined with a set of release control
rules governing the volume of flows released in relationtothreshold rainfall values. We would
recommend adoption of this second approach, as it makesbetter used of the stored water, and
as it should prevent excessive downstream flooding whichmight occur from unexpected heavy
rainfall and runoff over the lower catchment coinciding with a flood release. -
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8 Recommendations for further work

1 More detailed quantification of inflows from tributaries to allow:

Strategy 1 - Assessment of the range of floods resulting from fixed releases as inflows from
tributaries downstream of Grand Falls vary, both during minimum normal flood
periods, and during major floods (of say greater than once in 10 or 20 years).

Strategy 2 - Identification of rainfall thresholds necessary for effective flood release.

2 Investigation into the use of remote sensing for rainfall/runoff forecasting.

3 Design of a suitable network of instrumentation and telemetry to guide effective flood releases.
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Location of gauging stations on the Lower Tana
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Figureft (continued)

Availabilityof daily mean flow data for each gauging station
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Garissa 1960-93

1960 1962 1964 1966 .1968 1970 .1972 .1974 .1976 1978 .1980 1962 19.84 1966 1968 19•90 1992

both seasons N 1st season only EH 2nd season only S neither season



1800

1600

1400

-- 1200
co
0

a1000

Flood frequency plot - Seasonal maxima
Tana at Garissa

A

A

A

Season 1
AA

800
AA ±

++
+

600 ----- - - - -
A ±
-14

400 es" 

At +-FE

200 43-fr.1-

Season 2

1 10 100
Return period (years)
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Types of flood identified from flood event analysis
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Distribution of flood events analysed
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Flood hydrographs 25/04/79 - 03/05/79
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Flood hydrographs 06/12/82 - 15/12/82
Event type C
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Flood hydrographs at Grand Falls
relating to normal flood at Garissa
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Flood Hydrographs22/04177- 19/05/77
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Flood Hydrographs 01/04/79 - 04/05/79
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Location of rainfall stations used in the analysis
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Ranges of Total Rainfall
During Common Events
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Ê 300
E
-fa

c
—co
cr 200

100

12,

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I-
0

NH-A NH-C/D NF-A NF-C/D dsGF-A dsGF-C/D Gar-A Gar-CID



Ranges of Mean Daily Rainfall
During Common Events
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Typical rainfall pattern for Event Type A

Event type A - 27/04/77-09/05/77
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Typical rainfall pattern for Event Type C

Event type C - 09/11[77-28/11[77
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Typical rainfall pattern for Event Type D

Event type D - 05/11/84-17/11/84
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Effects of variation in rainfall distribution on pattern of flooding

Type A flood: rainfall concentrated on Nyambere Hills.

Losses relatively high

Type C/D flood: rainfall more evenly distributed

over top end of lower Tana catchment

Losses relatively low
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Map of mean annual rainfall in lower Tana catchment
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Appendix A - Rating Curves

A.1 Review of existing curves

Rating curves for the Tana at Grand Falls, Garissa, Garsen, Saka and Nanigi amgiven in DHV (1986).
These curves were fitted by MOWD except for the curves for Saka which werefitted by consultants.
The equations of the curves are given in imperial units except for those at Sakaand Nanigi which are
in metric. The following errors were detected:

In table 3-2a the rating for Garissa 01/08179-30106/85is in metric unitsnot imperial as stated.
In table 3-2b the range is in metres not feet as stated.
In table 3-2b part 1 of the rating for Saka 01/12184-30/06/85 is actually part 3 of the rating
for 05/10183-30/11/84. The dates of the second rating have been typed one line above the
correct position in the table.

The rating equations and curves for the Tana at Grand Falls and Garissa are reproduced in Nippon
Koei (1995a) although convened into metric units. As part of the present studya check was performed
by converting the original imperial unit equations given in DITV (1986) to metric units. The results
agreed with the Nippon Koei (1995) equations in all but one instance (part 3 of the rating for Garissa
28/11/45-16/04/50). The only other difference between the two sets of ratings is that those given in
Nippon Koei (1995) cover the period of time since the DHV(1986) study was published.

The existing MOWD rating equations are given in table A.1 and are reviewed below for each station
in turn. The curves are plotted in figures A.I to A.14 which compare the existingcurves with the new
ratings fitted on HYDATA.

R (01/08/62-15/11/63) The gaugings provided for this period are in two clusters. The curve fits both
clusters but there are no gaugings to check the fit at other levels, particularly high stages.

S (16/11/63-04/12168)The curve fits the gaugings well apart from a small numberwhich lie some way
below the curve.

T (05/12/68-31/12193) The gaugings provided suggest a good fit at low stages. However, the curve
may be overestimating at higher stages due to the influence of two suspected erroneous gaugings.

J (01/04/41-27/11/45) In the data provided there are only four gaugings during this period. These
suggest a good fit for part 1 of the curve but do not provide a check on part 2.

K (28/1145-16/04/50) The curve fits the scatter of gaugings although there is one outlier.

L (17/04/50-30/04/58) The gaugings suggest a good fit for part 1 of the curve but do not provide a
check on part 2.

M (01/05/58-21/12/61) Parts 1 and 2 fit the gaugings well but part 3 is poor,overestimating flows.
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(01/01/62-20/04/63) No gaugings were provided for this period to check the curve.

(21/04/63-09/04/70) The gaugings suggest a good fit for part 1 of the curve but only allow a check
on the lower end of the range of part 2.

(10/04/70-18/04/73) The gaugings suggest a good fit for parts 1 and 2 of the curve but do not
provide a check on part 3 .

Q (19/04173-31/07/91) Part 1 fits the gaugings well but part 2 may be underestimating flows. One
suspected erroneous gauging was amended (see table A.2).

R (01/08179-30/06/85) and S (01/08179-29/03/85) These curves are identical except that the period
covered by S is slightly shorter due to the inclusion of data after29/03/85 with more recent gaugings
for curve T. Both parts of the curve appear to fit the gaugings well.

T (30/03/85-31/12/94) The gaugings suggest a good fit for bothparts 1 and 2 although most of the
scatter lies above the rating curve.

4

(16/09/50-11/12/62) The rating curve fits the gauging data well.

T 12/12/62-31/12/80) Part 1 of the curve fits the gaugings well at low values of stage but may be
overestimating flows above this. The gaugings provided do not allow a check on part 2 of the rating.
Four suspected erroneous gaugings were amended (see table A.2).

T (15/10173-05/12118) Both parts I and 2 of the curve fit the gaugings well except for four outliers.
These four gaugings were amended (see table A.2).

S (05/10/83-30/11/84) The curve appears to fit the gaugings wellalthough perhaps overestimating flow
at low stages.

T (01/12/84-30/06/85) The curve fits the three gaugings provided for this period well but does not
allow estimation of flows at stages below 2.0 metres.

A.2 Fitting of curves on HYDATA

New rating curves were fitted to the gauging data of each station. The gaugings were first assessed
for any possible shifts in the relationship between stage and discharge and split into what appeared
to be periods during which this relationship remained consistent These periods are broadly the same
as those used in the existing MOWD ratings although in the case of Grand Falls and Garissa several
of the new rating periods span two or more of those used in the development of the existing ratings
(eg rating A is concurrent with ratings J,K and L). The ratingperiods for curves at Garsen are also
slightly different to the existing ones, starting earlier and finishing more recently, reflecting the
provision of both earlier and later gaugings than were covered by the existing rating periods.
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Table A.I Existing MOWD rating equations

Station Rating Period Ran e Constants
Low High a

metres metres
Grand Faits R 01/08/62-15111/63 0.000 99.990 28.082 1.882

16/11/63-04112/68 0.762 2.118 49.880 1.007
2.118 5.059 28.617 1.747
5.059 13.715 15.368 2.130

T 5112/68-31/12193 0.003 2.865 58.655 1.060
2.865 12.191 19.893 2.087

Garissa J 01104/41-27/11/45 0.244 3.075 75.008 1.519
3.075 5.486 22.121 2.606

28/11/45-16/04/50 0.305 2.012 52.798 1.408
2.012 3.414 32.992 2.081
3.414 5.181 12.151 2.895. -

17/04/50-30/04/58 0.549 2.194 61.177 1.459
2.194 4.191 43.810 1.884
4.191 7.010 4.257 3.511

M 01/05/58-31/12/61 0.792 1.524 45.657 1.310
1.524 3.962 33.692 2.031
3.962 7.010 4.739 3.455

01/01/62-20/04/63 0.640 4.191 101.896 1.294
4.191 7.010 4.257 3.511

21/04/6349/04110 0.610 3.261 55.710 1.849
3.261 6.096 32.478 2.305

10104/70-18/04173 0.152 1.451 86.566 1.322
1.451 3.109 75.336 1.695
3.109 4.572 39.730 2.259

19/04113-31/07179 0.305 1.829 59.681 1.677
1.829 5.791 56.471 1.768

R 01/08/79-30/06/85 0.100 3.000 26.580 2.359
3.000 6.000 41.260 1.959

01/08179-29/03/85 0.000 3.000 26.580 2.359
3.000 99.000 41.260 1.959

T 30/03/85-31/12/94 0.000 1.800 38.910 1.931
1.800 99.000 30.531 2.343

Garsen S 16109/50-11/12/ 0.914 6.096 26.319 1.401
T 12/12/62-31/12180 0.914 4.572 13.976 1.816

4.572 6.096 26.319 1.401
Saka S 05/10/83-30/11 0.000 1.000 75.000 1.710 0.500

1.000 1.250 150.000 1.561 0.000
T 01/12/84-30/06/85 1.250 2.000 144.640 1.724 0.000

2.000 2.400 26.150 2.579 0.000
2.400 3.000 18.290 2.987 0.000

Nanigi T 15/10/73-05/12/78 0.020 1.070 16.840 2.020 1.000
1.070 5.500 66.990 1.270 0.000

Sources: DHV (1986) and Nippon Koei (1995)



Table A.2 - Suspected enurs and amendments to gauging data

Station Date of gauging Suspected error Suggested amendment

4F13 Grand Falls* 17108/63 h = 2.21m h = 1.21 m

04/05/66 h = 4.15 in h = 5.98 m

03/06/66 h = 1.17 m h = 3.00 m

15/04/71 h = 2.44 m h = 1.44 m

18/10/71 Q = 4.01 in3s4 h = 40.01 m's'

19/02/74 h = 3.42 m h = 1.03 m

03/08/77 h = 2.33 in h = 3.33 m

01/08/79 h = 2.78 m h = 1.78 rn

4001 Garissa 11/05/73 Q = 523.78 m3s-' Q = 123.78 m3s4

4002 Garsen 06/03/74 h = 2.009 m h = 1.009 m

07/03174 h = 1.999 m h = 0.999 m

08/03/74 h = 1.999 m h = 0.999 m
..

20/08/82 h = 0.79 m h = 2.79 m

4008 Nanigi 10/06/78 h = 3.94 in h = 2.94 m

17/07178 h = 3.34 In h = 2.34 in

25/08/78 h = 0.9 m, V = 2.68 ms-I h = 1.68 rn, V = 0.9 ms4

28/09179 h = 0.41 m, V = 2.05 h = 1.05 m, V = 0.41 ms-I
MS1

* Suggested amendments to gaugings at Grand Falls were madeon the basis of evidence supplied by
staff at MOWD whilst the consultant was in Nairobi.

Rating curves were fitted to each of the periods of gauging data using the automatic fitting procedure
on the Institute of Hydrology's HYDATA hydrological database and analysis software. Curves were
fitted with between one and three parts with the goodness of fit judged by an automatically computed
error function but with an experienced hydrologist also exercising some degree of judgement. The
rating equations are of the form

Q = a (h - c) °

where Q is flow (or discharge) in m's' , h is stage (or level) in m, and a, b and c are constants.

The new HYDATA rating equations are given in table A.3. In most cases it was clear which curve
(1,2 or 3 parts) gave the best fit with the gauging data and only one curve is given for these rating
periods. In two instances, however, more than one curve is given for a single rating period. These are
curves B and C for Garsen and curves A, C, D, and E for Nanigi. In the former case a 1 part and a
2 part curve are compared. In the latter case the comparison isalso between 1 part and 2 part curves
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Table A.3

Station

New HYDATA rating equations

RatingPeriodRan e
Low

metres
High

metres
a

Constants




Grand Falls A 27107/62-28/01181 0.000 2.100 13.842 1.706 1.310




2.100 4.000 69.384 1.300 -0.690




4.000 10.000 39.494 1.763 -0.690

Garissa A 27/03/45-04104/59 0.000 1.900 55.225 1.344 0.009




1.900 3.750 64.200 1.718 -0.368





3.750 7.000 17.624 2.800 -0.368




05/04/59-03/03/64 0.000 3.500 6.528 2.800 0.965





3.500 7.000 104.562 1.567 -1.035




04/03/64-22/04/70 0.000 2.150 106.199 1.300 -0.385





2.150 7.000 57.847 1.835 -0.089




23/04/70-10/05/73 0.000 7.000 10.040 2.800 1.062




11/05/73-11/02/80 0.000 1.700 78.740 1.300 -0.189





1.700 7.000 107.184 1.508 -0.500




12/02/80-02/03/9 0.000 3.100 9.262 2.800 0.569





3.100 7.000 14.472 2.800 0.046
Garsen A 31/03/46-15/01/ 0.000 6.000 22.860 1.483 0.056




16/01/63-30/11/91 0.000 6.000 3.230 2.503 1.011




16/01/63-30/11/91 0.000 2.750 3.190 2.512 1.011





2.750 6.000 43.340 1.300 -0.989
Saka A 09/02/84-13/11/84 0.000 1.150 165.860 1.300 -0.019





1.150 2.340 98.520 2.037 0.232




14/11/84-29/05/85 2.340 3.000 49.600 2.300 -0.330
Nanigi A 30/10/74-09/06/78 0.000 1.750 5.150 2.800 1.552





1.750 5.500 14.731 1.855 1.770




13 10/06/78-29/09/79 0.000 5.500 44.633 1.300 -0.642




30/10/74-09106/78 0.000 5.500 28.660 1.711 0.715




30/10/74-09106/78 0.000 5.500 34.070 1.576 0.611




30/10/74-09106/78 0.000 1.750 4.740 2.800 1.614





1.750 5.500 12.840 1.899 1.770



with two of each fitted, one with the amendments to gauging data suggested in table A.2 and one with
this data excluded.

The new HYDATA rating curves are plotted figures A.1 to A.14 where they are compared with the
existing MOWD curves.

A.3 Comparison and selection of curves

The new HYDATA rating curves are plotted against the existing MOWD curves in figures A.1 to
A.14. The existing and new curves for each rating period at each station were compared in term of
the goodness of fit with the gauging data provided. In the majority of cases the HYDATA curves
appear to fit the gauging data more closely. Where both existing and new curves gave a good fit it was
decided to adopt the new ratings for consistency. Details of the comparison are given below.

Cornpatison of A with R, S and T
Although curves R, S and T all fit the gauging data provided reasonably well it was felt that there was
enough cause for concern in the ratings R and T (due to lack of gaugings and presence of possible
erroneous gaugings) to fit a single curve to the whole period. Curve A provides a satisfactory fit
through the gaugings provided.

a

Comparison of A with .1,K and L
The gaugings over the existing rating periods for curves!, K andL appear to be consistent. The single
curve A fits this combined set of gaugings better than any of the existing curves.

Comparison of B with M and N
There are no gaugings provided for the rating period of curve N-and curve M does not give a good
fit across the full range of gaugings. Curve B provides the best fit.

Comparison of C with 0
Curve C provides the best fit.

Comparison of D with P
There are no gaugings to guide the upper part of the rating. D gives the best fit with the gaugings
provided.

Comparison of E with Q
Curve E provides the best fit.

Comparison of F with R/S and T
Curves R/S and T both fit the individual rating periods reasonably well but curve F gives the best fit
for the period as a whole.

Comparison of A with S
Both curves give a good fit, use A for consistency.
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Comparison of B and C with T

Curve C gives the better fit of the two HYDATA curves for this period. Curve T gives poor fit in
region of part 2. Use curve C.

Comparison of A and C with T

With the suspected errors listed in table A.2 excluded the best fit is given by curve A.

Comparison of D and E with T

With the suspected errors listed in table A.2 amended the best fit is given by curve E but note that the
amended gaugings do not lie on any of the fitted curves. The decision was therefore taken to exclude
these gaugings and accept curve A as the best fit.

Curve B for Nanigi is not concurrent with any existing MOWD curve and is fitted against only two
points. It is unlikely to be used in converting stages to discharges.

at

Comparison of A with S

Both curves give a good fit, use A for consistency.

Comparison of B with T

Both curves give a good fit, use B for consistency.
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B.1 Plots of mean daily discharges
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C.1 Characteristics of floods > 500 cumecs at Garissa

Start
Date

Peak Duration

(days)

Cum vol

(MCM)

Start
Date

Peak
flow
(cumecs)

Duration

(days)

Cum vol

(MCM)

flow
(cumecs)




24/04/63 894.65 29 1638.64 29/10/78 648.09 5 201.54
06/12/63 701.74 5 277.66 02/02/79 528.32 1 167.23
10/04164 506.18 3 130.1 10/04/79 845.78 10 546.55
17/04/64 982.56 25 1591.26 26/04/79 835.4 9 507.93
14/04/66 693.32 6 317.3 01/05779 958.49 21 1186.92
24/04/66 740.03 18 991.53 24/05/79 860.45 26 1477.53
02/11/66 978.7 11 660.77 11/11179 1004.48 6 436.33
06/05/67 1247.31 22 1554.13 24/05/81 700.25 7 365.41
10/11/67 657.6 2 113.08 19/05/82 740.02 18 960.85
19/11/67 1097.15 22 1307.82 28/11/82 840.04 ...5 • 322.46
01/03/68 798.6 3 167.92 08/12/82 770.92 7 334.39
24/03/68 594.86 3 142.65 09/11/84 1631.48 9 620.35
05/04/68 1119.5 47 3208.59 16/05/85 519 26 1 87.81

678.1330/05/68 504.73 2 86.97 19/05/85 1 58.59
06/06/68 608.73 5 243.49 21/05/85 750.41 6 341.6
10/04/70 733.27 3 160.57 24/04/88 1626.2 1 874.35
25/04/70 1010.81 8 509.66 20/11/88 1029.75 6 360.09
06/05/70 657.19 10 446.7 23/12/88 525.21 1 85.08
22/04/71 686.53 5 247.56 27/12/88 830.77 2 115.15
29/04/71 946.75 8 422.91 17/11/89 1173.61 27 1948.68
20/05/71 616.68 6 254.81 05/01/90 716.38 4 220.22
01/11/72 1089 29 1968.38 04/04/90 1061.15 26 1901.33
07/04/77 963.85 10 623.85 01/05/90 680.54 7 348.86
27/04/77 1054.72 23 1378.54 10/05/90 680.54 14 668.97
12/11/77 1032.09 17 1095.94 14/12/92 551.13 1 47.62
31/03/78 1088.05 47 3070.38 19/12/92 562.67 1 48.61



C.2 Characteristics of floods events at Grand Falls and Garissa

Grand Falls flood statistics Lag Garissa flood statistics
Start Peak Duration Cum vol Peak Duration Cum vol
Date flow flow
at Garissa (cumecs) (days) (MOM) (days) (cumecs) (days) (MCM)

Type A floods

14/04/66 1476.7 6 617.4 1 693.3 6 317.3
13/05/67 2377.9 15 1350.9 3 1247.3 15 1014.1
22/11/68 2720.14 12 1616.1 2 1332.5 12 1138.4
04/12/68 3570.4 21 1916.9 2 1479.6 21 1756
10/04170 1108.8 4 264 2 733.2 4 198.4
09/04/77 1554.3 8 581.8 1 963.9 8 523.1
01/05/77 1436.9 9 717.3 2 1054.7 9 615.8
10/05/77 854.7 10 579.8 2 780.4 10 545.3
06/04/78 1342.6 19 1415.4 1 1002.7 19 1249
26/04/78 1460.1 21 1570.5 1 1088.1 21 1410.1
26/04/79 1306.2 8 518.8 1 835.4 8 461.8

Type C floods







02/11/66 1208 11 692.5 2 978.7 11 660.8
19/11/67 1523.8 20 1198.5 2 1097.2 20 1192.5
25/04170 1342.6 8 520.6 1 1010.8 8 509.7
06/05170 559.9 5 224.8 2 504.9 5 217.2
13/05/70 774.7 3 156.6 2 657.2 3 144.7
12/11/77 993.6 4 214.8 1 703.4 4 203.2
16/11/77 1417.2 13 895.8 1 1032.1 13 869.9
09/05/79 1355.5 14 729.9 1 958.5 14 795.9
11/11/79 1085.3 6 376.2 1 1004.5 6 436.3
24/05/81 681.4 7 336.6 1 700.3 7 365.4
22/05/82 769.7 15 857.1 1 740 15 813.2
09/12/82 671.9 8 358.1 2 770.9 8 374.7

Type D floods







01/11/72 1085.3 9 578 1 1089 9




626
14/11/72 802.7 16 864 1 910.6 16 974
11/06/79 655.3 8 375.4 2 641.3 8 387.3
28/11/82 671.9 6 243.8 2 MO 6 322.5
09/11/84 506.3 9 249.2 1 1631.5 9 620.4
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Grand Falls Dam

Morphological Model Studies

1 Introduction
The catchment of the Tana River stretches between the Kenya Highlands and the Indian Ocean and has an
area of approximately 95,000 km'. The total length of the river is approximately 1,000 km. The rainfall
pattern is bi-annual with most of the rainfall occurring in the upper and middle parts of the catchment. In this
area the tributaries of the river are perennial. Lower in the catchment the rainfall decreases significantly and
tributaries only flow seasonally.

In the past a number of reservoirs have been constructed in the upper catchment which have had the impact of
regulating flows in the river.

The present study considers the morphological impact of the proposed Lower Grand Falls dam on the
morphology of the river downstream. By the nature of reservoirs, sediment is trapped in the reservoir itself,
denying sediment to the reach downstream, while the river flows downstream of the reservoir are also
modified. These alterations lead to changes. in the morphology of the river. The typical impact of reservoirs
is to cause degradation of the river bed downstream. This degradation continues until a new equilibrium is
established. This may take decades to achieve, or in some cases even centuries. To predict the morphological
impact of reservoirs it is now common to use numerical models which simulate the movement of water and
sediment in the river.

A tributary of the Tana River, the Kathita enters the proposed reservoir a short distance upstream of the dam.
It has been suggested that the sediment from this catchment could be diverted around the reservoir so that
instead of entering the reservoir it is diverted to the river downstream. This would enhance the sediment load
in the river downstream and so reduce the morphological impact of the reservoir. This option was
investigated using the numerical model.

2 Description of numerical model
The numerical model used in this study was Flumorph. Flumorph is a computational model developed by HR
which will predict the long-term bed level changes in rivers as the result of engineering works.

2.1 Hydraulic equations used in the model

The model is based on the St Venant flow equations together with sediment transport equation to determine
the quantity of sediment in motion and a sediment continuity equation to determine the changes in bed level.
The differential equations are solved in the numerical model using finite-difference approximations to the
differential equations. The model is a time-stepping one, that is, on the basis of knowing the bed levels in the
river at one time the model calculates the new bed level after a short time interval or timestep. By repeating
this process it is possible to predict bed levels up to any time in the future.

2.2 Boundary conditions applied in the model

In the model the topography of the river is described by a number of cross-sections. The discharges in the
river are described as boundary conditions. The discharge in the river is specified together with any tributary
flows and also flow losses through evaporation or seepage. The sediment on the bed of the river is
characterised by its size and specific gravity. At the downstream end of the model a flow boundary condition
is applied. For this study as the effect of the reservoir was not expected to propagate as far as the Indian
Ocean the model was truncated some 135 km from the sea. The downstream flow boundary condition that
was applied was normal flow.



2.3 Time-stepping procedure

At each time-step the model calculates the velocity, depth and water surface slope at each cross-section.
From this information and data on the sediment properties, the model calculates the quantity of sediment

passing each cross-section during the timestep. By using a sediment continuity equation applied to adjacent
cross-sections the changc in bed level at each cross-section during the timestep is determined. The process is

then repeated for the next timestep.

2.4 Sediment transport calculations

To calculate the sediment transport the Ackers and White sediment transport relations were used (Ackers and
White,I973). In extensive tests on a wide range of data these equations have been shown to provide
satisfactory predictions of sediment transport rates (White, Milli and Crabbe, 1973). They are applicable to

the size of sediment found in the Tana River and are appropriate for the present study as they include a
threshold of motion criterion in which for sufficiently low flows no sediment motion is assumed. Ackers and

White recommend that to represent the size of the sediment the D„ sediment size is used, that is, the size
which is exceeded 35% of the time. This is the size that was used in the numerical model.

3 Data

3.1 General data sources

To carry out this study data has been collected from a number of sources. Delft Hydraulics carried out an

extensive study of the morphology of the Tana River in the period from 1983 to 1986. This provided much
background information on the sediment processes in the Tana River. As part of the present studies Nippon
Koei and the Institute of Hydrology studied different aspects of the hydrology of the catchment. Also as part

of the present study Professor Mavuti took sediment measurements in the river in both the dry and the wet
seasons. All this data has been reviewed as part of the present work and the data used in the study of the

morphology as appropriate.

3.2 Hydrology

Nippon Koei provided time series discharge data for 35 years at the dam site for three conditions:

existing conditions,

with the proposed dam,

with the proposed dam but with artificial flood releases downstream.

As part of their studies in 1983 to 1986, Delft Hydraulics investigated the variation of discharge along the

river. By studying the stage records at

Grand Falls,

Saka,

Garissa,

Nanigi,

Hola,

Garsen and

Ngao

and converting them into discharges using rating curves, DH were able to study the change in discharge along

the Tana River. It was concluded that no significant change in discharge took place between Saka and

Garissa. Downstream of Garissa, their study showed that the discharge in the river reduced significantly as
one progressed down the river. This was attributed to seepage and evaporation losses. On the basis of their

studies they proposed an equation to describe the spatial variation of discharge along the river. In the absence
of any further data, this equation was used in the present study.



3.3 Topography

In the numerical model the topography of the river is described using cross-sections. DH, as part of their data
collection exercise, measured cross-sections of the river approximately every 5 km. In the absence of any
further topographic data these were used to describe the shape of the river. In all 95 cross-sections were used
in the model.

3.4 Sediment data

In the numerical model the properties of the sediment in the river are described by the sediment size and
specific gravity. During their data collection work, DH took and analysed sediment data from along the river.
This showed variation from section to section but there was an overall trend for the sediment size to reduce in
the downstream direction. To carry out the sediment transport calculations in the numerical model the Ackers
and White sediment transport relationship was used. This is based on the sedimcnt 1335size. On the basis of
the DH data a D35 sediment size of 0.3mm was selected to represent the sediment in the reach of the river
immediately downstream of the proposed Lower Grand Falls dam.

Sediment yield

To determine the morphology of the river it is important to specify the sediment that is entering the reach
under consideration from the upstream end. The quantity of sediment entering the reach was estimated by,
on the basis of previous HR experience, assessing the sediment yield from the catchment upstream ,

carrying out sediment transport calculations using flow characteristics from the upstream sections.

On the basis of this an upstream incoming sediment load of 2.5 million tonnes of sediment per year was
assumed. This is comparable with sediment yields determined from the sediment information that was
derived from the data for Garissa gauging station. This data showed annual sediment yields which varied
significantly from year to year within the range 0.2 to 36 million tonnes. This latter data included wash load
whereas the figure used as input to the numerical model excluded wash load, being limited to bed material
load.

To investigate that impact of diverting sediment from the Kathita catchment around the reservoir to the river
downstream, it was necessary to estimate the amount of sediment coming from the catchment of the Kathita.
It was assumed that the sediment yield of the Kathita was similar to that of the rest of the catchment. If this
option is to be pursued then it is recommended that further work is carried out to confirm this assumption.

4 Numerical model calibration

The numerical model was run to simulate existing conditions. The assumption was that under existing
conditions there is little or no morphological change. The model was run with the existing river bed levels as
initial conditions. The flow sequence used was derived from the flow records for the last 34 years. The
incoming sediment load corresponded to that from the present upstream catchment. During the calibration
process the incoming sediment load was adjusted.

Figure 1 shows a longitudinal bed profile of the initial conditions and the predicted bed level after 34 years.
Comparison of the two profiles indicates that the model predicts little or no bed level change during this
period. This is consistent with our knowledge of the present situation.

5 Model predictions



5.1 Lower Grand Falls and Mutonga Dam

The impact of the Lower Grand Falls on the river downstream is two fold. The presence of the storage

modifies the flows in the river downstream, while the reservoir also traps a significant proportion of the

sediment load and so modifies the quantity of sediment that is passed downstream. These effects are

represented in the model by modifying the two boundary conditions describing the flow and the incoming

sediment load.

Nippon Koei had carried out a simulation of the reservoir and had predicted a 34 year sequence of daily flows

with the assumption of the reservoir in place. A new flow exceedance curve was derived from these daily

flows. From the parameters of the proposed reservoir an overall trapping efficiency of the reservoir was

estimated. This indicated that the reservoir would trap approximately 94% of the incoming sediment load.

To simulate the impact of the reservoir on sediment input to the reach, therefore, the incoming sediment load

was reduced by 94%. The model was then used to simulate the morphological development of the river for 34

years after the dam is constructed.

The impact of the reservoir is to reduce bed levels in the river downstream. This reduction would normally

start at the dam itself and progress downstream. Immediately downstream of the dam the river is constrained

by the local geology and therefore degradation will not take place in this location. Downstream of Koreh

Rapids, however, the river enters the alluvium and it will then have the potential to degrade

Figure 2 compares the initial bed levels with those predicted after 34 years with the dam in place. The

chainage shown in the figure is restricted to the upper part of the river as no significant change has taken place

further downstream. Figure 3 shows the change in bed level over the 34 year period as a function of chainage.

The figure shows that the largest amount of degradation will occur in the neighbourhood of the Koreh Rapids

and then will reduce in the downstream direction. After 34 years the reduction in bed levels immediately

downstream of the Rapids will be approximately 11m. For locations further downstream there will be a delay

in the onset of degradation but then the bed will begin to degrade. As one progresses downstream the delay in

the onset of degradation will increase and the absolute magnitude of the degradation will reduce.

The reduction in bed levels will also influence water levels. Figures4 and 5 show longitudinal profiles of

water levels for discharges of 750 and 90 cumecs, respectively, while Figure 6 shows the change in water

level as a result of the reservoir as a function of chainage. The results show that after 34 years there will be a

reduction in water levels immediately downstream of Koreh Rapids of approximately 11m. This will reduce

as one progresses downstream. After 34 years the impact on water levels extends approximately 40 km

downstream from the Rapids.

5.2 Impact of artificial flood releases

There is a proposal to use artificial flood releases from the reservoir to mitigate some of the environmental

impacts of the reservoir and to help to maintain the flood plain environment. This would involve a different

pattern of discharges released from the dam. The morphological impact of this different pattern of reservoir

releases was also investigated with the numerical model. Nippon Koei provided a 34 years simulated time

series of releases from the reservoir. This was analysed to provide corresponding flow exceedance data which

was then used in the numerical model to make predictions.

Figure 7 shows a longitudinal profile of initial bed levels and predicted bed levels after 34 years. It can be

seen that the impact of the flood releases does not have a major effect on the pattern of morphological change.

The amount and extent of degradation is very similar to that shown in Figure 2. Figure 8 shows the change in

bed level against chainage. The pattern is similar to that in Figure 3. Approximately I I m of degradation

occurs immediately downstream of Koreh Rapids and the degradation extends for approximately 40 km

downstream. Figures 9 and 10 show the water levels corresponding to discharges of 750 and 90 cumecs

respectively. The change in water levels as a result of the reservoir are shown in Figure I I.



5.3 Diversion of sediment load from Kathita catchment

It has been proposed that to reduce the morphological impact of the proposed the reservoir, sediment from the
Kathita catchment that might otherwise enter the reservoir should be diverted around the reservoir to enter the

river downstream. The morphological impact of this option was investigated using the numerical model. To
represent the diversion of the sediment from the Kathita catchment an estimate was made of the sediment load

presently coming from the catchment. This sediment load was added to that estimated to be discharged from
the dam following its construction. The model was then re-run with this modified sediment load.

Figure 12 shows a longitudinal profile showing the initial bed levels and the bed levels after 34 years, while
Figure 13 shows the change in bed level as a function of chainage. It can be seen that the impact of diverting
the sediment from the Kathita is to reduce the amount of degradation from approximately llm to

approximately 9m during this period. There is a corresponding impact on water levels which is shown in
Figures 14,15 and 16.

It should be noted that the feasibility of and engineering works required to divert the sediment load were not

considered. If it is considered worth pursuing this option further then these aspects would have to be
considered in some detail. This would require detailed information on channel size, bed levels and sediment
sizes in the lower part of the Kathita and the topographic relationship of the Kathita to the reservoir and the

river downstream.

6 Discussion of results

The Tana river in the reach downstream of the proposed reservoir presently carries a significant sediment
load. The impact of the dam will be to significantly reduce the sediment input to the river downstream. In

many situations the sediment in rivers contains a wide range of sediment sizes and it is then described as
graded. In such situations the presence of a large range of sediment sizes acts to inhibit degradation. The

finer sediment is preferentially removed and the bed of the river is covered with the larger sizes of sediment.
As these are more difficult to move than the finer sediment, the degradation is reduced. The sediment in the

Tana River is relatively uniform and so there is no similar mechanism to inhibit degradation. The result of the
large reduction in sediment load and the uniformity of the sediment is that a large amount of degradation will
take place. This will take place over a long time period and will eventually affect a significant length of the

river downstream of Koreh Rapids.

The large predicted reduction in bed level downstream of Koreh Rapids will have an effect on water levels, as

demonstrated in Figures 6 and 11. It will also affect the conveyance of the channel and hence bankfull flows.
It is expected that as the bed level reduces, the discharge required to give bankfull flow will increase. This

will also affect the frequency and severity of overbank flooding. It is expected that flooding onto the
floodplain will occur less frequently and that, when it does occur, the depth of flooding will be less. This will

have an impact on those aspects of the environment that rely on flooding on the floodplain. It is also expected

that as the water levels in the channel reduce, the surrounding groundwater levels will reduce. This will also
have an impact on those aspects of the environment that rely on groundwater.

The numerical model predictions are based on the assumption that the overall shape of the channel cross-

sections remains approximately constant. In the reach immediately downstream of Koreh Rapids, however,
the numerical model predicts reductions in bed level up to Ilm. It is unlikely that the present river banks will

be able to withstand such a large reduction in bed level. The reduced bed level will have a number of effects.
It will tend to de-stabilise the banks of the river. This will lead to changes in the shape of the channel cross-

sections. It will also lead to the injection of sediment into the river from the banks. This effect is not
represented in the numerical model and will tend to slow the actual morphological change in comparison with

the rate of change predicted in the model. It will not affect, however, the final equilibrium that will be
achieved, only the time taken to achieve it.

The plan form of a river depends upon the balance between the equilibrium slope of the river, as determined

by the flow and sediment characteristics, and the valley slope, as determined by the topography of the land
(Bettess and White,I983). The impact of the dam will be to alter the sediment load in the river. This will



affect the equilibrium slope of the river, hence resulting in the reduction in bed levels discussed above. A

further impact of this change in the equilibrium conditions will be on the plan form of the river. The

reduction in equilibrium slope will reducc the discrepancy between the equilibrium slope and the valley slope.

The impact will be that in those reaches were the river presently has a braided character, the degree of

braiding will reduce and the river may become meandering in character. In those reaches were the river is

already meandering, the sinuosity of the river will reduce. This change in plan form could have a significant

impact on any infrastructure associated with the river or river banks.

7 Conclusions

A numerical model study has been carried out to determine the morphological impact of the proposed Lower

Grand Falls and Mutonga dams. The study has assumed that due to the nature of the river between the

proposed dam site and the Koreh Rapids no significant morphological change will take place in this reach.

The numerical model indicates that downstream of Korch rapids significant degradation will occur.

After 34 years the degradation will be of the order of 11m immediately downstream of Koreh rapids The

degradation will extend approximately 40 km downstream, reducing in magnitude as one progresses

downstream. Further degradation will take place after 34 years.

It is currently proposed to release artificial floods from the reservoir. This will not have a significant impact

on the morphology in comparison with the normal dam releases.

It has been suggested that the sediment from the Kathita catchment should be diverted around the reservoir to

enter the river downstream. The impact of this is to reduce the amount of degradation from approximately

Ilm to approximately 9m. In this study the feasibility of diverting the sediment was not considered nor the

engineering works required to achieve this. If this option were to be pursued then more detailed studies of

these aspects would have to be considered.

The reduction in bed levels would tend to destabilise the banks of the river, leading to changes in the shape of

the channel cross-section and the injection of sediment into the river. Neither of these effects have been

included in the present model. They are likely to slow the actual rate of change in comparison with the model

predictions but arc unlikely to affect the final equilibrium value.

The reduction in bed levels leads to a corresponding reduction in water levels. This will reduce the frequency

of overbank flooding and lead to a reduction in the groundwater levels adjacent to the river. This is likely to

have an impact on the local environment.

The change in the equilibrium conditions of the river will also induce plan form changes. Those reaches

which are presently braided are likely top become less braided and may change to a meandering plan form.

The sinuosity in those reaches that are presently meandering may reduce. This will have an impact on any

infrastructure along the banks of the river.
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Figures

Figure I Longitudinal profile existing conditions- calibration

Figure 2 Longitudinal profile of bed levels with dam



Figure 3 delta z against chainage with dam
Figure 4 Water level against chainage Q=750 cumecs
Figure 5 Water level against chainage Q= 90 cumecs
Figure 6 Change in water level as a function of chainage
Figure 7 Longitudinal profile of bed levels , flood flows
Figure 8 Bed level change, flood flows
Figure 9 water levels Q=750, flood flows
Figure 10 water levels Q=90, flood flows
Figure I I Change in water levels as a function of chainage, flood flows
Figure 12 Longitudinal profile of bed levels, Kathita sediment
Figure 13 Bed level change, Kathita sediment
Figure 14 Water level against chainage, Q=750 cumecs, Kathita sediment
Figure 15 Water level against chainagc, Q=90 cumecs, Kathita sediment
Figure 16 Change in water level against chainage, Kathita sediment
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Tana river: Lower Grand fans dam : 'Normal flow : 34 years
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Tana river. Lower Grand falls dam 'Normal flow . 34 years
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Tana river: Lower Grand falls darn - 'flood flow 34 years
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Summary

Phase 3
Mutonga/Grand Falls Hydropower Project Environmental Impact Assessment

Water quality and flushing of nutrients and particulate matter through the
proposed reservoirs

Report EX 3375
February 1996

This report forms a series of reports that will be accompanied by an overview
report covering the potential impacts of proposed dam construction for
hydropower production on the Tana River.

The report describes an assessmentof the dry and wet season water quality in
the Tana, Mutonga and Kathita Rivers and within the existing Kiambere
Reservoir in September and November 1995. It also describes the application
of a deterministic three-dimensional segmented and layered model, which was
used to predict the water qualityand flushing of nutrients and particulate matter
through the proposed Mutonga and Low Grand Falls Reservoirs.

The 3D models of the Mutonga and Grand Falls reservoirs were run in series -
one flowing into the other - andwere usedto simulate typical wet and dry season
conditions with steady 20 and 80 percentile fluvial flows, respectively.

The analysis of the Kiamberereservoirdata indicated that it trapped about 15%
of the wash load of clay particles,which areweakly flocculated by the presence
of natural salts in solution (75ppm) and settle at a rate estimated to be about 5
x 1043m/s.

The models predicted that about 60% and 85% of the suspended load of clay
particles and the associated phosphate and organic matter would be trapped,
mainly in the Low Grand Falls reservoir during typical wet and dry season
conditions, respectively. The latter figure may be overestimated as a result of
using a constant settling velocity. During floods fromthe Mutonga and Kathita
rivers, much higher, but as yet unquantified,masses of suspended silts and clay
will pass rapidy through the LG. Falls reservoir, as a cold density current,
scouring the soft bed andwill settle in the dead zone below the out take or pass
downstream through the turbines.

The modelspredicted that the two reservoirsoperating inseries would trap about
40% and 55% of the daily influx of dissolved nitrate, mainly in the Low Grand
Falls Reservoir, during typical wet and dry season conditionswith recycling of
organic nitrogen from settling detritus.

If conditions in the bed allowed optimum rates of recyclingof organic nitrogen
from seWedalgal detritus the rates would be expected to fall to about 25% and
40% in the wet and dry seasons, respectively.

The model predicted that algal growth in the surface layers would not be
significantly effected by recycling of dissolved available inorganic nitrogen into
the lower layers of the reservoir.
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Summary continued

The particulate phosphorous trapped in thesettled mud and detritus will not be
recycled easily and will not be available to phytoplanktonin the photic zone. The
model predicted that the reservoirswould trap about 95% of the relatively small
incoming loads of dissolved available phosphorousand that the surface algae
blooms in the surface layers would be limitedby lackof phosphorous.

The model predicted a 2-4m deep photiczone with variable and an acceptable
range of chlorophyll-a concentrations (ie 5-15 mg/m3) depending on light
penetration, the horizontal flux of nutrients. The model also predicted a
moderate DO sag in the deeper layers ofboth reservoirs. However,the DO sag
could deepen further with time as a resultof an accumulationof settled decaying
organic matter raising the benthal oxygen demand in the dead zones of the
reservoirs.

The model predictions are sensitve to the factors affecting the growth of the
specific algae species in the Tana Riverreservoirs which is not available, but
could be obtained from new research by HR and Dr Mavuti. The coefficients
should be tested by simulating conditionsin the existing Kiambere reservoir.

There is a needto construct rating curvesfor the fluxof suspendedmud, organic
matter and particulate and dissolved nutrients for the Mutonga and Kathita
Rivers. There is also a need for a dailyrecord of meteorological conditions and
synthesised sediment and pollution loads so that the models can be run for a
number of years including solar heating,and wind effects.

There is a need to study the detailedbehaviourof the passageof sediment laden
floods from the Mutonga and KathitaRivers throughthe reservoirs, using a fine-
gridded 3D model.

vi EX 1375 131/0195



Contents

Page

Title page
Contract iii
Summary
Contents vii

1 introduction   1
1.1 Background 	 1

	

1.1.1 Reservoir water quality   2
1.1.2 Impact on water supply andsanitation 	 3
1.1.3 Eutrophication 	 3
1.1.4 Sedimentation 	 3
1.1.5 Annual flooding downstream 	 4

2 Terms of Reference 	 4

3 Methodology 	 5

4 Sources of water, mud and pollutants
to the proposed reservoirs 	 6

4.1 Water 	 6
4.2 Mud (clay) inflows   7
4.3 Water quality of the river water  9

5 Analysis of conditions in Kiambere Reservoir  12
5.1 Late dry season survey - 27 September 1995 	 12
5.2 Early wet season survey - 13 November 1995 	 13
5.3 Mid wet season survey - 27 November 1995 	 13

6 Assumptions 	 13
6.1 Solar radiation 	 13
6.2 Oxygen balance and nutrients 	 14
6.3 Bacteria 	 14
6.4 Settling velocity of mud flocs 	 14

7 Wet season predictions   15
7.1 Mutonga Reservoir 	 15
7.2 Low Grand Falls Reservoir   17

	

Dnj Season Predictions   . 19

8.1 Mutonga Reservoir   19

8.2 Low Grands Fall Reservoir 	 20

9 Discussion 	 21

9.1 Method of using the models 	 21

9.2 Fluvial mud (clay) loads   22

9.3 Large episodic fluvial floods 	 22

9.4 Settling velocity of mud flocs 	 23

9.5 Recycling of nitrogen from settled detritalmatter 	 24
9.6 Phosphorous 	 25

vii EX 3375 01.33.93



Table contents

9.7 Changes with the ageof the reservoirs 	 25
9.8 Primary production   26
9.9 Diurnal heating 	 27
9.10 Wind effects   27
9.11 Local pollution 	 27
9.12 Comparison with phase2 predictions 	 27

10 Summary and Conclusions 	 28
10.1 Further studies 	 29

11 References   30
11.0.1 Mortality of algae 	 42

Tables
Table 1.1 Reservoir operatingcharacteristics used

in this study 	 2
Table 4.1 Flow and mudtransport statistics 	 6
Table 4.2 Mud transportthrough Kiambere Reservoir 	 8
Table 4.3 Dissolved Salts(mg/l) in the wet season

(28/11/95) 	 8
Table 4.4 Estimated mudtrapping efficiency of the

reservoirs 	 9
Table 4.5a Dry seasonriver survey 26-27 September 1995 10
Table 4.5b Early wet season survey 28 October -

13 November1995 	 10
Table 4.5c Wet seasonriver survey 25-27 November 1995 11
Table 7.1 River flowsand loads for typical wet season

condition 	 15
Table 7.2 Typical wetseason conditions -

Mutonga Reservoir 	
Table 7.3 The water quality of the outflow and

the trappingefficiency of Mutonga Reservoir -
wet season 	 16

Table 7.4 Typical wetseason conditions -
Low GrandFalls Reservoir 	

Table 7.5 Water qualityof the outflow and trapping efficiency
of the LowGrand Falls Reservoir - wet season .. 18

Table 8.1 River flowsand load for typical dry season
Conditions 	 19

Table 8.2 Typical dryseason conditions -
Mutonga Reservoir 	

Table 8.3 The waterquality of the outflow and the
trapping efficiencyof Mutonga Reservoir -
dry season	 20

Table 8.4 Typical wetseason conditions -
Low GrandFalls Reservoir 	

Table 8.5 Water qualityof the outflow and trapping efficiency
of the LowGrand Falls Reservoir - dry season . .. 21

viii EX 3375 0101645



Table contents

Table 9.1 Predicted mud trapping efficiencies
of the reservoirs   23

Table 9.2 Predicted nitrate trapping efficiency
of the reservoir 	 25

Table 9.3 Reaction constants 	 26

Figures
Figure 1.1
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 4.1
Figure 5.1

Figure 5.2

Figure 5.3

Appendix 1

Regional Location Plan of Upper Tana catchment
Mutonga Reservoir location plan
Schematic section along Mutonga Reservoir
Reservoir geometry characteristics
Low Grand Falls Reseivoir Location plan
Schematic section along Low Grand Falls Reservoir
River sampling sites
Late dry season survey of Kiambere Reservoir -
27 September 1995
Early wet season survey of Kiambere Reservoir -
13 November 1995
Mid wet season survey ofKiambere Reservoir -
27 November 1995

Water quality theory used in 3DSL

ix EX 3375 01/03/96



M
IN

N
IN

-10111111••••1•M
IIM

M
IM

IIIIM
IIM

M
IIIN

N
IM

M
I



Invasion of reservoirs and their associated waterways by aquatic weeds has
seriously reduced fish yields both upstream and downstreamof dams.

1.1.2 Impact on water supply and sanitation
The ruralcommunitiesliving around the lakes tend to use water drawn directly
from the lakesfor their drinking needs and all domesticactivities. The results of
the analysesperformedas part of the previous studies(Roggeri, 1985) indicated
that the characteristicsof all the waters of theTana Riverreservoirs were similar.

the rate of turbidity was found to be high

the populationof colifomi bacteria were highly developedand presence of
E Coli indicatedthe existence of faecal pollution

the oxygenationrate indicated that the organic decomposition activity was
low.

therewas no indicationof any traces of industrialpollution and the content
of toxic elements was found to be at an acceptable level.

due to lackof analysisof water quaritywhen thedams were built it was not
possible to determine whether their quality haddeteriorated

the waters in Lakes Masinga, Kamburdu, Kindarumawere found not to be
fit for human consumption

the useof the water for domestic purpose wasjudged to be risky and was
being increased by the lack of adequate sanitaryinstallation

1.1.3 Eutrophication
Initial studiesof pollutantsfrom the upper catchmentundertaken in the phase 2
study indicated potential problems of deteriorating water quality, largely from
agro-industrial processes and urban and pen-urban settlements. Increasing
nutrient load in the water may lead to eutrophication. High nutrient load may
lead to highweed growth, potentially impairing thefunctioning of the reservoir.
Problems associatedwith deteriorating water qualityare likely to increase with
larger reservoir options, due to longer retention time. Suggestions included
clearanceof vegetationprior to inundation, controlof land use and waste water
discharges within the upper catchment, and provisionof multi-level releases.
Further studies and specific monitoring of pollutant levels will be required,
leading to a catchment management strategy.

1.1.4 Sedimentation
Phase 2 studies Indicated that the economic fife of the proposed reservoir
options is not decreased by present sediment loads. In the area immediately
adjacent to the reservoir, increased land pressureresulting from resettlement is
likely to lead to Increased erosion. Impacts will be reduced through active
managementof the buffer zone and direct and indirectinterventions through the
extension service to promote conservation farmingsystems.

More generalmanagementof sediment load maybe possible through sediment
releaseor diversionsbuctures, although the criticalfactor remains control of land
use in the upper catchment Further sampling of dry season and rainy season
sediment loads would give a better indication of total and seasonal variations.
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For a complete seasonal pictureand for indicationsof trends in sediment load,
further studies and a full monitoringprogramme will to be necessary.

1.1.5 Annua/ flooding downstream
The major potential negative downstreamimpactsare all related to the changes
that could occur as a result of changedflow patterns, associated with storage
reservoirs. The natural river flowpattern includes bi-annual high flow or flood
periods,associated with the rainsin the uppercatchment. The effect has been
the creation of a flood plain in which the natural and socio-economic
environments have adapted to andrely on flooding and associated nutrients for
their existence.

The only potential mitigation is the deliberate release of water, partially
replicatingthe natural flooding conditions. The proposed reservoir designs will
be adapted to include the potentialfor high flow release, or for diversion of river
flow past the reservoir.

The Phase3 Studies are being undertakentoestablish more clearly the 'naturar
flood conditions, and the release volumesand periods that can replicate them.

Further studies will be required to establish the downstream flood dynamics,
including hydraulic modelling of the floodplain.

Monitoring of rainfall and flow levels will be needed to ensure optimum
management of the system balancingflood requirementswith maximised power
output.

2 Terms of Reference

HR Wallingford,was required to forecastthe likely trophic state of the proposed
reservoirs by data analysis and the useof 3D mathematical models to simulate
flushing, potential anoxic conditions, effects of settling organic matter and
recycling of nutrients, and the flux of nutrients and sediment through the
reservoirs.

To aid understanding of the behaviour of the proposed reservoirs, HR
Wallingford commissioned Professor Mavuti to supervise a water sampling
survey of the Kiambere Hydropower Reservoirupstream in the Tana River at the
same time as the river survey. The fullresultsof these survey became available
to HR on 24 January 1996.

HR were also provided with the followingdata:-

A digital ground level data set of the proposed reservoirs based on
contours at 10m intervals and 44 1:5000 scaleplans based on contours at
2m intervals

(ii) Forecast daily flows with proposed hydropower plants and reservoir
working in an optimised mode.
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1 Introduction

On 21 August 1995 Aaopolis Kenya Ltd commissioned HR Wallingford Ltd to
undertake several tasks as part of Phase 3 of an Environmental Impact
Assessment for the proposed Mutonga and Grand Falls Hydro Power Project.

This report forms part of a series of reports that will be accompanied by an
overviewreport covering the potenfialimpactsof proposeddam construction for
hydropower production on the Tana River. (Figure 1.1).

Together these reports will be presentedas an input to the JICA Study Team,
working on behalf of the Japanese International Co-operation Agency who are
funding the Feasibility Study on the Mutonga/Grand Falls Hydropower Project.
The JICA Study Team will be responsible for the production of a final report
based on these draft reports.

The conclusion of the JICA Study Team will be presentedat a Workshop due to
be held in March 1996. It is expected that the Workshop will be open to both
local and internationalgovernmentand aid agencies,NGOs and other interested
parties.

The Study is being managed through Nippon Koei Co Ltd.

1.1 Background
(I) The Tana River is the largestriver in Kenya andcontains potential for water

resources development. Hydro power generation has been developed
along the River to utilise riverflow dischargeandwater head. Power plants
have been in service from 1968. Recent reports - National Power
Development Plan (NPDP), 1992, KPLC/WB and National Water Master
Plan (NWMP), 1992 MOWD/JICA - identified two new dam schemes in
above Grand Falls.

The Japan InternationalCo-operationAgency (JICA) to Kenya and Nippon
Koeo Co Ltd are undertaking the feasibility study for the Tana and Athi
River DevelopmentAuthority (TARDA). According to the scope of work so
prepared under the discussionsof two agencies, the main objective of the
Study is to formulate an optimum development scenario and make
conclusions and recommendations for the Mutonga/Grand Falls
Hydropower Development Project.

The Study has been undertaken in three phases. Phase 1 (Initial
Environmental Examination), Phase 2 (Selection of Definitive Plan/Pre-
Feasibility) and Phase 3 (Feasibility Study). Phase 1 commenced in
February 1994. Workshop 1 was held to discuss the study results of the
Stage 1 at Embu during September 1994. The Workshop identified
negative impacts resultingfrom the project which required further study in
subsequent stages to establish appropriate mitigation measures.

Phase 2 which commenced in September 1995 included a preliminary
examination of the environmental irnpact of the dams on water quality and
flushing of nutrients and fine sedimentthrough theproposed reservoirs. Neither
the Mutongaor low Grand FallsDamwas shown to have any significant capacity
for flood control. The larger low Grand Falls Dam had some capacity for
releases of small artificial floods.
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Fra.
Table 1.1 Reservoir operating characteristics used In this study




Mutonga Low
Grand
Falls

Kiambere
built 1988

Reservoir Surface Area (km') 11 66 25

Reservoir Volume (106m3) 132 1,261 585

Rated Power Output (MW) 60 120 144

Firm Output (MW) 30.3 62.6 92

Monthly Inflow:




Average (m3/sec) 171 191 137

Max (m3/sec) 823 861




Min (m3/sec) 93 93




Power Outflow:





Average (m3/sec) 136 147




Max (m3/sec) 200 210 122

Min (m3/sec) 65 75




Monthly Spill out:





Average (m3/sec) 34 39




Max (m3/sec) 643 662




Min (m3/sec) 0 0 0

Average monthly evaporation
(m3/s)

0.78 4.74




1.1.1 Reservoir water quality
The Phase2 report (October 1995) concludedthatthe reservoirwater quality will
be determinedby both the upstream inputsof pollutantsandby processeswithin
the reservoir body. Increasing population within the upper catchment,
accompanied by Increasing urbanisation will lead to increased levels of
pollutants. The larger the reservoir thegreater trap effect on pollutants. Nutrient
levels withinthe reservoir are likely to be high; this not only has the potential to
support active fisheries, but also to stimulate the growth of aquatic weeds.

Initial assessmentsof possible fishenesbenefits were based on the output from
the upstream reservoir, although with potentially over twice the surface area of
Masinga, andwith higher temperaturesand nutrient load, productivity is likely to
be greater.

Trapped silt which was previously washed downstream as the river flowed
unimpeded to the sea. The trapped silt contains nutrients which are vital to the
survival of fisheries in the lower reaches of a river and in the sea beyond.
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3 Methodology

The small amount of existing water quality .data collected in phase 2 was
assessed and a water quality survey of the Kiambere Reservoir was specified
in collaboration with Professor Mavuti. Professor Mavuti also carried out a
parallel survey of water quality and sediment loads in the rivers specified for
other purposes.

The river surveys on three occasions were used to define the pollution loads
coming into the reservoirs as described in Chapter 4.

The surveys of Kiambere Reservoir were used to evaluate various processes
described in Chapter 5 and to design the models.

The topographical maps and information on the design of the dams and the
observed pattern of water quality in Kiambere Reservoirwere used to set up
separate schematic3D models of the Mutonga and LowGrand Falls Reservoirs
in terms of a series of in-plan segments and horizontal layers of variable
thickness. The Mutonga Reservoir was divided intoeight (8) segments, seven
of which represented the submerged Tana River Valley (Figure 3.1). The
Mutonga model had 9 layers. The base of the top layer was set at 548m, two
meters below the FSL spilling level. The lower layerswere 2, 2, 2, 2, 4, 4, 10
and 30 metres thick (Figure 3.2).

The flow to the turbines was extracted from between 520 and 530m (layer 8).
The segment boundaries were orthogonal to the existing river channel and
spaced at intervals of between 2-3km as shown in(Figure 3.1). The FSL level
is 550m. The sections were located where the flow cross-section was
constrainedby geologicalridges in the sides of the canyon. The geometry of the
model cells formed by the intersection of the layers and segments were
evaluated in terms of plan areas and widths at the cross-sections between
segments. The overall shape of the model was checked by reference to the
surface area andvolumefunctions published in thephase 2 reports (Figure 3.3).

The low Grand Falls Reservoirwas schematised into 19 segments (Figure 3.4)
and 8 layers. The top base of the layer was set at 510m, 2m below the FSL
level. The lower layers were 2, 3, 5, 10, 10, 20 and25 metres thick. The flow
to the turbineswas extractedfrom between 480 and490m in layer 6 (Figure 3.5).

The theory behindthe modelsand the particularassumptionsmade for this study
are given in Appendix I. The main assumptions aredefined in Chapter 6.

The modelswere then set up to simulate steady statetypical wet and dry season
conditions as a means of predicting the water quality in the reservoirs and the
trapping and flushing of dissolved and particulate pollutants.

The wet season conditions were selected so thatthe reservoir was full and the
flow to the turbineswas maximised (200 m3Isand220 els for Mutonga and Low
Grand Falls, respectively.) This was approximately a 20 percentile flow for the
Tana and Mutonga Rivers. The results are described in Chapter 7
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The exercisewas repeated on the thy season assuming discharges of 65 rths
and 75 m2/sthrough the turbines onthe Mutonga and Low Grand Falls Dams,
representing an 80 percentile flow condition. The results are described in
Chapter 8.

1The understanding of the behaviourof the suspended solids in the reservoir is
considered to be a key issue becauseit controls the light penetration and the
transport of particulate nutrients.

4 Sources of water, mud and pollutants

to the proposed reservoirs

4.1 Water

Catchment Tana at
Kiambere

Mutonga at 4EA7 Kathita at 4FI9

Tailrace

Average flow
(m3/s)

111 29 16

5%percentile
(m3/s)

330 160 100

90% percentile
(m3/s)

35 10 5

Average daily
mud load
(tonnes/day)

340 [100] [55]

5% percentile (4000) [550] [350]

95% percentile 50 [35] [15]

Water
temperature °C

25 21 21

(Estimate based on 90ppm)
[estimate based on 4Oppm]

The Mutonga and Kazita Rivers are relatively more flashy than the larger but
heavily regulated Tana River.
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The heavily regulated outflow of theTana River from Kiambere Reservoir and
the uncontrolled perennial flow of the Mutonga River are the main sources of I
water and pollutants to the MutongaReservoir.

Mutonga Reservoir will hardly modifythe flow of the Tana and Mutonga Rivers,
I

into low Grand Falls Reservoir which accepts flow from the Kathita (Kazita)
River, another perennial steam fedfrom the slopes of Mount Kenya.

Table 4.1 Flow and mud transportstatistics I

I

I

I

I

I



The quality and trophic state of the two proposed reservoirswill be determined
by the influx and rate of flushing or trapping of nutrientsand fine clay particles.

4.2 Mud (clay) inflows
An analysis of Professor Mavuti's 1995 river sampling exercise at the outflow
from the Kiambere Dam showed only mud (fine clayparticles) and no sand or
silt. Furthermore the mud concentrationsonly variedfrom 30-40 ppm for a three
fold change in discharge for 65 to 210 m3/s. (ie 170- 730 tonnes/day). (Figure
4.1).

The total annual inflow of mud into Mutonga Reservoir is probably in the range
of 0.2 - 0.3 million dry tonnes per year from the outflowof the Tana River from
Kiambere Reservoir. The trapping &Went of Kiambere Reservoir is assessed
below (Table 4.2).

The Mutonga River has a steep catchmentand is fedby snow melt as the water
is relatively cold (21°C) compared to the Tana River(25°C).

The 1995 analysis of the sediment yield of the Mutonga River did not separate
deflocculated clays from sands and silt. The 1995surveys appeared to show
that less than 1% of the particleswere finerthan 25p. Mud and clay particles are
less than 10p. Normally, one would expect the ratioof loads of sand and silt
and clay particles to vary differently with the discharge, the sand load varying
with a higher power.

However, the turbidity (measured in NTU's) which is a good indicator of the
concentration of clay particles, was only 35 with a discharge of 83 iths on the
Mutonga River and a reported suspended solids concentration of 20,000 ppm:
This impliesa suspended mud concentrationof only40 ppm, which is less than
1%.

At presentone can only conclude that the mud loadof the Mutonga and Kazita
rivers are very small and that most of the sediment is granular sand and silt.
This needs to be checked.

The Mutonga and Kathita rivers flow into the Mutonga and Low Grand Falls
reservoirs relativelyclose to the dam so one would expect the sand fractions to
settle out and form a delta in the reservoir which might encroach on the
bellmouth to the turbines.

The relatively cool silt and sand laden Mutonga water would flow as a density
turbiditycurrent directly into the deep water behind the dam and the suspended
matterwould be drawn into the turbinesout of the reservoir in preference to the
warmer Tana water. Likewise for the Kathita River. Neither the mud load or
nutrients and pollutants from the Mutonga River is likely to have a significant
impact on the Mutonga Reservoir. The capacity of the turbines is about 200 m3/s
which is greater than the 5%ile flow of the Mutonga River. As a result, the low
Grand Falls Reservoir will normally have to adsorb the full unmodified nutrient
and suspended sediment load of the Mutonga river.

An analysis of Professor Mavuti's observations of suspended sediment loads,
which consisted almost entirely of clay particles and some organic matter,
downstream of Kindaruma and Kiambere Dams inthe one month long dry and
wet season surveys indicate that an average 15%of the incoming fine sediment
is trapped in Kiambere Reservoir.
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Table 4.2 Mud transport through Klambere Reservoir

Kindaruma Tailrace Kiambere Tailrace




MeanMean daily Mean Mean Trapping
daily suspended daily daily efficiently

outflow loadtld outflow load %
rn3Is




m3Is t/d




Dry season 94 313 78 222




period (7/9/95 -




(94) (267) (15)
5/10/95)





Wet season 116 406 118 341 16
period (29/10/95
- 27/11/95)

(Bracketed values scaled to match inflow)
I

In pure distilledwater the individual day particles (< 2gm) repel each other and
form a colloidal solution with a negligible settling velocity. However, the

Ipresence of cations in solution of salts found in natural river water weaken the
repelling forces and allow small groups of individual particles to stick together
and form small low density flocs whichhave a finite settling velocity.

I
Table 4.3 Dissolved Salts (mg/l) inthe wet season (28111/95)

River Site Tana at Lower Lower Grand Falls I
Irira Mutonga Kathita

I

I

1

I
I

I

I
The above concentrationsare consideredto be sufficient to cause small flocs to
form.

I

I

I

I

I

Ca 6 6 6 (11)

Mg 2 3 4 2

Na 11 14 14 12

K 3 4 5 5





6

CaCO, 44 46 56 48

SO, 6 0 5 4

Fe 1 2 3 (0.03)

Discharge(m3/s) 89 83 10 330

Total dissolved
safts

73 74 89 77

Conductivity 100 100 115 110

(Ms/a11)
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The flows through Kiambere Dam were unsteady during both seasons. In the
dry season the reservoir was filling and in the wet season the outflow doubled
during the period.

One might expect the trapping of slowly settling mud flocs to be directly
proportioned to the retention time in a reservoir of similar shape. The average
retentiontime in the KiambereMutonga and Low GrandFalls Reservoirs with a
flows of 100 and 1000 m3/sare as follows. The estimated trapping efficiency
refers to clay particles travelling the full length of thereservoir.

Table 4.4 Estimated mud trapping efficiency of the reservoirs




Kiambere Mutonga Low Grand Falls

Volume (106m3) 585 132 1261

Retention time
at 100m3/s
(days)

68 15 146

Retention time
at 1000 m'Is
(days)

7 1.5 14.6

Trapping
efficiency at 100
m3/s

15%
(observed)

= 5% = 30%

Trapping
efficiency at

1.5% = 0.3% = 3%

1000 m3/s

The observations of turbidity in the Kambere Reservoirshowed that the surface
waters were dear compared to the bed water at thedeep end of the reservoir,
which indicates that the clay particles do settle withinthe reservoir.

The average settling velocity of the day flocs (groups of particles) can be
estimated approximately from the mean depth of Kiambere Reservoir which is
35m and the time of travel of 68 days at 100 m3/s. Sothe settling velocity of the
day particles is of the order of 5 x 104 m/s. A typicalvalue for fully flocculated
mud is 104 m/s.

The above estimates of the trapping efficiency combinedwith the flow duration
curve and estimates of the mud concentrations in the inflowing water at different
discharges indicate that each year about 40,000 tonnes of mud, 20% of the
annual Influx, is trapped permanently or temporarily in the Kiambere Reservoir.
The estimated trapping efficiency of the clay particlesvaried from 60% at the
10%ileflow to 3% at the 5%ile flow. However mudsettling in the deeper water
near the dam can be re-erodedby turbulencecausedby the flow into the turbine.

4.3 Water quality of the river water
Professor Mavuti successfully organised three water quality sampling surveys
of the Tana, upstream and downstreamof KiambereReservoir at trim, the lower
Mutonga River, the lower Kathita River and GrandFalls in the dry season (26-
27/9/95), the beginning of the wet season (28/10/95 - 13/11/95) and the middle
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of thewetseason(25-27/11195).TheobservedwaterqualityisshowninTables
4.5 a-c.

I

The dissolvedoxygen(DO) valueswereall closeto saturationvalues,BOD,was
in the range2-5 mg/I. The dissolvedavailableinorganicnitrogen(DAIN) (NO,

I+ NO, + NI-14)wasobservedto be NIinthe Kambere tailraceinthedry season.
However,at the sametimeitwas observedtobe 0.4 at !gradownstream.

Table 4.5a Dry Season River Survey 26 - 27 September 1995 I

pageason Discharge
mds

Temp DO BON DAIN DAIP
°C roalli mail m9/I

Turbidity
NTU I

Kiambere - 80 25 9 2.0 0.0 0.02 30
inflow KS1 (Brown)

I(27/9)

Kiambere 80 25 8.6 2.4 0.0 0.02 35
KS2 (Brown)

I
outflow
(27/9)

Tana at 86 25.0 9.0 4.5 0.4 0.01 60 I
hira (2619)

Mutonga 4.5 21.5 10.2 2.8 0.11 0.01 20

IRiver inflow
(26/9)

KathHa 2 20.0 9.0 2.2 0.11 0.01 15
I(26/9)

Grand Falls 96.4 25.0 9.0 5.0 0.02 0.01 5
(26/9)

I

Table 4.6b Early Wet Season Survey 28 October - 13 November 1995

I
1995 wet Discharge Temp DO 13005 DAIN DAIP Turbidity
season mars °C NM

Klambere 117 25.0 8.4 3.1 0.16 0.05 50 I
Inflow 13/11195 (Brown)

KIambere -100 26.0 9.3 3.5 0.16 0.5 60
Ioutflow (Brown)

13/11/95

Tana at him 89.4 25.0 10. 4.5 1.67 0.01 40
I28/10/95 3

Mutonga River (117) 21.0 9.4 4.3 1.58 0.01 35
28/10/95

I

Kathita 10.0 23.0 8.7 4.5 1.04 0.01 32
28/10/95

IGrand Falls 330 25.0 8.6 3.8 1.04 0.01 45
28/10/95

I
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Table 4.5c Wet Season River Survey 25 - 27 November 1995

Wet Season Discharge Temp DO BODs DAIN DAIP Turbidity
1995 mats °C NTW

Klambere 114 25.5 8.6 3 0.16 0.05 30
inflow (Brown)
27/11/95

Kiambere 194 25.0 9.6 3.5 0.21 0.05 30
outflow (Brown)
27/11/95

Tana at Ihra 198 25.0 9.2 2.0 041 0.03 40
25/11/95

Mutonga. 20.5 20.8 9.8 3.6 0.11 0.01 38
River
25/11/95

Kathita River 11.5 24.0 9.2 2.0 0.11 0.01 33
25/11/95

Grand Falls 391 25.5 9.9 3.9 031 0.04 45
25/11/95

There were no measurements of chlorophyll a, but values observed in the
reservoir suggest a value of 1 mg/m3 might be appropriate in the Tana River
downstream of Kiambere.
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5 Analysis of conditions in Kiambere Reservoir

HR Wallingford commissioned ProfessorMavuti to undertake three surveys in
Kiambere Reservoir simultaneously with the river water quality surveys in
September, October and November 1995.

The resultsas longitudinal sections of the temperature, DO. BOD5,total Solids,
nitrate and Chlorophyll a are illustratedin Figure 5.1a-c.

5.1 Late dry season survey - 27 September 1995
The water level in the reservoir was6m below the FSL level, because of low
antecedent river flows. The flow throughthe reservoir was about 80 :refs close
to the 40%ile value. The conditionwas one of weak flushing with a retention
time of about 60 days. The reservoirwas strongly layered as regards water
quality but there was only a weak (4°C)thermodine near the surface. The body
of the reservoir had a constant temperature of about 24°C. There was no
evidence of significant vertical mixingby wind driven currents or waves during
the surveys. The observations weremade during the day, a period of strong
solar heatingin the 2m surface layer. The Secchidisc depth was less than 2m.
Very strong cooling at night could generate an instability and cause mixing
between the surface layer and thosebelow. However, there was no evidence
of such mixing.

The observation of 21.5°C at the surface in the entrance to the reservoir was
probablyobserved early in the morning. The concentration of the water quality
variables in the plunge pool indicatethat the penstock was withdrawing water
from a layer about 40m below the water surface. However, the observations
reported a whirling undercurrent ata depth of 75m, 1km from the dam. This
suggests that the turbines could draw in water from all layers below 40m at
higher discharges. The Secohi discdepth of 1.8m indicates appreciable light
penetration and productivity to a depthof about 2 metres. The surface layers
were super saturated with oxygen inthe day time. The DO dropped to 60% of
the saturated value in the bed layernear the dam.

The BOD5concentrations were all in the range 2 - 3.5 ppm, which may have
been closeto limit of detection of themethods used. Oxidation of settling algal
detital carbon is unlikely to add to BODvalues significantly Theoretically, the
inflowing BOD5of 2ppm could reducethe DO value from 9.0 mgil at the inlet to
7.0 mg/1at the outlet. The DO valueof 5.1 mg4 in the bed layer near the dam
indicatesa relatively small benthal oxygendemand in the reservoir of less than
1 gine/day assuming a plan area of20 km2-

The suspended clay flocs in the watercolumn settle by about 30m over the 60
day retentiontime which is equivalentto a settling velocity of about 5 x 104 m/s
in the absence of vertical turbulentexchange. The month long sediment survey
indicateda trapping efficiency of 15%with a discharge of about 80-100 m3/sin
the Tana River.

However on the 27 September 1995,the concentration of suspended solids in
the outflow were slightly higher thanat the inlet and compatible with selective
withdrawal from a level about 40rn below the water surface.
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The DAIN (NO2+ NQ + NI) ) concentrations were relatively uniform in the
reservoir at a levelexceeding 14 mmol/m3(0.2 mg/I)atall depths, which may be
considered to be nutrient rich.

There was little evidence of nutrient trapping in thereservoir, despite the zero
value of nutrients observed in the plunge pool. Highervalues were observed
downstream at !rim on 26 September 1995 (Table 4.4a). The chlorophyll-a
values hardly exceeded5 mg/rn3at midday. The light intensity in the surface
layer may exceed the optimum level for growth resulting in photo-inhibition.
Chlorophyll a concentrations in the slack bed layer near the dam were about 1
mg/rn3.

5.2 Early wet season survey - 13 November 1995
The Tana River discharges were slightly higher at about 115m3/sduring the
survey on 13 November19951the 50%ile flow. Thewhole flow passed through
the turbines without spilling over the dam.

The BOD5,suspendedsolids and DAIN patterns weresimilar to the dry season
survey. There was a deeper and more eutrophic (Chl a > 15 mgim3)surface
layer extending to a depth of more than 5 metres with high levels of super-
saturation (140%). The chlorophyll-a concentrations were also higher in the
deep water.

5.3 Mid wet season survey - 27 November 1995
The inflow and outflow on the second wet season survey were higher still with
an inflow of about 20001s.

The temperature, BOD5and suspended solids patternswere unchanged. There
was a greater DO sag (24%) in the deepest part of the reservoir below the
penstock intake. The DMA concentrations were more variable • with
concentrations in the surface layer as low as 0.03 mg/l. However, chlorophyll-
a concentrations at the surface were higher at up to 18 mg/rn3.

6 Assumptions

The following assumptions were made in applying the 3D model.

6.1 Solar radiation
The solar radiationwas assumedto average 1.4 mJoules/m2 hr between 0600
and 1800 hrs and to be zero outside this period.

This value was basedon the theoretical value at theequator of 600 callcm2/day,
an average transmissioncoefficient of 0.8 and an average of 8 hours sunshine
per day.

This is equivalent to 33.5 cal/m2/hr,which is twice the optimum of 17 cal/rn2/hr
for maximum algal growth used in the model.

There was insufficient data on local mereological conditions to predict diumal
temperatures fluctuations in temperature in the surface layer. The buoyancy
effectwas simulatedbyassumingnegligiblevertical turbulenceexchange across
the thermocline at about 2m. Otherwise, the waters of different temperatures
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were allowed to mix assuming no netgain or lossof thermalenergy. As a result,
the model therefore predicted an outflow temperature based on the weighted
mean of the inflowing rivers. Observationsin the Kiambere Reservoir indicated
that the natural equilibrium temperatureof water in this part of the Tana Valley
is about 25°C throughout the year.

The Mutonga River, and Kathita riversare fed by snow melt on Mt Kenya. As a
consequence, their temperature isonly about 113-21°Cwhen they join the Tana
River just upstream of the proposeddams.

The Mutonga and Kathita inflows wereassumed to enter at the surface, which
caused a density inversion and strong vertical mixing in the relevant model
segment The resulting temperaturewas less than 25°C and caused the water
to sink to fill the deep in front of thedam.

In reatity, the cooler inflow would flowdown the submerged valley as a density
current, entraining overlying water in the process and sink into the deep in a
slightly lessdiluted form. However,theprocess of selectivewithdrawnwould still
result in outflow having the same temperature.

6.2 Oxygen balance and nutrients
The rivers were assumed to be saturatedwith oxygen. The BOD was assumed
evenly split between fast and slowlyoxidisingfractions. The rate of re-aeration,
and loss of oxygen to the atmosphere in the case of supersaturation, was
assumed to be 37mm/hr which is equivalent to calm conditions. The settled
detrital carbon was assumed to applya benthal oxygen demand based on its
mass per unit area. The total available dissolved inorganic nitrogen was
assumed to be present as oxidised nitrogen, based on the assumption that the
rivers would have largely neutrahsedthe fast acting oxygen demands from
sources of urban pollution upstreamin terms of ammoniacal nitrogen from raw
sewage.

Algal growth was based on the theoryin Appendix 1. The rivers were seeded
with a chlorophyll a concentration of1.0 mg/rn3.

6.3 Bacteria
Bacteria were not simulated in the model because there was no information on
their mortality which is very low in freshwater.

However, the turbidity of the reservoirand shading by the algal blooms at the
surface will severely knit the penetrationof light into the water column of the
reservoir and allow the bacteria to survive or even multiply during their long
residence in the reservoir.

6.4 Settling velocity of mud flocs
The mud particles (clay flocs) were assumed to settle at 5 x 104 nVs based on
an observation of the depth of clearwater and travel times observed in the
Kiambere Reservoir. The particleswere assumed to settle on the bed if the
velocity near the bed fell below 0.02rills, based on the low trapping efficiency
expected in the Mutonga Reservoir. (See Table 4.4).

By comparison, the values for muchlarger and stronger fully flocculated marine
mud are 0.3 rn/s and 0.2 rn/s.

I.

1
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7 Wet season predictions

The modelswere set up to simulateconditionsin theproposed reservoirs during
typical wet season conditions. The Mutonga Reservoir was full with steady
inflowsof 130 rths from the Tana River and70 m3Isfrom the Mutonga River and
an outflow of 200 rrns via the turbines. The Low Grand Falls Reservoir, which
has an addition inflow of 20 ths from the Kathita River,discharged 220 m1/4via
the turbines. The water quaky of the incoming flows was based on the
observations as follows:-

Table 7.1 River flows and loads for typical wet season conditions




Tana Mutonga Kathita

Discharge (e/s) 130 70 20

percentile flow 22 27 60

Water
temperature (°C)

25 21 20

Suspended mud 60 120 120

(Wm)





DO (mg/I) 8.4 9.0 8.5

Fast BOD (mg/I) 1.25 2.0 2.0

Slow BOD 1.25 2.0 2.0
(MA)





NO, (mg/I) 0.25 1.5 1.0

PO, (mg/I) 0.05 0.01 0.01

Chl a (mg/m3) 1.0 1.0 1.0

The models were set up to simulatesteadyconditions starting with no pollutants
in the reservoirs. The models were run to a dynamic diumal equilibrium. This
was done to assist in evaluating trapping and flushing efficiencies.

The model was run for 100 days which is much longer than the wet season
residencetime of 11 days for Tana riverwater in the Mutonga Reservoir and 73
days for Tana and Mutonga water in the Low Grand Falls Reservoir.

7.1 Mutonga Reservoir
The results at midnight, when DO levels would be expected to be low, are
shown in Table (7.2) in the form of a sectionalong the reservoir. The outflow of
200 rths was withdrawn from between 520-530m which is the 8th layer in
segment 1.

The water quality of the outflowand the trapping efficiency of the reservoir was
as follows:-
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Table 7.3 The water quality of the outflow and the trapping efficiency of
Mutonga Reservoir - wet season

Temperature (°C)

Outflow

23.6

Inflow Loss

Mud concentration (ppm) 74.6 (81.0) 8%




DO (%) 82




Fast BOD ( mg/I) 0.5 (1.5) 67%

Slow BOD (mg/1) 1.1 (1.5) 27%

NO, (mg/I) 0.64 [0.64] (0.69) 10% [8]

NH, (mg/I)




neg




PO, (mg/1) 0.028 (0.036) 25%

(Bracketed figures based on incomingloads)

[unrestricted recycling of nitrogen from bed sediments]

The model predicted that the Mutongawater would sink and fill lower depths
of the reservoir but otherwise have a short residence time in the reservoir.
The temperature of the outflow would be 23.6°Cwhich is lower than the
natural equilibriumtemperature of the Low Grand Falls Reservoir of 25°C.

The 2m surface layer would rise to about 28°C or more during the day, a
process not simulated in the model. However, the damping effect of the
thermocline on vertical mixing was allowed for.

The model predicted that 8% of the mud would be trapped in the reservoir.
However, this value is sensitive to the prescribed settling velocity and critical
shear for deposition.

The DO saturation in the reservoir varied from more than 115% in the
surface layer to 66% near the bed at midnight, without an outflow of 82%.
The benthal oxygen demand exerted by settled algal detritus was only about
1.5 g/m2/day. There was no evidence that the BOD load of the river would
cause anaerobic conditions in any partof the reservoir. However, it is
possible that a small pocket of stagnant anaerobic water could form below the
level of the penstock intake at 520m at the base of the dam.

The model predicted that 90% of the total available dissolved organic nitrogen
mostiy in the form of nitrate, would pass through the reservoir. The remaining
10% was stored in the reservoir. In reality, one would only expect a loss by
denitrification in anaerobic conditions in the organic deposits at the bottom of
the reservoir. The model showed thatthe reservoir would not cause a
significant reduction in the dissolved nitrogen bad carried by the rivers in the
wet season (11 tonnes day). No accountwas taken of particulate nitrogen
bound into small quantities of suspended particulate organic matter attached
to the river muds.
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The model predicted that 25% of the dissolved phosphoruswould be trapped
in the slowly decaying settled algal detrital matter. It is likely that this will be
re-mineralised into the water column given time. However,the model
predicted that 85% or more of the clay particles wouldpass through the
reservoir.

The model predicted a continuous diurnally varying algal bloom in the 2m
deep surface layer. Chlorophyll a values of 13 mg/rn'and 115% DO
saturation values were persisting at midnight. The bloomwas limited by the
strong sunlight in the day and maintained by the suppressionof vertical
mixing caused by the thermocline.

NO, in the surface layer fell locally to 0.04 mg/I and0.004 mg/I, respectively,
indicating local nutrient limitation.

The resulting detrital carbon settled onto the bed inthe widest parts of the
reservoir towards the dam generating a peak benthaloxygen demand of
about 1.5 g/m2/day- not sufficient to cause a seriousoxygen sag in the lower
layers.

Adjustment of the vertical mixing between the top 4surface layers (8m)
showed that waves, wind stirring or thermal instabilityand local overturning at
night would mix the algae downwards and dilute thealgal concentrations.
This limited the chlorophyll a and oxygen saturationvalues in the surface
layer to about 5 mg/I m2and 100%, respectively. Incalm conditions, the
effective Secchi disc depth was predicted to be about2m.

7.2 Low Grand Falls Reservoir
The outflow and associated suspended matter, nutrientsand pollutants were
input into the head of the Low Grand Falls Reservoir. The water temperature
of the outflow was assessed to rise rapidly to 250°C- the natural water
temperature in the Tana Valley locally.

The results are shown in Table (7.4 ) in the form ofparallel sections
northward along the reservoir. The outflow of 220e/s was withdrawn from
between 480 and 490m, which is the 6th layer in segment20 (east of
segment 2). The model was run for 100 days, greaterthan the flushing times
of Tana River water in the Reservoir.
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Table 7.5 Water quality of the outflow and trapping efficiency of the Low

Grand Falls Reservoir - wet season

Temperature (°C)

Outflow

24.9

inflow Loss

Mud concentration (ppm) 36.20 (78.7) 54%

DO% 71.1




Fast BOD (mg/1) 0.01 (0.64) 98%

Slow BOD (mg/I) 0.16 (1.18) 87%

NO, (mg/1) 0.44 (0.66) 26%

NF14(Ingil) neg




PO, (mg/I) 0.01 (0.026) 95%

(Bracketed figures based on incomingloads)

The model predicted that 46% of theinflux of suspended clay particles (1418
tonnes/day) would settle in the widerpart of the reservoir. The suspended
mud concentrations in the surface layers in this part of the reservoir fall to
less than loppm causing greater lightpenetration.

However, the surface chlorophyll-aconcentrations peaked at only about 5
mg/m3near the head of the reservoirand reduced to about 2mg/rn3in the 4m
deep surface layer in the widest partof the reservoir. Nitrate concentrations
remain high at about 0.5 mg/I. Phosphateconcentrations were below 0.001
mg/I in the surface layers. (Half saturationconstant 0.014mg/1).The algal
bloom was limited by excessive lightand lack of dissolved available
phosphate. However, winds were notimposed during the period, which would
increase vertical mixing.

The model predicted a minimum DOof 70% of the saturated value over most
of the water column and a DO of 100%saturation in the 4m deep surface

layers. Benthal oxygen demand waspredicted to be only 0.3 g/m2/d.

The model predicted a 26% loss in nitrate and a 95% loss of dissolved
phosphorus, both bound into detritalmatter settling on the bed.
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8 Dry Season Predictions

The modelswere set up to simulate conditions in the proposed reservoirs
during typical dry season conditions. The Mutonga Reservoir was full with
steady inflows of 47 m'Is from the Tana River and 18rn3/sfrom the Mutonga
River and an outflow of 65 m3/svia the turbines. TheLow Grand Falls
Reservoirgained an additional flow of 10 m3/sfromthe Kathita River and
discharged 75 m'/s via the turbines.

The model of the Mutonga Reservoir was run for 100days which was greater
than the residence time of 32 days for Tana water in the reservoir. The model
of the Low Grand Falls Reservoir was run for 230 days which is greater than
the residencetime of 224 days of the Tana and Mutongarive water in the
reservoir doing the dry season.

Table 8.1 River flows and load for typical dry seasonconditions




Tana Mutonga Kathita

Discharge (m3/s) 47 18 10

percentile 75 80 80

Water
temperature(°C)

25 21.5 20

Suspended mud 40 .40 40
(Pm)





DO (mg/I) 8.4 9.1 9.2

Fast BOD (mg/I) 2.2 1.5 1.5

Slow BOD
(mgi)

2.2 1.5 1.5

NO, (mg/1) 0.4 0.1 0.1

PO, (mg/I) 0.02 0.02 0.02

Chl a (mg/m3) 1.0 1.0 1.0

The models were again run to dynamic equilibrium.

8.1 Mutonga Reservoir
The 3D steady state velocities and concentrationsare shown in Table (8.2 ) in
the form a section along the reservoir. The quahtyof the outflow and the
trapping efficiency are listed below.
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Table 8.3 The water quality of the outflow and the trapping efficiency of
Mutonga Reservoir - chyseason

Temperature (°C)

Mud concentration ( ppm)

DO%

Fast BOD (mg/I)

Slow BOD (mg/1)

NO, (mg/1)

NH, (mg/I)

PO, (mg/I)

Outflow

24.0

24.9

71.0

0.13

0.76

0.25 [0.27]

neg

0.01

Inflow

(40.0)

(2.0)

(2.0)

(0.32)

(0.2)

Loss

38%

93%

62%

22% [16]

-

95%

(Bracketed figures based on incomingloads)
[unrestricted recycling of nitrogen fromthe bed]

The Mutongareservoir behaved in asimilar fashion to the wet season condition
except that the residence times for theTana water was nearly three times longer
at 32 days.

As a resutt,the model predicted that57%of the mud would settle in the reservoir
causing mud concentrations to decrease towards the dam. The DO values in
the reservoir did not rise above 100%in the surface layer and fell to a minimum
of 55% in the bed layer

The fast and slow oxidising BOD loadsfell by 93% and 62%, respectively, and
the benthaldemand averaged about0.7g/ithday. However, the model probably
under estimated the DO sag near thedam, which was only 30%.

The model predicted that the reservoirwould trap 22% of the available nitrate,
and 95% of the dissolved phosphate,much ofwhich mightbe re-mineralisedand
flushed out by higher river discharges.

The photic zone was deeper and thepeak chlorophyll-a concentrations in the
surface layers at midnight were much lower than the wet season at about 5
mg/m3. There was no evidence of a lackof nitratein the photic zone. However,
phosphateconcentrations fell to 0.001mg/I indicating local nutrient limitation, in
the surface layers.

The level of eutrophication appears to be suppressed by photo-inhibition.

8.2 Low Grands Fall Reservoir
The outflow from the Mutonga Reservoirmodelwas input to the Low Grand Falls
model. The 3D steady state resultsare listed in Table 8.4 Outflow from Mutonga
Dam was input at the head of the Low Grand Falls Reservoir, except that the
water temperature was assumed to rise rapidly to 25°C - the natural water
temperature in the Tana River Valley.
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Table 8.5 Water quality of the outflow and trapping efficiency of the Low
Grand Falls Reservoir - dry season

Temperature (°C)

Outflow

24.5

Inflow Loss

Mud concentration (ppm) 5.6




(26.9) 79%




DO% 80.9 [79.3]




Fast BOD (mg/l) neg




(0.21) = 100%

Slow BOD (mgA) 0.02




(0.86) 98%

NO, (mg/I) 0.12 [0.16] (0.23) 48% [32]

NH, (mgA) neg




PO, (mg/I) 0.003




0.011 = 73%

(Bracketed figures based on incoming loads)
[unrestricted recycling of nitrogen from the bed]

The residence time of Tana and Mutonga water entering the head of the
reservoir increased for 75 days to about 225 days, the length of the test.

The model predicted at nearly 80% of the incoming load of suspended clay
particles(174 tonnes/day)would be trapped evenly over the bed of the reservoir.
Suspended mud concentrations were generally about 5ppm throughout the
reservoir allowing considerable light penetration and a deeper and weaker
diumal thermocline - not modelled except by suppressionof vertical mixing.

Predicted surface chlorophyll a concentrations werelow, averaging only about
0.4 mg6 in the 7m deep surface layer. Dissolved nitrate and phosphate
concentrations averaged 0.13 mg/I and 0.003 mg/I, respectively. The letter
indicating limitation.

The minimum DO was only 80% of the saturated value which prevailed in the
surface layer.

The model predicteda loss of 48% incoming dissolved nitrate (0.7 tonnes/day)
and a loss of 73% (the incoming dissolved phosphate) (0.05 tonnes/day).

Unrestricted recycling of nitrogen from the bed reduced nitrate trapping from
48% to 32% per day after 230 days.

9 Discussion

9.1 Method of using the models
Unlike the earlier forecasts of expected water qualityin the proposed Mutonga
and Low Grand falls reservoirs,which were basedon relativelysparse data from
existing reservoirs upstream - the present study was based on a deterministic
predictive mathematical model using field data to provide dissolved and
suspended input loads to the new reservoirs. Becauseof the need to make the
new observations during the dry and second wet season in September and
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November 1995, the necessary dataonly became available in January 1996.
As a result, the water quality modellinghad to be completed in a few weeks.

The presentstudy was based on threesets of simultaneousobservationsof flow
and river quality in the rivers that willfeed into the new reservoirs (Tables 4.5a-
c) Thesewere used to estimate typicalequivalent steady dry and wet season
inflows (Tables 7.1 and 8.1). The modelsof the Mutonga and Low Grand Falls
reservoir were run in series (one feedingthe other) for periods exceeding their
water retentiontimes (10-220 days)so that they approached a state of dynamic
(diurnal) equilibrium. This was done to allow a rapid estimation of the
percentageof solids, decaying organicmatter, and nutrients that are likely to be
trapped in the reservoirs.

9.2 Fluvial mud (clay) loads
The magnitudeof the load of day parities and ifs associated organic matterhas
an important influence on the eutrophicconditions in the lake and the flux of
nutrients passing downstream. The suspended clay particles control light
penetration and traps nutrients in the bed. It also contains slowly oxidising
organic detritus which adds to the benthaloxygen demand in time. The model
simulated the depth of the photic zoneto be between 2-4m in both reservoirs.

One of the main uncertainties was thepercentage of the observed suspended
sediment load of the Mutonga and Kathita Rivers in the wet season that was in
the clay size range. The present studywas based on the assumption that the
percentageof clay in the wet seasonwere relativelysmall as reported in the draft
report on sediment load field studiesby Prof K M Mavuti.

The models are capable of predictingthe effect of a real annual hydrograph if
one could establish approximate ratingcurves for the flux of the clay fractions
and associated nutrients and organicmatter at stations 4EA7 on the Mutonga
River and 4F19 on the Kathita River.

9.3 Large episodic fluvial floods
Large (>200m3/s)sand, silt and mud-laden-coldwater-floods from the Mutonga
River are likely to flow directly into the bottom of the Mutonga Reservoir as a
density current. The turbines wouldwithdraw the Mutonga water preferentially
compared to the warmer less denseTana River water - as soon as the flood
water hadsubmerged the outtake at530m. The volume of the dead zone, below
the outtake, is 16 x 106rn3(Figure 3.3).

This volume is equivalent to 1 day at 200m3/s. Mutonga floods of a lesser
volume will be trapped in this dead zone(Figure 3.2). The still cold, mud-laden
flood water for the Mutonga River thatpassed through the turbines would flow
down the length of the Grand FallsReservoir as a density current entraining
overlying water and eroding the softbed deposits. These effects can only be
simulated in a fine gridded 3D model,which can only be used to simulate a few
days at a time, and is outside the scopeof the present study.

Large, cold, sediment-laden flows from the Kathita River would behave in the
same fashion. However, the volumeof the dead zone below the out-take at
490m in the Grand Falls Reservoir, isabout 260 x 106m3- much larger than for
the Mutonga Reservoir. This dead zoneis likely to silt up with silt and mud from
both the Kalhita and Mutonga rivers. The coarser sandy fractions will form a
delta in the original submerged valleysof the two tributaries.
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Turbulence near the out-take may help keepfine sedimentsin suspension in the
dead zone (Figures 5.1-5.3). It might be practical to install a low level outlet to
help flush the dead zone. Once the deadzones arefilled in, the cold, sediment-
laden flood waters of the Mutongaand Kathita river will tend to erode soft muds
from the bottom of the reservoirand carry it through theturbines thereby flushing
organic muds out of the reservoir.

The predictionspresented in this report do not showthe effect of episodic floods
on the water quality of the reservoirs, mainly because of the lack of data to
estimate the clay and nutrient loads during floods.

9.4 Settling velocity of mud flocs
An analysis of the fluxs and distributionof relatively dilute suspension of mud in
the Kiambere Reservoir indicate that there were sufficient salts in solution
(Table 4.3) to cause the individual clay particles to form into small flocs with a
very low but significantsettling velocity estimated to be about 5 x 10€m/s. This
value was used in the model, and largely determines the trapping efficiency of
the reservoir. The second factor is the velocity which prevents deposition from
suspension.

The mud (clay) trapping efficiency of the Mutonga Reservoir was estimated
roughlyfrom the observed trappingefficiencyof theexisting Kiambere Reservoir
(Table4.4) in typical dry and wet season conditions(Table4.2) by consideration
of their relative residence times (Table 4.4).

The critical velocity to allow deposition was found by trial and error to be about
20mm/s. In other words, it was adjustedto give theMutonga reservoir a realistic
trapping efficiency compared to that observed in the Kiambere reservoir.. The
mud trapping efficiency of the newreservoirs during typical dry and wet season
conditions were predicted as follows:-

Table (9.1) Predicted mud trapping efficiencies of the reservoirs

Wet Season

Mutonga L.GFalls Combined

Trapping efficiency 8% 54% 60%

Influx (t/d) 1400 1496 1728

Outflow (t/d) 1290 690 690

Dry season





Trapping efficiency 38% 79% 86%

Influx (t/d) 224 174 258

Outflow (t/d) 140 36 36

The trapping efficiency of the two reservoirs in thedry season may have been
over predicted because the model assumed that the mud flows would have a
constant settling velocity, when in reality it probably decreases with decreasing
mud concentrations because of the reduced probability of collisions between
suspended flocs.
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The mcdel assumed that the mud would settleon the submerged side slopes of
the reservoir which are steep in places. In reality, one might expect significant
quantities of settled mud to slump or flow into the bottom of the reservoir. This
would increase the thickness of the deposits and increase the local benthal
oxygen demand in the lowest layers of the water column if the sediment
contained a significant percentage of decaying organic matter.

9.5 Recycling of nitrogen from settled detrital matter
The basic predictivetests simulatedthe recyclingof nitrogenfrom slowly settling
decomposing algae detritus. The rate of decomposition was assumed to be
similar to that of slow BOD, namely 0.046 di. The resulting dissolved slow
organic nitrogenwas assumed to hydrolise to ammoniacal nitrogen at a rate of
0.046 c14,which was in tum oxidisedto nitrate at 0.26 d 1. However, the process
takes so long that the detritus settledon the bedbefore there was any significant
recycling of nitrogen.

Once on the bed, the detrital nitrogenwas assumed to be locked into the bed.
The basic tests therefore simulateda cionditionof minimum recyclingof nitrogen
within the reservoir.

However, since the model predicted that during the first few years the settled
deposit would have a relatively low benthaloxygen demand,the overlying water
would be reasonablywell-oxygenatedwater and the deposits are fikely to have
a low density - it is quite likely that the organic nitrogen will diffuse through the
organic muddy ooze into the water column above without being reduced to
nitrogen. In ideal conditions,averagedover the long term,one could expect the
rate of vertical diffusion of organic nitrogen from the bed to balance the rate of
deposition of detrital nitrogen.

To test the effect of this ideally efficient rate of recycling, the model of the Low
Grand Falls Reservoirwas re-run assumingthat all nitrogen would be released
in time from the decaying benthal detritusback into the water column in the form
of soluble slow organic nitrogen. The effect was to increase nitrate
concentrations in the hypolimnion andthe outflow by 26% compared to the base
line tests as shown in Table (9.2). [The sinking algae detritus and recycled
nutrients may be the cause of the discoloured water at depth in Kiambere
Reservoir (Figures 5.1-5.3)]. After 230days, starting from a clear reservoir, the
only 30% of the daily inflow of nitrate nitrogen was trapped in the L.G. Falls
reservoir. There was also a small increase in the daily outflow of ammoniacal
nitrogen and organic nitrogen.

The algal bloom in the surface layerwas totally unaffected by the recycling of
nitrogen form the settled deposit, because of the lack of vertical mixing.
Dissolved oxidised nitrogen (nitrate) usually comprises 95% of the dissolved
available inorganicnitrogen. Ammoniacal ammonia concentrations are usually
low.

The nitrate trapping efficiency of thenew reservoirs during typical dry and wet
conditions were predicted as follows:-
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Table (9.2) Predicted nitrate trapping efficiency of the reservoir




Mutonga L.G. Falls Combined

WET SEASON 100 days 100 days




No benthal recycling




Trapping efficiency 10% 26% 38%

Influx (t/d) 11.9 12.5 13.6

Outflow (t/d) 10.7 8.4 8.4

With benthal
recycling




Trapping efficiency 8%




Influx 11.9




Outflow 10.9




DRY SEASON

no benthal recycling

100 days 230 days




Trapping efficiency 22% 48% 55%

Influx 1.8 1.5 1.8

Outflow 1.4 0.8 0.8

With benthal
recycling





Trapping efficiency 17% 32% 42%

Influx 1.8 1.6* 1.9

Outflow 1.5 1.1' 1.1

*Adjusted to allow for recycling in Mutonga Reservoir

9.6 Phosphorous
The model was run using estimated loads of dissolved available inorganic
phosphorous.

The concentrations of dissolved phosphorous in the rivers varied from 0.01 -0.05mg/1(Table 7.1 and 8.1) Observations
in the November 1995 wet season

at Station 4EA7 on the Mutonga River indicated concentrations of particulate
phosphorousaveraged about 2ppm of the average dry weight of all suspended
solids of 12000ppm. This is equivalent to a concentration of phosphorous of
0.024mg/1. In aerobic conditions, particulate phosphorous is strongly locked
onto the clay particlesand is not available to phytoplanktonand it was assumed
to be trapped in the bed sediments.

9.7 Changes with the age of the reservoirs
Over time, one would expect the accumulative settlementof particulate organic
matter from the Mutonga and Kathita Rivers to raisethe benthal oxygen demand
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in the dead zones of both reservoirs. This will reduce DO levels which may
become anoxic on some occasions.

Pacini (1994) used field data from the Kindaruma, Kamburu, Gitaru, Masinga
and Kiambere Reservoirs to postulatethat their N/P ratios increased from 10 to
100 over a period of 25 years. This implies an increase in phosphorous
limitation and a change of dominantalgae species in time. There is also the
effect of accumulative trapping of nutrients; clay and organic matter in the
cascade of reservoirs. However, theGrand Falls Reservoir will be fed by the
undiluted fluxes of nutrients and organic matter from the Mutonga and Kathita
Rivers.

9.8 Primary production
Professor Mavuti (1996) reported thatthe following plankton specieswere found
in Kiambere Reservoir.

Nitschiasp.
Synedra sp.
Botryococus sp
Cyclotella sp.
Rhodomonas spp

Microcystisauriginosa
Melosirasp
Ceratium sp.
Cryptonomassp.

However, no data exists on algae growth rates for any water bodies in Kenya.
There is also no information on the rate of predation by the numerous
zooplankton and larvae fishfry.

The theory used to predict algae growthin the model is given in Appendix I. The
reaction coefficients are given in Table 9.3. The half saturation nutrient
concentrations permitting 50% of maximum productivity were as follows:-

Nitrate 0.1mg/1
Phosphorous 0.014mg/I
Silica 0.0mg/I

Table 9.3 Reaction constants

0.23 4.7 0.2 BOD.rate const., t coeff., rate of decay
0.23 4.7 0.2 FastOrg N: rate const., t coeff., rate of decay
0.26 4.7




NitrificationAM: rate const., t coeff
0.0 4.7




Denitr. Of ox.nitrogen:rateconst.,t coeff
0.037




Oxygenexchangecoeff(min°
1.6 0.5




Reaerationcoeff. And rate
0.1 0.16




Nitrate:Hatf-satn constant, N-Carbon phytopl. ratio
0.014 0.024




Phosphate: Half-satn constant, P-Carbon ratio
0.00 0.00




Silica:Half-saln constant, SI-Carbon ratio
0.037 -1.564




Gradient& Intercept parameters for max production
17.0




Lightintensity for max productivity (callcm2fhr)
0.02 2.2




Maxrespiration rate (gC/day), respirat.n param
1.7 0.85




Lightextinction coeffs : phytopl. & detritus
0.35




Mortalityof phytoplankton
0.046 4.7




Detritus:Decay rate, temp. Coeff of decay
0.001 0.1




Settlingvelocity of phytoplankton & detritus (mm/s)
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The light intensity for maximum productivity was 17callcm2/hr,which might be
too low for African conditions. The phytoplankton mortality rate was set at a
constant 0.35 d-1.

The model predictions in terms of Chlorophyll-a andDO concentrations in the
surface layersdepends on these constants. The couldbe optimised by trial and
error by simulating observed conditions in Kiambere Reservoir.

9.9 Diurnal heating
The analysis of the theoretical clear sky solar radiation shows that it varies
slightly throughout the year and that the values used in the model were
representative of any time in the year. However, itwas not possible to assess
the density of the observed cloud cover.

The model has the capability of simulating the diurnalheating and cooling of the
surface layers, which may cause instability and deepeningof the surface layer
at night But there was insufficientdata to do a completethermal balance, which
has to take into account evaporation losses etc.

The effect of diumal heating is to raise the mean average daily water
temperatureof the surface layer compared to the bodyof the reservoir. This in
turn causes a stable density gradient which almost totally suppresses vertical
turbulent exchange between the photic zone and the much larger water body
below. This effect was simulated by assuming negligiblevertical mixing between
the top flow layers of the reservoir

	

9.10 Wind effects
The observed wind speeds at the Kindaruma Fisheries Station average 65
miles/day through the year, which is only 1.2m/s, and would hardly effect the
reservoir. However, values in excess of about 5nVswould drag the buoyant
surface layer down wind and cause upwelling and vertical mixing. Strong
episodic wind effects could therefore disrupt the normal stable thermal
stratification and bring nutrient rich waters to the surface thereby causing a
sudden large algae bloom The reservoir would thenreturn to its normal stable
conditions. The model is capable of simulating suchepisodic events, but if they
are rare they will not affect the nutrient balance of the reservoirs.

	

9.11 Local pollution
The reported problems of high bacterial counts preventingthe local population
from using the Tana reservoirs for drinking purposes may be related to local
urban pollution in poorly flushed bays within the reservoirs.

	

9.12 Comparison with phase 2 predictions
Mavuti (1994) used the observed water quality in the existing Tana River
hydropowerreservoirs to predict conditions in the Mutongaand Low Grand Falls
reservoirs. He expected the nitrateand phosphateconcentrations to be medium
to high, and the Chl.a biomass to be low in Mutonga Reservoir and medium in
Low Grand Falls Reservoir. The suspended solidswere expected to be in the
range 20 - 30 mg/I and the Secchi depth to be 0.3- 1.5m.

The conclusionsof the present modelling study is thatnitrate concentrations will
be generally in the range of 0.1 - 1.0 mgrl,which isrelatively low but will hardly
limitalgal growth. However, concentrationsof dissolvedavailable phosphate in
the warmer 2-4m deep photic zone are likely to fallbelow 0.01 ppm and will limit
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the algal biomass (chka) in much of the downstream parts of the reservoirs in
calm conditionsto between about 5-15mg/rn3.Suspendedsolids concentrations
will be considerably lower in the surface than the bed layers. The DO sag at
depth is likely to deepen in time butto remain aerobic.

10 Summary and Conclusions

This report forms a series of reports that will be accompanied by an overview
report covering the potential impacts of proposed darn construction for
hydropower production on the Tana River.

The reportdescribes an assessmentof the dry and wet season water quality in
the Tana, Mutonga and Kathita Rivers and within the existing Kiambere
Reservoir in September and November 1995. It also describes the application
of a deterministic three-dimensional segmented and layered model, which was
used to predictthe water quality andflushing of nutrients and particulate matter
through the proposed Mutonga andLow Grand Falls Reservoirs.

The 3D modelsof the Mutonga andGrand Falls reservoirs were run in series -
one flowing into the other - and wereused to simulate typicalwet and dry season
conditions with steady 20 and 80 percentilefluvial flows, respectively.

The analysisof the Kiambere reservoirdata indicated that it trapped about 15%
of the wash load of clay particles, whichare weakly flocculated by the presence
of natural salts in solution (75ppm) and settle at a rate estimated to be about 5
x 1O4rnis.

The models predicted that about 60%and 85% of the suspended load of clay
particles and the associated phosphate and organic matter would be trapped,
mainly in the Low Grand Falls reservoir, during typical wet and dry season
conditions, respectively. The latter figure may be overestimated as a result of
using a constant settling velocity. Duringfloods from the Mutonga and Kathita
rivers, much higher, but as yet unquantified,masses of suspended silts and clay
will pass rapidy through the L.G. Falls reservoir, as a cold density current,
scouring the soft bed and will settle inthe dead zone below the out take or pass
downstream through the turbines.

The modelspredictedthat the two reservoirsoperating in series would trap about
40% and 55% of the daily influx ofdissolved nitrate, mainly in the Low Grand
Falls reservoir, during typical wet anddry season conditions with recycling of
organic nitrogen from settling detritus,but not from the bed.

If conditions in the bed allowed optimumrates of recycling of organic nitrogen
from settledalgal detritus, the trapping rates would be expected to fall to about
25% and 40% during typical wet anddry seasons, respectively.

The model predicted that algal growth in the surface layers would not be
significantly effected by recycling of dissolved available inorganic nitrogen into
the lower layers of the reservoir, unlessstrongwinds caused upwelling.

The particulatephosphorous trappedin the settled mud and detritus will not be
recycledeasily and will not be availableto phytoplanktonin the photic zone. The
model predictedthat the reservoirs would trap about 95% of the relatively small
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incoming loads of dissolved available phosphorous and that the surface algae
blooms in the surface layers would be limited by lackof phosphorous.

The model predicteda 2-4m deep photic zone with variableand an acceptable
range of chlorophyll-a concentrations (ie 5-15 mg(rn) depending on light
penetration, the horizontal flux of nutrients. The model also predicted a
moderate DO sag in the deeper layers of both reseivoirs. However, the DO sag
could deepenfurtherwith time as a result of an accumulationof settled decaying
organic matter raising the benthal oxygen demand in the dead zones of the
reservoirs.

10.1 Further studies
The model predictions are sensitve to the factors affecting the growth of the
specific algae species in the Tana River reservoirs which is not available, but
could be obtainedfrom new research by HR and DrMavuti. There is also a lack
of knowledge of the rate of recycling of nitrogen fromsettled mud and detrital
matter. The coefficientsshould be tested by simulatingconditions in the existing
Kiambere reservoir.

There is a needto constructratingcurves for the fluxof suspended mud, organic
matter and particulate and dissolved nutrients for the Mutonga and Kathita
Rivers. There is also a need for a daily record of meteorologicalconditions and
synthesised sediment and pollution loads so that the models can be run for a
number of years including solar heating, and wind effects.

There is a needto studythe detailed behaviour of thepassageof sediment laden
floods from the Mutongaand Kathita Rivers through the reservoirs, using a fine-
gridded 3D model.
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TYPICAL WET SEASON CONDITIONS IN MUTONGA RESERVOIR

U-VELOCITY east-west (m/s)

8
-.2882E-01
-.2405E-01
-.1559E-01
-.1070E-01
0.5740E-02
0.1954E-01
0.6242E-01
0.8139E-01

O.

7 6 5 4 3 2 1.
O. O. O. O. O. O. O.
O. O. O. O. O. O. O.
O. O. O. 0. O. O. O.
O. O. O. O. O. O. O.
O. O. O. O. O. O. O.
O. O. O. O. O. O. O.
O. O. O. O. O. O. O.
O. O. O. O. O. O. 0.1667
O. O. O. O. O. O. O.

V-VELOCITY north-south (m/s)

8
o.
o.
o.
o.
o.
o.
o.
o.
o.

7 6 5 4 3 2 1
0. 0.1561 0.2029 0.5100E-01 0.4899E-01 0.7051E-01 0.9456E-03
O. 0.1687 0.1926 0.5204E-01 0.4242E-01 0.6635E-01 0.9277E-02
0. 0.1765 0.1775 0.5092E-01 0.3641E-01 0.4825E-01 0.2103E-01
0. 0.1626 0.1661 0.4910E-01 0.2708E-01 0.4439E-01 0.2271E-01
O. 0.1334 0.1418 0.4528E-01 0.1856E-01 0.2517E-01 0.2549E-01
O. O. O. 0.4491E-01 0.1572E-01 0.1926E-01 0.1864E-01
O. O. O. 0.2107E-01 0.3539E-02 0.6559E-02 0.2320E-02
O. O. O. O. O. -.2079E-01 -.1276E-01
O. O. O. O. O. O. O.

VERTICAL VELOCITY down: -ve (m/s)

8
-.1415E-03
-.2042E-03
-.2822E-03
-.4030E-03
-.6159E-03
-.7914E-03
-.1302E-02

O.
O.

7 6 5 4 3 2 1
-.7207E-03 -.1029E-04 -.1084E-04 0.1060E-04 0.1788E-06 -.1489E-04 0.7663E-05
-.5252E-03 -.9609E-05 -.2417E-04 0.1979E-04 0.2553E-05 -.2818E-04 0.9950E-05
-.3386E-03 -.9723E-05 -.3947E-04 0.2809E-04 0.3009E-05 -.2681E-04 -.2477E-05
-.1578E-03 -.7691E-05 -.6019E-04 0.3317E-04 0.6782E-05 -.2414E-04 -.1864E-04

O. O. -.9229E-04 0.3622E-04 0.9060E-05 -.1304E-04 -.4338E-04
O. O. -.6485E-04 0.2839E-04 0.1242E-04 0.5956E-06 -.9157E-04
O. O. O. O. 0.2263E-04 -.3115E-05 -.2271E-03
O. O. O. O. O. O. O.
O. O. O. O. O. O. O.

4



TYPICAL WET SEASON CONDITIONS IN MUTONGA RESERVOIR

X-DISCHARGES east-west (cumec)

8
-24.64
18.33
-10.51
6.281
2.669
13.29
48.69
65.12

O.

7 6 5 4 3 2 1
O. O. O. O. O. 0. O.
O. O. O. O. O. 0. O.
O. O. O. O. O. 0. O.
O. O. O. O. O. 0. O.
O. O. O. O. O. 0. O.
O. O. O. O. O. 0. O.
O. O. 0. O. O. 0. O.
O. O. 0. O. O. O. 200.0
O. O. 0. O. O. O. O.

Y-DISCHARGES north-south (cumec)

8
o.
o.
o.
o.

o.
o.
o.

7 6 5 4 3 2 1
0. 39.84 35.24 23.51 38.53 38.90 9.590
O. 30.37 31.20 20.66 30.20 34.57 15.46
O. 25.07 25.55 17.82 23.19 23.40 32.48
O. 20.32 21.43 15.37 14.95 19.71 29.68
O. 14.40 16.59 12.22 8.576 9.915 26.68
O. O. O. 21.29 11.63 12.48 25.50
O. O. O. 19.12 2.920 3.818 2.276
O. O. O. O. O. -12.79 -11.67
O. O. O. O. O. O. O.

Z-DISCHARGES down: -vs (cumec)

8
94.64
113.0
123.5
129.8
127.1
113.8
-65.12

O.
0.

7 6 5 4 3 2 1
90.16 -4.603 -11.72 15.01 0.3696 -29.31 15.05
59.79 -3.776 -22.26 24.56 4.737 -48.41 17.92
34.72 -3.292 -29.99 29.92 4.943 -39.33 -4.055
14.40 -2.186 -36.05 29.50 9.704 -29.36 -27.46

0. 0. -40.41 25.86 11.04 -12.59 -56.81
0. 0. -19.12 16.20 11.89 0.4300 -95.60
0. 0. 0. 0. 12.79 -1.112 -146.6
0. 0. 0. 0. 0. 0. 0.
0. 0. O. 0. 0. 0. 0.

5



TYPICAL WET SEASON CONDITIONS IN MUTONGA RESERVOIR

VOLUMES m3

0.1453E+07
0.1222E+07
0.9908E+06
0.7595E+06
0.5283E+06
0.7003E+06
0.5814E+06
0.3000E+06

7 6 5 4 3 2

0

1
0.2621E+06 0.9506E+06 0.2327E+07 0.3011E+07 0.4340E+07 0.4189E+07 0.4092E+07
0.2390E+06 0.8404E+06 0.2003E+07 0.2657E+07 0.3922E+07 0.3686E+07 0.3765E+07
0.2164E+06 0.7316E+06 0.1681E+07 0.2306E+07 0.3498E+07 0.3185E+07 0.3438E+07
0.1938E+06 0.6229E+06 0.1359E+07 0.1955E+07 0.3074E+07 0.2683E+07 0.3110E+07
0.1713E+06 0.5141E+06 0.1037E+07 0.1603E+07 0.2650E+07 0.2181E+07 0.2783E+07

O. O. 0.1465E+07 0.2569E+07 0.4352E+07 0.3375E+07 0.4707E+07
O. O. 0.2064E+07 0.3190E+07 0.4567E+07 0.3237E+07 0.5068E+07
O. O. O. O. 0.5043E+07 0.3333E+07 0.4879E+07
O. O. 0. O. O. O. 0.8883E+06

X-1D-DISCHARGES (cumec)

8
70.00

7 6 5 4 3 2 1
O. O. O. O. 0. O. 200.0

Y-1D-DISCHARGES (cumec)

8
0.

7 6 5 4 3 2 1
O. 130.0 130.0 130.0 130.0 130.0 130.0

LATERAL INFLOWS ( cume c )

8
70.00

7 6 5 4 3 2 1
130.0 O. 0. O. O. O. 0.
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Table 8.2 Typical dry season conditions
Mutonga Reservoir
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TYPICAL DRY SEASCN CONDITIONS IN MUTONGA RESERVOIR

VOLUMES m3

8
0.1453E+07
0.1222E+07
0.9908E+06
0.7595E+06
0.5283E+06
0.7003E+06
0.5814E+06
0.3000E+06

O.

7 6 5 4 3 2 1
0.2621E+06 0.9506E+06 0.2327E+07 0.3011E+07 0.4340E+07 0.4189E+07 0.4092E+07
0.2390E+06 0.8404E+06 0.2003E+07 0.2657E+07 0.3922E+07 0.3686E+07 0.3765E+07
0.2164E+06 0.7316E+06 0.1681E+07 0.2306E+07 0.3498E+07 0.3185E+07 0.3438E+07
0.1938E+06 0.6229E+06 0.1359E+07 0.1955E+07 0.3074E+07 0.2683E+07 0.3110E+07
0.1713E+06 0.5141E+06 0.1037E+07 0.1603E+07 0.2650E+07 0.2181E+07 0.2783E+07

O. 0. 0.1465E+07 0.2569E+07 0.4352E+07 0.3375E+07 0.4707E+07
O. O. 0.2064E+07 0.3190E+07 0.4567E+07 0.3237E+07 0.5068E+07
O. 0. O. O. 0.5043E+07 0.3333E+07 0.4879E+07
O. O. O. O. O. O. 0.8883E+06

X-1D-DISCHARGES (cumec)

8
18.00

7 6 5 4 3 2 1
O. O. O. O. O. O. 65.00

Y-1D-DISCHARGES (cumec)

7 6 5 4 3 2 1
O. 47.00 47.00 47.00 47.00 47.00 47.00

LATERAL INFLOWS (cumec)

8
18.00

7 6 5 4 3 2 1
47.00 O. O. O. O. O. O.

6



TYPICAL DRY SEASON CONDITIONS IN MUTONGA RESERVOIR

X-DISCHARGES east-west (cumec)

8
13.23
9.985
4.771
2.884
1.022
7.178
18.73
21.94

O.

7 6 5 4 3 2 1
O. O. 0. O. O. 0. O.
O. O. O. O. O. O. O.
O. O. 0. O. O. O. O.
O. O. O. O. O. O. O.
O. O. O. O. O. 0. O.
O. O. O. O. O. O. O.
O. O. O. O. O. O. O.
O. O. O. O. O. O. 65.00
O. O. O. O. O. O. O.

Y-DISCHARGES north-south (cumec)

8
0.
0.
o.
o.
o.
o.
o.
o.
o.

7 6 5 4 3 2 1
O. 13.87 14.34 12.89 18.88 19.29 2.301
O. 10.75 12.73 11.06 13.44 16.81 5.540
O. 10.39 9.011 8.658 9.164 8.834 17.63
0. 8.391 7.474 7.213 4.400 7.163 14.72
O. 3.599 3.447 3.744 1.230 1.810 9.135
O. O. 0. 6.245 1.384 1.358 6.024
O. O. 0. -2.806 -1.501 -1.933 -1.985
O. O. O. O. O. -6.330 -6.369
O. O. O. O. O. 0. O.

Z-DISCHARGES down: -ve (cumec)

8
31.23
41.22
45.99
48.87
47.85
40.67
21.94

0
O.

7 6 5 4 3 2 1
33.13 0.4679 -1.455 5.995 0.4078 -16.99 10.93
22.38 2.447 -3.122 8.376 3.776 -28.26 15.38
11.99 1.069 -3.475 8.883 3.446 -19.46 2.517
3.599 0.1519 -3.736 6.070 6.209 -11.90 -9.321

O. 0. -3.439 3.556 6.789 -4.575 -19.48
O. 0. 2.806 -1.305 6.762 0.9020E-01 -32.68
O. 0. 0. O. 6.330 0.3888E-01 -49.43
0, 0. 0. O. 0. O. O.
O. 0. O. O. O. O. O.

5



TYPICAL DRY SEASON CONDITIONS IN MUTONGA RESERVOIR

U-VELOCITY east-west (m/s)

8
-.1548E-01
-.1310E-01
-.7079E-02
-.4914E-02
0.2197E-02
0.1056E-01
0.2402E-01
0.2743E-01

O.

7 6 5 4 3 2 1
O. 0. O. O. 0. O. O.
O. O. o. o. o. o. o.
o. o. o. o. o. o. o.
o. o. o. o. o. o. o.
o. o. o. o. o. o. o.
o. o. o. o. o. o. o.
o. o. o. o. o. o. o.
o. o. o. o. 0. o. 0.5417E-01
o. o. o. o. o. 0. o.

V-VELOCITY north-south (m/s)

o.
o.
0.

o.
o.
o.
o.

7 6 5 4 3 2 1
0. 0.5471E-01 0.8280E-01 0.2799E-01 0.2404E-01 0.3500E-01 0.2700E-03
O. 0.5970E-01 0.7856E-01 0.2786E-01 0.1888E-01 0.3226E-01 0.3324E-02
O. 0.7316E-01 0.6258E-01 0.2474E-01 0.1439E-01 0.1821E-01 0.1142E-01
O. 0.6713E-01 0.5794E-01 0.2304E-01 0.7971E-02 0.1613E-01 0.1126E-01
O. 0.3332E-01 0.2946E-01 0.1387E-01 0.2663E-02 0.4594E-02 0.8725E-02
O. O. 0. 0.1318E-01 0.1871E-02 0.2096E-02 0.4403E-02
o. o. o. -.3092E-02 -.1820E-02 -.3322E-02 -.2023E-02
o. o. o. o. 0. -.1029E-01 -.6961E-02
O. O. o. o. o. o. o.

VERTICAL VELOCITY down: -ve (m/s)

-.4670E-04
-.7451E-04
-.1051E-03
-.1518E-03
-.2319E-03
-.2829E-03
-.4388E-03

O.
O.

7 6 5 4 3 2 1
-.2648E-03 0.1046E-05 -.1345E-05 0.4232E-05 0.1973E-06 -.8631E-05 0.5565E-05
-.1966E-03 0.6227E-05 -.3390E-05 0.6750E-05 0.2036E-05 -.1645E-04 0.8540E-05
-.1169E-03 0.3158E-05 -.4573E-05 0.8339E-05 0.2097E-05 -.1327E-04 0.1537E-05
-.3943E-04 0.5345E-06 -.6239E-05 0.6824E-05 0.4339E-05 -.9786E-05 -.6327E-05

0. 0. -.7853E-05 0.4981E-05 0.5569E-05 -.4740E-05 -.1487E-04
0. O. 0.9517E-05 -.2287E-05 0.7064E-05 0.1249E-06 -.3130E-04
o. o. o. o. 0.1121E-04 0.1089E-06 -.7658E-04
o. o. o. o. o. o. o.
o. o. o. o. o. o. o.

4



TYPICAL DRY SEASON CCNDITIONS IN MUTONGA RESERVOIR

SETTLED MUD

7

(T)

6

Typical dry season conditions

543 2 1
O. 0. O. 12.17 11.38 0.4868 71.23
O. 0. O. 19.28 180.4 0.9026 104.6
O. 0. O. 19.10 234.4 127.3 121.9
O. 0. 0.1598E-07 27.66 247.2 174.7 133.6
O. O. O. 234.9 231.5 219.4 134.5
O. O. O. 191.5 285.6 213.6 217.9
O. 0. O. 743.5 421.3 319.5 315.8
O. O. O. O. 0. 245.5 249.6
O. 0. O. 0. 0. O. 261.7

BEDLOAD G/M2/DAY

76

Typical dry season conditions

54 3 2 1
0.3659E-01 0.1453 0.4721 0.4534 0.3666 0.2526 0.2521
0.7497E-01 0.1834 0.4810 0.4793 0.4719 0.4459 0.4377
0.1114 0.2204 0.4834 0.4809 0.4702 0.5005 0.4921
0.1633 0.2573 0.4902 0.4903 0.4768 0.5237 0.5238
0.2087 0.2778 0.4801 0.4854 0.4897 0.5435 0.5552

O. 0. 0.4802 0.4852 0.4904 0.5673 0.5821
O. O. 0.4782 0.4839 0.5036 0.6003 0.6535
O. 0. O. O. 0.5515 0.6477 0.6544
O. O. O. O. O. 0. 0.6610

BED DETRITUS MGS

76

Typical dry season conditions

543 2 1
0.1702E+07 0.4364E+08 0.4303E+09 0.4564E+09 0.4296E+09 0.3727E+09 0.2470E+09
0.4530E+07 0.6079E+08 0.4883E+09 0.5365E+09 0.6286E+09 0.6957E+09 0.4521E+09
0.7275E+07 0.7443E+08 0.4992E+09 0.5499E+09 0.6518E+09 0.8161E+09 0.5279E+09
0.1109E+08 0.8753E+08 0.5046E+09 0.5624E+09 0.6664E+09 0.8639E+09 0.5652E+09
0.1194E+09 0.5062E+09 0.5116E+09 0.5709E+09 0.6978E+09 0.9126E+09 0.6079E+09

O. O. 0.4546E+09 0.4650E+09 0.8621E+09 0.9262E+09 0.1035E+10
O. 0. 0.9452E+09 0.1852E+10 0.1328E+10 0.1473E+10 0.1747E+10
O. O. O. O. 0.2102E+10 0.1557E+10 0.1383E+10
O. O. O. O. O. O. 0.1466E+10

FAST DIS.BOD PPM Typical dry season conditions




7 6 5 4 3 2 1
2.191 1.887 1.129 0.6272 0.4086 0.2470 0.2395
2.115 1.729 1.068 0.5448 0.3305 0.2142 0.2042
1.982 1.598 0.9309 0.4398 0.2404 0.1723 0.1730
1.922 1.543 0.9910 0.4104 0.1793 0.1449 0.1533
1.266 0.8240 0.2275 0.6795E-01 0.3855E-01 0.8329E-01 0.1132

O. O. 0.2272 0.6951E-01 0.3877E-01 0.7989E-01 0.1164
O. 0. 0.4474E-01 0.4237E-01 0.3822E-01 0.7696E-01 0.1302
O. 0. O. O. 0.3915E-01 0.7616E-01 0.1301
O. 0. O. O. O. 0. 0.1285

SLOW DIS.BOD PPM Typical dry season conditions




7 6 5 4 3 2 1
2.232 2.161 1.868 1.573 1.404 1.107 1.047
2.229 2.130 1.860 1.485 1.291 1.072 1.012
2.177 2.071 1.741 1.320 1.098 0.9742 0.9436
2.203 2.099 1.928 1.259 0.9339 0.9348 0.9263
1.914 1.623 0.8488 0.5583 0.5115 0.6764 0.7326

O. O. 0.8484 0.5615 0.5122 0.6554 0.7308
O. O. 0.5081 0.5075 0.5156 0.6431 0.7553
O. O. O. O. 0.5406 0.6440 0.7552
O. O. O. 0. O. 0. 0.7534

I.



TYPICAL DRY SEASON CONDITIONS IN MUTONGA RESERVOIR

AMMONIA

7

PPM

6

Typical dry season conditions

5 4 3 2 1
0.1625E-05 0.2945E-05 0.4039E-04 0.9362E-04 0.1235E-03 0.1766E-03 0.1924E-03
-.2434E-05 0.1081E-05 0.4227E-04 0.1296E-03 0.1750E-03 0.2082E-03 0.2220E-03
0.4431E-05 0.9991E-05 0.7049E-04 0.1742E-03 0.2295E-03 0.2418E-03 0.2468E-03
-.7025E-05 -.3091E-05 0.1346E-04 0.1966E-03 0.2853E-03 0.2584E-03 0.2553E-03
0.3285E-04 0.9228E-04 0.3181E-03 0.4067E-03 0.4190E-03 0.3508E-03 0.3257E-03

O. O. 0.3182E-03 0.4057E-03 0.4188E-03 0.3586E-03 0.3259E-03
O. O. 0.4240E-03 0.4237E-03 0.4192E-03 0.3648E-03 0.3158E-03
O. O. 0. O. 0.4182E-03 0.3687E-03 0.3159E-03
O. O. 0. O. 0. O. 0.3166E-03

NITRATE

7

PPM

6

Typical dry season conditions

5 4 3 2 1
0.3981 0.3873 0.3134 0.2838 0.2673 0.2275 0.2253
0.3982 0.3977 0.3897 0.3839 0.3595 0.2756 0.2642
0.3965 0.3967 0.3873 0.3631 0.3441 0.2859 0.2758
0.3994 0.3998 0.4061 0.3552 0.3250 0.3004 0.2890
0.3914 0.3771 0.3112 0.2773 0.2621 0.2610 0.2558

O. O. 0.3111 0.2776 0.2622 0.2571 0.2531
O. O. 0.2731 0.2708 0.2610 0.2532 0.2474
O. O. 0. O. 0.2490 0.2485 0.2474
O. O. 0. O. 0. O. 0.2474




DIS.OXYGEN %SAT Typical dry season conditions




7 6 543 2 1
96.89 95.69 98.72 96.87 97.16 97.10 93.75
96.34 90.57 79.83 66.68 65.59 77.58 77.29
93.88 87.87 75.67 66.37 63.58 72.03 73.07
94.02 88.11 78.29 64.91 60.83 67.54 69.72
80.63 70.50 58.16 55.95 58.47 65.45 68.76

O. O. 58.16 56.01 58.48 65.41 69.17
O. 0. 54.60 55.28 58.65 65.37 70.85
O. O. O. O. 62.02 66.18 70.84
O. 0. O. O. 0. O. 70.67

DO CONC PPM Typical dry season conditions




7 6 5 4 3 2 1
8.365 8.260 8.524 8.369 8.400 8.462 8.192
8.316 7.818 6.893 5.764 5.676 6.756 6.746
8.105 7.586 6.538 5.748 5.516 6.280 6.381
8.115 7.605 6.752 5.628 5.290 5.885 6.084
6.965 6.099 5.065 4.890 5.118 5.731 6.024

0. 0. 5.065 4.895 5.119 5.729 6.063
0. 0. 4.773 4.834 5.134 5.729 6.213
O. O. O. O. 5.438 5.803 6.213
O. O. O. O. 0. O. 6.198

TEMPERATURE DEGC Typical dry season conditions




7 6 5 4 3 2 1
25.00 25.00 24.99 24.95 24.90 24.42 24.26
25.00 25.00 24.99 24.91 24.85 24.47 24.33
25.00 24.99 24.94 24.80 24.69 24.40 24.29
25.01 25.01 25.05 24.73 24.55 24.43 24.34
24.96 24.87 24.47 24.25 24.15 24.14 24.10

0. O. 24.47 24.26 24.15 24.11 24.08
0. O. 24.23 24.21 24.14 24.08 24.04
O. O. O. O. 24.06 24.05 24.04
O. O. O. O. O. O. 24.04

2



TYPICAL DRY SEASON CONDITIONS IN MUTONGA RESERVOIR

INERT S.SOL.

76

PPMTypical dry season conditions

5 4 3 2 1
40.41 35.35 23.79 16.80 12.36 10.76 12.86
38.15 38.59 34.22 30.75 24.94 18.30 19.08
40.22 40.89 40.06 38.59 32.78 22.41 22.15
36.66 38.38 40.41 40.78 35.58 25.67 24.37
51.44 60.99 48.73 41.57 35.20 27.56 25.72

0. 0. 48.73 41.55 35.20 27.97 25.72
0. 0. 43.08 40.44 34.98 28.03 24.87
0. 0. O. 0. 33.55 27.73 24.87
0. 0. O. 0. 0. O. 24.87

CHLOROPHYLL

76

PPBTypical dry season conditions

543 2 1
1.108 1.936 5.412 4.790 3.698 2.630 2.427
1.146 0.9556 1.133 0.8827 1.596 2.534 2.202
1.107 0.8060 0.5028 0.1835 0.2149 1.057 0.9050
1.004 0.7458 0.4435 0.1878 0.1335 0.5019 0.5812

0.6138 0.3857 0.1129 0.5881E-01 0.8821E-01 0.2965 0.4484
0. 0. 0.1128 0.5939E-01 0.8842E-01 0.2845 0.4664
O. 0. 0.4227E-01 0.4915E-01 0.8924E-01 0.2726 0.5300
0. 0. 0. O. 0.1187 0.2742 0.5295
0. 0. 0. 0. 0. O. 0.5196

ALGAL CARBON PPB

76

Typical dry season conditions

543 2 1
55:38 96.80 270.6 239.5 184.9 131.5 121.3
57.31 47.78 56.63 44.14 79.82 126.7 110.1
55.36 40.30 25.14 9.175 10.74 52.87 45.25
50.18 37.29 22.17 9.392 6.676 25.09 29.06
30.69 19.29 5.647 2.941 4.411 14.82 22.42

0. 0. 5.639 2.969 4.421 14.22 23.32
O. 0. 2.113 2.457 4.462 13.63 26.50
0. 0. 0. O. 5.935 13.71 26.48
0. 0. 0. 0. 0. 0. 25.98

DETRITAL CAR PPE Typical dry season conditions




7 6 5 4 3 2 1
1.089 6.024 19.43 18.41 14.66 10.20 10.35
2.886 7.959 21.20 21.12 20.50 19.10 18.86
4.651 9.356 20.92 21.08 20.78 21.94 21.58
6.830 10.80 20.94 21.31 20.93 22.94 22.90
8.785 11.81 20.82 21.28 21.59 23.87 24.30

0. 0. 20.82 21.28 21.64 24.97 25.58
0. 0. 20.92 21.26 22.22 26.54 28.76
0. 0. 0. 0. 24.25 28.60 28.83
0. 0. 0. 0. O. 0. 29.12

PHOSPHATEPPM

76

Typical dry season conditions

543 2 1
0.1975E-01 0.1813E-01 0.7265E-02 0.3366E-02 0.1540E-02 0.1934E-02 0.3713E-02
0.1968E-01 0.1963E-01 0.1869E-01 0.1901E-01 0.1619E-01 0.8580E-02 0.8746E-02
0.1955E-01 0.1962E-01 0.1901E-01 0.1747E-01 0.1613E-01 0.1117E-01 0.1100E-01
0.1976E-01 0.1981E-01 0.2022E-01 0.1727E-01 0.1533E-01 0.1298E-01 0.1236E-01
0.1933E-01 0.1851E-01 0.1465E-01 0.1259E-01 0.1157E-01 0.1119E-01 0.1081E-01

0. O. 0.1464E-01 0.1260E-01 0.1157E-01 0.1101E-01 0.1067E-01
0. O. 0.1236E-01 0.1219E-01 0.1150E-01 0.1081E-01 0.1032E-01
0. O. O. 0. 0.1067E-01 0.1052E-01 0.1032E-01
0. 0. O. 0. O. 0. 0.1032E-01

3



Table 8.4 Typical dry season conditions
Low Grand Falls Reservoir
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Appendix 1 Water Quality theory used in 3DSL.

Mathematical model theory

In order to model the water quality of a reservoir many inter-dependent
processes need to be simulated These may be conveniently separated into
three main groups; transport and mixing processes biochemical interaction of
water quality variables and the utilisation and re-cyclingof nutrients by living
matter.

In order to minimise computation the calculation of flows, salt transport and
gravitational circulation is performed in the flow modeland the results used to
drivethe water quality and algal growth model. In thisway the effects of several
differentpollutioncontrol measures can be predictedby running the flow model
for one prescribed yearly cycle and then using the results to drive several runs
of the water quality model simulating the effect of a different measure.

Equations of transport

The model applies mass balance equations for eachof the substances under
consideration in each of a series of inter-connectedelements.

In each element the mass balance equation for anarbitrary substance can be
written as:

ac a aaTt • Tx(uc)• yy (vc)• —a;(wc) =

82c a2c a2c
K — K• — , lc• coC • Esx ax2 , 3,12i az2

(1)

where

is the concentration of substance
u,v,w are the components of velocity
Icky,K, are the components of the coefficient ofeddy diffusivity
co is the settling velocity for particulate substances

is the net effect of all the source and sink terms simulated in the
water quality and ecosystem interactionsfor the substance.

The numerical solution of this equation for the manywater quality variables is
described in Appendix A.

Water Quality

3DSL models the interactions between the following 12 water quality
parameters:

Slow dissolved carbonaceous biochemical oxygen demand (CSB)
Fast dissolved carbonaceous biochemical oxygen demand (CFB)
Slow organic nitrogen (CSN)
Fast organic nitrogen (CFN)
Ammoniacal nitrogen (CAM)
Nitrate nitrogen (CON)
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Dissolved oxygen (CDO)
Salinity (CS)
Temperature (TM)
Suspended solids (inert particulate)(CMUD)
Fast particulate biochemical oxygen demand (CFBMUD)
Slow particulate biochemical oxygen demand (CSBMUD)

The temperature is not modelled directly but is passed from the flow model.

The temperature in each element is used to determine the rates of reactions,
and temperature and salinity to determine the saturation concentration of
dissolved oxygen using Fox's equation. The suspended solids concentration
is used to predict fight extinction in the ecosystem part of the model.

The interactions between the water quality variables are as follows. Organic
nitrogen hydrolysesto ammoniacalnitrogen. If there is an oxygen concentration
of at least 5% of saturation amrnoniacal nitrogen is oxidised to nitrate.
Carbonaceous material (BOD) is oxidised usingdissolved oxygen, however if
the dissolved oxygen concentrationis less than 5% of saturation then nitrate is
utilised to provide the necessary oxygen. If there is no nitrate (or insufficient to
satisfy all the demand) oxygen is obtained by the reduction of sulphates
producing the malodorous gas hydrogen sulphide (the model keeps a log of
oxygen obtained in this way as an indicator of anaerobic conditions). The
particulate organic matter on the bedcontinues to oxidise exerting an oxygen
demand on the water in the elementabove.

The use of two components of organicnitrogen and carbon is based on studies
which have shown that the rate of oxidation of organic matter, in fresh and
salinewater, is best represented byacompositeexponential. It is assumed that
the organic matter being oxidised consists of several components which are
oxidised independently at different rates. Studies by the Water Research
Centre (WRc) have shown that the oxidationof a wide range of organic wastes
can be adequatelyrepresented by theuse of two rate constants,one being one
fifth the value of the other, so that

Y= Ec - ((1 - Wel *Pe 4v5)] (2)

where

y is the uptake of oxygen in timet
k is the standard (fast) rate constant
p is the proportion of organic material considered to be oxidised at the

slower rate
E, is the ultimate oxygen uptake, that is the amount of oxygen consumed

during the total oxidation of thesubstance.

The usual BOD determination is over a period of five days so that the value
obtained needs to be adjusted to give the ultimate demand. If B is the 5 day
BOD at 20°C then E, is defined as

Et = AB (3)

where

h is a constant
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The fast rate constant for carbonaceous material at20°C is usually taken to be
0.23 per day.

Substituting y = B,I = 5 and k = 0.23 di in equafion (2) gives

A -
0.69 - 0.48p

1 	
(4)

In the case of untreated settled sewage p = 0 so thatthe appropriate value of
A is 1.45.
The rate constants for the reactions in the water quality part of the model are
functions of water temperature and are prescribed by equations of the form

Kt = K20(1 •
100

a T-20



where

IS is the value of the constant at T°C
K20 is the value of the constant at 20°C
a is the temperature coefficient

The source-sink term associated with each reaction is of the form K.V.C.

where

K is the first order decay rate (s-1)
V is the element volume
C is the concentration of substance

The reactioncoefficientsused in the study are givenin Table 2. Nitrification of
ammonia can only occur when the dissolved oxygenconcentration is greater
than 5% of the saturated value so the source-sink term has the form

Es = KFN ' V 'CFN • KFN • V C FN
 

- H1(00) • KAN • V • CAN

where

H, (DO) = 1 if DO 5%
H, (DO) = 0 if DO t 5%

If there is insufficient dissolved oxygen to satisfy the carbonaceous oxygen
demand then sufficient nitrate is reduced to satisfy the demand. The source-
sink term for nitrate is of the form

Es = H,(DO) KAN ' V CAN - Dm (7)

where
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DH is the reduction of nitrates needed to satisfy the oxygen demand when

dissolved oxygen levels are less than 5% saturation.

Dissolved oxygen is used in the oxidation of carbonaceous material and in the

nitrification of ammonia and is added to the system through reaeration at the

water surface.

The reaeration rate is

KA f fkl(1.0./6)i-20
(8)

where

A is the plan area of the surface of the element

V is the element volume

f is the exchange coefficient for oxygen which has a value of the order of

0.05mihr although this does vary with the wind speed.

A value of f is prescribed for each segment so that sheltered and exposed

segments can be differentiated.

The source-sink term for dissolved oxygen is of the form

ES = K, • V •DOD - H2(DO) • V •(K,B•CFB .K58•C88 +BD)

(9)
- 4.57 • 1-1,(DO) • V Ktow

where

H2(DO) controls the consumpton of dissolved oxygen in the oxidation of

carbonaceous material

BD is the benthal demand calculated as described in section 2.4

4.57 	 is the mass of oxygen consumed in the oxidation of a unit mass of

ammonia

DOD is the deficit of dissolved oxygen, the amount of oxygen needed to

fully saturate a unit mass of water

DOD = DOS - DO

DOS is the saturation concentration of oxygen (kg/rn3) as calculated from

Fox's equation.

DOS = 0.00143 ((10.291 - 0.2809T + 0.006009 12 - 0.0000632T3) - 0.607

(0.1161 - 0.003922T + 0000063112) Sl (10)

where

T is the water temperature in 6C
S is the salinity (kg/m3)
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Ecosystem

A simple algal growth model is used which includes the effect of 7 substances,
these are:

Algal carbon (AC)
Detrital carbon (DC)
Slow organic nitrogen (CSN)
Nitrate (CON)
Orthophosphate (CPH)
Silica (CSI)
Dissolved oxygen (CDO)

Nitrate,organic nitrogen and dissolvedoxygenare the'link substances' between
thewater quality and algal growth parts of the model. Concentrations of these
substances(C) are calculated from waterquality considerations and amended
according to the algal growth to give C.

Primary production

Productivityis calculated from the temperaturedependantmaximum productivity
for the speciesof phytoplanktonconsidered. The maximumproductivity is then
modifiedto take account of the limiting effects of nutrientconcentrations using
Michaelis-Menten relationships.

PROD = Photx(T)• • min(p2,p3•p4)

where

Pwa(T) is maximum productivity for species

Pw0c(T)= exp (2.30259mT 4-c) (12)
(where m and c are constants)

Wiis limitation due to light intensity (I)

Ik b
Pi 	 [exp(---eI -k"b) -

k3(b2-bi)
(13)

b2 is the depth of bottom face of element from water surface (m)
bi is depth of top face of element from the water surface (m)
l,,, is light intensity required for maximum productivity
1:3 is an equivalentextinction coefficientwhich takesaccount of turbidity in the

overlying water
u2 is limitation due to nitrate concentration

CON 

P2- (14)

CON • MON
p, is limitation due to phosphate concentration

CPH 

113-

CPH • MPH
p, is limitation due to silica concentration

CSI 

P4-

CSI • 1•151
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A

MON. MPH. MSI are the nutrient concentrationswhich would permit 50% of
maximum productivity.

Respiration

Losses due to respiration are calculatedas a function of temperature as

T -10

RESP = RP„ • Q10 10 X AC (17)

R1310 is the respiration rate at 10°C
is the rate of increase of respiration for a 10°C rise in temperature.

Pt 0. 1 Mortality of algae
In the algal growth model mortality includes the losses due to grazing by
zooplankton which is modelled explicitlyby

INAK = Mp • AC (18)

Mp is the mortality of algae (day-I)

Decomposition

Detritus is considered to decay in a similar manner to BOD

DECC = KR • DC (19)

where

KR = Koc• (1 + ctc,c)"°) (20)

Km and acc are constants

Settling of algae and detritus
As algae and detritus are particulate the model allows for settlement in the
settling procedure. Particles either settle into a lower element and are then
incorporated into the equations for that element or are deposited on the bed
where a log is kept of the masses deposited. This calculation is performed
before the ecosystem reactions arecalculated.

Effect of ecosystem on water quality

From the processes described above, the resultant concentrations of algal
growth parameters are:

= AC„'+ (PROD - INAK - RESP) x VOLRAT 


DCk= DC: + (INAK - DECC) x VOLRAT 


COM, = CON: + JNPN • PROD• VOLRAT 

CSNJ = CSN/k. + JNPN • DECC• VOLRAT 


CP1-1,1* = CPFI: + JNPP (DECC- PROD) x VOLRAT 


= Mk' + JNPS (DECC- PROD) x VOLRAT 


CDOk* = CDO: + 2.67 (PRODD-DECC-RESP) x VOLRAT 
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where JNPN, JNPP, JNPS are the nutrient to carbon ratios in the algae for the
relevant nutrient and 2.67 is the carbon to oxygen conversion factor.

V -
VOLRAT = k

Coliforms

It is possible to include an indication of coliform distributionin the system. A
more accurate assessment is impossible because the elements are large, the
advective and dispersive discharges relatively smalland the mortality rate of
coliforms high. As with other substances the concentrationof coliforms due to
advection/dispersionis calculated and this concentrationcr amended to allow
for mortality.

CFk = CF: - MORT x VOLRAT (28)

MORT = M CFX CF:

Mu is mortality of coliforms (day -1)

Benthal demand

Both particulate BOD and detrital material settling onto the bed exhibit an
oxygen demand. The rate of decay of material on thebed is taken to be similar
to its rate in suspension, thus the total benthal demandis:

BD = 2.67 • KR • (SETDC+SETAC) + )(FeSETFBOD
+ KsaSETSBOD (29)

where

SETDC, SETAC,SETFBOD, SETSBOD are the totalamounts of settled detrital
carbon, algal carbon, fast BOD and slow BOD respectively.

The amount of material on the bed is then decayed so:

SETDC* = (1 - KR) SE1DC 

SETAC* = (1 - KR) SETAC 

SETFBOD* = (1 - ice) SETFBOD 

SETSBOD* =




- Ice) SETSBOD 


Light penetration

The calculated concentrations of particulate are used to calculate the
penetration of light into the water column. This is done by calculating the
extinction coefficient, 1c3,within each element of themodel as a function of the
concentrations of suspended mud and algae.

1(3= 1.7 (0.025(CMUD + CFBMUD + CSBMUD) + 0.04) + 0.85
(AC + DC) (33)

where CMUD, CFBMUD, CSBMUD are the concentrations of mud, fast
particulate BOD and slow particulate BOD (mg/1).
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AC, DC are the concentrations of algal and detrital carbon (mg/1).

The constant of proportionality relating the light extinction coefficient to the
suspended solids was based on empirical relationships derived by IMER for the
Bristol Channel.

Effluent loadings

In addition to the transport processes modelled by the transport equations it is
necessary to take account of the initial vertical mixing. In stratified conditions,
where vertical mixing is inhibited, an effluent loading discharging near the bed
will tend to remain in the lower layers. The level at which an outfall loading is
exerted is determined using a simple model of the initial spreading of a buoyant
plume. This is described in Appendix B.

Solution procedure

The equations described above are solved using the following procedure.

Solve transport equations taking account of loading of dissolved
substances
Calculate the settling of particulate substances and the resultant benthal
demand
Amend concentrations to take account of particulate loadings

Calculate the reactions and amend concentrations.

The above steps are repeated for each model bmestep.
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