Chapter 5:


hydrology














introduction





This chapter, dealing with the hydrological studies of the Feasibility Study, contains a summary of the Hydrology Report, enclosed as Appendix 4 to the Project Formulation Report.





Evaluation of the viability of the hydropower station near Epupa is achieved through simulation of the entire Namibian power grid using a power system model.  For this simulation weekly flow sequences at the site are required which represent runoff in the Cunene in its natural state (no upstream development).  Sensitivity analysis to evaluate impacts of upstream developments are accounted for by simulating demands and impoundments in the power system model.





	The Lower Cunene below Ruacana flows through the semi-arid region forming the northern border of Namibia and southern border of Angola.  Surface runoff in this area from surrounding catchments is negligible.  The site furthest downstream on the Cunene with reliable flow measurement is at Ruacana, some 200 km upstream of Epupa.  In recognition of the negligible surface runoff between Ruacana and Epupa, the historical flow sequences measured at Ruacana are deemed representative at the Epupa site after allowing for evaporation and channel losses.  These measurements by the Department of Water Affairs of Namibia (DWA), starting in November 1961, reflected flows in the Cunene under near pristine conditions for the first 12 years, whereafter regulating effects of upstream developments (Gove dam) and the commissioning of the Ruacana hydropower station result in non-natural flows.





	The Angolan Huambo highland region provides the source for both the westward draining Cunene and eastward draining Cubango Rivers. During the Epupa Pre-Feasibility Study a favourable correlation was achieved between flows measured in the Cunene at Ruacana and flows in the Cubango/Okavango, measured at Rundu for the earlier, 12 year reliable period of Ruacana flow record.  This allowed extension of the Ruacana flow record for the non-natural period and the compilation of a 30 year natural flow sequence at Ruacana, which due to negligible incremental surface runoff, was deemed representative of flows at Epupa.


	


	This study comprises the following hydrology tasks:





(a)	The evaluation of the rating curves used in the conversion of daily stage data measured at Ruacana and Rundu to daily discharge.  (For the Pre-Feasibility Study, the Namibian DWA rating curves were accepted as being suitably accurate.)





(b)	Further exploration of the favourable correlation between Ruacana and Rundu with the view of using monthly serial and cross-correlations as an alternative to the annual linear regression used in the Pre-Feasibility Study.





(c)	Extension and disaggregation into daily or weekly flows of the Ruacana flow sequence for periods outside the reliable measured period of 1961 to 1973.





(d)	Production of flow sequences at sites in the Cunene upstream of Rucana through factoring and lagging of the Ruacana flows.





(e)	Stochastic generation of alternate flow sequences at Ruacana to allow the severity of the Ruacana flow sequence to be evaluated.





(f)	Evaluation of evaporation estimates in Angola and channel losses downstream of Ruacana.





(g)	Extension of the flood frequency analysis presented in the Pre-Feasibility Study with evaluation of the Probable Maximum Flood (PMF) and production of flood hydrographs.





	During the execution of this task members of the hydrology team visited the Department of Water Affairs in Windhoek, various Government Departments in Luanda and conducted on-site inspections of the flow gauging stations at Ruacana and Rundu.





Observed flow data: namibia





As stated above, the optimisation and design stages of the studies on hydropower schemes near Epupa Falls or further downstream required long daily flow sequences at various sites in the Cunene River. For this purpose, these hydrological analyses focused on the flow gauging stations at Ruacana on the Cunene River and at Rundu on the Okavango River. It was accepted that flows at Ruacana could be used in hydrological analyses in the vicinity of Epupa, after making allowance for channel losses. Only 12 years of reliable daily flow data were available at Ruacana (hydrological years 1961-72), while 50 years of daily flow data were available at Rundu (1945-94). Both these stations are maintained by Namibia. Although flow gaugings at Ruacana have continued beyond 1972 to the present, the completion of Gove Dam at that time and subsequent unrecorded water abstractions in Angola have impacted recorded flows at Ruacana to such an extent that they cannot be regarded as reflecting natural conditions. The Rundu gauging station, on the other hand, serves a relatively undeveloped catchment and may be utilised to "naturalise" the Ruacana sequence. Single mass and double mass analyses confirmed that the Rundu sequence was stationary and suitable for naturalisation purposes.





re-rating of gauging stations at ruacana and rundu





The two gauging stations at Ruacana and Rundu were inspected by the consultants during a field visit in November 1995 before the start of the wet season. Although the Rundu site is located downstream of a bend and floodplain, the flow lines past the station are expected to be uniform during low and high flows. Downstream widening may result in sediment deposition during receding flows with the possible formation of sand banks, which may cause intermittent backwater effects.  





A complete history of speed-gaugings at each of these sites was compiled via information extracted from files maintained by the Namibian Department of Water Affairs (DWA). Anomalies encountered during the process included data points clearly identified as outliers, documentation discrepancy in the DWA rating files, speed gaugings undertaken in low stream velocities where current meters are at their limit of applicability and discrepancies in individual measurements across the river cross-section.  The review allowed compilation of reliable data which was used in the regression of revised rating curves.  A special speed-gauging at the Rundu station was conducted by the Namibian DWA at the request of the consultants, before the onset of the 1995/96 wet season. This was thought necessary to verify the rather old historical readings in the low flow portion of the rating curve, about which some uncertainty existed based on possible backwater effects due to fluctuating sand deposits downstream of the station. 





A new rating curve was proposed for Rundu, whereas the historical rating curve at Ruacana was found to be accurate.  The Rundu mean annual runoff (MAR) was reduced by 2.5% by the new rating.  A "minimum" rating, roughly equivalent to a 90 percentile, was also fitted at each station, to provide a pessimistic flow estimate for sensitivity studies.  This yielded a 12-15% decrease in MAR, as compared with the "best-fit" rating. The following Table lists a comparison of Mean Annual Runoffs (MARs) at Rundu and Ruacana:











�
MEAN ANNUAL RUNOFF (Mm3)�
STANDARD DEVIATION�
�
�
SITE�
BEST FIT�
MINIMUM�
WORST CASE�
BEST FIT�
MINIMUM�
WORST CASE�
PERIOD�
�
Rundu�
5,352�
4,841�
4,574�
1,963�
1,895�
1,841�
1945 - 1993�
�
Proposed�
5,432�
�
�
1,945�
�
�
1945 - 1990�
�
Proposed Prefeasibility�
5,569�
�
�
1,930�
�
�
1945 - 1990�
�
Ruacana�
6,282�
5,794�
5,564�
2,912�
2,760�
2,694�
1961-1972*�
�
Proposed Prefeasibility�
6,282�
�
�
2,912�
�
�
1961 - 1972�
�



		* reliable period shown








observed flow data: angola





Daily flow data for seven Cunene gauging stations in Angola were also available from the Angolan authorities for variable periods between 1966 and 1972. Historically, flow gaugings at various sites preceded 1966 and were continued somewhat beyond 1972, but that additional information was either not available, or was considered to be unreliable due to uncertainties relating to their rating curves. Although the Angolan sequences were too brief to allow analysis of long-term flows upstream of the Namibian border, they provided very valuable indications of the spatial variation of hydrological response of these parts of the basin, as well as of hydrograph travel times.  The following Table presents a summary of flow data availability in Angola for this project:





�



�PRIVATE ��ORIGIN�
STATION�
PERIOD�
STAGE DATA AVAILABLE�
�
Namibia�
Ruacana�
1961/11-present�
�
�
Namibia�
Rundu�
1945-present�
�
�
Angola�
Iacavala�
1967 - 1972�
1967 - 1973�
�
Angola�
Roçadas�
1968 - 1972�
1968 - 1973�
�
Angola�
Matunto�
1967 - 1972�
1966 - 1973�
�
Angola�
Folgares�
1967 - 1972�
1967 - 1973�
�
Angola�
Luceque�
1967 - 1972�
1966 - 1973�
�
Angola�
Jamba Ia Mina�
1967 - 1972�
1963 - 1973�
�
Angola�
Jamba Ia Oma�
1966 - 1972�
1966 - 1973�
�






extension of the ruacana flow sequence





The Ruacana flow sequence was synthetically extended via the Rundu record by a three-stage approach to span the period 1945�94. Firstly, by means of an annual regression on contemporaneous Rundu values, an annual series was created. The annual approach was accepted, because it yielded more conservative long-term flows than a more sophisticated monthly regression also designed to preserve monthly serial and cross correlations. Secondly, the generated annual values at Ruacana were disaggregated to daily flows by means of Rundu daily flows via the superposition of the two sets of contemporaneous observed daily flow duration (percentile) curves. Thirdly, the extracted Ruacana value is scaled by the ratio of Ruacana annual flow to Rundu annual flow. A simple direct proportioning of daily flows between the two sites was not possible, because wet season hydrographs at Ruacana display much higher discharges than at Rundu, while dry season flows at Ruacana are generally lower.  





As a check, the above method was used to disaggregate flows for the period 1961 to 1972. The synthetic daily flows were compared with the observed flows, both for flow duration curves and for the full time series. The comparisons showed pleasing correspondence of base flows below 38 m3/s, but marginal oversimulation in the range 38-64 m3/s.  To correct this, the aforementioned three-stage simulation process was augmented with a fourth stage that decreased the daily flows in the 38-64 m3/s range by a set of calibration factors.





A hybrid 50-year daily flow sequence was thus created at Ruacana, with the reliably recorded flows for the 1961-72 period flanked by sets of synthetic flows.  This hybrid sequence was termed the "naturalised" flows at Ruacana. A "minimum" flow sequence was also created for sensitivity studies, by means of the "minimum" rating referred to above.











generation of long-term daily flows at angolan sites





Given the brevity of Angolan flow records upstream of Ruacana, these were not suitable for derivation of long-term flows throughout the Cunene river system. However, they were useful for the spatial disaggregation of Ruacana flows up the Cunene system. These flow records served to derive seasonal factors relative to overlapping values at Ruacana. The following grouping of months into seasons was found to be most representative: Oct-Nov, Dec-Feb, Mar-May and Jun-Sep.  Considerable effort was also applied to determine hydrograph travel times (flow lags) between relevant Angolan stations.  By applying the seasonal factors to Ruacana daily flows and allowing for suitable lag times, 50-year daily flow sequences could be generated at upstream sites of interest such as Gove, Jamba-Ia-Oma and Matala. "Minimum" flow sequences were also generated at these sites, for use in sensitivity studies. The following Table summarises observed and estimated MARs at various points on the Cunene inside Angola:








�PRIVATE ��POSITION�
AREA (km2)�
MAR�
�
Gove


Jamba-Ia-Oma


Jamba-Ia-Mina


Luceque


Matala


Folgares


Matunto


Roçadas


Iacavala�
4,811


8,620


13,817


18,849


28,037


35,636


41,034


53,254


86,138�
 1,672.6*


2,668.7


3,703.0


4,353.3


 5,077.7*


5,354.7 


5,427.0 


5,132.0


5,774.8�
�



		* Predicted with a unit runoff curve fit.





For the purpose of evaluating future development upstream of Ruacana the factors shown in the following Table were derived.  Calueque is suitably close to Ruacana, such that the Ruacana flows are considered applicable here.








�PRIVATE ��SITE�
FACTORS�
�
�
�
�
�
OCT - NOV�
DEC - FEB�
MAR-MAY�
JUN - SEP�
�
Gove�
0.471�
0.267�
0.252�
0.478�
�
Jamba-Ia-Oma�
0.491�
0.440�
0.397�
0.737�
�
Matala�
1.393�
0.944�
0.801�
1.134�
�
Calueque�
1.000�
1.000�
1.000�
1.000�
�






stochastic investigation of severity of long-term flow sequence





To enable assessment of the relative severity of the 50-year flow sequence prepared for the Cunene system, 41 alternative 50-year sequences were stochastically generated at Ruacana by applying an Autoregressive Moving Average model to annual flows at Rundu and Ruacana. This model preserved all primary flow statistics, including cross- and serial correlations. Disaggregation to daily or monthly flows occurred in terms of the distribution of daily or monthly flow of the historical flow year with the nearest comparable annual total. 





	A monthly network model of a simplified, but representative, Cunene system was configured to select the most severe stochastic sequences.  The following components were included in the model of the Cunene system:





*	Inflows : The naturalised monthly flows at Epupa were factored on an annual basis to provide incremental inflows at Gove, Matala and Epupa. The factors  were 0.293, 0.588 and 0.119 respectively.





* 	Gove Dam ( 2,574 Mm3 less 210 Dead Storage) : No exclusive environmental releases are made from Gove.





* 	Epupa Dam ( 5,000 Mm3 with no Dead Storage) : No exclusive environmental releases were made from Epupa.





* 	Present Day demands : 73 Mm3/a near Matala and 39.8 Mm3/a downstream of Matala.





* 	Yield : A uniform yield was abstracted from Epupa. Because the dry periods are considerably longer than one year, the seasonal fluctuation in demand does not affect the selection of sequences significantly.





	NB:	It should be noted that for the purpose of selecting synthetic flow sequences of value to sensitivity analyses, it was merely necessary to have a representative Cunene system configured.  The accuracy of the above system component magnitudes was not important in this exercise.





	Five of these stochastic sequences were selected for use in future sensitivity studies of scheme optimisation. The selection was focused on those sequences that produced the lowest non-failure yields at a hypothetical one-MAR reservoir at Epupa. These sequences do not necessarily have the single driest year or the lowest average mean annual runoff. These five sequences each contains one or more sequences of two to five years whose cumulative inflow over the period is less than that of the historical sequence.  These five sequences also displayed more severe or comparable deficient-flow characteristics when compared with the historical flows. 





evaporation estimates





Open water evaporation estimates for the Cunene catchment done in the past were checked by comparison with three empirical methods based on use of meteorological data captured for two observation stations in the catchment, namely at Nova Lisboa and at Sá da Bandeira. The three methods were those by Penman, Linacre and Hargreaves/Samani and covered a range of approaches and data utilisations. Additionally, the 1988 evaporation map by the Namibian DWA which impinges on Ruacana was also brought into the picture. On the basis of this comparison a new open water evaporation map is proposed for the Cunene catchment, which yields annual evaporation values that are 15% higher than those previously used. Mean monthly open water evaporation estimates at major storage sites were also prepared. 





	Net evapotranspiration losses from the riparian vegetation and the river channel in the reach between Ruacana and Epupa are estimated at about 2m3/s, while a unit rate per km was also estimated.





design flood determination





Design flood determinations were performed for Ruacana on the conservative assumption that flood peaks at or near Epupa would be similar. The Probable Maximum Flood (PMF) was derived by means of maximised Probable Maximum Precipitation (PMP) depth-area-duration information transferred from South African studies on large-area storms, estimates of long duration storm loss rates based on historical Angolan storms and by use of a "pseudo unitgraph" approach.  Unitgraphs unrelated to storm durations were derived from daily flow records at Folgares and at Ruacana, by conventional hydrograph separation techniques.  Scarcity of Angolan extreme rainfall data and accompanying uncertainties enforced use of lower bound and upper bound PMF estimates at these two sites on the Cunene. A design PMF of 11,000 m3/s was ultimately recommended for Epupa.  Compared with the largest historically observed floods at Ruacana and at Rundu, this PMF value appears very large and might be an over-estimate.  As the above methodology was reasonably artificial and not supported by appropriate data, this estimate would need to be refined during the next stage of the project.  For this phase of the project, however, it was deemed prudent to take a conservative view of this important dam design parameter.





	A Regional Maximum Flood (RMF) estimate based on the empirical area-based approach by Francou-Rodier was attempted. The Cunene falls outside the previously analysed region for this method. However, by extrapolation an RMF of 6,000 m3/s is considered appropriate. This is well clear of the lower bound PMF of 9,100 m3/s and close to the estimate of the 1:10000 year exceedence flood. 





	The exceedence floods, covering a range of recurrence intervals from 2 to 10,000 years, were derived from annual maximum discharges abstracted from the 50-year hybrid daily flow series prepared for Ruacana, to which a Log-Pearson Type 3 probability distribution had been fitted. Flood hydrographs for a range of exceedence floods were derived by proportioning of exceedence flood peaks to the peak of the Ruacana pseudo unitgraph, referred to earlier. The effective storm runoff volumes that this approach yielded were verified as acceptable by comparison with the statistical characteristics of a large sample of annual maximum storm volumes extracted from the hybrid daily flow series by hydrograph separation techniques. 





SEDIMENTATION





Prior to the Project Formulation, two independent assessments have been made of the suspended sediment transport in the Lower Cunene. 





The first assessment is based on the existing data series (sediment concentration and discharge figures from Ruacana) in combination with estimates of the potential yield from the local Ruacana-Epupa catchment area. The data are not very consistent and should be treated on an indicative basis only, representing a likely magnitude of the suspended sediment yield.  The analysis of the data has nevertheless been done according to recognised methods. 





The second is based on an empirical assessment of probable yield in relation to the entire active upstream catchment area.





When assessing the sediment transport data and classifying the concentration figures into rising and falling limbs respectively, a marked difference could be observed. Applying the data on a flow duration curve constructed from discharge data from the period 1961/62 to 1991/92 an annual suspended sediment load of 1.6 million tonnes could be estimated for Ruacana. 





As the Ruacana reservoir has a low trap efficiency, most of the sediment would be  transported further into the Epupa area with an estimated additional contribution of about 146,000 tonnes per year, based on the same yield data as derived from the upper catchment (27 t/ km2 /year) or about 300,000 tonnes if the Strakhov 0-50 t/ km2 /year class is applied for the additional catchment. The total yield would be slightly less than 2 million tonnes per year. The poor data quality and the paucity of data from extreme events entails that this estimate is likely to be an underestimation of the actual transport.





As no regional yield data exist from Southern Angola and as the existing yield data from Zimbabwe, Botswana, Namibia and South Africa could not be applied, the second estimate is based on the world-wide sediment maps published by Walling and Webb (1983), Fournier (1960) and Strakhov (1967) (see Chapter 9, Environmental Report).





All the three global maps indicate values for the Cunene catchment of less than 100 t/km2/year.





As the effective catchment area is estimated at  75,000 km2 an annual yield of, at most 7.5 million tonnes, could be expected. Taking the weakness of the method into account, i.e. using global data derived from few observations, the yield estimate is likely to be an overestimate of the actual transport.





Combining the results of the two screening procedures it is, however possible to establish the range of likely sediment input to 2 - 7 million tonnes per year.





Applying likely wet bulk density values, in the range of 1.3-1.5 (Chongui�a 1995, see Chapter 9, Environmental Report) the annual loss of volume will be in the range of about 1.5 - 5.5 million cubic metres..





As the likely sedimentation pattern, observed in several similar reservoirs, will follow the ancient river channel/gorge, most of the sediment influx will affect the dead storage of the proposed reservoirs.





As the dead storage of the Epupa A+C and B reservoirs  is about 3000 million cubic metres and the dead storage of the Epupa E reservoir is about 600 million cubic metres the sediment deposition and effect on the reservoirs under consideration would be quite negligible.





The trapping of the suspended sediments by the dams will be considerable, and more accentuated for the larger reservoirs. The higher spill frequency for alternative Baynes would carry through a higher amount of sediments to the downstream areas.





The sediment load on the dams has been taken into account in the stability calculations.





Further studies of the sediment regime of the river will be made in the Feasibility stage, complemented with a sediment sampling programme. 
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