CHAPTER 6	HYDROLOGY

                                                                             





6.1		INTRODUCTION



This chapter presents the hydrological studies undertaken as part of the pre-feasibility study of the proposed Epupa hydropower scheme on the Cunene.  



The hydrological assessment will basically cover the following:





(i)	   reviewing the Ruacana discharge records for the            period 1961 to 1991.



(ii)	   establishing a flow series of at least 30 years based on     weekly average flow to be used in further hydro-power      analysis, inclusive of present and future upstream         development conditions.



(iii)    reviewing records and estimates of evaporation in the            Epupa reservoir area.



(iv)     performing flood frequency estimates pertaining to 1 in           100, 1 000, 10000 year events.





6.2		CLIMATE



In general terms the climate of the Angolan part of the catchment drainage can be classified as a tropical wet�and�dry climate, influenced by the high altitudes and downstream as a semi�arid to arid climate. The regional variation in rainfall is well reflected by the vegetation pattern.



Figure 6.1 shows a diagram of the Cunene river catchment.

In the northern highlands, the rainfall is in the order of 1,300 mm per annum which steadily decreases to 0 mm per annum at the mouth.  This rainfall is mainly orographic in nature and is the result of moist air from the west being forced up the western escarpment.  The wet season, during which 90 % of the rainfall occurs, is in the period from November to April.  Figure 6.2 shows a typical seasonal distribution of rainfall at two locations in the catchment, while Figure 6.3 shows an isohyetal map of the catchment mean annual precipitation.



Figure 6.4 shows that the catchment net evaporation ranges from 300 mm per annum in the upper highlands to 2 000 mm per annum in the lower catchment.



















































































Figure 6.1: Cunene River Catchment (DWA 1989)









































Figure 6.2: Typical Cunene Catchment Rainfall Seasonal Distribution 

        (Midgley 1966) 















































Figure 6.3: Iso-hyetal Map of Mean Annual Precipitation (Midgley 1966)  















































































Figure 6.4: Map of Mean Annual Evaporation (Midgley 1966)  















6.3		LITERATURE OVERVIEW



6.3.1		Midgley (1975)



A number of available reports deal with the Cunene River hydrology, as shown in Midgley's (1966) report covers of the earlier, more detailed studies.  At the time of the study, Midgley notes that the Cunene River had been gauged at several points but only for brief periods.  These include 5 seasons of gauging at Matala, 4 seasons at Ruacana and 2 or less seasons at other stations (Refer to Figure 6.1).  Some of these stations however only consisted of stage records, as the stations had not yet been rated.  Other data available are flow records since 1946/47 in the Okavango River measured at Rundu.



Because the main tributary of the Okavango River, the Cubango, has it's source close to the Cunene River source, Midgley expected and found good correlations of the Rundu flows with flows observed in the Cunene.  These correlations were based on duration curves, where it was contended that "the flow which is equalled or exceeded for a given percentage of a given interval of time in one river bears a sensibly constant ratio to the flow which is equalled or exceeded for the same percentage of the corresponding current time interval in the other river" (Midgley 1966).



This contention was verified by compiling daily average flow duration tables for overlapping periods at Ruacana and Rundu respectively.  From this, corresponding daily average flow along with monthly and annual discharges were plotted against one another, confirming a good correlation of the two sites.  This daily flow duration relationship was consequently used to convert the monthly total flows in the Okavango river to corresponding monthly flows in the Cunene at Ruacana.  Thus Midgley extended the 1961/62 to 1964/65 Ruacana record back to 1946/47.



Midgley proceeded with the same approach to extend the Matala record (1960/65) back to 1946/47.  Here correlations were checked against both Ruacana and Rundu and were found to require ± half a month (20 days) lag advance.  Using available rainfall records, a method was devised to further extend the Matala flow record back to 1933/34.  This was achieved using an annual wetness index which correlates rainfall with runoff.  For this index, the total seasonal precipitation for the current and antecedent conditions were regressed against the corresponding current seasonal runoff at Matala.  In doing so, it was found that two annual runoffs (1947/48 and 1954/55) at Matala were higher than could be justified by the wetness index.  These annual flows were consequently reduced.  The annual flow totals were then disaggregated into monthly flows using an average monthly distribution extracted from the brief observed sequence.



The Matala observed record was now correlated with Gove, Calai and Jamba-ia-Mina observed daily flows.  These duration curves were then used to create monthly hydrographs as before.  In the case of extending the Ruacana flows back to 1933/34, it was felt that the rainfalls of the upper catchment (vicinity of Matala) differed significantly with that of the lower catchments (vicinity of Ruacana), warranting a separate annual wetness index.  This wetness index, for the catchment between Matala and Ruacana, was based on a lower catchment rainfall and the difference between Ruacana and Matala runoff.  The annual flows were consequently disaggregated into monthly flows using an average Ruacana monthly distribution.  The completed monthly flows at Ruacana from 1946/47 back to 1933/34 were consequently derived by adding the lower catchment flows to the Matala flows, lagged by ± half a month.



The flow extension back to 1933/34 was accepted when the annual flow correlation of "wetness index - Matala derived" and "Rundu derived" Ruacana flows for the period 1946/47 to 1961/62 proved convincing.  Similar calculations were used to obtain flows at the sites Matunto and Rocadas.



Although the "Rundu derived" and "wetness/index - Matala derived" annual flows at Ruacana agreed well, Midgley observed on inspection of some of the other hydrographs, that there were inconsistencies.  This was borne out by the fact that the smaller, lower rainfall catchment at Matunto was yielding 24 % more runoff than the larger, higher rainfall Matala catchment.  This pointed to a suspect Matala flow record, which he felt could possibly be attributed to an empirical method of flow measurement at Matala.  This flow measurement is based on barrage and spillage depths of gate openings which are different to measure, while all other stations have discharge conversions based on current meter ratings.



To remove anomalies such as this, Midgley proceeded with a study of rainfall-runoff relationships throughout the basin.  By using a simple coefficient, whose value would indicate the relative yield of a type of terrain independent of area and rainfall, he confirmed the anomalies in the Matala flow record.  Using a series of checks to dispel any changes in previous correlation, Midgley proceeded to increase the monthly hydrograph at Matala by 12,5 %.  Using the final derived monthly flows from 1933/34 to 1964/65 at the various sites, Midgley (1966) proceeded with further calculations.



It can thus be seen that a considerable amount of manipulation went into producing Midgley's extension of flows to the start date of 1933/34.



6.3.2		Pitman and Midgley (1974)



In a later study, Pitman and Midgley (1974) utilised a newly developed mathematical model for synthesizing hydrographs of monthly runoff from catchment rainfall and evaporation.  Furthermore, several years of additional flow data had been captured at a range of sites since the earlier (Midgley, 1966) study.  Missing data in these flow records were infilled by correlation with records at other gauges, completing flow sequences for approximately the period 1961 to 1972.  The mathematical model required to be calibrated, which was achieved in an iterative manner by comparison with the observed records at various sites.  The calibrated model now allowed simulation of natural catchment runoff for the period 1933/34 to 1971/72, based on recorded monthly rainfall.  These runoffs were consequently used as input for simulating hydro-electric performances.  In this report no mention is made to any evaluation of Midgley's previous (1966) work.



6.3.3		SWAWEK (1975)



A year later, SWAWEK (1975) issued a report on updated Cunene river hydrology and the associated power potential at Ruacana.  In the light of the additional hydrological and electrical demand information that had become available at the time, the purpose of this study was to define Gove dam operating rules.  These rules were to maintain a guaranteed minimum flow for hydro-power productions at Ruacana.



SWAWEK's hydro-power analysis was based primarily on Pitman and Midgley's (1974) monthly streamflow records simulated with their mathematical catchment model.



However, although Pitman and Midgley's runoffs covered the period 1933/34 to 1971/72, SWAWEK felt that the scarcity of rainfall recording stations in the earlier years might bias the analysis and consequently decided to accept only synthetic data from 1945/46 onward.  From 1945/46 onwards, rainfall data was available at 6 stations, reasonably distributed throughout the Cunene catchment.



SWAWEK (1975) in their report furthermore compared, for the sites of Gove dam and Ruacana, Midgley's (1966), their own correlated, and Pitmans/Midgley's (1974) flow record extensions for the period 1945/46 to 1963/64.  In this comparison, SWAWEK's own correlation was based on a multiple regression analysis using the Okavango recorded flows at Rundu.  Their findings were that the runoffs at Gove dam simulated with Pitman and Midgley's (1974) mathematical model were on average 11 % higher, but at Ruacana the mean annual runoffs, derived with the three methods, compared favourably.  A further finding was that Pitman and Midgley's (1974) synthetic runoff had a much higher standard deviation than the other records.  SWAWEK (1975) felt that more of the inherent natural runoff variations were conserved with the catchment model and consequently used this record for further analysis.



6.3.4		Midgley (1985)



In 1985, Midgley did further work on analyzing the flow at Ruacana for SWAWEK.  At this stage, flow recordings in the Okavango river at Rundu were available from 1945/46 to 1983/84 while the Ruacana record was available from 1961/62 to 1983/84.  Using double-mass plots of the Rundu and Ruacana records, Midgley found good correlation for the period 1961/62 to 1973/74 after which the correlation became very poor.  This period of poor correlation, 1973/74 onwards, was roughly when Gove dam came into operation.  From a further mass balance of cumulative flows for the 10 year period 1973/74 to 1983/84 it was shown that there was a flow deficit, and that the Ruacana record seemed to have been under-recording. Allowance in this mass balance was made for filling of and evaporation from Gove dam.



Midgley (1985) also found that the double mass plot slopes of the Cunene vs Okavango rivers (at Ruacana), were the same for the period 1945/46 to 1966/67 as for the period 1966/67 to 1974/75.  This confirmed his earlier (1966) Ruacana/Rundu correlation and Midgley concluded that this correlation could be used to project the Ruacana record forward from 1973/74 to 1983/84 (the period of poor correlation).



Because of the lack of rainfall data for the calibrated catchment model, the Rundu correlation had to be used for this later period.  Midgley (1985) thus obtained a time series of flows for the period 1944/45 to 1983/84, which he subsequently used for further calculation.



6.3.5		DWA (1989)



In 1989, the South West Africa/Namibia Department of Water Affairs (DWA, 1989) issued a report on the Cunene hydro-power potential.  In this report it was recorded that additional runoff records had been collected at Ruacana, however no additional information was available from sites further upstream in the catchment.  Furthermore, there had been some unsuccessful attempts of recording flows at Epupa and Marienfluss, both downstream of Ruacana.



The report also brought to light the following information about the later Ruacana portion of the record.



a)	Gove dam started impounding significant volumes of water from 1972/73 onward.  It subsequently filled up over two seasons, however primarily in 1974.



b)	Since the construction of the Ruacana hydro-electric scheme (1978/79), the available flow data has been recorded by SWAWEK.  However, from 1978/79 to 1982/83 only the flow through the Ruacana turbines was measured.  From 1982/83 onwards, both the flow through the turbines and over the Ruacana diversion weir was measured.



c)	For the 1979/80 season the total flow was estimated by an unknown source known as "Proctor's estimate".



d)	In the report there is mention of a discrepancy in the 1986/87 and 1987/88 hydrograph peaks, in comparison with the total volume or the residual base flow.



e)	The Ruacana runoff for the seasons 1976/77 to 1979/80 are slightly lower than one would expect, based on the Rundu correlation, while the opposite is observed for the seasons 1983/84 to 1986/87.



Thus the general feeling in the DWA report (1989) was that there is much room for uncertainly in the Ruacana record collected for the period 1973/74 onwards.



DWA (1989) however showed that the annual statistical correlation between the Rundu and Ruacana records are good.  Thus the Rundu record was used to synthesise flows at Ruacana for the period 1973/74 to 1986/87.  These are disaggregated into monthly values based on averages derived from Pitman and Midgley's (1974) work.



DWA (1989) subsequently combined the correlated flows with the observed record from 1961/62 to 1972/73.  Furthermore, Pitman and Midgley's (1974) catchment model flows were also found to correlate well with the Rundu record and these, available from 1933/34, to 1961/62 were accepted and combined for the earlier period.



For flows at Gove and Matala, DWA (1989) used Pitman and Midgley's (1974) investigation to deduce reduction factors which can be applied to the Ruacana record.  Downstream of Ruacana, any further inflow is ignored, as it is deemed erratic and insignificant.  DWA thus used a 54 year record spanning from 1933/34 - 1986/87 for further calculations.



6.3.6		Findings



From the above discussion, it can be seen that the most reliable flow records at Ruacana are those from 1961/62 to 1972/73.  Hereafter, inconsistencies in the record, due to flow measurement problems and upstream developments, make the record questionable.  It has been shown by various authors that the flow extensions back to 1933/34 with Pitman and Midgley's (1974) catchment model are representative.  SWAWEK (1975) however felt that these should only be accepted from 1945/46 onwards, when sufficient rainfall stations existed throughout the Cunene catchment.



On the whole, all authors agree that flow correlations between the Okavango river at Rundu and the Cunene river at Ruacana are convincing.  Figure 6.5 summarises the final Ruacana records, used by the various authors in the literature for their hydro-power evaluations.  Figure 6.6 summarises all anomalies in the Ruacana record indicated in the literature (and determined by personal discussion with DWA officials).





























































Figure 6.5: Final Ruacana Records Used by Authors in the Literature  













































Figure 6.6: Anomalies in the Ruacana Record  



6.4		APPRAISAL OF RECORDS



In order to confirm the discrepancies in the Ruacana record discussed in the literature, the available flow records were further examined.



6.4.1		Ruacana



Single Mass Comparisons with Rundu



Figure 6.7 shows single mass plots of the flow record at Ruacana in the Cunene river and the flow record at Rundu in the Okavango river.  The figure shows that the Ruacana and Rundu records have similar trends for the first 144 months (1961 to 1972) and the volumes of cumulative runoff are very close.  From 1973/74 (month 144) onwards, the Ruacana cumulative record starts to deviate (flatter slope) which can be attributed to the filling of Gove dam, completed in 1972/73 .





















































Figure 6.7: Single Mass Plot of Ruacana and Rundu Flow Records  



This flatter slope in the Ruacana record is maintained up to 1978/79 (month 216), after which the slope further flattens out, as a result of undermeasurement.  As mentioned in the literature, this undermeasurement is traced to flow recordings consisting of measurement through the hydro-power turbines only, at the Ruacana hydropower scheme.  The spills from the upstream diversion weir at Ruacana during this period were not recorded.  From 1983/84 (month 264) onwards, both flows through the turbines and over the diversion weir were measured.  In this latter portion of the record, the Ruacana and Rundu single mass plots appear to have similar slopes.



Figures 6.8 (a),(b) and (c) show enlargements of the single mass plots for the periods 1961-1972, 1973-1983 and 1984-1990 respectively.  Figure 6.8 (a) shows clearly the similarities in the two flow records while Figure 6.8 (b) shows the dramatic deviation caused by the anomalies in the Ruacana record.



Figure 6.8 (c) shows that although both the Ruacana and Rundu records appear to have similar slope in the latter portion of the record, the correspondence is not as convincing as observed for the earlier period (1961-1972 - Figure 6.8 (a)).











































Figure 6.8 (a): Single Mass Plot of Ruacana and Rundu Flow Records (1961 to                              1972) 













































Figure 6.8 (b): Single Mass Plot of Ruacana and Rundu Flow Records 

         (1973 to 1983) 









































Figure 6.8 (c): Single Mass Plot of Ruacana and Rundu Flow Records 

         (1984 to 1990) 



Double Mass Comparison with Rundu



Figure 6.9 shows a double mass curve of the Ruacana record against the Rundu record.  For the earlier part of the record (1961 - 1973), the double mass line has a consistent slope and compares well with a one-to-one line.  This indicates that the records should correlate well with one another and have similar cumulative volumes.  After 1973 the double mass plot slope changes, as a result of under-recorded flows at Ruacana compared with Rundu.  As mentioned previously, this corresponds to the time when Gove dam construction was completed and the dam started filling.  The steeper slope is maintained until 1980, after which a further increase in slope is observed.  This slope increase corresponds to the period where only the flow though the Ruacana hydropower turbines was measured.



From 1984 onwards, the double mass line again assumes a similar slope as observed for the earlier period.





















































Figure 6.9: Double Mass Plot of Ruacana and Rundu Flow Records  



Figures 6.10 (a), (b) and (c) show enlargements of the periods 1961-1972, 1973-1983 and 1984-1990 respectively.  Figure 6.10 (a) shows the good correlation and similarities of the Ruacana and Rundu records during the earlier period.  Figure 6.10 (b) shows the non-linearity of the double mass line, with the steeper slopes indicating the under-recording of the Ruacana record.  Figure 6.10 (c), shows that, although the single mass slopes for the earlier (1961-1972) and latter (1984-1990) periods appear similar, this latter period is not as consistently linear as the earlier period.  Furthermore, the slope for the period 1984 to 1986 is flatter than the period 1986 to 1990 indicating a higher recorded runoff at Ruacana (with comparison to Rundu).  This could possibly confirm the DWA (1989) observation of higher annual runoff at Ruacana compared to a correlated runoff based on the Rundu record for this period.

























































Figure 6.10 (a): Double Mass Plot of Ruacana and Rundu Flow Records 

        (1961 to 1972) 











































Figure 6.10 (b): Double Mass Plot of Ruacana and Rundu Flow Records 

        (1973 to 1983) 











































Figure 6.10 (c): Double Mass Plot of Ruacana and Rundu Flow Records 

        (1984 to 1990)



Statistical Comparison with Rundu



To further confirm that the Ruacana 1961-1972 period is different from the period 1973-1983, a statistical test was performed.  The means for the two periods at the Ruacana and Rundu stations were compared using the so-called Z-test based on a normality assumption.  Using a 90 % confidence level, no significant difference between the 1961-1972 and 1973-1983 means was observed at Rundu.  At Ruacana however, the Z-test indicated a significant difference between the means of these two periods.  This suggests further that at Ruacana the 1972�1983 period of record is different to the 1961-1972 period.



6.4.2		RUNDU



Single Mass Comparison with Mukwe



Daily flows have been measured at Rundu since 1945.  In order to evaluate the consistency of this record, it was compared to flows measured at Mukwe since 1949, on a single mass plot.  The flow station at Mukwe is also located on the Okavango, however downstream of Rundu.



Referring to the single mass plot comparison (Figure 6.11), both these records have consistent single mass slopes for the full duration of the recording.  The Mukwe slope is slightly steeper due to the higher flows, however no sudden slope deviations occur.



The above comparison confirms the stationarily of the Rundu record.  A single mass plot of Mukwe versus Ruacana (Figure 6.12) shows the similar uncharacteristic trends as observed in the Rundu versus Ruacana single mass plots discussed in Section 4.1.





































































Figure 6.11: Single Mass Plot of Rundu and Mukwe Flow Records 















































Figure 6.12: Single Mass Plot of Mukwe and Ruacana Flow Records 



Double mass comparison with Mukwe



A further test of the Rundu record consistency, is to compare the Mukwe and Rundu records on a double mass plot (Figure 6.13).  The figure shows a near linear double mass line with constant slope which again confirms the stationarily of the Rundu record.



A double mass plot of the Ruacana versus Mukwe records (Figure 6.14) shows the uncharacteristic anomalies in the Ruacana record discussed in Section 4.1.





































































Figure 6.13: Double Mass Plot of Rundu and Mukwe Flow Records 













































Figure 6.14: Double Mass Plot of Rundu and Mukwe Flow Records 





6.4.3		Conclusions



In the above discussion it has been shown, that the Ruacana flow record from 1961 to 1972 is homogeneous and compares well with the Rundu flow record.  The single mass plots exhibit similar slopes while the double mass slope remains linear for this period.



From 1973 to 1983 various anomalies, resulting from upstream developments and incorrect flow measurements, cause the Ruacana record to be very unreliable.  These effects have been confirmed with single, double mass graphs as well as with a statistical Z-test.



The period 1984 onwards, at first, appears to have similar characteristics as the earlier period (1961-1972), however on closer inspection of the single and double mass plots, this portion of record is not as consistent as the earlier period.  This period must also be treated with circumspection.



The Rundu record compared to the downstream Mukwe record exhibits stationarily for the complete period, indicating that these flow measurements are mutually consistent and could be used for manipulation of the Ruacana flows.



The favourable comparison of the Ruacana and Rundu records for the earlier periods, indicated a high correlation between these two stations.  Thus it would be possible use the stationary Rundu record to synthesise flows at Ruacana for the period from 1973 onwards, for which the Ruacana records appear unreliable.





6.5		EXTENSION OF RUACANA RECORD



The literature and the previously discussed single and double mass plots revealed that the Ruacana record is consistent for the period 1961 to 1972 and correlates well with the Rundu record.  Hereafter, missing data and upstream developments cause uncertainty in the record, which is especially apparent for the period 1973 to 1983.



To use the Ruacana record for input to hydropower optimisation calculations, a long record of daily flows is required.  This can consequently be summed into weekly flows.  Having identified the portion of uncertain Ruacana record, a method was sought to replace this unreliable record period with synthetic flows, utilizing the good correlation with Rundu.  Two methods of synthesizing flows appeared appropriate:



a)	annual regression with the Rundu record (serial or non-serial) and subsequent daily disaggregation according to Rundu daily flows on an annual basis.

b)	monthly regression with the Rundu record and subsequent daily disaggregation according to Rundu daily flows on a seasonal basis.



Both of the above two methods were attempted.



6.5.1		Generation of annual flows



Using the Rundu records, a check was performed to ascertain whether serial or non�serial correlation is required.  The annual serial correlation coefficient was calculated and was found to be low, namely 0.08.  Thus it was established, that the regression of the Ruacana and Rundu records need not take into account the previous year's annual runoff.



An annual linear regression of Ruacana and Rundu was consequently performed for the period 1961 to 1972.  This resulted in a R2 of 0,90 indicating good correlation and confirming that the annual runoff at Ruacana could be synthesized from annual Rundu runoff.  The following expression resulted from the regression:



		[Ruacana]  =  A + B x [Rundu]

		where Ruacana, Rundu = annual flow at stations

A  = -1038.4   and   B = 1.1508



6.5.2		Generation of monthly flows



As an alternative to the generation of annual runoff at Ruacana using Rundu annual flows in a linear regression, it was decided to attempt synthesizing monthly runoff with the new "state-of-the-art" PATCHS model (Pegram,1991).



Pegram (1991) uses a method to patch monthly runoff data which "exploits available cross- and serial correlation between and within streamflow and rainfall records, to build a linear state-space model of the rainfall-runoff process".  The PATCHS model furthermore estimates "missing data and model parameters using a combination of Kalman Filter and the EM algorithm".



For this purpose, the 1961 to 1972 period of Ruacana data was employed along with the Rundu monthly flow records and the Ombalanto monthly rainfall records.  These were obtained from the DWA in Namibia.



This attempt to utilize monthly serial correlations in all available relevant time series in the flow synthesizing process is aimed at providing an approach distinctively different to that inherent to the linear regression described above.



6.5.3		Comparison of flows



Annual regression



Figure 6.15 (a), (b) and (c) show graphs of observed annual Ruacana flows versus synthetic annual Ruacana flows.  The synthetic flows have been generated using the Rundu correlation.



Figure 6.15 (a) shows the comparison for the period of homogeneous reliable data in the Ruacana record (1961-1972).  The synthetic data compares favourable with the observed record indicated by the scatter of data points around the 45   line.



Figure 6.15 (b) shows the above comparison for the period 1973 to 1983. The annual correlated flows are generally higher than the observed flows.  This can be traced to the upstream developments and underrecording at Ruacana which again confirms the anomalies in the record.



Figure 6.15 (c) shows the period 1984 to 1990.  From the figure it would appear that the observed and correlated runoffs agree favourably, excepting for the 1985 annual total.  Although this reasonable correspondence is observed on the annual totals, it will be shown on a daily time series (Section 6.5), that this period of record exhibits uncharacteristic behaviour.  These confirm the less consistent single and double mass plots of this period compared with the period 1961-1972 observed and discussed in Section 4.1

























































Figure 6.15 (a): Comparison of Observed and Synthetic Ruacana Annual Flows (1961 to 1972) 













































Figure 6.15 (b): Comparison of Observed and Synthetic Ruacana Annual Flows (1973 to 1983) 









































Figure 6.15 (c): Comparison of Observed and Synthetic Ruacana Annual Flows (1984 to 1990) 



Monthly regression  (Patchs)



To maintain as much of the inherent characteristics of the observed record as possible, the PATCHS model automatically re-substitutes the original data when producing the synthesized output.  Thus, for the period of reliable data in the Ruacana record (1961 - 1972), no comparison of synthetic versus observed flows could be performed to check the reliability of the PATCHS output.  Comparison of PATCHS annual flows with the annual regression output is, however, possible and is depicted in Figure 6.15 (d).  It appears that the monthly model produces somewhat higher estimates during dry years than wet years.



For the sake of conservatism, it appears that the annual regression estimates might be preferable for this study.  Furthermore, it will be shown in Section 6.4, that daily flows obtained from the annual disaggregation yield more favourable results than daily flows obtained from seasonal disaggregation.  For these reasons, it was decided to use the annual regression flows in preference to the seasonal regression flows.  However, the PATCHS derived flow series is available for use in possible sensitivity studies during the hydro-power optimization simulations.









































Figure 6.15 (d): Comparison of Synthetic Ruacana Annual Flows by the Two Models 



6.6		DISAGGREGATION OF EXTENDED RUACANA RECORD INTO DAILY FLOWS



After flows for the period of Ruacana record, during which the anomalies occur (1973 onwards), were generated, either with annual or seasonal regression, it was necessary to disaggregate this synthetic data into daily flows.



A simple method of doing this, would be to apply the Rundu daily flows factored by a ratio of Ruacana synthetic annual (or seasonal) flow to Rundu measured annual (or seasonal) flow.  To check whether this is possible, a comparison of Rundu and Ruacana daily hydrographs for the period 1961 to 1972 was performed.  Section 6.1 shows that this method was too simplistic, consequently it was abandoned.



6.6.1		Daily flow comparison with Rundu



A comparison of Ruacana and Rundu daily flows (Figure 6.16) shows that the Ruacana runoff hydrographs have much higher peaks compared with the Rundu hydrographs during the rainfall season.  Furthermore, the recession of the Ruacana hydrographs is much quicker, indicating catchment response and storage differences.  During the non-rainfall season the base flows in the Ruacana record are much lower than the Rundu record.



Thus a direct disaggregation of Ruacana synthetic annual (or seasonal) runoff according to the Rundu daily observed flows, would result in lower hydrograph peaks during the rainfall season and higher base flows during the non-rainfall season.  Such a disaggregation would therefore not be representative of the daily runoff at Ruacana.  Consequently, an improved disaggregation approach was sought.









































































Figure 6.16: Comparison of Daily Ruacana and Rundu Flows 





6.6.2		Annual disaggregation



The inherent differences in the daily Ruacana and Rundu flow trends prompted a daily flow exceedance curve type of approach for disaggregation, which reflects Midgley's (1966) assumption (section 3.1) about the sensibly constant relationship between flow duration curves at the two observation points.



In this approach, all daily flows of the reliable portion of the Ruacana record (1961 - 1972) were ranked and transformed into a daily flow exceedance curve.  The same procedure was performed using the Rundu daily flow record for the corresponding period.  These curves were superimposed as shown in Figure 6.17.  At lower exceedances the Ruacana daily flows are higher than the Rundu daily flows, while the reverse is observed at higher exceedances.  This trend agrees with the daily time series comparison, where the Ruacana peaks are higher while the base flows are lower when compared to the Rundu daily hydrographs.





















































Figure 6.17: Ruacana and Rundu Daily Flows Exceedance Curves (1961-1972) 





After establishing the two daily exceedance curves, it was assumed that the relationship between the curves applies to any daily flow.  Thus, for a particular daily flow at Rundu, the corresponding unfactored daily flow at Ruacana could be estimated using the two daily exceedance curves.



By factoring the resultant unfactored daily Ruacana flow with a ratio of annual synthetic Ruacana to annual observed Rundu flow, the final daily Ruacana flow can be obtained.  The annual synthetic Ruacana flow for the factoring process would have been previously calculated through the linear regression discussed in Section 5.1.



In this way it was possible to disaggregate the synthetic annual Ruacana flows into synthetic daily Ruacana flows using the daily observed Rundu flows.  After approximating the two exceedance curves with polynomial expressions, in-house computer software was written to automate the above process.











6.6.3		Seasonal disaggregation



As discussed in Section 5.2, a further method of generating flows at Ruacana is to use a monthly serial regression.



Although this method renders monthly flows, it was decided to perform the daily flow disaggregation based on seasonal daily exceedance curves, as the data base was too meagre to allow representative monthly exceedance curves.  The process is similar to the one discussed in Section 6.2, however, the reliable portion of the Ruacana record is separated into a winter and summer seasons.  DWA (1989) mentions that 90 % of the rainfall occurs in the period November to April and consequently this period was chosen as the summer season.  All Ruacana daily flows in this summer season were ranked and transformed into a daily exceedance curve as before.  This, together with the Rundu daily summer exceedance curve for the same period was graphed as shown in Figure 6.18.  The same procedure was repeated for the winter season (Figure 6.19).



















































Figure 6.18: Ruacana and Rundu Seasonal Flow Exceedance Curves - Summer (1961-1972)  











































Figure 6.19: Ruacana and Rundu Seasonal Flow Exceedance Curves - Winter (1961-1972) 





The daily Ruacana flows were now disaggregated in a similar manner as in Section 6.2.  The applicable seasonal daily exceedance curve relationship was used to estimate the  unfactored daily flow at Ruacana.  Thereafter, this daily flow was adjusted by applying a ratio of seasonal synthetic Ruacana to seasonal observed Rundu flow.  These seasonal flows were obtained by summing the November - April or May - October monthly flows.



By approximating the daily exceedance relationships with polynomial expressions, the above process was again automated using in-house software.



6.6.4		Comparison of disaggregation techniques



To investigate the relative applicability of the two disaggregation techniques, daily flows were generated at Ruacana for the period 1961-1972, using the Rundu daily flow hydrographs and the relationship between the exceedance curves at the two gauging stations. 



The derived unfactored daily Ruacana flows were then adjusted by the ratio of annual (or seasonal) observed Ruacana flow to annual (or seasonal) observed Rundu flow.  In other words, the complete observed Ruacana daily flow hydrographs were being reproduced by the chosen method.



Figure 6.20 shows a time series comparison of observed and synthetic daily flows at Ruacana produced with the annual disaggregation method as discussed in Section 6.2.  Referring to the figure, the two daily flow series agree favourably.  Some of the synthetic summer peaks are slightly higher while others are lower.  The base flows in the winter months agree favourably throughout.  



A further check of the disaggregation is to rank the daily flows, produce a daily exceedance curve and compare it to the original exceedance curve (Figure 6.21).  This comparison again shows favourable agreement.





















































Figure 6.20: Comparison of Annually Disaggregated, Daily Observed and 

Synthetic Flows at Ruacana 











































Figure 6.21: Comparison of Ruacana Flow Exceedance Curves Generated from 

Observed versus Synthetic Daily Flows (1961-1972)





Figure 6.22 shows a time series comparison of observed and synthetic daily flows at Ruacana produced with the seasonal disaggregation method as discussed in Section 6.3.  The figure shows that the synthetic summer peaks are often higher, while on the other hand, the base flows during the winter months often appear to be notably undersimulated.



Comparing this figure to Figure 6.20, the approximation of the base flows are shown to be better using the annual disaggregation method.

































































Figure 6.22: Comparison of Seasonally Disaggregated, Daily Observed and 

Synthetic Flows at Ruacana 





The above comparison shows that the annual disaggregation method yields a more favourable comparison of the base (winter) flows than the seasonal disaggregation method.  Because of the importance of a good simulation of daily flows in the base flow region for hydro power evaluation, it was decided to use the annual disaggregation method.



6.6.5		Acceptability of daily flows for the period 1984-1990



From previous discussions, the Ruacana record can be divided into 3 periods.



		(a)	1961-1972		homogeneous period with good correlation to Rundu.

	(b)	1973-1983		definite period of unreliable data.

		(c)	1984-1990		period with less stationarily compared to period (a) above.



At this stage it was required to ascertain whether to accept the observed daily data from 1984-1990 or to generate synthetic daily flows (as for the period 1973 to 1983).



The single and double mass plots discussed in Section 4.1 indicated that, although this period exhibited some of the 1961-1972 period stationarily and consistency, on closer examination, this stationarily was not as convincing.



On the other hand, a comparison of observed and correlated annual totals gave reasonable results (Section 5.3).



To further examine this period, a daily time series comparison was performed.  Shown on Figure 6.23, is the observed Ruacana record and the synthetic time series generated with annual disaggregation and annual regression with the Rundu record.































































Figure 6.23: Comparison of Daily Observed and Synthetic Ruacana Flows 

for the Period 1984 to 1990 





The comparison shows that the Ruacana observed record exhibits uncharacteristically high base flows compared to the earlier period (1961-1972;  refer to Figure 6.16).  Furthermore, the summer peaks are often much higher than one would expect based on the Rundu record, as transformed by the chosen regression/disaggregation method.  In Figure 6.24, the Rundu record has been superimposed on the observed Ruacana record.  The base flows of the two records are fairly similar, which according to the earlier period (1961-1972) is completely uncharacteristic (refer Section 6.6).  These observations might account for the less stationary and consistent single and double mass plots observed in Section 4.1.



This uncharacteristic behaviour may be attributed to an influence caused by upstream developments and consequently it was decided not to accept the measured data, but rather to generate synthetic flows based on the good correlations with the Rundu record.  It is important to note (see Figure 6.8), that the synthetic flows for this period are lower than the observed record in the low flow region, representing a conservative situation.















































Figure 6.24: Comparison of Daily Observed Ruacana and Rundu Flows 

for the Period 1984 to 1990 



6.6.6		Final flow series preparation



As mentioned in the introduction, for further hydro-power analysis, a flow series of at least 30 years, based on weekly flows, is required.  This flow series was generated, by summing the daily flows obtained from the annual disaggregation.  Additionally, the observed daily data for the period when the Ruacana record was shown to be reliable (1961-1972) has been included instead of the synthetic flows.  



The measured Rundu daily flow record, which is used for generating the synthetic flows at Ruacana, begins in 1945.  Thus it is possible to generate 46 years (1945-1991) of daily flows at Ruacana instead of 30 years (1961-1991).  Thus two  weekly flow series have been provided as follows.



(i)	46 years of weekly flows starting with week 1 on the 1/10/1945 and ending on the 30/9/1991

(ii)	31 years of weekly flows starting with week 1 on the 1/10/1961 and ending on the 30/9/1991



Because these weekly flow series are based on the Rundu - Ruacana regression/disaggregation for the period 1961 to 1972 when little upstream development existed in the Cunene basin, these synthetic flows represent natural (pre-development) conditions.





6.7		PRESENT/FUTURE DEVELOPMENT SCENARIOS



Having assembled the naturalized daily flows at Ruacana, it was required to ascertain the effect on these flows of present and future development.



Present and future development scenarios require the effect of Gove, Matala and Calueque dams to be accounted for in terms of evaporation and supplying demands.



Because no daily (or other) records are available at Gove and Matala for a daily reservoir simulation, a method was sought to factor the daily Ruacana flows so that they represent the flows at these sites.  In doing so the flow lag between the relevant sites has to be accounted for.



The best source of runoff factors was considered to be Pitman and Midgley's (1974) work where a calibrated catchment model was used to generate monthly flow sequences at various sites in the Cunene.  Because of the large (± 22 days) lag in flows (Midgley 1966) between the sites, monthly factors were considered to be inaccurate.  On the other hand, annual factors were considered to be coarse and do not allow for the difference in the summer and winter runoffs.  It was thus decided to factor the Ruacana daily flows using seasonal ratios.  These ratios were calculated by dividing Pitman and Midgley's average simulated summer (or winter) inflow at the reservoir site, by the average summer (or winter) inflow at Ruacana.  Table 6.1 lists the final ratios calculated.



















Note: Ratios are with respect to Ruacana.



Table 6.1  :  Seasonal Flow Ratios for Reservoir Sites in the Cunene





Various authors in the literature (Midgley,1966; Pitman & Midgley,1974) did considerable work in establishing the lag of flows between a range of sites in the Cunene.  Although, in some of this literature, lag was related to the volume of flow, it was considered sufficient to apply average lags in the scope of this pre-feasibility study.  Table 6.2 lists the lags assumed between the various reservoirs.





RESERVOIR

SITE�	LAG

(days)��Ruacana/Calueque



Matala



Gove



TOTAL�

15



7





22��

Table 6.2  :  Lag between Sites on the Cunene





Customized inhouse software has been written to model the Calueque, Matala and Gove reservoirs on a daily time step to produce present or future development flows at Ruacana.  This software allows:



a)	factoring and lagging of Ruacana daily flows to represent daily inflows at Gove and Matala dams.



b)	simulation of Gove, Matala and Calueque dams allowing for evaporation and abstraction to satisfy irrigation and primary demands.



c)	re-lagging the spills from the reservoir simulation and allowing these as inflow to the next downstream reservoir.



d)	adding daily flow sequences to obtain the final daily flow sequence at Ruacana, representing present or future development conditions.



Figure 6.25 shows a schematic of the software logic and operation.  Because indirect use is made of Pitman and Midgley's (1974) simulated flows at the actual reservoir sites which incorporated channel losses in upstream river reaches, such channel losses between reservoir sites need not be considered here.































































































































Figure 6.25: Schematic of Cunene Present and Future Development Condition 

Simulation Software Logic 





The nett evaporation at the reservoirs was extracted from Midgley's (1966) report and are listed in Table 6.3.





��	DISTRIBUTION %�������������DAM�NET ANNUAL

EVAPORATION

(mm)�OCT�NOV�DEC�JAN�FEB�MAR�APR�MAY�JUN�JUL�AUG�SEP��Calueque

Matala

Gove�1200

800

300�11

14

17�8

9

10�8

9

0�4.3

2

0�4.3

2

0�4.3

2

0�8

4

0�8

10.5

13�11

12

13�11

12

13�11

14

17�11

14

17��

Table 6.3  :  Reservoir evaporations



For the analysis, four scenarios were investigated.  These are:



(1) Present (1995) - with Gove at 40% capacity (1030 MCM)



  Calueque capacity 	= 10 MCM 

  Calueque demands	= 21.8 MCM/a (industrial/household)

and 2.9 MCM/a (irrigation)

  Angola demands		= 15.0 MCM/a  distributed

- Gove  = 40%

- Matala = 30%

  	- downstream of Matala = 30%



(2) Present (1995) - with Gove at 100% capacity (2574 MCM)



  Calueque capacity and demands as in (1)

  Angola demands as in (1)



(3) Future - with 6 cms abstraction from Calueque



  Calueque capacity 	= 100% (475 MCM)

  Calueque demands	= 6 cms of which

55.4 MCM/a = industrial/household

balance = irrigation

  Angola demands		= 48.6 MCM/a*  distributed

- Gove  = 40%

 			- Matala = 30%

- downstream of Matala = 30%

(*based on Ovamboland industrial growth rate of 4% p.a.)



(4) Future - with 12 cms abstraction from Calueque



  Calueque capacity 	= 100%

  Calueque demands  	= 12 cms of which

55.4 MCM/a = industry/household

balance = irrigation

  Angola demands    	= as in (3)





All industrial/household demands were taken as constant, while irrigation demands on both sides of the border were distributed as listed in Table 6.4 below.



IRRIGATION DEMAND DISTRIBUTION  (%)�������������OCT�NOV�DEC�JAN�FEB�MAR�APR�MAY�JUN�JUL�AUG�SEP��4.3�6.2�9.3�12.1�13.1�13.1�12.1�10.0�7.3�5.0�3.9�3.6��



Table 6.4  :  Distribution applied to irrigation demands 





Area-capacity relationships for the reservoirs were extracted from Namibian DWA records.  These area-capacity curves were approximated with a power law.

Area~=~a ~times ~{Capacity} SUP {~~~~b}



The resulting coefficients are listed in Table 6.5 .



RESERVOIR�a�b��Gove

Matala

Calueque�0.5754

0.2624

3.0300�0.7251

0.6700

0.6540��

Table 6.5  :  Coefficients of reservoir area-capacity relationships



After input of the relevant data, the four scenarios were simulated.  Table 6.6 lists the reduction in annual runoff from the naturalized to the future development conditions.  Figure 6.26 shows the mass balance at the various reservoirs for the four scenarios.





















































































Figure 6.26: Schematic of Cunene Present and Future Development Condition 

Mean Annual Runoffs 

�



CONDITION�	MAR

(MCM)�	BASIC ASSUMPTION��Naturalized

Present 1

Present 2

Future 1

Future 2�5289

5200

5175

4780

4591�No development

Gove dam at 40% capacity

Gove dam at 100% capacity

Calueque demands at 6 cms

Calueque demands at 12 cms��

Table 6.6  :  Reduction in MAR





For the purpose of hydro-electric analysis the flow series generated for the five cases were transformed into weekly flow series.  Figure 6.27 (a) to (d) respectively show how the weekly time series is affected by the four development scenarios.  These comparisons are shown for a typical extract of the full record.  From the figures, it can be seen that the base flows are severely reduced in both future scenarios, while the present scenarios with Gove at 40% and 100% appear to be unaffected compared to the naturalized conditions.



Figure 6.28 (a) to (d) respectively show weekly flow duration curves for the four scenarios compared to the naturalized flow duration curve.  These figures again show the small effect of the present day scenarios, while the future development conditions severely affect the base (winter) flows.













































































Figure 6.27 a : Extract Weekly Time Series Comparison (Present 1 - Gove at 40%) 









































Figure 6.27 b : Extract Weekly Time Series Comparison (Present 2 - Gove at 100%) 













































Figure 6.27 c : Extract Weekly Time Series Comparison (Future 1 - Calueque demands at 6 cms) 









































Figure 6.27 d : Extract Weekly Time Series Comparison (Future 2 - Calueque demands at 12 cms) 













































Figure 6.28 a : Weekly Flow Duration Curve (Present 1 - Gove 40%) 













































Figure 6.28 b : Weekly Flow Duration Curve (Present 2 - Gove 100%) 













































Figure 6.28 c : Weekly Flow Duration Curve (Future 1 - Calueque demands at 6 cms) 









































Figure 6.28 d : Weekly Flow Duration Curve (Future 2 - Calueque demands at 12 cms) 



6.8		REVIEW OF EVAPORATION ESTIMATES IN THE EPUPA RESERVOIR AREA



The most recent estimates of evaporation in the Epupa reservoir basin have been made by DWA (1989).  These were based on the recent (1988) evaporation map for South West Africa/Namibia (DWA - 1988).  The previous (1977) evaporation map was compiled from less data and contained anomalies such as lines of equal evaporation running across the coastline at 90   angles (an unrealistic phenomenon).



The new map is compiled from more data and considerable effort has been made,  through crosscorrelation with other stations, to obtain realistic evaporation figures.  The map divides Namibia into four regions each having its own monthly evaporation distribution.  The Epupa basin is located in Region B and Table 6.7 lists the applicable monthly distribution factors.



OCT�NOV�DEC�JAN�FEB�MAR�APR�MAY�JUN�JUL�AUG�SEP��11,3�10,9�11,3�10,2�7,9�7,3�6,6�6,1�5,9�5,4�7,5�9,5��

Table 6.7  :  Monthly distribution of annual gross evaporation

				(% of annual total)



The 1988 map shows annual gross A-pan  isoevaporation and isohyetal lines.  If the mean annual gross evaporation for a large open water surface be required (eg. Epupa dam), the evaporation figures from the map should be multiplied by a recommended factor of 0.7 (DWA,1988).



The gross evaporation can be disaggregated into monthly evaporation using the distribution in Table 6.7.  To obtain the nett monthly A-pan evaporation, the monthly mean rainfall must be subtracted from this result.



Table 6.8 shows a comparison of nett annual A-pan evaporation used in the literature for open water surface (factored by 0.7) in the vicinity of Epupa.





 

�

SOURCE�	SITE�	A-PAN EVAPORATION

mm/a��Weather Bureau

Midgley (1966)

DWA (1989)

This report�	Mahanene*1

Calueque

Epupa

Epupa�	1766*2

1485  

1750  

1765*2��



*1  :  situated near Ruacana

	*2  :  gross to nett conversion assuming 300 mm/a rainfall (DWA,1988).



Table 6.8:  Comparison of nett annual A-pan evaporations





Referring to table 6.8, the Weather Bureau, DWA (1989) and this report estimates agree favourably.  Midgley's (1966) estimate is lower, which is to be expected as Calueque is located slightly northwards in a lower evaporation area.



Figure 6.29 shows a comparison of monthly nett A-pan evaporation distributions of the Mahanene, DWA and current annual evaporations.  The monthly rainfall correction applied to the gross evaporation for the current and Weather Bureau estimate was obtained by applying the monthly rainfall distributions (in %) of two representative rainfall stations (Ombala, Opuwa).  This was consequently multiplied by the mean annual rainfall at Epupa (300 mm/a) and Mahanene (400mm/a) respectively (DWA,1988).



The figure shows good agreement of nett monthly A-pan evaporation.  The Mahanene evaporations are slightly lower, however this would be expect as it is located in a slightly higher rainfall/lower evaporation area.



In light of the above, it is concluded that the DWA (1989) estimates of evaporation (refer Table 6.9) for the Epupa basin are reasonable and can be applied for further calculations.



























































Figure 6.29  :  Nett Monthly A-pan Evaporation Comparison





OCT�NOV�DEC�JAN�FEB�MAR�APR�MAY�JUN�JUL�AUG�SEP�UNITS��229�198�191�138�95�88�121�124�114�123�144�187�mm��

Table 6.9:  Nett monthly A-Pan evaporations for the Epupa Basin

				(DWA , 1989)





6.9		FLOOD FREQUENCY ANALYSIS



Flood analysis were performed to provide design floods for spillway and diversion structure assessments.  Two approaches were followed:



  -	 flood frequency analysis

  -	 empirical assessment



6.9.1		Flood Frequency Assessment



The flood frequency analysis was performed in order to establish the 1 in 100, 1 in 1000 and 1 in 10000 year flood events at Ruacana for preliminary spillway and coffer dam design purposes.  For the analysis, the peak daily flow (in cms) in any hydrological year was extracted from the Ruacana daily observed record. In doing so, it was assumed that the upstream developments have no effect on the flood peak.  Thus ideally, 30 years of historical data would have been available for this analysis, however two periods in this data had to be treated with circumspection.



(a)	the 1973 and 1974 hydrological years, when Gove dam were filling.  Because of the size of Gove dam, there was a possibility that the flood peaks of these two years would be affected.

(b)	the 1979 to 1983 hydrological years, where no daily data was available.



In order to check the effect of item (a) above, the flood frequency analysis was performed with and without these two years.  By including the years, the predicted floods were on average between 2 and 6% higher.  Due to this small effect and because of the higher (conservative) results, it was decided to include the two hydrological years when Gove dam was filling.  The 1979 to 1983 hydrological years ( item(b) ) were excluded from the analysis.



In the frequency analysis, the data was plotted on both logarithmic-normal probability scales and linear-extreme value scales (refer to Figures 6.10 and 6.11 respectively).  The data was consequently approximated with :



(i)	Log-Normal distribution (conventional moments - LN/MM)

(ii)	Log-Pearson distribution (conventional moments - LP3/MM)

(iii)	General extreme value distribution (probability weighted moments - GEV/PWM)

































































Figure 6.30 Log-Normal Probability Plot













































Figure 6.31 Linear-Extreme Value Probability Plot



The shape of the "observed distribution" becomes very flat above the 5-year return period region.  At higher return periods, the general extreme value distribution (GEV/PWM) tends to result in lower approximations  compared with the Log-Pearson distribution.  Table 6.10 lists the predicted flood peaks for a range of return periods using the above three distributions.  The Log-Normal distribution is a special case of the Log-Pearson and is not considered in the final flood peak estimates.  



















































Table 6.10 Results of flood frequency analysis





To attempt to resolve the choice of distribution, a similar frequency analysis of the Rundu record was performed.  This yielded flood peak estimates by the Log-Pearson and General extreme value distributions that are nearly identical (Figure 6.32), giving no additional evidence of the suitability of either of the distributions.  However, from a conservative point of view, in the case of Ruacana it is suggested that the Log-Pearson distribution be accepted for the 1 in 100, 1 in 1000, 1 in 10000 year flood peak estimates.

















































Figure 6.32 Log-Normal Probability Plot (RUNDU)



6.9.2		Empirical Assessment



The empirical approach was based on the well-known area-based methods of Francou-Roudier, based on regional coefficients for so-called maximum flood peak regions.  Kovacs (1988) defined eight maximum flood peak regions for Southern Africa (including Namibia) and proposed formulae and a envelope regional coefficient (Ke value) for each region.  In South Africa, these maximum flood peak estimates have been known as Regional Maximum Floods (RMF).  Kovacs (1988) also suggested regional factors to estimate flood peaks for return periods of 1 in 50, 1 in 100 and 1 in 200 years.



The relevant Ke value and consequent RMF formulae for the Cunene at Ruacana proposed by Kovacs is as follows:



Ke value   3.4

RMF = 5.25 x Area0.66



Table 6.11 summarises the RMF-based estimates according to the Kovacs (1988) approach.



Return period�	RMF

estimate

cms��   RMF 

 1 in 50

 1 in 100

 1 in 200�9930

6911

7567

8222��

Table 6.11 : RMF flood peak estimates





It can be seen that the RMF-based return period flood peak estimates are significantly higher than the Log-Pearson based estimates.  This finding should induce some conservatism in the choice of the final design flood peaks for this pre-feasibility study.



6.9.3		Probable Maximum Flood (PMF)



Conventionally, spillway designs require estimates of "maximum expected" flood peaks.  Often, the so-called Probable Maximum Flood (PMF) is determined for this purpose by deterministic approaches such as the Unitgraph approach.  The initial scope of this pre-feasibility study did not allow for such analysis.



In lieu of the PMF, it is recommended that the RMF be regarded as a suitable maximum flood for spillway design.





6.10		SUMMARY AND CONCLUSIONS



6.10.1		Literature overview



An overview of literature available on the Cunene River has shown that the period of Ruacana record from 1961 to 1972 consists of the most reliable flow data.  Thereafter, the record exhibits inconsistencies due to flow measurement problems and the influence of upstream developments.



All the authors agree that correlations of the flows in the Okavango River at Rundu with flows in the Cunene River gauged at Ruacana are convincing.



�6.10.2		Appraisal of records



Using single and double mass plot comparisons, it was confirmed that the flow record measured at Ruacana for the period 1961 to 1972 is homogeneous and compares well with the Rundu flow record.  Also confirmed was that the period 1973 to 1983 in the Ruacana record exhibits various anomalies which can be traced to upstream developments and incorrect flow measurements.



Initial indications showed the post 1984 period of Ruacana record to have similar characteristics as the 1961 to 1972 period.  However closer inspection of single and double mass plots revealed that this period is less consistent and must also be treated with circumspection.



Single and double mass plot comparisons of the Mukwe and Rundu record confirmed stationarily in the Rundu record.



The favourable comparison of the Ruacana and Rundu records for the period 1961 to 1972 indicated a high correlation between the two stations, making it possible to use the stationary Rundu record to synthesize flows at Ruacana for the unreliable post 1973 period.



6.10.3		Extension of Ruacana record



Two methods of synthesizing data appeared appropriate, namely annual regression and monthly regression.



Low correlation coefficients between successive annual runoffs at Rundu revealed no inherent annual serial trend.  An annual non-serial regression between Ruacana and Rundu records for the period 1961 to 1972 resulted in a strong correlation indicating that annual flows at Ruacana could be synthesized using Rundu flows.



Synthetic annual Ruacana flows approximated the observed flows favourably for the period 1961 to 1972, while for the period 1973 to 1983 the synthetic flows were consistently higher.  This confirmed the anomalies and underrecordings in the Ruacana record.  The comparison for the post 1984 period appeared to be good, however this period was later shown to exhibit uncharacteristic trends.



In addition to the annual regression, monthly runoff has been synthesized with the new "state-of-the-art" PATCHS model which exploits the cross and serial correlations inherent to available time series used for time series modelling.  However the PATCHS flows often tended to be somewhat higher than the annual regression flows.  For this reason and due to a more favourable disaggregation into daily flows based on annual (rather than seasonal) duration curves (see paragraph 10.12), it was decided to use the flows synthesized with the annual regression. 



6.10.4		Disaggregation of extended Ruacana record into daily flows



A comparison of Ruacana and Rundu daily hydrographs revealed catchment response and storage differences, preventing direct disaggregation of Ruacana synthetic flows according to Rundu daily flows.



Disaggregation based on annual rather than seasonal flow duration curves resulted in a more favourable approximation of base (winter) flows.  Because of the importance of these winter flows for hydro-power analysis, this method of disaggregation is favoured.



As discussed in 10.10, the post-1984 Ruacana flow record exhibited uncharacteristically high base flows on comparison with the 1961 to 1972 period.  The gauged flow data for this period was consequently rejected.



6.10.5		Present/future development condition flows



The two present development condition flow series (with Gove dam at 40% and at 100% capacity) show that the upstream developments have little effect compared with the naturalized flow sequences.  The summer peaks appear unaffected, while the winter (base) flows appear slightly lower.



The two future development condition flow series (with 6 cms and 12 cms demand on Calueque) show an effect on both the summer and winter flows.  With a demand of    6 cms imposed on Calueque, the river is shown to frequently have no flow in the winter months.



6.10.6		Review of evaporation estimates in the Epupa reservoir area



The DWA (1989) estimates of evaporation for the Epupa basin are reasonable and can be applied for future calculations.



�6.10.7		Flood analysis



From the flood frequency analysis it is recommended that the Log-Pearson distribution be accepted (from a conservative point of view) to estimate the 1 in 100, 1 in 1000, 1 in 10000 flood peaks.



The empirical assessment yielding the Regional Maximum Flood (RMF) resulted in significantly higher flood peak estimates compared with results from the flood frequency analysis.  It is recommended that the RMF peaks be used for spillway design purposes. 





6.11		RECOMMENDATIONS



The re-calibration of the Ruacana and Rundu flow gauging stations should be considered for future hydrological studies.



Contact should be established with Angolan authorities to unearth any additional information regarding rainfall or runoff data that may be available in the Cunene river basin.



Future hydrological analysis should pursue exploitation of the cross- and serial correlation inherent to the Ruacana and Rundu flow and any relevant rainfall records, to a greater extent than was possible in this study.



Future hydrological analysis should pursue exploitation of the application of deterministic flood determination techniques to a greater extent than was possible in this study.



It is important to stress the significance of monitoring flow data as well as rainfall and evaporation data.  Every effort should be made to encourage the resuming of measurements in the Cunene river basin on the Angolan side.



Should measurements resume, it must be ensured that all flows are accurately recorded.  This may require instating new gauging sections and accurate measurement of compensation releases, spillages, evaporations and storages at upstream reservoirs (Gove, Matala and Calueque).



In a future feasibility study, the determination of the PMF by deterministic methods (such as the "Unitgraph") based on the observed hydrographs at Ruacana, should be addressed.
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