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Vaal River System Analysis Update

Lesotho Highlands Hydrology

EXECUTIVE SUMMARY

INTRODUCTION

The Vaal River system is the most important water resource system in South Africa as it provides water to more than 40 % of the country=s inhabitants and, with numerous industries and mines in the supply area, supports the production of more than 50 % of the country=s gross domestic product.  The first system analysis on the Vaal River System, covering the period October 1920 to September 1984, was carried out in 1985.  As a result of various physical changes in the system the Vaal River System model was upgraded in 1993, although the hydrology from the first analysis was still used.  In 1995 the Department of Water Affairs and Forestry (DWAF) decided to update the model and the Vaal River System Analysis Update (VRSAU) study was commissioned.  The VRSAU study now includes the update of both the hydrology as well as the physical characteristics of the system.  The hydrology has been extended by an additional 11 years (to cover the period October 1920 to September 1995, i.e. to the end of the 1994 water year) that include the last part of the drought in the eighties, as well as the extremely low inflow during the early nineties.  This extension has also enabled the salinity models to be calibrated with greater confidence.

SCOPE OF THE REPORT

The Integrated Vaal River System consists of water supply schemes in the Vaal River Basin together with inter-basin transfer schemes linking the Vaal and adjoining basins.  The system therefore includes several major subcatchments.  Based on practical considerations, the total Vaal River System was sub-divided into eight subcatchments in order to facilitate hydrological analyses.  These subcatchments are:


The Upper Vaal catchment (Vaal River catchment upstream of Vaal Dam)


The Barrage catchment (Vaal River catchment between Vaal Dam and Vaal Barrage)

· The Middle Vaal catchment (Vaal River catchment downstream of Vaal Barrage and upstream of Bloemhof Dam)


The Lower Vaal catchment (Vaal River catchment downstream of Bloemhof Dam)


The Komati catchment (Upstream of Swaziland Border)


The Usutu catchment (Upstream of Swaziland Border)


The Tugela catchment


The Senqu catchment (Orange River catchment within the Lesotho Border).

The purpose of this report is to provide summarised details of the hydrological database regarding the Lesotho Highlands (Senqu Sub-system) area.  The report describes the rainfall data and streamflow data for the various existing and possible future dams in Lesotho as used in the VRSAU study.

A number of studies have been carried out to estimate monthly river flows at the various dam sites that might be included in the Lesotho Highlands Water Project (LHWP).  These flows are to be used for design purposes and in computation of royalties payable to Lesotho according to the procedure laid down in the Treaty covering the implementation and operation of LHWP.

The first comprehensive studies of the Lesotho Highlands Hydrology were carried out as part of the Feasibility Study during the mid-1980’s.  The studies included a review of rating curves, digitisation of water level charts and re-computation of flows, review of rainfall records and rainfall/run-off modelling to infill and extend flow records to cover the period October 1930 to September 1983.  LHDA subsequently carried out reviews of available data and produced the so-called Interim Hydrology in 1987, to be used only for design purposes.  Both the Feasibility and Interim hydrologies were considered to be unacceptable by DWAF.  As a result, no agreed hydrology was available for the purpose of calculating royalties although agreement was reached that the Interim Hydrology should be used for design purposes until the agreed hydrology was established.

In 1993 independent studies were undertaken by BKS, as part of the Orange River System Analysis, leading to new estimates of dam inflows.  These were generally lower than any previous estimates and were used internally by DWAF on a number of studies.  They were derived very quickly over a period of only several weeks and were therefore at a coarse level of detail.  They were not submitted to LHDA for consideration since it was believed that they would not be considered acceptable.

In 1994, the UK based Institute of Hydrology (IoH) was commissioned by the LHDA to undertake a full revision of the Lesotho Highlands Hydrology with a view to deriving an agreed hydrology that could be used for both design purposes and for Royalty calculations.  The results from the study were presented by the IoH and in their final report of January 1996.  

The results produced by the IoH were very similar in magnitude to the previous work undertaken by BKS with the exception of the inflows to Katse Dam that were considerably lower.  The explanation for the lower inflows to Katse Dam lies with the revision of the Discharge Table at Pelaneng (G45) which reduced the flows at Pelaneng by approximately 15%.  

The IoH results were carefully reviewed by both LHDA and RSA representatives and were found to be questionable in a number of respects.  Some of the problems identified were highly significant with the result that the report findings were not accepted by either the LHDA or the RSA representatives.  It is important to note, however, that much of the work undertaken by the IoH was considered by both parties to be acceptable and for this reason portions of the work have been retained in subsequent studies.  Of particular importance is the fact that both the LHDA and the RSA representatives agreed on the lower flows at Pelaneng proposed by the IoH.

After it was clear that the hydrology proposed by the IoH would not lead to an agreed hydrology for royalty calculation purposes, it was decided to undertake a joint LHDA/RSA study in an effort to break the impasse.  In May 1996, the LHDA suggested that a joint LHDA/DWAF study would be the quickest and most practical means of reaching technical agreement.  It was agreed that the work would be carried out co-operatively by LHDA’s Water Resources Division and consulting engineers acting on behalf of DWAF. 

The study was undertaken in a pragmatic and methodical manner with both parties actively involved at each stage of the analysis. The methodologies used were similar to those used in the earlier feasibility studies for LHWP and in a number of subsequent studies carried out on behalf of DWAF by various consultants.  They reflect current best practices that are generally accepted and known in Southern Africa.
RESULTS

The observed flows used in the Joint LHDA/RSA study are based largely on the recent IoH study and were the subject of much scrutiny and discussion. The adopted set of observed flows are regarded as the best estimates that can be made without substantial additional work.  In general, they are similar to observed flows used to establish the Stage 2B and Interim hydrologies with the exception of G45 at Pelaneng where the rating curve has been revised. 

The revision of the rating curve at Pelaneng has had a significant influence on the recommended inflow sequence to Katse Dam which has dropped from 593 million m3/a to  560 million m3/a for the 1930 to 1982 period.  This results in a reduced yield of approximately 1 m3/s from Katse Dam and is obviously one of the problem areas leading to the rejection of the joint hydrology flows by the LHDA.  

Some comparative figures for the various hydrological sequences into the different reservoirs are provided in Table 1 for the 1930 to 1984 period and in Table 2 for the 1930 to 1983 period.   The two tables have been provided since there is often confusion concerning the royalty period and whether or not the 1983 water year is included.  As a result, tables providing a comparison of results between different studies often tend to mix up the figures for the different periods.  It should be noted that the figures from the IoH are not fully compatible with the results from the other studies since they are based on a different water year from all of the other studies (August to July and not October to September). The influence of the change in water year ,however, is relatively small and has no significant influence on the results.

Table 1 : Comparison of annual average dam inflows Oct 1930–Sep 1984 (million m3)

	
	Katse
	Matsoku
	Mohale
	Mashai
	Tsoelike
	Malatsi
	Ntoahae
	Oranjedraai

	Interim
	627
	104
	332
	1577
	1982
	785
	2142
	

	BKS
	591
	102
	315
	1491
	1887
	606
	2067
	3937

	IoH
	542
	94
	310
	1449
	1736
	585
	1916
	

	New
	554
	95
	312
	1447
	1795
	611(608*)
	1943
	4116


*
Value for Malatsi in brackets includes minor changes after completion of the Joint LHDA/RSA study

Table 2 : Comparison of annual average dam inflows Oct 1930–Sep 1983 (million m3)

	
	Katse
	Matsoku
	Mohale
	Mashai
	Tsoelike
	Malatsi
	Ntoahae
	Oranjedraai

	Interim
	629
	104
	336
	1584
	1994
	792
	2156
	

	BKS
	593
	103
	317
	1501
	1896
	611
	2077
	3961

	IoH
	542
	94
	310
	1449
	1736
	585
	1916
	

	New
	560
	95
	314
	1461
	1811
	616(613*)
	1961
	4231


*
Value for Malatsi in brackets includes minor changes after completion of the Joint LHDA/RSA study

CONCLUSIONS

Comparison of the annual average dam inflows indicates that new inflows are all lower than those of the Interim Hydrology.  This reflects the more rigorous checking of rainfall data and exclusion of several unrealistically large monthly values clearly inconsistent with other nearby rain gauges.  For dams on the Senqu, it also reflects the lower observed flows at Pelaneng, which have had a ‘knock-on’ effect on estimation of flows at downstream sites.
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1 INTRODUCTION

1.1 BACKGROUND

The Vaal River system is the most important water resource system in South Africa as it provides water to more than 40% of the country=s inhabitants and, with numerous industries and mines in the supply area, supports the production of more than 50 % of the country=s gross domestic product.  It is therefore important that the management of water resources within the system receive special attention.

In 1985 the first major water resource system analysis study to be carried out in South Africa, the Vaal River System Analysis (VRSA) study, was undertaken by BKS (Pty) Ltd in association with ACRES International and Stewart Scott Inc, on behalf of the Department of Water Affairs and Forestry (DWAF).  The study was completed approximately four years later during which time the project team developed various new computer models and analysis techniques.  The VRSA study addressed the water resources of the Vaal River basin as well as all adjacent donor catchments, which augment supplies to the demand centres supported from the Vaal River.  Both water quantity and water quality issues were addressed in the study and many important observations and conclusions were made, based on results from the new system models.

The computer models and analysis techniques developed in this process, have since become a standard methodology used for water resource studies in South Africa.  The reliability of the various models and techniques is extremely important to ensure that new schemes are not built prematurely, and on the other hand, that the imposition of water restrictions are not made unnecessarily, as this could have serious influences on the economy of the country.

As the study started in 1985, it was only possible to process the hydrological records to cover the period October 1920 to September 1984, i.e. up to the end of the 1983 water year.  Unfortunately the 1983 water year was still part of a very severe drought event which was only broken after the good rains of 1988.  The ending of the hydrological records in the middle of a severe drought was recognised to be a potential problem but the significance of this could not be established before the drought was broken and the analysis repeated. As a result of various physical changes in the system the Vaal River System model was upgraded in 1993, although the hydrology from the first analysis was still used.  The length of the records can now be extended from the original 64 years to 75 years (to cover the period October 1920 to September 1995, i.e. to the end of the 1994 water year).  The additional 11 years include the last part of the eighties drought as well as 3 years of extremely low inflow during the early nineties, both of which may influence the system yield capabilities.
Salinity is a major issue in the Vaal River system and salinity modelling was undertaken as part of the original VRSA study.  Unfortunately there was very little data with which to calibrate the salinity models, with the result that the conclusions and recommendations made in this regard could not be adequately verified.  In some cases only one or two years of reliable data were available with which to calibrate the models.  The availability of the additional 11 years of information with water quality data has allowed the salinity models to be calibrated with much greater confidence.

The analysis techniques developed during the VRSA study have been used for the assessment of several other major water resource systems throughout South Africa including the Mgeni, Western Cape, Crocodile and Orange River systems.  The analysis techniques were improved and extended during these studies, but these improvements have not, prior to the current study, been incorporated into any re-assessment of the Vaal River system.  The modelling routines have been significantly improved/extended for the analysis of farm dam storage, paved areas, irrigation return flows and air pollution.  These are only some of the numerous routines for which improvements to the model have been made.  As a result, the processes involved can now be modelled more confidently.

1.2 Purpose of the study

The purpose of the Vaal River System Analysis Update (VRSAU) study is to revise and update the hydrological and water quality databases used in the earlier studies and to re-assess the water quantity and quality capabilities of the whole Vaal River System (for the period October 1920 to September 1995, i.e. up to the end of the 1994 water year) using the most up-to-date information and techniques.  The major shortcomings of the previous studies can now be taken into account.

1.3 Scope of the report

The Vaal River System is inter-linked with various other basins due to transfers from these basins to the Vaal Basin as well as transfers from the Vaal Basin to other basins.  As part of the VRSAU study the hydrology of the Vaal River Basin was updated together with the hydrology for subcatchments within the Komati, Usutu, Tugela and Senqu river basins.

The total Vaal River System can therefore be sub-divided into various sub-catchments.  Based on practical considerations, the total Vaal River System was sub-divided into eight subcatchments in order to facilitate hydrological analyses.  These subcatchments are:


The Upper Vaal catchment (Vaal River catchment upstream of Vaal Dam)


The Barrage catchment (Vaal River catchment between Vaal Dam and Vaal Barrage)


The Middle Vaal catchment (Vaal River catchment downstream of Vaal Barrage and upstream of Bloemhof Dam)


The Lower Vaal catchment (Vaal River catchment downstream of Bloemhof Dam)


The Komati catchment (Upstream of Swaziland Border)


The Usutu catchment (Upstream of Swaziland Border)


The Tugela catchment


The Senqu catchment (Orange River catchment within the Lesotho Border).

This report provides details of the hydrological database regarding the Senqu Sub-system.

A number of studies have been carried out to estimate monthly river flows at the various dam sites which might be included in the Lesotho Highlands Water Project (LHWP.  These flows are to be used for design purposes and in computation of royalties payable to Lesotho according to the procedure laid down in the Treaty covering the implementation and operation of LHWP.

The first comprehensive studies of the Lesotho Highlands Hydrology  were carried out as part of the Feasibility Study during the mid-1980’s.  The studies included a review of rating curves, digitisation of water level charts and recomputation of flows, review of rainfall records and rainfall/run-off modelling to infill and extend flow records to cover the period October 1930 to September 1983. LHDA subsequently carried out reviews of available data and produced the so-called Interim Hydrology in 1987, to be used only for design purposes.  Both the Feasibility and Interim Hydrologies were considered to be unacceptable by DWAF.  As a result, no agreed hydrology was available for the purpose of calculating royalties although agreement was reached that the Interim Hydrology should be used for design purposes until an agreed hydrology was established.

In 1993 independent studies were undertaken by BKS, as part of the Orange River System Analysis, leading to new estimates of dam inflows.  These were generally lower than any previous estimates and were used internally by DWAF on a number of studies.  They were derived very quickly over a period of only several weeks and were therefore at a coarse level of detail.  They were not submitted to LHDA for consideration since it was believed that they would not be considered acceptable.

In 1994, the UK based Institute of Hydrology (IoH) was commissioned by the LHDA to undertake a full revision of the Lesotho Highlands Hydrology with a view to deriving an agreed hydrology that could be used for both design purposes and for Royalty calculations.  The results from the study were presented by the IoH and in their final report of January 1996.  

The results produced by the IoH were very similar in magnitude to the previous work undertaken by BKS with the exception of the inflows to Katse Dam that were considerably lower.  The explanation for the lower inflows to Katse Dam lies with the revision of the Discharge Table at Pelaneng (G45) which reduced the flows at Pelaneng by approximately 15%.  

The IoH results were carefully reviewed by both LHDA and RSA representatives and were found to be questionable in a number of respects.  Some of the problems identified were highly significant with the result that the report findings were not accepted by either the LHDA or the RSA representatives.  It is important to note, however, that much of the work undertaken by the IoH was considered by both parties to be acceptable and for this reason portions of the work have been retained in subsequent studies.  Of particular importance is the fact that both the LHDA and the RSA representatives agreed on the lower flows at Pelaneng proposed by the IoH.

After it was clear that the hydrology proposed by the IoH would not lead to an agreed hydrology for royalty calculation purposes, it was decided to undertake a joint LHDA/RSA study in an effort to break the impasse.  In May 1996, the LHDA suggested that a joint LHDA/DWAF study would be the quickest and most practical means of reaching technical agreement.  It was agreed that the work would be carried out co-operatively by LHDA’s Water Resources Division and consulting engineers acting on behalf of DWAF.  The proposal was subsequently accepted, with Dr R Mckenzie of BKS (Pty) Ltd acting on behalf of the DWAF and Mr D Thorn acting on behalf of the LHDA. 

The study was undertaken in a pragmatic and methodical manner with both parties actively involved at each stage of the analysis. The methodologies used were similar to those used in the earlier feasibility studies for LHWP and in a number of subsequent studies carried out on behalf of DWAF by various consultants.  They reflect current best practices that are generally accepted and known in Southern Africa.  The study was carried out in the following manner:

· update monthly rainfall records and check them for gross inconsistencies using mass plots.  In some cases rainfall records were split if breaks in continuity were found.  In other cases, the entire record was rejected as unreliable.  This component of the work was undertaken primarily by Dr Mckenzie with Mr Thorn acting as reviewer.

· the entire set of rainfall records were patched and extended to cover the common period 1920 to 1995 hydrological years.  As above, this component was undertaken primarily by Dr Mckenzie with Mr Thorn acting as reviewer.

· monthly flow records as established by IoH were accepted as base data and initially patched by regression to cover at least October 1967 to May 1996.  The infilling of the flow records was undertaken by Mr Thorn with Dr Mckenzie acting as reviewer.

· a modified Pitman model was used to with rainfall records to extend patched flow records to cover the period from 1930.  The modified Pitman Model was developed by Mr Thorn and all rainfall/run-off simulations were undertaken by the LHDA team.  Dr Mckenzie, repeated the simulations using the standard Pitman Model to ensure that the results were realistic and valid.  The differences between the two sets of simulated flows were found to be insignificant with the result that the flows produced by the LHDA team were accepted without alteration.

· extended flow records were transposed to dam sites to give the required inflow records.  This process was carried out by Mr Thorn and the LHDA team with Dr Mckenzie acting as reviewer.  The method used to transpose the flows from the gauging sites to the dam sites was agreed by both parties before proceeding to develop the reservoir inflow sequences.

All work was undertaken using a monthly time step and some of the relevant details are provided in Sections 2, 3 and 4 of this report.

In a study of this nature, extensive checks of base data would normally be carried out before any of the data are used in the subsequent rainfall/run-off simulations.  In this case, however, the base data had already been the subject of much investigation and deliberation by the IoH working closely with the LHDA team and there was little to be gained from further similar work.   As a result, it was agreed that the base data derived by the IoH and the LHDA would be used in the joint LHDA/RSA study.

The study was completed without any serious discrepancies or disagreements from either side and the resulting joint LHDA/RSA hydrology is generally regarded to be the most complete and realistic hydrological data set currently available.

The results from the joint LHDA/RSA study tend to be very similar to those produced by the IoH without the various problems that led to the rejection of the IoH results.  They are also very similar in magnitude to the previous DWAF/BKS results with the exception of the Katse Dam inflows that are now significantly lower due to the revision of the Pelaneng Discharge Table.  Despite the close agreement with the two most recent hydrological studies, the results from the joint LHDA/RSA study were not accepted by the LHDA who believe that the flow sequences are too low which tends to reduce the royalty payments due to Lesotho by South Africa.  It appears that no agreement will be reached between Lesotho and South Africa on this issue without resorting to international arbitration – a process that will most likely take place during 1999.

1.4 PURPOSE OF THIS REPORT

This purpose of this report is to summarise the hydrological data used in the Vaal River System Analysis Update Study with respect to the Lesotho Highlands Water Project.   It was agreed that there was little to be gained by revising the hydrology as part of the VRSAU Study and therefore the hydrology derived from the joint LHDA/DWAF was accepted as realistic and the best information available.  

This report does not provide detailed assessment of the rainfall and streamflow sequences since such information is already available in the three Joint Hydrology reports.  Instead, this report simply presents the reservoir inflow sequences proposed in the Joint LHDA/RSA study and identifies several minor changes that were made to certain streamflow sequences during the VRSAU Study.

Some details of the rainfall data are provided in Section 2 while details of the flow data are provided in Section 3.

2 RAINFALL

Rainfall data used in the joint LHDA/RSA study were obtained from LHDA, the Lesotho Meteorological Service, the RSA Weather Bureau and from the previous IoH study.  Efforts were made to obtain the most recent rainfall data as possible, in view of the particularly wet period ending in April 1996.  In all, more than 120 records were obtained from the various sources and initial pre-screening was undertaken to ensure that all records were at least 15 years in length.  Before the rainfall records were used to simulate the flows at the various streamflow gauges, they were first infilled and extended to provide records of equal length with no missing values.  This procedure was selected since it had been proposed and agreed upon by all groups involved in the initial 2B hydrology (i.e. Lahmeyer, MacDonald, Olivier and Shand) and in the case of the Lesotho Highlands Hydrology it is considered to provide realistic results if applied correctly.  If records of less than 15 years are used in the analysis, the overlapping portions on which the regression analyses are based become very short resulting in poor and often unreliable patchings.  It is therefore a type of “trade-off” between selecting as many gauges as possible and ensuring that the regression coefficients are meaningful.

All rainfall records were carefully examined to identify possibly erroneous values and single mass plots were produced for each record to ensure consistency. The CLASSR program was then used to group stations in accordance with their statistical properties (ie with similar rainfall patterns) and carry out further checks for possible outliers in each record.  The outcome of this initial checking was a set of consistent and realistic records with all gross errors removed.  

The PATCHR program was then used to patch and extend groups of rainfall records, using the spatial groupings suggested by CLASSR.  The resulting patched rainfall records are considered to be the most reliable rainfall data sets available and considerably more reliable than any records used in previous studies.

Full details of the rainfall records used to develop the Joint Hydrology are provided in Supporting Report A (LHDA/RSA, 1996) which gives a detailed description of the above work and presents mass plots and all raw and infilled/extended records. 

The locations of all rain-gauges used in the joint LHDA/RSA study are shown in Figure A-1 while Figure A-2 provides an indication of the reliability of each gauge based on the results of the analysis.

In Figure A-2 the codes used are as follows:

1 – the better records which can be used with reasonable confidence

2 – reasonable gauges which may still be used with reasonable confidence although the records my be short or contain numerous gaps that have been infilled by regression.

3 – poor records that originally contained many unreliable values which in turn have been patched/infilled through regression.  The recorded portions of data are generally short and as a result the quality of the infilling and extension is considered to be poor.  These records should only be used when no better records are available and they should not be used to infill or extend other records.

In cases where a record has been split and both portions are considered to contain potentially useful information, two records have been created: an “A” and a “B” record.  Both portions have been examined and rated for reliability with the result that for certain gauges there may be rating such as “A1/B2” which implies that the “A” portion is considered to be more reliable than the “B” portion.

3 STREAMFLOW DATA

3.1 GENERAL

Water levels in Lesotho rivers are generally recorded on a paper strip, the instrument being driven by a float suspended in a stilling well.  Most stations were set up in the mid/late 1960’s and there are basically 13 stations that were considered of possible use in the joint LHDA/RSA study including Oranjedraai which is located just outside Lesotho on the Orange River.   The locations of the 13 main gauges are shown in Figure A–3 while the positions of several other gauges located inside South Africa that were used in the water balance evaluations are shown in Figure A-4.  

Some locations are difficult to access and/or the stilling well is subject to siltation, both factors leading to records containing many gaps, as shown in Figure 3.1.  In some cases there is a shortage of gaugings at high river stages making the measurement of high flows uncertain.  Furthermore, corrections for drag on the current meter have not traditionally been made in Lesotho although current meter gaugings were corrected for drag before establishing rating curves. Overall, the records can be described as “fair”.

In recent years, 3 Crump weirs (Marakabei–G17, Paray-G08, and Whitehill-G04) have been installed at strategic points to improve data reliability.  Reviews of Paray and Whitehill were undertaken during the recent IoH study.  The record at Paray based on the previous flow gauge was found to agree very closely with the record from the new crump weir and this gauge is generally accepted as the most reliable flow gauge in the Lesotho Highlands.  

Whitehill (G04)

The record from the new crump weir at Whitehill showed only fair agreement with the gauged records measured at the original sharp-crested weir that is subject to heavy siltation.  The IoH attempted to correct the historical records, however, their recommendations were largely subjective and there were still many large discrepancies between the proposed record at Whitehill and the main upstream record at Koma Koma (G05) as well as at the downstream record of Seaka (GO3).  Due to the discrepancies and the uncertainty concerning the flows at Whitehill, they were not included in the hydrological analyses.

Marakabei (G17)

The Crump weir at Marakabei has been the centre of controversy for many years.  The weir was constructed to provide reliable inflow data to the new Mohale Dam since the existing flow record was based on a rated river section.  The record at the original rated river section was thought to be over-estimating the flows by the RSA representatives and in view of its importance with regard to the Mohale Dam it was agreed to construct a large crump weir just downstream of the original rated section.  

After several years of data collection, it was found that the new crump weir was indicating flows approximately 15% higher than those indicated by the original gauging section.  Many investigations into this discrepancy have been carried out, and to date no explanation has been given.  In the interests of reaching an agreed hydrology, it was decided by both parties to accept the crump weir flow records and to adjust the earlier records by approximately 15% to bring them in line with the crump records.  The latest flow record at Marakabei is therefore a combination of the crump weir record since 1986 combined with the original record that has been increased by approximately 15%.

The crump weir was reviewed by HR Wallingford during the course of the Joint LHDA/RSA study.  The previous crump weir rating was found to be accurate at low/medium flows but to underestimate at high flows.  The Discharge Table was adjusted accordingly to increase the high flow values in line with the recommendations of HR, however, the net effect on the MAR (Mean Annual Flow) is relatively small.  HR’s revised rating has been used with concurrent water level records for the weir and the downstream gauging site (G17) to produce a synthetic rating for G17 following the procedures established by the IoH.
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Figure 3.1:
Available flow records at gauges in Lesotho

Drag Corrections

The recent IoH study included correction of current meter discharge measurements for drag and production of revised rating curves, together with subsequent discussion of the work and agreement by all parties concerned.  The revised rating curves provided slightly higher flows at all gauges with the exception of Pelaneng (G45) where the previous Discharge Table was found to overestimating the flows significantly.   In view of the time and effort spent on the assessment of the various Discharge Tables, it was agreed by both the LHDA and RSA representatives to accept the recommendations of the IoH for use in the joint LHDA/RSA study.

From Figure 3.1 it can be seen that the flow records generally started in the late 1960’s, with most stations being operated continuously except G32 Nkaus (closed in 1979) and G41 Bokong (flooded in November 1995 with closure of Katse Dam).  All records were patched and extended to cover the period 1930 to 1995 via a two-stage process.  The first stage was based on linear regression of flows to give unbroken records from 1967.  The second stage used the Pitman rainfall/run-off model.  Both stages are described below.

3.2 INITIAL PATCHING OF FLOW DATA

3.2.1 General

Pitman rainfall/run-off modelling was carried out on the basis of incremental catchment flows, avoiding complications caused by modelled upstream total flows being greater than downstream flows.  Incremental flows are calculated by simple arithmetic as the difference between flows at the site of interest and all upstream sites.  This clearly requires complete flow records over the selected period of analysis.

Pitman modelling can be used to estimate the missing flows during the period of recorded flow data, however, in some cases the records do not have sufficient complete years to make reliable estimates of annual statistics used as measures of ‘fit’ in the Pitman model. For these reasons, linear regressions of flow on flow were used to carry out initial patchings over the 1967 to 1995 period that was selected as the longest period for which adequate data are available.  The ‘fits’ of the regressions were considered as good if not better than those that would have been obtained by Pitman modelling.  They are also considered to provide a more reliable basis for subsequent Pitman modelling over the period from 1930.

For all locations, the procedure adopted involved patching and extending the observed flow record using 4-seasonal regressions with one or more previously patched independent records.  Two regressions were undertaken for each record.  The first was based on only observed values in the independent record(s).  These are usually incomplete and the resulting patched record is itself incomplete.  The second regression was based on all values (observed and patched) in the independent records and therefore the resulting patched record was also complete.  In the case of the second regression, some of the patched values for a particular record were based on patched values and not recorded values.  Obviously such values are not as reliable as those based purely on recorded data.  In such cases, the values from the first regression are always adopted while those from the second regression are only used where no better estimates can be obtained.  The regressions were specified to give a zero intercept and positive coefficents, thereby avoiding spurious negative estimated values.  Correlations between target and independent flows were generally higher than 0.9.

Monthly incremental flows were then derived by simple arithmetic by subtracting the upsteam flow(s) from the downstream record for the 1967 – 1995 period.  In some cases, negative incremental flows were obtained, the number depending on the base records included in the regressions. The specific procedure adopted for each station is summarised below but in general as much information as possible was included in the regression.  

3.2.2 Paray, Marakabei, Pelaneng, Bokong and Seshotes : incremental  flows  to Paray

The Marakabei and Paray records are the most complete and were therefore selected as the key reference stations.  Both have a gap in October 1983: the Paray value was initially patched by regression with Bokong.  Paray was then patched with Marakabei and Marakabei with Paray to provide unbroken records from October 1977 to May 1996.  Pelaneng, Bokong and Seshotes were then patched using both Marakabei and Paray.

A first estimate of incremental flows at Paray was found by subtracting Bokong, Seshotes and Pelaneng flows from total Paray flows, using patched records as above 1967 - 1995.  This resulted in 39 negative incremental flows.  If the first estimate was negative, a new estimate was made based on the observed flow at Paray less regression flows at upstream locations based on Paray and Marakabei as above.  This reduced the number of negative incremental flows to 5.  If the second estimate was negative, a third estimate was made by observed flow at Paray less regression flows at upstream locations, basing the regressions on Paray only.  This eliminated all remaining negatives.

The relevant values at Bokong, Seshotes and Pelaneng were then replaced by regression estimates as indicated in estimates 2 and 3, thus preserving the mass balance to Paray.  This resulted in slight changes in MAR at the 4 sites as shown in Table 3.1.

Table 3.1:
MAR’s at Paray, Pelaneng, Bokong and Seshotes 1967-95 (million m3)

	
	Paray
	Pelaneng
	Bokong
	Seshotes

	
	Mean
	St.Dev
	Mean
	St.Dev
	Mean
	St.Dev
	Mean
	St.Dev

	Best fit regression
	165.6
	119.7
	400.3
	201.9
	102.0
	52.0
	100.6
	55.6

	After adjustment
	181.9
	117.1
	387.4
	199.1
	100.1
	50.8
	99.1
	57.3


3.2.3 Koma-Koma, Tlokoeng and Mokhotlong

Observed flows at Koma-Koma less than observed flows at Paray were flagged as missing since the Paray record is generally regarded as better than the Koma-Koma record.  Koma-Koma, Tlokoeng and Mokhotlong records were patched using Paray, Marakabei  and Koma-Koma.  Some negative incremental flows to Koma-Koma were obtained for all combinations of regressors.  Koma-Koma was then patched with Paray only and both Tlokoeng and Mokhotlong were patched with Koma-Koma only.  Some negative incremental flows were still obtained.

Adjustment factors were calculated for each month of negative incremental flow and the factors applied to the patched Tlokoeng and Mokhotlong records.  The factor is given by (Koma Koma-Paray)/(Tlokoeng+Mokhotlong) and is just sufficient to reduce all negative incrementals to zero.  Note that the factors were applied to both observed and patched flows as required and do not affect total flow at Koma-Koma, thus preserving the mass balance in the Senqu (Orange) river.

The effects on MAR’s are shown in Tables 3.2 and 3.3.  The overall effect is to reduce Mokhotlong and Tlokoeng flows by a small amount (total 10.8 million m3 or 2.5%) and increase Koma-Koma by 34.8 (2.3%), a net increase to Koma-Koma of 24 million m3 (1.3%).  All of the increase is due to setting observed flows at Koma-Koma to missing when less than Paray. 

Table 3.2:
MAR’s at Mokhotlong and Tlokoeng 1967- 95 (million m3)

	
	Mokhotlong
	Tlokoeng

	
	Mean
	St.Dev
	Mean
	St.Dev

	Best fit regression
	292.2
	225.1
	137.5
	110.7

	After adjustment
	284.9
	208.5
	134.0
	102.8


Table 3.3:
MAR’s at Koma-Koma 1967- 95 (million m3)

	
	Koma-Koma

	
	Mean
	St.Dev

	Best fit regression on all observed values
	1460.5
	960.2

	Best fit regression after removing values less than Paray
	1495.3
	958.5


3.2.4 Whitehill and Tsoelike

56 observed flows at Whitehill are less than observed flows at Koma-Koma and 40 are less than patched values.  All of these were flagged as missing, leaving 188 observed values out of the original 284 monthly flows.

Tsoelike and Whitehill were first patched with various combinations of Koma-Koma, Paray, Tlokoeng and Mokhotlong.  Each combination gave a number of negative flows.  Tsoelike and Whitehill were then patched against Koma-Koma only, giving 39 negative incrementals.  Adjustment factors were applied to the Tsoelike flows as for Tlokoeng and Mokhotlong above to reduce all negative incrementals to zero.  Table 3.4 shows the effect on Tsoelike and Whitehill MAR’s.  The net effect is to increase MAR at Whitehill by 210 million m3 or 12%, from 1720 to 1931 million m3.

If the observed flows at Whitehill are accepted as correct, then this will require substantial changes to the observed flows at both Koma-Koma and Paray.  Some of the changes required at Paray will apply to flows measured at the Crump weir which agree well with the rated section.  These findings support the generally held view that the Whitehill record is unreliable and for this reason it was not used in any further analyses.

Table 3.4:
MAR’s at Whitehill and Tsoelike 1967-1995 (million m3)

	
	Whitehill
	Tsoelike

	
	Mean
	St.Dev
	Mean
	St.Dev

	Best fit regression
	1720.1
	1167.6
	141.1
	98.6

	After adjustment
	1931.1
	1237.1
	134.9
	96.5


An incremental flow record at Whitehill was finally derived based on the incremental flows to Seaka as indicated in Table 3.5.  The corresponding total MAR is 1948.8 million m3/a, which compares well with the estimate of 1931 million m3/a given in Table 3.4.

Table 3.5:
Derivation of flow sequence at Whitehill

	Description
	Value

	Incremental area Koma-Koma & Tsoelike to Whitehill
	2253 km2

	Incremental area Koma-Koma & Tsoelike to Seaka
	10 041 km2

	Proportion of incremental Seaka area to Whitehill
	0.224

	Incremental Seaka flow below Marakabei, Koma-Koma and Tsoelike
	1 401.1 million m3/a

	Incremental flow between Seaka and Whitehill
	314.4 million m3/a

	Total flow at Koma-Koma and Tsoelike
	1 634.4 million m3/a

	Total flow to Whitehill
	1 948.8 million m3/a


3.2.5 Seaka and Oranjedraai

Seaka was initially patched based on the flows at Marakabei, Whitehill and Koma-Koma after which it was patched using the flows at Marakabei, Tsoelike and Koma-Koma.  Both patchings gave similar fits, however, the second set was used in preference to the first in view of the unreliability of the Whitehill record.

An initial estimate of incremental flows gave 18 negative values, of which 8 were based on concurrent observed flows at all 4 stations.  All 18 incrementals were estimated by linear regression between remaining incremental flows and flows at Marakabei, Tsoelike and Koma-Koma.  The net effect was to increase the incremental MAR at Seaka by 47.4 million m3/a from 1 499.6 million m3/a to 1 547.0 million m3/a or 3%.

The Oranjedraai record is almost complete for the full 1960 to 1994 period.  Missing values were estimated by regression with the patched record at Seaka which is available for the  1967 to 1995 period.

A first estimate of incremental Oranjedraai flows was made by subtracting the Seaka flows from the Oranjedraai flows.  There were 101 negative values representing almost one-third of the available record.  Many of the negative values were substantial and would have required significant reductions in the Seaka flows if the Oranjedraai flows were assumed to be correct.  In some cases, reductions further upstream (as far as Paray) would have been required to eliminate the negative incremental flows.

A number of attempts were made to resolve the negative flows logically, however, this approach was not successful with the result that a subjective approach was eventually adopted.  The approach adopted involved assessing the water balance between Marakabei, Koma-Koma, and Tsoelike upstream of Seaka, and various stations downstream of Oranjedraai (Orange at Aliwal North, Gariep reservoir, Caledon at Sterkspruit and Welbedacht Dam, Kraai at Roodewal).  The gauges outside Lesotho that were considered in the water balance are shown in Figure A‑4 together with their respective catchment areas.

The flows at all of the gauges for those months in which negative incremental flows were identified between Seaka and Oranjedraai were inspected and subjective changes were made at both Seaka and Oranjedraai such that a realistic water balance was preserved between all stations.  The changes were made jointly by the LHDA and RSA representatives based on sound judgement and hydrological experience.  There was no pre-determined strategy to either increase or decrease the flows at a particular gauge and in this manner the changes made are considered to be both realistic and unbiased.  Three of these changes required corresponding changes in flows at locations upstream of Seaka in order to avoid the introduction of negative incremental flows at these locations.  Details of the changes made to the various flow records and the corresponding flows at the upstream and downstream gauges are provided in Appendix F. 

Table 3.6 summarises the overall effect of the above procedure on the MAR’s at Seaka and Oranjedraai. 

The incremental Oranjedraai flows for the period 1960 – 1966, for which there were no recorded data available at Seaka, were initially estimated by subtracting the simulated flows at Seaka, as generated by the Pitman Model.  A further 11 negative incremental flows were identified and later replaced using a water balance procedure similar to that described previously.

Table 3.6:
MAR’s at Seaka and Oranjedraai 1967 - 1985 (million m3)

	
	Seaka
	Oranjedraai

	
	Mean
	St.Dev
	Mean
	St.Dev

	Best fit regression
	3518
	1945
	3811
	2399

	After adjustment
	3362
	1984
	4053
	2359

	Change (MCM)
	-156
	
	+241
	

	Change (%)
	-4.4
	
	+6.3
	


3.2.6 Marakabei and Nkaus

Nkaus is generally regarded as one of the less reliable gauging stations in Lesotho.  The gauging site is particularly difficult to access, leading to a comparatively small number of current meter gaugings and a record with many gaps.  Access problems contributed to closure of the station in 1979, with the result that the record is also relatively short. 

The records at Nkaus were not used in the recent IoH study, however, since the site is close to the possible Malatsi Dam it was decided to use them if possible in the Joint LHDA/RSA study.  The available record for the 1967 to 1979 period was patched/extended through regression with the Marakabei record to cover the 1967 – 1995 period.  Regression coefficients ranged from 0.82 to 0.98 for the four seasons indicating a reasonable fit.  The incremental flows were estimated by subtracting the Marakabei flows and no negative flows were generated.

In view of its unreliability and scarcity of observed data, the Nkaus record was not used when undertaking the incremental flow calculations for Seaka.

3.3 PITMAN MODELLING

The Pitman Model was originally developed by WV Pitman in 1973 and is widely used in many parts of Southern Africa for rainfall/run-off modelling.  The version used for the Joint LHDA/RSA study was modified from the original version by the LHDA’s representative, Mr D Thorn.  The modified version incorporates a number of changes designed to improve the quality of the calibration and simulation process.   In particular, it is able to accept a number of concurrent rainfall records, each used to model a portion of the catchment under study and therefore improves spatial variability in rainfall.  The modified version of the model has been used extensively in Botswana, the UK and elsewhere.  It was decided to accept the recommendation of the LHDA representative in order to facilitate the study and in the hope that the results would be considered acceptable to the LHDA if they were generated by the LHDA  representative using the model favoured by the LHDA.

The model accepts as input a number of rainfall records covering the period of interest, a shorter record of observed flows (as given in Appendix B), and a data file giving 21 parameters.  Six of the parameters relate to groundwater and were not used in the present study since groundwater in the Lesotho Highlands contributes very little to total run-off.  The parameters are varied by trial and error until simulated flows correspond as closely as possible to observed flows, directly and statistically.  The calibrated model is then used to estimate flow over the whole period of rainfall data.  The model used presents the ‘fit’ of each set of parameters and chosen rainfall records as graphs and tabulated values, from which the user selects the parameter(s) for change and enters them directly on the computer screen.  

The various parameters used in the modified Pitman Model together with details of the rain gauges used in the simulations are provided in Table 3.7.  The overall fit is generally reasonable although there is a tendency for the model to underestimate the standard deviations of the annual flows if appropriate rain gauges are not selected.  Any lack of variability caused by the simulations will tend to increase reservoir yields.  In most cases the calibrations were selected to match the variability of the recorded data as closely as possible.

Total flows at each site were obtained by adding constituent upstream flows to the  extended incremental flow series and the patched/extended sequences for each gauge are tabulated in Appendix D.

Table 3.7:
Calibrated Pitman Parameters and Fits

	
	
	
	G03
	G05
	G06
	G07
	G08
	G17
	G32
	G36
	G41
	G42
	G45
	D1M09

	Model Parameters
	
	Seaka
	KomaKoma
	Mokhotlong
	Tsoelike
	Paray
	Marakabei
	Nkaus
	Tlokoeng
	Bokong
	Matsoku
	Pelaneng
	Orangedraai

	
	Catchment MAP
	mm/year
	796
	733
	908
	763
	763
	944
	848
	924
	930
	759
	1013
	781

	
	MAP Factor
	%
	100
	98
	96
	100
	100
	100
	80
	88
	100
	95
	95
	95

	
	Impervious area
	%
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2
	0

	
	Catchment area
	km2
	10041
	2198
	1660
	797
	1028
	1087
	2393
	852
	403
	652
	1157
	4806

	
	Interception loss
	mm/day
	2
	1.5
	1.5
	1.5
	1.5
	1.5
	2
	1.5
	1.5
	1.5
	22.5
	2

	
	Maximum absorbtion rate
	mm/month
	600
	410
	600
	356
	410
	295
	555
	400
	370
	360
	500
	555

	
	Median absortion rate
	mm/month
	450
	250
	500
	220
	130
	160
	150
	200
	250
	180
	265
	145

	
	Minimum absorbtion rate
	mm/month
	120
	100
	300
	95
	95
	100
	100
	130
	90
	85
	110
	75

	
	Lag of surface run-off
	months
	0.2
	0.3
	0.1
	0.15
	0.1
	0.15
	0.2
	0.2
	0.15
	0.1
	0.1
	0.5

	
	Soil moisture storage capacity
	mm
	80
	70
	86
	70
	60
	45
	80
	70
	65
	65
	60
	80

	
	Minimum soil storage causing run-off
	mm
	30
	34
	25
	30
	25
	0
	30
	15
	15
	20
	20
	30

	
	Run-off rate at max. soil storage
	mm/month
	10
	8
	8
	10
	5
	5
	6
	10
	12
	7
	7
	10

	
	Power of soil storage run-off curve
	
	1.5
	1
	2
	1.5
	3
	3
	1.5
	3
	3
	3
	3
	1.5

	
	Evaporation-storage coefficient 
	
	0.6
	0.6
	0.6
	0.7
	1
	0.9
	0.5
	0.5
	0.7
	1
	1
	0.6

	
	Lag of soil run-off
	months
	0.3
	0.3
	0.3
	0.15
	0.3
	0
	0.2
	0.8
	0
	0.2
	0.5
	0.5

	Fit statistics
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Observed mean annual run-off
	
	1390
	247.9
	280.1
	141.1
	181.8
	359.5
	237.2
	132.3
	100.1
	99.1
	387.4
	813.3

	
	Simulated mean annual run-off
	MCM
	1388
	247.4
	280
	141.1
	180.3
	348.6
	237
	132.4
	100.3
	98.7
	385
	812.8

	
	Observed st. deviation of annual runoff
	MCM
	853
	156.9
	208.6
	98.6
	117.1
	181.3
	149.2
	102.8
	50.8
	57.3
	199.1
	560.3

	
	Simulated st.deviation of annual runoff
	MCM
	820
	126.6
	208
	80.5
	94.2
	134.2
	125.3
	87.0
	40
	47.4
	155.5
	438.9

	
	Observed mean log of annul runoff
	
	3.06
	2.3
	2.34
	2.04
	2.17
	2.48
	2.29
	2.00
	1.94
	1.92
	2.53
	2.8

	
	Simulated mean log of annul runoff
	
	3.07
	2.33
	2.35
	2.09
	2.20
	2.51
	2.29
	2.04
	1.96
	1.94
	2.55
	2.86

	
	Correlation coefficient
	
	0.64
	0.57
	0.63
	0.84
	0.71
	0.79
	0.75
	0.66
	0.78
	0.72
	0.81
	0.65

	Rainfall records used for calibration
	
	0206077
	0266437
	0266631
	0237471
	0266001
	0235243
	0235243
	0266631
	0265039
	0266631
	0266001
	0204518

	
	
	
	0205439
	0236492A
	0266370
	0237113B
	0265875B
	0264715
	0235110
	0266370
	0266001
	0266001
	0298638
	0204819

	
	
	
	0205770
	0236521B
	0266646
	0236677
	0266631
	0264836
	0264836
	0267126
	0235243
	0266437
	0266631
	0234150

	
	
	
	0205385A
	0236677
	0267107
	
	0266370
	
	
	
	
	
	
	0233239

	
	
	
	
	
	
	
	0266646
	
	
	
	
	
	
	


4 RESERVOIR INFLOWS

4.1 Derivation of Reservoir inflows

Figure A-5 indicates the locations of existing and potential dam sites in the Lesotho Highlands.  Only those associated with Phase 1 of the LHWP have been approved for construction including the Katse Dam that was completed in 1997 and was already spilling in 1998.

The inflow sequences to each of the reservoirs were derived directly from the various flow sequences listed in Appendix C.  The methodology used to transpose the flows at the flow gauges to the dam sites was agreed by both the RSA and LHDA representatives as part of the joint LHDA/RSA study.  Details of the transposition process are provided in Table 4-1 and in most cases this involved adding the upstream flow record to a proportion of the incremental downstream flow records.  The proportion selected in each case was based simply on the catchment areas since there was insufficient information on either the distribution of rainfall or run-off to use any other approach.

The reservoir inflow sequences derived from the Joint LHDA/RSA study are provided in Appendix E for the 1920 to 1995 period.  It should be noted that the sequences provided in the Joint Hydrology Report were for the 1926 to 1995 period and did not cover the 1920 to 1925 water years.  Listings of the joint hydrology sequences for the 1926 to 1995 water years are provided in Appendix D in the original LHDA format.  It should be noted that the values in Appendices D and E are identical for all reservoir inflows with the exception of those for Malatsi where there are five minor changes (see Section 4.2 for details).

The flows for the additional 6 water years (i.e. 1920 to 1925) were taken from previous analyses and do not have a significant influence on any of the results since the critical period occurs towards the end of the record.  The earlier period was added to provide consistency with the remaining flow records used in the VRSAU Study.

Table 4.1:
Derivation of reservoir inflows 1930 - 1983

	
	MAR

106m3
	Area

Total

km2
	Area

To dam

km2
	Factor
	Dam

inflow

106m3

	Katse

	
	Contributing catchments

	
	
	G41 Bokong 
	104
	403
	403
	1.000
	104

	
	
	G45 Pelaneng
	398
	1157
	1157
	1.000
	398

	
	
	G08 Paray incremental
	173
	1028
	307
	0.299
	52

	
	Total for dam
	
	
	
	1867
	
	554

	
	
	
	
	
	
	
	
	

	Mohale

	
	Contributing catchments

	
	
	G17 Marakabei
	361
	1087
	938
	0.863
	312

	
	Total for dam
	
	
	
	938
	
	312

	
	
	
	
	
	
	
	
	

	Mashai

	
	Contributing catchments

	
	
	G05 Koma-Koma
	1442
	7950
	7977
	1.003
	1447

	
	Total for dam
	
	
	
	938
	
	1447

	
	
	
	
	
	
	
	
	

	Tsoelike

	
	Contributing catchments

	
	
	G05 Koma-Koma
	1442
	7950
	7950
	1.000
	1442

	
	
	G07 Tsoelike
	139
	797
	797
	1.000
	139

	
	
	G03 Seaka
	1319
	10041
	1628
	0.162
	214

	
	Total for dam
	
	
	
	10375
	
	1795

	
	
	
	
	
	
	
	
	

	Malatsi

	
	Contributing catchments

	
	
	G17 Marakabei
	361
	1087
	1087
	1.000
	361

	
	
	G32 Nkaus
	241
	2393
	2479
	1.036
	250

	
	Total for dam
	
	
	
	3566
	
	611

	
	
	
	
	
	
	
	
	

	Ntoahae

	
	Contributing catchments

	
	
	G05 Koma-Koma
	1442
	7950
	7950
	1.000
	1442

	
	
	G07 Tsoelike
	139
	797
	797
	1.000
	139

	
	
	G03 Seaka
	1319
	10041
	2753
	0.274
	362

	
	Total for dam
	
	
	
	11500
	
	1943


Obviously the important flows to many organisations will be the reservoir inflows over the royalty period from October 1930 – September 1983.  If the latest sequences proposed in the joint LHDA/RSA study are compared to the various previous data sets it can be seen that they are very similar to both the previous BKS (Mckenzie, 1993) sequences as well as the sequences recently suggested by the IoH.  They are significantly lower than all of the earlier data sets including the Interim Hydrology on which most of the design calculations have been based.

The comparisons support the view that the recent LHDA/RSA hydrological data sets are realistic and the most reliable flow sequences currently available.  It is interesting to note that all of the studies excluding the IoH study were based on a similar approach involving deterministic rainfall/run-off modelling.  Only the IoH study was based on a completely different approach involving stochastic modelling and despite this, the results were very similar to those of the BKS and Joint LHDA/RSA studies.  This also supports the conclusion that the sequences suggested in the other studies including the Interim Hydrology study are unrealistically high and should not be used.

Although the MARs of the various sequences are generally regarded as the important factors to be used when comparing the different data sets, it is also important to consider the variability of flows within the historic period since this has a significant influence on the overall yield from the reservoirs.  Preliminary analyses undertaken during the joint LHDA/RSA study suggest that the joint LHDA/RSA hydrology and the previous BKS hydrology give slightly higher yields than the IoH hydrology.  This can be seen in Figure 4-1 which gives an example for the Katse Dam inflows, using sequent peak analysis to estimate the reservoir volume required to meet a constant yield.  The IoH flows exhibit a very severe critical period from 1944 to 1959.  This behaviour is untypical of the regional hydrology and is the main reason why the IoH results were not considered acceptable.  Of the other hydrologies, the Stage 2B and Interim flows consistently give the lowest storages whilst the new hydrology gives the largest, all occurring in 1974.  It should be noted that the differences in storage required between the Stage 2B, Interim and the Joint LHDA/RSA hydrologies are relatively small.

Some comparative figures for the various hydrological sequences into the different reservoirs are provided in Table 4.2. for the 1930 to 1982 period and in Table 4.3 for the 1930 to 1983 period.   The two tables have been provided since there is often confusion concerning the royalty period and whether or not the 1983 water year is included.  As a result, tables providing a comparison of results between different studies often tend to mix up the figures for the different periods.  It should be noted that the figures from the IoH are not fully compatible with the results from the other studies since they are based on a different water year from all of the other studies – August to July and not October to September. 

Table 4.2 : 
Comparison of annual average dam inflows Oct 1930–Sep 1984 (million m3)
	
	Katse
	Matsoku
	Mohale
	Mashai
	Tsoelike
	Malatsi
	Ntoahae
	Oranjedraai

	Interim
	627
	104
	332
	1577
	1982
	785
	2142
	

	BKS
	591
	102
	315
	1491
	1887
	606
	2067
	3937

	IoH
	542
	94
	310
	1449
	1736
	585
	1916
	

	New
	554
	95
	312
	1447
	1795
	611(608*)
	1943
	4116


*
Value for Malatsi in brackets includes minor changes after completion of the Joint LHDA/RSA study

Table 4.3 : 
Comparison of annual average dam inflows Oct 1930–Sep 1983 (million m3)

	
	Katse
	Matsoku
	Mohale
	Mashai
	Tsoelike
	Malatsi
	Ntoahae
	Oranjedraai

	Interim
	629
	104
	336
	1584
	1994
	792
	2156
	

	BKS
	593
	103
	317
	1501
	1896
	611
	2077
	3961

	IoH
	542
	94
	310
	1449
	1736
	585
	1916
	

	New
	560
	95
	314
	1461
	1811
	616(613*)
	1961
	4231


*
Value for Malatsi in brackets includes minor changes after completion of the Joint LHDA/RSA study
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Figure 4.1:
Katse Dam – sequent peak analysis for the 1930 to 1983 period

4.2 Minor Changes made during the VRSAU Study

In the course of the Vaal River Augmentation Planning Studies(VAPS) and the subsequent Vaal River System Analysis Update (VRSAU), several small negative incremental flows were identified for the Malatsi Dam inflow record that had been missed during the joint LHDA/RSA study.  Theoretically, negative incremental flows cannot be generated since the various incremental flow records are being added together.  The problem arose because the Oranjedraai record was generated as a total flow record as part of the previous Orange River Re-planning Study (ORRS).  It was not generated as an incremental flow record during the joint LHDA/RSA study.  As a result, several negative incremental flows were identified between Seaka and Oranjedraai as discussed previously in Section 3.6.  The negative incremental flows were eliminated by manually adjusting either the Oranjedraai value or the Seaka value and during this process several new incremental flows were created further upstream that were not picked up during the adjustment procedure.  The number of values involved (6) is very small and the influence of changing them is not significant.  The total MAR to Malatsi Dam for the 1930 to 1983 period reduces from 611 million m3/a to 608 million m3/a – a decrease of 0.5%.  In view of the fact that the Malatsi Dam record is one of the less reliable records in the data set, this change is not considered to be a problem.

The changes are given in Table 4.4 and the listings of the original LHDA/RSA hydrological sequences (total flows) are provided in Appendix D in the standard LHDA format.  The same information presented in the standard DWAF format and reflecting the changes to the Malatsi Dam inflow are given in Appendix E for both total and incremental catchment areas.

Table 4.4:
Changes made to the Malatsi Dam inflow record
	Month
	Nkaus

(1)
	KomaKoma

(2)
	Tsoelike

(3)
	Total

(4 =1+2+3)
	Seaka

(5 )
	Incremental Flow

(6 = 5 – 4)
	Malatsi

Original

(7)
	Malatsi

Adjusted

(8)

	Jul 1942
	24.1
	13.4
	0.6
	38.1
	36.5
	-1.6
	24.5
	18.0

	Feb 1949
	33.5
	91.6
	19.1
	144.2
	138.3
	-5.9
	33.8
	25.5

	Oct 1959
	36.3
	246.3
	1.8
	284.4
	281.6
	-2.8
	36.7
	30.0

	Nov 1967
	239.1
	226.9
	15.8
	481.8
	398.0
	-83.8
	242.5
	148.0

	Dec 1967
	44.6
	170.3
	11.5
	226.4
	220.0
	-6.4
	45.2
	30.0

	Jan 1975
	87.8
	389.8
	34.5
	512.1
	500.0
	-12.1
	88.6
	70.0


It should be noted that the flow data at the gauges has not been changed with the result that the small negative incremental flows will still exist if the basic gauge records are used in any subsequent analysis.

5 SUMMARY AND CONCLUSIONS

The observed flows used in the Joint LHDA/RSA study are based largely on the recent IoH study and were the subject of much scrutiny and discussion.  Those at G17 Marakabei have been slightly revised following a review of the crump weir upstream of the gauging site that took place after completion of the IoH study.  The adopted set of observed flows are regarded as the best estimates that can be made without substantial additional work.  In general, they are similar to observed flows used to establish the Stage 2B and Interim hydrologies with the exception of G45 at Pelaneng where revision of the rating curve has led to an overall reduction in flow of approximately 15%. 

The revision of the rating curve at Pelaneng has had a significant influence on the recommended inflow sequence to Katse Dam which has dropped from 593 million m3/a to  560 million m3/a for the 1930 to 1982 period.  This results in a reduced yield of approximately 1 m3/s from Katse Dam and is obviously one of the problem areas leading to the rejection of the joint hydrology flows by the LHDA.  It is unlikely that the inflow to Katse Dam will increase during any subsequent studies unless the rating curve is revised yet again.

As found in most hydrological studies the observed flows at one location are sometimes lower than the combined flows at one or more upstream locations.  The methods used to resolve such inconsistencies are subjective but are regarded as realistic and leading to data of acceptable reliability for subsequent work.

The observed flow records were initially patched by linear regression to cover the period 1967 - 1995, then extended to cover the period from October 1926 using a revised version of the Pitman rainfall/run-off model.  These procedures are widely used in Southern Africa and are very similar to those used for the Stage 2B and Interim hydrologies.  Comparisons of the original and revised Pitman model results showed very minor differences.

The rainfall records used for Pitman modelling were the subject of exhaustive checking.  In some cases, the early part of a record was inconsistent with later data.  In many cases, specific values were identified as outliers and if the suspect values were clearly incorrect, they were replaced.  If there was any doubt concerning the validity of a particular recorded value it was left unaltered.    All inconsistencies and errors were corrected if possible or otherwise excluded from the analysis before the rainfall records were extended to cover the common period from 1920 - 1995.  The resulting extended records are of acceptable quality. 

Comparison of the annual average dam inflows indicates that new inflows are all lower than those of the Interim Hydrology.  This reflects the more rigorous checking of rainfall data and exclusion of several unrealistically large monthly values clearly inconsistent with other nearby rain gauges.  For dams on the Senqu, it also reflects the lower observed flows at Pelaneng, which have had a ‘knock-on’ effect on estimation of flows at downstream sites.
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Appendix A


Figures


A-1 :	Locations of Rain Gauges considered in the LHDA/RSA Study


A-2 :	Reliability of Rain Gauges considered in the LHDA/RSA Study


A-3 :	Locations of key flow gauges in Lesotho


A-4 :	Water Balance Analysis between Oranjedraai and Seaka


A-5 :	Location of existing and possible future Dams in Lesotho
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