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PREFACE

This is one of a series of reports which contain the results of a revised appraisal of the Water
Resources of South Africa, undertaken in terms of a contract between the Water Research
Commission (WRC) and Royal HaskoningDHV.

This is the sixth such water resources appraisal, the first was completed in 1952 by Professor
Desmond Midgley. Dr Bill Pitman has been involved in the last five (including this appraisal). With
every appraisal, significant improvements are made in the methodology, use of the latest computer
technology, level of catchment detail and resulting accuracy in the results. There are however, some
data deterioration and data access issues which are beyond the control of the study team which are
proving to be big challenges to anyone in the water resources field. In the previous study (WR2005),
there were three main documents and a DVD. In this WR2012 study, there is a website which
contains all the deliverables (www.waterresourceswr2012.co.za).

Highlights emanating from this WR2012 study are as follows:

= the website has attracted over 950 users to date who could access completed information long
before the study was completed. The website is a far more efficient way for the WR2012 project
team to update and liaise with this large group of people;

= rainfall and observed streamflow data has been updated and patched from September 2005 to
September 2010. Also reservoir inflows, transfers and outflows based on reservoir records and
water quality data for TDS and other water quality parameters have been updated to September
2010;

= the present day development analysis was carried out for the first time. This means that the time
series of rainfall as from 1920 to 2010, was used to generate flows as they would have been under
present day development. This gives important information as to the effect of land use/water use
on the study area and as to the functioning of current developments under different hydrological
conditions. Eighty-four key points throughout the study area have been analysed in detail;

= the daily time step version of the WRSM/Pitman model was developed;

= the naturalised mean annual runoff as a total leaving the study area was virtually the same as for
the previous study (WR2005) then determined at 49 210 million m3*annum and now at 49 251
million m3*annum. There were more significant differences per Water Management Area;

= the number of streamflow gauges used in the WRSM/Pitman model set-ups for calibration was
increased from 546 to just over 600. Some however were historic records only, as they have
closed down. A calibration accuracy analysis was carried out and gauging stations were split into
six categories to inform users about the usefulness of such a gauge for water resource analysis;

= the study gives an analysis of the deterioration in rainfall recording, streamflow gauging and
reservoir records, which will be a huge challenge for the future;

= useful new tools and graphs have been added to WRSM/Pitman, such as additional massplot and
cusum (cumulative sum) plots for rainfall and streamflow, multiple runoff module calibration,
inclusion of a groundwater abstraction time series, addition of an observed storage plot for
reservoirs, highlighting of routes with observed streamflow when plotting, etc.;

= groundwater/surface water interaction verification studies have been done using the
WRSM/Pitman model and Sami methodology and default parameters of the Sami method have
been revised to improve on the groundwater surface water interaction;

= monitoring of rainfall, streamflow and water quality has been analysed and recommendations have
been given for improvement of the monitoring;

= a salinity analysis using the SALMOD-model was done on the entire Vaal River catchment,

= the addition to WRSM/Pitman of the WQT Type 4 methodology for irrigation;
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= based on all the above-mentioned information, the 1 960 odd quaternaries were updated and a re-
calibration was carried out on all gauging stations and
= nine study and model reports.

While these highlights are a result of an extensive study, the Reference Group has a wish list of
recommendations to build further on the current work, to make it even more useful and to have it
remain relevant. Some exciting new possibilities for future appraisals are rendering GIS maps more
intelligent, applications on cell phones for obtaining data (possibly rainfall in particular) and extending
appraisals to other African countries.

A K Bailey Dr WV Pitman
WR2012 Consortium
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GLOSSARY OF ACRONYMS

CUSUM Plot of rainfall less mean rainfall on a cumulative basis. Also for streamflow

DRM Desktop Reserve Model

DWS Department of Water and Sanitation

EMC Ecological Management Class

EWR Ecological Water Requirement

GRAII Groundwater Resource Assessment Study

IAP Invasive Alien Plants

IFR Instream Flow Requirement

MAP Mean Annual Precipitation

MAR Mean Annual Runoff

MASSPLOT Cumulative plot of rainfall or streamflow against time

PATCHTAB Patching model for streamflow

RQIS Resource Quality Information Services which is a directorate in the Water
Monitoring and Information chief directorate under the Planning and
Information Branch of the Department of Water and Sanitation

SALMOD Salinity Model for Water Quality

SAPWAT Unknown — name of the model

SFR Streamflow Reduction Activity

SPATSIM Spatial Simulation Framework of models

TDS Total Dissolved Salts

WMA Water Management Area

waQs Sulphate version of the WQT model

WQT Water Quality Model

WRC Water Research Commission

WRMF Water Resources Modelling Framework

WRSM/Pitman Water Resources Simulation Model 2000 sometimes also referred to as the
Pitman model

WRYM Water Resources Yield Model

WR90 Water Resources of South Africa (1990) study

WR2005 Water Resources of South Africa 2005 study

WR2012 Water Resources of South Africa 2012 study (this study)
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BACKGROUND

The Surface Water Resources of South Africa, 2012 Study (WR2012) and its predecessors have
played a major role in providing key hydrological information to water resource managers, planners,
designers, researchers and decision makers throughout South Africa since 1952 when the first water
resources appraisal was produced by Professor Desmond Midgley when he was with the (then called)
Department of Irrigation. The history of the other six appraisals is presented in Figure 1.1 below.

o= e == = First appraisal
WR2012 with the
website
T First appraisal with surface
C 5 S
WR2005 w water — groundwater
interaction

First appraisal with
use of GIS

m First appraisal with
the Pitman model

1981

First appraisal with
use of a computer

Very first appraisal initiated by
Prof Midgley

1952

Prof Midgley

Dr Bill Pitman
]

Allan Bailey and team

University of

Department of Witwatersrand SSI (now Royal HaskoningDHV) and consortium
Irrigation Hydrological partners / sub-consultants
Research Unit

Figure 1.1: The history of country wide water resources appraisals for South Africa, Lesotho and
Swaziland

In the WR2005 study, the water resources of South Africa and related data were assessed by
updating rainfall, observed streamflow and land use/water use up to September 2006. As with the
previous appraisals, this study generated information at quaternary catchment level for the whole of
South Africa, Lesotho and Swaziland. The quaternary catchment is the basic building block of
WRSM2000/Pitman with each quaternary forming a separate runoff module (exceptions occur in very
small catchments smaller than a quaternary). The quaternary catchment boundaries used in WR2012
are the same as for WR2005. During the course of the WR2012 study, the quaternary catchment
boundaries were changed by the Department of Water and Sanitation (DWS). This came too late for
inclusion in WR2012 and was beyond the scope of work. Most quaternary catchment boundaries and
areas are very close to what they were before but there are some that have changed significantly.
Changes to areas will affect all WRSM2000/Pitman model analysis and not only GIS maps as the
catchment area dictates the flow. These changes will be taken into account in the next appraisal.
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Likewise the 19 Water Management Areas (WMAs) were condensed into 9. This was mostly done by
combining certain WMAS, for instance the Upper Orange WMA and Lower Orange WMA are now just
the Orange WMA, however, there were some minor changes with some quaternary catchments which
were exceptions. Again this change came too late for inclusion in WR2012 and was beyond the scope
of work and reporting was based on the 19 WMAs that were defined at the start of the project. The
consolidation of the WMAs will be dealt with in the next appraisal.

As the climate in this study area is so variable over time, the updating of these appraisals will remain
important. However, this was not the only need for a WR2012 study. There have been a number of
significant developments since the WR2005 study which increased the need for a new appraisal, as
follows:

= recent findings have been made as a result of improved research on land-use modelling
techniques and improved estimates of water use by different water sectors;

= developments in website technology have made it possible to provide all the WR2012 deliverables
on a website. This makes it far easier for users to obtain the latest information and data and far
easier for the WR2012 developers to update the information;

= enhancement of the WQT irrigation Type 4 methodology with improved calculation of return flow
has been implemented in the WRSM/Pitman model;

= increased levels of catchment detail have been made possible by Google Earth technology and
other sources of data;

= improved computer technology resulted in improvement of WRSM/Pitman graphs and

= a daily time step for WRSM/Pitman in addition to the normal monthly time step and a number of
improved techniques, new graphs, etc.

In 2010 the Water Research Commission (WRC) produced a Terms of Reference and called for
proposals to undertake a four-year project, called the Water Resources of South Africa, 2012 Study
(WR2005), to conduct new innovative research and to build on WR2005. The new study was called
WR2012 and was commissioned in 2012 by the WRC.

The WRSM/Pitman model is sometimes referred to as WRSM2000 (generally in South Africa) but also
as the Pitman model (often in other African countries). We have therefore decided to call it
WRSM/Pitman. This model name is regularly confused with WR2005 and/or WR2012 but they refer
to the studies.

2 INTRODUCTION

The Water Research Commission, in its terms of reference for the WR2012 study, set out the
rationale for the study and defined the aims, objectives and deliverables. It also addressed the focus
of the study and laid out guidelines for the project team.

The WR2012 study has focussed on investigating water resources in an integrated perspective in line
with the objectives of Integrated Catchment Management enshrined in the National Water Resources
Strategy. This study has not merely resulted in an update of WR2005 data, but has re-evaluated,
improved, produced new innovative work and developed new tools which are now available.
Knowledge of various new developments and an analysis of trends that have emerged in the water
sector in the past five years have guided the researchers in project implementation. Furthermore, the
WR2012 study has taken into account difficulties experienced by water resource users and where
possible have made improvements.

Water Resources of South Africa — 2012 Study: Executive Summary 2



The evaluation and improvement of existing tools, development of new tools and development of a
website for WR2012, will allow for national water resources planning which is more accurate and more
efficient and will allow for easier updating in the future. The emphasis in this study was in extending
“‘what if” capability developed in WR2005 to the user who would then be in the advantageous position
of being able to generate his/her own information and GIS maps by combining information. The
website will greatly facilitate the rapid updating of data and availability of totally new information which
became available as it was completed and not only at the end of the project as with WR2005.

Unlike WR2005 in which there were seven consulting firms involved, the core analysis for WR2012
has been done mainly by Royal HaskoningDHV and Dr Bill Pitman with involvement from others as
given in section 12. This has facilitated greater consistency of analysis and addition of detail so that
the whole country is on a par in this respect.

The primary deliverable was the WR2012 website which contains the database, programs, GIS maps,
model set-ups for WRSM/Pitman, spreadsheets, time series datafiles, documents and nine reports.

In summary, the WR2012 study contains the following:

= land use : improved level of detail on farm dams, major reservoirs and observed stream-flow
gauges, particularly for Water Management Areas (WMAs) 6, 7, 11 and 12 but throughout the
entire study area;

= updating and patching of rainfall and observed streamflow data from September 2005 to
September 2010. Updating of reservoir inflows, transfers and outflows based on reservoir records
to September 2010 and patching thereof. Updating of water quality data for TDS and other water
quality parameters to September 2010;

= monitoring requirements pertaining to rainfall, observed stream-flow and water quality in every
quaternary catchment;

= land use details pertaining to abstractions and return flows, dams, afforestation and alien
vegetation for every quaternary catchment;

= WRSM/Pitman model daily time step (Pitman, 1976);

= WRSM/Pitman model enhancement pertaining to additional graphs, multiple module calibration
changes, groundwater enhancements

= general graphical enhancements such as zooming, panning, log scale, etc.;

= present day simulated streamflow with rainfall, observed stream-flow and land use up to
September 2010 and with land use set at 2010 development levels throughout. These streamflows
have been analysed at 84 key points throughout the country;

= WR2012 and WRSM/Pitman model training courses at a number of universities and other
organizations;

= enhancements to Sami groundwater data and verification studies;

= WRSM/Pitman model : addition of new WQT irrigation Type 4 methodology;

= water quality spreadsheet update for 10 years of data for every quaternary catchment;

» inclusion of the latest catchment studies where WRSM/Pitman has been used;

= updating of all WRSM/Pitman data sets for South Africa, Lesotho and Swaziland to September
2010;

= recalibration of every quaternary catchment based on updated and new data of about 600
observed streamflow records;

= statistical analysis of about 600 observed streamflow records;

= extension of the SALMOD water analysis to the entire Vaal catchment with data up to September
2010;

= updating of menu options to inspect patched observed streamflow, rainfall stations, catchment
rainfall, catchment rainfall groups, naturalised streamflow, present day streamflow and physical
quaternary data;

= updating of GIS maps;
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= website development. All the menu options for the above have been included in a website and
= nine reports as follows:

WR2012 Executive Summary;

WR2012 User Guide;

WR2012 Book of Maps;

WR2012 Calibration Accuracy;

WR2012 SAMI Groundwater module: Verification Studies, Default Parameters and Calibration
Guide;

WR2012 SALMOD: Salinity Modelling of the Upper Vaal, Middle Vaal and Lower Vaal sub-
Water Management Areas (new Vaal Water Management Area);

WRSM/Pitman User Manual;

WRSM/Pitman Theory Manual and

WRSM/Pitman Programmer’s Code Manual.

Note that work covered in this report is dealt with very much as an overview. More detail can be found
in the WR2012 User Guide.

3 AIMS AND OBJECTIVES

The broad aims and objectives of the WR2012 study as outlined in the terms of reference were to:

= evaluate the previous WR2005 project and analyse user requests;

= determine the WR2012 project deliverables;

= develop WR2012 tools;

= support users in using the WR2012 products;

= document the project work and package products efficiently and cost effectively and
= build capacity in use of the deliverables.

Deliverables were defined as:

= a website to be developed halfway through the project containing all WR2012 products;

= an updated WRSM/Pitman model and/or other tools;

= new products such as land/water use spreadsheets, monitoring analysis spreadsheets, present
day analysis and reservoir records;

= data collection, re-calibration and simulations of the whole of South Africa at quaternary scale;

= project reports and

= capacity development through training courses, involvement of young term members and user
support.

Accordingly, sixteen tasks were established by the project team in the proposal of May 2012. Some
of these tasks were re-ordered to facilitate the website being included as a task in itself so that
completed deliverables could be added to the website as soon as they were completed, thus enabling
users to get maximum advantage from them. Accordingly the website was included as a separate task
16 and a revised list of 18 tasks were formulated as follows:

Task 1:
Task 2:
Task 3:
Task 4:

Task 5:
Task 6:

Advance for initiating all tasks;

Pitman daily time step model (part A);

Land/water use spreadsheets (part A);

WRSM/Pitman model enhancement including additional graphs, user friendly features
and groundwater enhancements;

Monitoring analysis of rainfall, observed streamflow and water quality stations;

Training courses and support for WR2012 and WRSM/Pitman (part A);

Water Resources of South Africa — 2012 Study: Executive Summary



Task 7: Sami groundwater enhancements (part A);

Task 8: Enhancement of land use details for WMAs 6, 7, 11 and 12;

Task 9: WRSM/Pitman model enhancements: irrigation Type 4 method,;

Task 10: Pitman daily time step (part B) and degree of calibration accuracy of the +600
streamflow gauges;

Task 11: Water quality spreadsheet updates and inclusion of WR90 graphs;

Task 12: WRSM/Pitman model enhancement: Graphical enhancement of WRSM2000 graphs;

Task 13: Sami groundwater (part B) and inclusion of WRSM/Pitman studies in the WRSM/Pitman
data sets;

Task 14: Simulated present day analysis (part B) including updating of rainfall, observed
streamflow and land use to September 2010 and re-calibration at all streamflow gauges
and major reservoirs;

Task 15:  Training courses and User Support for WR2012 and WRSM/Pitman (part B);

Task 16: Website development and loading of all products;

Task 17: Simulated present day (part B);

Task 18: Final reports, spreadsheets, GIS maps and SALMOD water quality analysis. WR2012
Executive Summary, WR2012 User Guide, WR2012 Book of Maps, WRSM/Pitman User
Guide, WRSM/Pitman Theory Manual, WRSM/Pitman Computer Code Manual, Sami
groundwater, Pitman analysis of about 600 streamflow stations and Salinity analysis
using the SALMOD water quality model to update the Upper Vaal, Middle Vaal and
Lower Vaal WMAs.

Note: During the course of the study, the 19 WMAs were consolidated into 9. WR2012
undertook to report on the 19 WMAs and the changes to 9 WMAs were beyond the
scope of the study. Future appraisals will be based on 9 WMAs.

4 ANALYSIS

4.1

The work done in each of these 18 tasks and resulting output is described in the sections that follow.
Note that Task 1 was not a work item but an advance, so the tasks start from Task 2. Being an
Executive Summary, these tasks are given in broad overview. Further details are given in the
WR2012 User Guide.

PITMAN DAILY TIME STEP MODEL (PART A)

A daily time step model was added to WRSM/Pitman based on the Pitman methodology initially
developed in 1976 (Pitman, 1976). The methodology is included in the WRSM/Pitman Theory
manual. It is a separate model to the monthly time step WRSM/Pitman but it also includes aspects
pertaining to monthly rainfall.

The daily time step can be run in either naturalised mode or including land use. Naturalised mode
gives the daily outflows from the runoff modules. If land use is to be taken into account, the daily flows
at a point in a network can be determined following a procedure described in the WRSM/Pitman User
Manual. Daily flows are important for environmental flow considerations, operation of some dams, etc.
Figure 4.1 shows a daily time step graph.
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4.2

RCUTE NO. 1 DAILY HYDROGRAPHS incl. LAND USE (BdZrqY d.obs)

—Simulatad daily runcff incl. land use

—Obzerved daily runoff

1982 1583 1683.5 1084 1984.5
itman model HYDROLOGICAL YEAR
2013/01/29 (0B:32)

Figure 4.1: Daily time step for a catchment in the Olifants WMA

The daily time step WRSM/Pitman model is available on the website and is covered in all the user
manuals.

LAND/WATER USE SPREADSHEETS

Land/water use was updated where information was readily available. Where time series abstractions,
return flows and transfers were not readily available, they were assumed to remain the same since
WR2005. Recent area data for afforestation and alien vegetation was not readily available and was
taken from WR2005.

The WR2005 data for afforestation, alien vegetation, irrigation and farm dams was taken out of the
quaternary spreadsheets and included in WR2012 land use/water use spreadsheets with data on
major dams, abstractions and return flows to give a much more comprehensive account of land/water
use.

Spreadsheets for the 19 former WMAs were established to show land use/water use related aspects
for each quaternary catchment for the following four worksheets:

= dams;

= abstractions and return flows;

= afforestation and alien vegetation and
= irrigation.

In the dams worksheet each quaternary catchment has information on major dams (generally over 1
million m?®) such as WRSM/Pitman data set links, name and DWS code (if applicable), river, full supply
capacity and surface area, date constructed, annual abstraction or return flow, reservoir record
availability, and relevant comments. Farm dams (generally less than 1 million m®) were also included
with full supply capacity and area where this information was available.
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In the abstractions and return flows worksheet, WRSM/Pitman data set links were given, annual
abstraction as at the 2009 hydrological year and comments were given for each quaternary
catchment. Similarly for return flows.

In the afforestation and alien vegetation worksheet, links to the WRSM/Pitman data sets and areas for
both were given along with the division into three types for both for each quaternary catchment.

In the irrigation worksheet, links to the WRSM/Pitman data sets and areas of irrigation were given for
each quaternary catchment.

These spreadsheets are available on the website.
4.3 ENHANCED WRSM/PITMAN MODEL

In this task the aim was to add graphs for statistics on rainfall and naturalised flows, other user friendly
features and groundwater enhancements.

There are four general enhancement categories for the WRSM/Pitman model as follows:

= naturalised streamflow and catchment based rainfall data files — statistical graphs for both
massplots and cusum plots. For naturalized flow there is also a firm yield plot;

= WRSM2000 Multiple module calibration copy facility. When calibrating, it is now possible to
perform changes to multiple runoff modules in one operation;

= facility to plot observed storage against simulated storage (to aid in calibrating) — refer to Figure 4.2
below; and

* Adding a groundwater abstraction time series for the Sami method.

Note that while this report focusses on work carried out on the Sami groundwater/surface water
interaction methodology, there is also the Hughes groundwater/surface water interaction methodology
which is unchanged since WR2005.

1 Reservoir ot : o - - e
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24 000
22000
20000
18.000
16.000
14.000
12,000
10,000

soo il

6,000 I |
o ) |
ke N

0.000

'1 I

L1 MM\ \} y L HWLMM

STORAGE STATE - % of Full Supply Storage of 54.64 Mm?

I

1975 1976 1977 1978 1979 1950 1981 1982 1933 1954 1985 1986 1957 1988 1989 1990 1991 1992 1993 1904 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
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Figure 4.2: Simulated versus observed storage for Blyderivierspoort Dam
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The monthly time step model requires a key code to be set which is laptop/PC dependant and is the
intellectual property of Royal HaskoningDHV. This key code is available from Mr Allan Bailey at the e-
mail address wr2012@rhdhv.com. For users who wish to make use of the WRSM/Pitman model for
projects to generate profit there is a once-off administration fee. The model needs to be downloaded
from the website as do the WRSM/Pitman data sets which cover the whole of South Africa, Lesotho
and Swaziland.

The monthly time step WRSM/Pitman model is available on the website and is covered in the relevant
manuals.

MONITORING ANALYSIS OF RAINFALL, OBSERVED STREAMFLOW AND WATER QUALITY
STATIONS

This involved setting up worksheets with data and analysis for every quaternary catchment in South
Africa, Lesotho and Swaziland for the following monitoring data:

= rainfall;
= streamflow (river and reservoir gauging) and
= water quality.

In order to facilitate this work, rainfall, observed streamflow and water quality data was updated to
September 2010. For rainfall, all useful individual stations were updated up to September 2010 using
the WRMF model data from DWS and were patched where necessary. Based on the WR2005
catchments rainfall groups of individual stations, the catchment based rainfall files were determined
from 1920 to 2009 (hydrological years) for all the hydrological zones. They were checked with
massplots. The observed streamflow for all streamflow gauging stations and inflows to reservoirs were
updated using the DWS website and DWS reservoir records to September 2010. Missing and/or
unreliable values were patched using either an in-house program (PATCHTAB) where there were
suitable stations for patching or by simulated flows. Water quality data was obtained from the RQIS
also up to September 2010.

From experience gained in analysing and calibrating the entire country in this and previous appraisals,
it has been determined what the countries lack in rainfall stations, observed streamflow stations and
water quality stations. Rainfall monitoring involved documenting the number of stations currently open
in each quaternary catchment along with the rainfall station identifier, the total number of stations
whether open and closed, the number of stations used in the catchment based rainfall file (which
could and generally does include stations outside of the quaternary catchment) and the name of the
catchment based rainfall file used for that quaternary along with a recommendation. A considerable
number of rainfall stations have closed down over the past 20 years so there are numerous
recommendations to either re-open or establish new ones. Note that there were some additional
rainfall stations used in WR2005 made in the current study, particularly in Lesotho.

Reservoir records are extremely useful in analysing dams and for calibration of streamflows as they
give the complete water balance.

In the observed streamflow worksheet, details of streamflow gauges have been given for each
quaternary catchment with a rating based on good/average/poor as well as the impact of land use.
Comments and recommendations have been given where insufficient stations exist.

Chapter 7 provides more detail of the abovementioned issues.

Finally in the water quality worksheet, the analysis of water quality monitoring involved documenting
the usable water quality gauging station names, station description, number of samples in the water
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quality database, start period of monitoring, end period of monitoring, median 50% TDS value, 95%
TDS value (i.e. 95% of the samples are below this value) and comments and recommendations for
each quaternary catchment by Dr Chris Herold.

These spreadsheets are available on the website.

4.5 WR2012 AND WRSM2000 TRAINING COURSES (PART A)
Mr Allan Bailey has conducted 2 day training courses at the following universities:

= University of the Witwatersrand;

= University of North-West (in 2013 and 2015);

= University of Stellenbosch (in 2013 and 2015);

= University of Pretoria/SAICE Water Division (2015) and
= University of the Western Cape (in 2013 and 2015).

Other training courses have also been given to DWS and consulting engineering organizations.

The two day course developed under this task covers both how to use the WRSM/Pitman model as
well as what information is available on the WR2012 website and how to make use of it. Ms Sarah
Collinge has been trained to assist in giving the WRSM/Pitman course.

There has been a great deal of informal training by Mr Allan Bailey by means of e-mail and telephone
requests for assistance on a wide variety of issues.

Mr Allan Bailey has given a number of presentations at the SANCIAHS, SANCOLD and WR2012
Launch symposiums.

4.6 ENHANCEMENTS TO SAMI GROUNDWATER DATA

Mr Karim Sami compiled a comprehensive report on groundwater verification studies carried out in
various parts of the country. Of specific interest in this verification study was the updating of default
groundwater parameters that are used in the Sami input screen of WRSM/Pitman. Every runoff
module in every network has been updated with the latest set of these parameters. Figure 4.3 shows
a typical groundwater plot that is obtainable from the WRSM/Pitman model.

_ RUNOFF NO: 6 MONTHLY GROUND-SURFACE WATER FLOW - Sami Method (BT2E_1)
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Figure 4.3: Groundwater plot for quaternary B72E
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4.8

All the analysis are available in the report Sami, 2015.

ENHANCEMENTS TO WMAS 6, 7, 11 AND 12

A number of sources of data have been used to increase the level of detail particularly with regard to
dams of small to intermediate size and streamflow gauging stations.

Google Earth in particular has been a major new source of information. The sources of data have
been shown the schematic in Figure 4.4 below. WRSM/Pitman network systems and diagrams have
been updated accordingly, particularly but not only in these four WMAs. Where possible abstractions
and return flows have been updated and added.

SANCOLD MALLORY GOOGLE EARTH WSAM database
DAMS DAMS with streamflow of DWS
DATABASE with spreadsheet gauges and dams
quaternaries

RHDHV
Water Board studies
abstractions WMAs /
and return
flows

\ Studies by

other

DWS DWS consultants
Streamflow Reservoir
data records

DWS WRMF
Rainfall data

Figure 4.4: Sources of data for WMAs

Particular attention was paid to WMAs 6, 7, 11 and 12 which required enhancement in detail.

These enhanced details have been built into the various WRSM/Pitman networks and are on the
website under WRSM2000 Network Model Data.

WRSM/PITMAN MODEL DEVELOPMENT WITH REGARD TO THE IRRIGATION METHODOLOGY
TYPE 4

The WQT Type 4 methodology is the latest irrigation methodology developed by Dr Chris Herold and
being used in the WRYM, WRPM and WQT models. It was coded into the WRSM/Pitman model. A
report is available on this methodology (Herold et al., 2015).
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410

WRSM/PITMAN DAILY TIME STEP MODEL (PART B) AND DEGREE OF ACCURACY OF ABOUT
600 STREAMFLOW GAUGING STATIONS

Daily Time Step (part B)

Two user friendly tools were added for formatting daily rainfall and daily observed streamflow based
on the standard output. For rainfall the South African Weather Services output can be transformed
into the form required by the daily time step version of the WRSM/Pitman model. Likewise for the
DWS daily rainfall format, this can also be transformed into the form required by daily time step
version of the WRSM/Pitman model.

Degree of accuracy/usefulness of the 600 streamflow stations

A statistical analysis was carried out by Dr Bill Pitman on all the usable streamflow stations in South
Africa, Lesotho and Swaziland which number about 600. This analysis was used to categorize these
stations into 6 categories as follows:

= no apparent problems;

= outliers;

= imbalance among records on the same river or in the same catchment;
= zero or near-zero annual flow leading to problems with log statistics;

= very short records (< 10 years) and

= some data problems or unreliable records.

These six categories are shown on the GIS runoff map in different colours. The report is obtainable on
the website (Pitman, 2015).

WATER QUALITY SPREADSHEETS AND WR90 APPENDICES
Water Quality Spreadsheets
Water quality spreadsheets were produced for every quaternary catchment for 50 and 95 percentiles

in South Africa, Lesotho and Swaziland. This analysis covered a 10 year period up to 2010 which was
the availability of data covering the following water quality parameters:

= pH;

- NO3 + N02 -N;
= NH4-N;

n F,

- PO,-P;

= SO, and

= TDS.

A GIS map was created showing the TDS values for the country. It can be seen that TDS varies
widely, both naturally and from pollution of the water sources.

Not all quaternary catchments had a water quality station so in some cases estimations were made by
setting the parameters the same as an upstream quaternary or averaging certain quaternaries
sometimes flow weighted according to Mean Annual Runoff (MAR) or interpolation. There is a
metadata column in all the spreadsheets describing how the information was obtained. In some
quaternaries where there were significant trends in one or more of the water quality parameters then a
comment was made to this effect. Dr Chris Herold reviewed and added value to the comments.
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WR90 Appendices
In the WR90 study (1989), hard copy output also included graphs of the following:

= Appendix 10 : Deficient Flow — Duration Frequency and
= Appendix 11 : Storage — Draft Frequency.

These graphs have been included in WR2012 on request from DWS. They are available on the
website.

GRAPHICAL ENHANCEMENT OF THE WRSM/PITMAN GRAPHS

Mr Grant Nyland has re-designed the WRSM/Pitman graphical interface to facilitate easy zooming,
panning, changing to log scale, etc. A report was compiled explaining the new graphical system which
is available from the “Help” option.

Zooming in particular is a huge improvement over the previous system and Figure 4.5 shows an
annual hydrograph that has been zoomed into (on the low flows). Where routes need to be selected
for a graph, if they have observed flows then they are depicted with “** Obs” followed by the
streamflow gauge number. The second example in Figure 4.6 shows the mean monthly flows with
“Box Plot” and “Scatter” switched on.

There is a data tab that allows the user to see numerical data used in the graph.

The graphical enhancements carried out for WRSM/Pitman have also been done for SALMOD and
are shown in Figure 4.10.
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Figure 4.5: Annual hydrograph with zooming
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Figure 4.6: Mean monthly hydrograph with “Box Plot” and “Scatter”

This new system is available in the WRSM/Pitman model.

412 ENHANCEMENTS TO SAMI GROUNDWATER (PART B) AND INCLUSION OF WRSM2000
STUDIES

Enhancements to Sami groundwater

Following the report on groundwater by Mr Karim Sami in Task 7, the updating of his groundwater
default parameters for every quaternary catchment (1 960 odd) was carried out. These revised
groundwater parameters were incorporated in all the data sets for WRSM/Pitman prior to re-
calibration.

Inclusion of WRSM/Pitman model studies

Apart from the Royal HaskoningDHV studies that have been carried out on various catchments in the
past using WRSM/Pitman, there are other consulting engineering firms that have carried out such
studies. Both the RHDHV and other organizations studies have been brought into WR2012 where
they add further value. They are as follows:

= The uMkhomazi Water Project Phase 1, Feasibility Study Raw Water, Hydrological Assessment of
the Umkhomazi River Catchment: P WMA 11/U10/00/3312/2/1, AECOM 2014;

= Establishment of Operating Rules for the Glen Alpine System. P WMA 01/A42/00/027 RHDHV
May 2011;

»= Reconnaissance Analysis of Potential Surface Water Support to Identified Artificially Recharged
Alluvial Aquifers near Steytlerville, Hydrosol 2014;

= Proposed Mountain View Dam: Pre-Feasibility Report, ALA/187/10/MP, RHDHV 2014;

= Development of an Operating Rule for the Mhlathuze Weir, MW/PR 11/2011, RHDHV May 2013;

= The Provision of Professional Services for the Implementation of the Jozini Dam Hydroelectric
Project, RHDHV 2009;

= T51and T52 Study, Aurecon 2012;

= RBM Water Supply Systems Review, RHDHV 2010;
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= T20A Mabeleni Dam — Hydrological Analyses, RHDHV 2014 and
= Eastern Cape Small Hydro Pre-feasibility study, RHDHV 2014.

The latest Sami groundwater parameters and details from these studies have been included in the
WRSM/Pitman data sets on the website.

SIMULATED PRESENT DAY ANALYSIS (PART A)
Re-calibration of the Historical Analysis

In order to facilitate this task and to compare present day streamflow with historical streamflow, it was
necessary to first carry out the historical analysis up to September 2010. This was done using
updated rainfall, observed streamflow, reservoir inflow, outflow and transfers and land use.

The individual rainfall station records have been extended to September 2010. Missing and/or
unreliable values have been patched. This patching process was carried out on the entire record
period. The stationarity of each updated record was checked by a mass plot. The mean annual
precipitation (MAP) was updated accordingly.

Some new stations have been added, particularly in Lesotho. Unfortunately quite a number have
closed down even since the WR2005 study.

The catchment rainfall groups have been retained from WR2005 for consistency except where rainfall
stations had to be added to fill in gaps in the latter years. These groups dictate which individual
stations are used to combine to form the catchment based rainfall files (in percentage of MAP) which
have generally been set up for each rainfall zone (group of quaternary catchments) and are used in all
the modules in the WRSM2000/Pitman analysis (runoff, reservoir, channel, irrigation and mining
modules). In some cases where there were very few or no stations in a quaternary catchment
extending to September 2010, stations closest to the quaternary catchment in question were used.

Two new graphs have been added to the calculation of the catchment based rainfall file, namely:

= the massplot and
= the CUSUM plot.

These additional plots assist in checking of catchment based rainfall files.

Symons pan evaporation (for catchments and open surface water) and A-pan evaporation has been
taken from the WR2005 study. These are monthly values with different pan factors applied.

The WRSM/Pitman networks that were available from the WR2005 study were used and significant
detail was added to them for the following:

= observed streamflow gauges;
= farm dams; and
= some new reservoirs and water transfers.

Historical and naturalised streamflow has been updated to September 2010 by using the
WRSM/Pitman model to analyse catchments with networks generally organised on a tertiary
catchment basis. Missing and/or unreliable streamflows were patched using a variety of approaches
most suitable for each record. These approaches included:

= using an in-house regression model and gauging stations on the same river and
= using simulated values.
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A concerted effort was made to obtain all the reservoir records throughout the country so as to include
all relevant data for the reservoirs. A new feature was added to the WRSM/Pitman model so that
observed and simulated storage of a reservoir can be plotted graphically and compared as an aid to
model calibration.

Network diagrams for the entire country are available to be viewed from within the WRSM/Pitman
model. Every quaternary catchment has at least one runoff module except for some quaternary
catchments in the Lower Orange and Berg WMAs where it made sense to combine some quaternary
catchments because their impact on the water balance was small.

A re-calibration was done at every selected streamflow gauge and reservoir by comparing observed
and simulated streamflow. In some cases previous calibrations were found to be still acceptable but in
a lot of catchments adjustments were made to Pitman calibration parameters to bring simulated
streamflow closer to that of observed values. This was done using calibration statistics at river
gauging stations and reservoirs such as MAR, standard deviation and seasonal index and graphs for
annual and monthly hydrographs, mean monthly streamflow, cumulative frequency, groundwater-
surface water interface and wetland and reservoir storage.

The re-calibration of observed versus simulated flows were considered in conjunction with the
comparison between naturalised flows for WR90, WR2005 and WR2012. The judgement for re-
calibration had to consider the accuracy of the observed flows with regard to patching required,
calibration parameters of adjacent catchments, reliability of WR90, WR2005 and WR2012 naturalised
flows, etc. Generally if the observed flows were considered to be highly reliable, preference was given
to the calibration rather than the comparison of naturalised flows.

The following aspects were considered for the re-calibration:

= observed streamflow. If the discrepancy between simulated and observed was due to missing
values in the observed, then the observed flows were patched either by correlation with another
streamflow gauge on the same river or by simulated flows in the event of there being no suitable
station to patch with;

= rainfall. In some cases the years prior to 2005 had quite a good fit and the last five years (from
2004 to 2009 hydrological years) showed a deterioration. In these cases the rainfall data was
checked and rainfall data was either patched or additional stations were added to improve the fit
between flows;

= land use. In some cases such as the Crocodile West and Marico WMA, there are numerous return
flows some of which have been subject to a lot of growth over the past 5-10 years. Capacities of
sewage treatment works were examined and in some cases the effluent return flows were
increased to improve the calibration; and

= calibration parameters. In some cases there were changes to calibration parameters as the best
means to improve on the calibration. This was necessary due to the improved level of detail that
has been added to WR2012 in terms of dams, land use, etc. as well as the additional five years of
rainfall and observed streamflow data.

A full set of results comparing the observed and simulated flows at streamflow gauges is given for
each WMA in the WR2012 User's Guide. These were updated based on the WR2012 Study.
Comparisons of observed and simulated streamflow for some of the more important streamflow
gauges in each WMA are given in Table 4.1.
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Naturalisation

An important output of the project is the generation of time series of naturalised monthly flows for the
study period, i.e. 1920 to 2009 (hydrological years). Apart from gauged catchments, this also requires
the extension of calibrated model parameters to ungauged areas, based on similarities in geology,
topography, soil type, natural vegetation and climate. The method used to generate naturalised flows
was to set the naturalised “tickbox” on in the runoff sub-model which then results in the model ignoring
alien vegetation, afforestation, paved flows and there are no reductions in catchment area for irrigation
and mining activities.

Naturalised flows for WR2012 are compared to those for WR90 and WR2005 in Appendix A. It can be
seen that the MAR for the country is now evaluated as 49 251 million m*annum, whereas in WR90
and WR2005 it was 50 278 and 49 210 million m*/annum respectively.

Differences between the WR90, WR2005 and WR2012 studies can be ascribed to the following:

= the effect of climatic variations with WR2012 rainfall being extended from 2004 to 2009;

= the use of additional flow records in WR2012 that were not available or were too short in the
WR2005 study;

= the revision of the Sami groundwater/surface water interaction default data and

= use of Google Earth to improve various aspects of the systems.

Present Day Analysis

Following this analysis, the present day analysis was carried out. This is a new analysis and by
“present day”, we are referring to land use development as at September 2010. For this purpose all
land use from 1920 to 2009 (hydrological years) was set as for September 2010 and then run on
historical rainfall from 1920 to 2009.

This necessitated the following:

= Runoff modules. Paved areas, afforestation and alien vegetation were set as for September 2010
throughout;

= Irrigation modules. Areas of irrigation were set to September 2010 throughout;

= Reservoir areas and capacities were set to September 2010 throughout;

= Time series abstraction, transfer and return flow files were set to appropriate values throughout.
These time series files required significant thought as to how best to reflect the present day. In
cases where the 2009 year was complete and representative then that year was simply used.
However, in some cases we have missing data and data that varies tremendously from one year to
the next. If there was missing data then that month for previous years was considered. Where the
data varied a great deal, an average of the last 3-5 years was taken. In cases of releases from
reservoirs, it is important not to include natural spill so the data was scanned together with the level
trajectory and typical recent releases were chosen which did not include spills and

= Mining modules. Areas were set to September 2010 throughout.

A separate folder system was set up for the present day analysis with the relevant data sets.

A total of 84 key points were selected covering the 19 WMAs at strategic points to compare
naturalised streamflow with present day streamflow. These locations were generally at major dams,
outflows to oceans or other countries or at confluences of major rivers. Spreadsheets were then
compiled for each WMA giving details of these key points as well as the present day statistics and
naturalized statistics for comparison for WR2012.
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For each WMA and key point, a spreadsheet was compiled giving MAR, standard deviation and
seasonal index for both naturalised and present day streamflow and a document for each WMA was
set up with the graphs showing the annual hydrograph, mean monthly flows and cumulative frequency
at each key point.

A schematic map was established showing the 19 WMAs and outflows whether they are to the ocean,
other countries or other WMAs with the MAR values for naturalised and present day — refer to
Figure 4.7. The total naturalised MAR is slightly higher than for WR2005 and the present day MAR is
obviously considerably less as land use as at 2009 has been applied throughout the record period. A
spreadsheet showing these values for the 19 WMAs together with the impact of land use and
comparisons against WR2005 was compiled. Appendix A shows this information.

A report “WRSM/Pitman Model Analysis Overview” (Pitman et al., 2015) which summarises this
process for each of the WMAs is included on the website. Present day analyses and WRSM/Pitman
model set-ups are available on the website.
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414

415

TRAINING AND USER SUPPORT (PART B)
Training and user support consisted of the following initiatives:

= WR2012 and WRSM2000 courses at universities and other institutions (partly covered in section
4.5) and development of course material;

= training of personnel both on the WRSM/Pitman model and the WR2012 deliverables;

= WR2012 mini-launch at SANCIAHS at the University of the Western Cape in 2014;

= WR2012 official launch at Centurion in 2015. In March 2015 the official WR2012 Launch was held
in Centurion. Dr Ronnie McKenzie, Dr Bill Pitman, Allan Bailey and Professor Geoff Pegram gave
presentations;

= press release and SAICE articles. A document was compiled for a press release regarding the
WR2012 Launch. Dr Bill Pitman and Allan Bailey also produced an article for the SAICE Civil
Engineering magazine June 2015 edition;

= registration of users on the website (over 600 to date);

= subsequent user support to WR2012 users;

= informal information sessions at Royal HaskoningDHV;

= support to students who have assignments for which WR2012 provides data and information; and

= SANCOLD 2014 presentation.

WEBSITE DEVELOPMENT

It was decided that a website (www.waterresourceswr2012.co.za) would be produced to make it as
easy as possible for users to access data and information. In addition it allows the study team the
means to add information which can become immediately available, i.e. users do not have to wait until
the end of the study until deliverables become available.

Once the user has logged on to the website, a menu or dashboard system is available in the so-called
“Resource Centre”. Clicking on a menu item will then “explode” the item further to show greater levels
of detail such as WMAs and then catchment groupings or whatever.

Work done in WR2012 has been added to the website. This website contains:

= models used in the study;

= WRSM/Pitman data sets for South Africa, Lesotho and Swaziland;
= WR2012 study, WRSM/Pitman model and other reports;

= database containing WRSM2000 input data;

= time series data;

= spreadsheet information by quaternary catchment;

= reservoir records; and

=  GIS maps.

The website menu items have been numbered for easy reference. A web schematic has been added
to the website to make it clear as to how the various menu items link to each other. This schematic
has been shown in Figure 4.8 below. Note that in Figure 4.8, the number in brackets relates to the
menu item in the Resource Centre (on the website), blocks with a black border indicate input and
blocks with an orange border indicate output. Green arrows indicate the rainfall transformation from
individual stations to catchment based rainfall. The yellow arrow indicates that the daily time step
uses monthly rainfall as well as daily rainfall. The dark blue arrows indicate data from external
sources and the light blue arrows are input into the WRSM/Pitman model. The red arrows indicate
information from the WRSM/Pitman and SALMOD models.
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There are three folders on the WR2012 website pertaining to rainfall as shown in the website
schematic as follows :

= individual rainfall station records;
= catchment rainfall groups; and
= catchment based rainfall files.

Models/computer programs are:

= WRSM/Pitman monthly time step;

= WRSM/Pitman daily time step;

= SALMOD (salinity model); and

= OTHER (water quality — only covered in the WR2005 study).

Water Resources of South Africa — 2012 Study: Executive Summary 22
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416 PRESENT DAY STREAMFLOW (PART B)

This task was covered in section 3.12. This second part covered the WMAs 13-19.

417 UPDATE GIS MAPS, REPORTS HAVING USED WRSM/PITMAN TO ANALYSE SOUTH AFRICA,
LESOTHO AND SWAZILAND AND SALMOD WATER QUALITY ANALYSIS ON THE UPPER
VAAL, MIDDLE VAAL AND LOWER VAAL SUB-WMAS

4171 GIS MAPS

GIS maps were updated from WR2005 where there has been a change in detail. The following GIS
maps have new information:

rainfall;

runoff;

water quality (TDS);
calibration parameters;
land/water use;

present day streamflow; and
population.

Particular attention has been given to the rainfall stations and observed streamflow stations maps. The
observed streamflow stations map will now have a colour code for 6 categories of observed
streamflow station. An example has been given below for the Thukela WMA.

The following is a brief description of the GIS maps.

GIS maps used/developed during the calibration process

used for different catchment rainfall groups in order to determine different catchment based rainfall
files. If the user selects the “information icon”, then the station code, start and end record period,
MAP, WMA(s) in which it was used and catchment group name(s) will appear. Note that the hard
copy book of maps has the overall map for South Africa, Lesotho and Swaziland as well as the 19
WMA maps; rainfall. This GIS map contains all “usable” rainfall stations in South Africa, Lesotho
and Swaziland”, i.e. those used in the WRSM/Pitman analyses. The rainfall station code is included
in both hard copy and electronic form. In the electronic form the station code becomes visible as
the user zooms in. Mean annual rainfall is shown in a particular shade based on individual rainfall
stations. Many rainfall stations have closed down over the past 20 years or so. Only those with
too many missing values and/or too short a period have been excluded as not “usable”. There is
no category breakdown as for runoff. The same rainfall station may have been

runoff. This GIS map contains all “usable” observed streamflow stations in South Africa,
Lesotho and Swaziland”, i.e. those used in the WRSM/Pitman analyses. The observed
streamflow station code is included in both hard copy and electronic form. In the electronic form
the station code becomes visible as the user zooms in. Naturalised mean annual runoff is
shown in a particular shade for each quaternary catchment. Observed streamflow stations have
been divided into six categories as explained in the Calibration report (Pitman WV, 2015).
Some observed streamflow stations have closed down over the past 20 years or so. Only those
with too many missing values and/or too short a period have been excluded as not “usable”. An
example of a runoff GIS map has been given in Figure 12.1 for the Thukela WMA. If the user
selects the “information icon”, then the station DWS code, description, latitude, longitude, start
and end record period, WMA and category will appear. Note that the hard copy book of maps
has the overall map for South Africa, Lesotho and Swaziland as well as the 19 WMA maps;
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water quality (TDS). TDS values were obtained from the IWQS and are available in the water
quality spreadsheets. TDS values have been taken from the 95™ percentile over the 10 year period
from 2001 to 2010 and if there is no water quality station in the quaternary, then a value has been
determined by comparison with adjoining quaternaries or flow weighting which is described in the
“comments” column. Refer to water quality spreadsheets on the website;

calibration parameters. The latest WRSM/Pitman calibration parameters as used in the model
associated data sets have been shown for the 8 calibration parameters and

present day streamflow. This GIS map is a new map which shows the naturalised streamflow
versus the present day streamflow with land/water use as at 2010 development levels for 84 key
locations spread over South Africa, Lesotho and Swaziland.

GIS maps for information

base map. This GIS map contains basic information such as rivers, reservoirs, urban areas,
primary, tertiary, secondary and quaternary catchments, endoreic areas, WMA and other
boundaries. Note that the hard copy book of maps has the overall map for South Africa, Lesotho
and Swaziland as well as the 19 WMA maps;

evaporation (S-pan). This GIS map of Symons pan evapotranspiration (applying to surface water )
has not changed since the WR90/WR205 studies;

evaporation (A-pan); This GIS map of A-pan evapotranspiration (applying to irrigation) has not
changed since the WR90/WR205 studies;

land cover. The latest land use GIS map from the Department of Environmental Affairs has been
included. It is extremely detailed and the coverage exceeds 5.5 Gb;

inter-basin water transfers. This GIS map contains largely WR2005 transfers as no updated
source appeared to be readily available;

simplified geology. This GIS map has not changed since the WR90/WR205 studies;
soils. This GIS map has not changed since the WR90/WR205 studies;

sediment. This GIS map has not changed since the WR90/WR205 studies;
vegetation. This GIS map has not changed since the WR90/WR205 studies;

Ecological Water Requirements (EWRs) management class. This GIS map has not changed since
the WR9O0/WR205 studies. EWRs are required for most hydrological studies. These are based on
the Ecological Management Class (EMC). EMCs were obtained from and are currently being
reviewed by DWS and are likely to change; and

population density. The 2011 census was used for this GIS map.
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Figure 4.9: GIS Runoff map for the Thukela WMA

4.17.2 REPORTS

As for the WR2005 study, there is an executive summary and a far more detailed user guide. Other
reports that have been included are the Sami groundwater, calibration accuracy analysis of 600
streamflow gauges, WRSM/Pitman Model Overview and the SALMOD report. Additions have also
been made to the WRSM/Pitman suite of reports. The full set of reports includes the following:

= WR2012 Executive Summary;

= WR2012 User Guide;

= WR2012 Book of Maps;

= WR2012 SALMOD: Salinity Modelling of the Upper Vaal, Middle Vaal and Lower Vaal sub-Water
Management Areas (new Vaal Water Management Area);

= WR2012 Calibration Accuracy;

= WR2012 SAMI Groundwater module: Verification Studies, Default Parameters and Calibration
Guide;

= WR2012 WRSM/Pitman Model Analysis Overview;

= WRSM/Pitman User Manual;

=  WRSM/Pitman Theory Manual; and

= WRSM/Pitman Programmer’s Code Manual.
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4.17.3 SALMOD SALINITY ANALYSIS

For the WR2005 study only selected parts of the country which were regarded as the most
problematic were analysed. In this study the simplified salt balance model SALMOD was analysed and
calibrated for the entire Upper Vaal, Middle Vaal and Lower Vaal sub-WMAs (which have now been
combined into the “new” Vaal WMA). This catchment is the most highly developed in South Africa with
a great deal of land use/water use which impacts on water quality. Observed data was extended from
1974 to 2009. SALMOD uses the WRSM/Pitman model output files together with other information
that is required to analyse flow, Total Dissolved Solids (TDS) concentration and TDS load. Calibration
is done by means of three parameters and by varying the growth or decline in return flow. The
SALMOD model produces both statistical indicators of flow, TDS concentration and TDS load as well
as graphs of these parameters at chosen water quality stations to aid the user in achieving a
successful calibration.

Full details are given in the report “Water Resources of South Africa 2012 Study (WR2012): SALMOD:
Salinity Modelling of the Upper Vaal, Middle Vaal and Lower Vaal sub-Water Management Areas (new
Vaal Water Management Area)”. This report gives a detailed analysis of flow, TDS concentration and
TDS load at all the relevant water quality stations throughout the Upper, Middle and Lower Vaal sub-
WMAs. It includes insights gained from many years of experience in analysing water quality in the
Vaal River catchment with comments about each tertiary catchment.

The SALMOD report, modelling set-ups and output are contained on the website. The following graph
and table showing statistics for the water quality station C8H007 is given as an example.

Observed Station CEHOO0T from RV1

§ . BEEsigssgsssssss

g

-l

T
g

sszes8ZEEE - =

cB8EE

Figure 4.10: SALMOD graphical output of flow, TDS and load for water quality gauge C8H007
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Table 4.2: SALMOD output for water quality gauge C8H007
Route 1RV: C8H007 1975-2007

L Flow (million m?) Concentration (mg/€) Load (t)
Monthly Statistics
Observed Modelled Observed Modelled Observed Modelled

Mean 3.56 1.81 173.3 175.3 381 183
Standard Deviation 5.30 3.78 771 84.8 598 577
R .8135 .8932 7517
E1 -49.1% 1.2% -51.9%
E2 -28.7% 9.9% -3.6%
N 36 341 26
SF .205 .987 .310
Mean 19.3 183.4 1594.5
Standard Deviation 27.8 85.3 2205.1
N 396 396 396

The final results at key stations were compared with the Vaal River System Analysis Update Study (4
reports — BKS et al., 1999/2000) which used a record period of 1975 to 1994 (see Table below). The
SALMOD analysis therefore has extended the analysis period by 15 years.

Comparison of flow, TDS and load at key points in the Vaal catchment for this study and the VRSAU
study are shown in Table 4.3 below.

The differences between the VRSAU study and the WR2012 study are discussed in this report. The
differences are attributable to the period 1994 to 2010 being wetter than the 1980’s, the changed
operation by Rand Water of the Vaal supply scheme, the introduction of dilution management and
increased irrigation in the Vaalharts scheme.

Although SALMOD analyses are less detailed than the WQT model, the analyses described in this
report as modelled by SALMOD are extremely useful for assessing incremental catchment salt export.
As with all models, greater accuracy would be obtained with the SALMOD analyses with a more
detailed investigation into some land use aspects such as return flow, irrigation, riverbed seepage and
channel surface evaporation to improve on this data. These SALMOD analyses also showed
consistent results with what was expected based on Dr Chris Herold’s experience with water quality of
the Vaal catchment. The report does not only discuss the set up of the model and its calibration for the
Vaal sub-catchments, it also adds value in that it is a reflection of the experience with salinity in the
Vaal catchments, particularly the experience of Dr Chris Herold.

This report and model can therefore be of key importance in the evaluation, monitoring and further
improvement of the Vaal Quality Management Strategy for the Vaal catchments.

Water Resources of South Africa — 2012 Study: Executive Summary 28



62 Arewwing aANoax3 :ApN1S Z1.0Z — BOLLY UINOS JO S80IN0SaY JOJBAA
"ejep SAa.l jo Ajjigejieae sy Aq pejejoip sem dOINTVYS 104 pouad piodal 8yl g 810N
paje|nwis sI anjq pue paAlasqo SI pay :| 910N
L"L0V v¥ | 0692 Z¥ | £ €09 0°LvE 6°0SL GeoeL (£0046D)

- - ee/A JIaMmo
z.1£6 |0ovsze|z0ls | pr0s |92z 2601 v661v.6} 600e°2261 nop seppnog| 1TEA MO
6'888 GV | 82¥ 82 | £ 16€ Sv8¢E rAIA Q) vZ'zLL (600H6D)

- - ee/) JaMo
7696 /¢ | 0808 | zi88 |se6e  |evel | zoou | TOOMTLGH 900276261 nop sueypeep| oA MO
068G Gv | 88L Ly | 228V €268 L'6EL 0v'6EL (200¥62)

- - ee)\ © |
6199 vr | 80zzr |o18e  |r8e  |GeL  |esups | TOOFELEH £002-2261 weq Joqweoyg| e CIPPIN
€//0L |09L8% |81.2 G'/6¢ 8z 20°2L

- - ee)\ © |
vezL 9 |oosos | ooz 2008 Loz 6841 ¥661-G861 6002-2.61 ¥YOOHYD| 1e8A 8IPPIN
G'98/ 82| 0°68¢€ ¥¥ | £80G v'GES €76 G6EL (81L0HZD) (200HZD)

eeA © |

9'29S 82| 0°L8S 9% | Z'1L0S L'€6S 906 G9gL ¥661-G/61 6002-8.61 £00HEO /8LOHZO) - IBBA SIPPIA
G'02.92|02re L8| T6LG G'Z6¥ G'/8 6921 (800422) (8L0HZO) (810HZD /8004ZD) e seddn
'GEL 9Z | 0°€86 6€ | ¥'9.LV v'067 9'88 G9gL ¥661-G.61 6002-G./61 abelieg |eep
209€9L|000L2Z| LCYL LylL gLzl 06LL (L00Y12) (22LHZO) (2Z2LHZD /1004 1D) e seddn
8'/9€9L|08rZ 9L | 8°0¥L 671 '0zZL G'LoL ¥661-G/61 6002-G/61 weq |eep

v'LEe e |0022L |G6SL 691 g6l oLy (z00Y12) (6L0HLD) (6LOHLD e seddn
voLyE | 068622 | L Y9l 0'8.L Z6l L'y ¥661-G/61 6002-G661 /2004 1D) weq leelpiools

NVSYA |ZL0ZYM | NVSHA |ZL0ZEM | NVSHA | ZL0ZHM puzpEIS puzpEIS

utod Aa
(yuowysuoy) (3/Bw) (yuowycw uoijjiw) NVSHA ZLOZMM ul A VYINM
peo1 sal uopesjusdu0) SAL mol4

(@onTvs buisn) zLozEM pue (LOM Buisn) Apnis NYSHA 8y} usemjaq synsa. Ajuijes jo uosuedwo) gt 8jqel




5 TRAINING AND USER SUPPORT

6

The objective was to ensure development of personnel through twinning of individuals or groupings
with established experts as part of the whole project implementation.

Training and user support has been covered in the descriptions of Task 6 and 15.

USING WR2012

7

To access the WR2012 study information, the users need to register on the
www.waterresourceswr2012.co.za site following which an e-mail will be sent to Mr Allan Bailey who
will assign a password and e-mail it back. After logging in (with e-mail address and password), the
“resource centre” will become available which gives a number of menu items containing information,
GIS maps, models, etc. Some menu items such as GIS maps and WRSM/Pitman model set-ups
require a download procedure. Use of the WRSM/Pitman model is through a key code which is
provided by Mr Allan Bailey. Other menu items such as spreadsheets and time series can be opened
or downloaded.

CURRENT AND FUTURE WATER RESOURCES CHALLENGES

71

A number of challenges were experienced most of which were caused by data deterioration which is
examined in detail in the following section.

DATA DETERIORATION: RESERVOIR RECORDS/DAM BALANCES

A big effort has been conducted between DWS and Mr Allan Bailey to obtain all the reservoir
records/dam balances throughout the country. The reservoir record provides a monthly balance of all
inflows, outflows and storages from when the dam was constructed to date. From the balance the
streamflow into the dam is calculated. These reservoir records/dam balances are available from the
DWS Pretoria office on request. The spill record from dams is available on the DWS website. It is of
concern how few reservoirs have these reservoir records and how many of these records have
missing data sometimes extending over numerous years. The following Figure 7.1 shows a map
showing the distribution per new WMA.
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7.2 DATA DETERIORATION: RAINFALL

Of greatest concern is the number of rainfall stations that are closing down. Rainfall is the most
important data not only for WRSM/Pitman but for most other water resource models. This deterioration
has been highlighted in numerous symposiums over the past three years or so by the WR2012 project
team. The number of rainfall stations open is shown below in Figure 7.2 .
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Figure 7.2: Number of useful rainfall stations open over time

7.3 DATA DETERIORATION: OBSERVED STREAMFLOW

Observed streamflow for river gauges were updated to September 2010 using the DWS website and
patched where necessary. Figure 7.3 shows the decline in the number of useful streamflow gauging
stations. Note that some streamflow stations are of such poor quality due to missing and unreliable
values that the project team did not consider them useful for calibration in the WR2012 study.
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Figure 7.3: Number of useful observed streamflow stations open over time

8 PROJECT USER SUPPORT

Queries on the website can be addressed to Mr Allan Bailey at wr2012@rhdhv.com. There is also a
forum option on the website for users to post comments and questions.

The WRSM/Pitman model has a drop-down help menu which takes the user to either the
WRSM/Pitman User’s Guide, the WRSM/Pitman Theory Manual or the enhanced graph manual.

The WRSM/Pitman User's Guide and the WRSM/Pitman Theory Manual can also be accessed from
the Website.

9 PROJECT DOCUMENTATION

The objective of the website of WR2012 was mainly to improve and speed up access, allow user
interaction, be easier to use and be merged with the improved tools and database. Although the
interactive maps are available from the website, they are also available in hard copy.

9.1 PROJECT WEBSITE

Refer to section 4.15 for details.
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9.2 HARD COPY DOCUMENTS

Although GIS maps are available in electronic format, there is also a Book of Maps which contains the
following maps:

= Figure 0: Base map

= Figures: 0.1-0.19: Base map by Water Management Area

= Figure 1: Rainfall

= Figures 1.1-1.19: Rainfall map by Water Management Area
= Figure 2a: — Evaporation (WR90 S-pan)

= Figure 2b: — Evaporation (A-pan)

= Figure 3: — Runoff

= Figures 3.1-3.19: — Runoff map by Water Management Area
= Figure 4a: — Landcover

= Figure 4b: — Interbasin water transfers

= Figure 5a: — Calibration parameter: POW

= Figure 5b: — Calibration parameters : FT

= Figure 5c: — Calibration parameter: ST

= Figure 5d: — Calibration parameter: ZMin

= Figure 5e: — Calibration parameter: ZMax

= Figure 5f; — Calibration parameter: GPOW

= Figure 5g: — Calibration parameter: HGSL

= Figure 5h: — Calibration parameter: HGGW

= Figure 6: — Simplified Geology (WR90)

= Figure 7: — Soils (WR90)

= Figure 8: — Sediment (WR90)

= Figure 9: — Vegetation (WR90)

= Figure 10: —- EWR Management Class

= Figure 11: — Surface Water Quality — TDS

=  Figure 12: — Population Density

= Figure 13: — Present Day and Naturalised Streamflow at Key Points

10 CAPACITY BUILDING

There were numerous 2 day training courses held at universities and other organisations on the
WRSM/Pitman model and the WR2012 study. The following universities received training:

= University of Stellenbosch (twice);

= University of Western Cape (twice);
= University of North-West (twice);

= University of the Witwatersrand and
=  SAICE/University of Pretoria.

Students at some universities are given assignments that require them to use the WRSM/Pitman
model and data/information from the WR2012 study.

The Department of Water and Sanitation also received training.

Two WR2012 launches were undertaken which provided information to users. Mr Allan Bailey gave
presentations at SANCIAHS and SANCOLD on WR2012 related issues.
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An article was written for the SAICE June 2015 edition (‘A wealth of new freely downloadable
information on the water resources of South Africa, Swaziland and Lesotho”).

There was in-house training to a number of people on various aspects of the WR2012 study.
Ms Sarah Collinge was trained to assist with the WRSM/Pitman course and at a later stage Mr Seun
Oyebode (who is studying for a PhD) was also trained in this respect.

On-going support was provided to over 950 users who have registered for the WR2012 website.
Many of them have sent e-mails and made calls to Mr Allan Bailey requesting assistance and
guidance on the use of the website.

11 CONCLUSIONS AND RECOMMENDATIONS

The WR2012 study was commissioned by the Water Research Commission in 2012, undertaken by
Royal HaskoningDHV and assisted by a number of firms and individuals was completed in November
2015. The aims and objectives of the study as listed in the introduction to this report and described
further in each task were met and the list of deliverables as outlined in the introduction were provided.

A survey of this nature is by its very extent an overview, to be used by many disciplines for overall
planning purposes. It is likely that more detailed studies will be done in the WMAs in the study area
and improved data and information will be collected, which in turn can be used to great benefit in
studies of this scope in the future.

This is the second time that a country-wide survey has included surface water, groundwater and water
quality components, and it is likely that techniques to deal with these components, and the integration
thereof, will improve with time. For example, remote sensing and it is possible that rainfall data
applications may eventually be available on a cell phone. In addition, the computer platforms,
programs and computer methodologies continue to show huge expansion with time and techniques to
deal with this will need development.

The naturalised mean annual runoff (MAR) for the country has been evaluated at 49 251 million m3
per annum, which is virtually the same as for WR2005. As determined in WR2005 and not updated in
WR2012, the utilisable groundwater exploitation potential (UGEP) has been estimated at 10 350
million m*® per annum (7 500 million m®* per annum during drought conditions). There are obviously
large differences in the unit runoff and unit groundwater potential in each WMA, driven mainly by
natural processes and climatic variation. There are also large variations in water quality across the
country both natural and through contamination of the water resources.

There are a number of recommendations from the study:

= when new detailed studies produce improved information where this was not readily available, it is
recommended that the WRSM/Pitman systems be updated;

= there have been changes to the rain gauge and streamflow networks over time with gaps in
geographical coverage now apparent. It is recommended that a task group representation of the
data collection agencies meet to address this issue;

= quaternary catchment boundary revisions be included in the next appraisal;

= the revised set of 9 WMAs be used in the next appraisal;

= water use by alien vegetation be revised;

= |and/water use although improved from WR2005, still requires updating and correction as it has
sometimes been extended where no information existed. It is extremely difficult to obtain but there
have been certain studies carried out using remote sensing and these could be used in the next
appraisal;
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= MAPSs need to be re-assessed particularly in mountainous catchments in a separate study. Synergy
with Professor Geoff Pegram’s study for the WRC should be investigated,;

= evaporation needs to be re-assessed;

= for dams, calibrations should be done on both simulated inflow and simulated storage. Issues
arising from the SALMOD water quality analysis should also be considered such as riverbed
seepage (bedlosses) particularly in the Vaal catchment, which need to be reviewed in terms of
location and magnitude;

= enhancements to the daily time step version of WRSM/Pitman;

= user feedback and requests on model enhancements and information provided should be carried
out where practical;

= the SALMOD model requires some further enhancements;

= the website requires annual fees, registration of users and user support and

=  WRSM/Pitman and WR2012 training and user support should be on-going.
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