
 

 

 

Fine-scale delineation of 
Strategic Water Source Areas 

for surface water in South Africa using 
Empirical Bayesian Kriging Regression Prediction: 

Technical report 
 

March 2021 
  



Fine-scale delineation of Strategic Water Source Areas: 
Technical report  1 

 

Fine-scale delineation of Strategic Water Source Areas for surface water 

in South Africa using Empirical Bayesian Kriging Regression Prediction: 

Technical report 

 

Report to the 

SWSA Spatial Task Team 

 

Prepared by 

Mervyn Lötter, Mpumalanga Tourism and Parks Agency 

David Le Maitre, Council for Scientific and Industrial Research 

 

March 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Citation: Lötter, M.C. & Le Maitre, D. (2021) Fine-scale delineation of Strategic Water Source Areas 

for surface water in South Africa using Empirical Bayesian Kriging Regression Prediction: Technical 

report. Prepared for the South African National Biodiversity Institute (SANBI), Pretoria. 33 pages.  



Fine-scale delineation of Strategic Water Source Areas: 
Technical report  2 

Table of Contents 

Acknowledgements...................................................................................................................... 3 

Acronyms .................................................................................................................................... 4 

Executive summary ...................................................................................................................... 5 

Best available science refines the delineation of all of South Africa’s SWSAs for surface water .................. 5 
Multi-stakeholder engagement in determining the methodology ................................................................ 6 
The fine-scale SWSA layer is a multi-purpose spatial product to guide implementation .............................. 7 

1 Introduction ......................................................................................................................... 8 

1.1 Why is this report necessary? ................................................................................................. 8 
1.2 Who is this report for? ............................................................................................................ 8 
1.3 How is this report structured? ................................................................................................ 8 

2 Background .......................................................................................................................... 9 

2.1 Water security in South Africa ................................................................................................ 9 
2.2 What are Strategic Water Source Areas? ............................................................................... 9 
2.3 Reasons for fine-scale delineation of SWSAs ........................................................................ 10 

3 Methodology ...................................................................................................................... 12 

3.1 Principles informing the approach ........................................................................................ 12 
3.2 Overall process for fine-scale delineation of SWSAs ............................................................ 12 
3.3 Step 1: Creating a downscaled precipitation surface ........................................................... 12 

3.3.1 Rainfall data .................................................................................................................................... 13 
3.3.2 Interpolation using EBK Regression Prediction ............................................................................... 14 
3.3.3 Explanatory variables used to predict precipitation at local scales ................................................ 15 
3.3.4 Model parameters used in the application of the EBK Regression Prediction ............................... 18 
3.3.5 Assessing model performance ........................................................................................................ 20 

3.4 Step 2: Selecting thresholds and fine-scale delineation of SWSAs ....................................... 20 
3.5 Step 3: Validate output and compare with 2018 SWSAs ...................................................... 21 

4 Results and discussion ........................................................................................................ 21 

4.1 Precipitation relationships with explanatory variables ........................................................ 21 
4.2 Assessing model performance .............................................................................................. 22 

4.2.1 Testing parameter options ............................................................................................................. 22 
4.2.2 Standard Error surface .................................................................................................................... 23 
4.2.3 Comparison with previous precipitation dataset ........................................................................... 24 
4.2.4 The final downscaled precipitation surface .................................................................................... 25 

4.3 Validating output and comparing with the 2018 SWSAs ...................................................... 26 
4.3.1 Overlap ........................................................................................................................................... 26 
4.3.2 Size .................................................................................................................................................. 27 
4.3.3 Comparison to Mean Annual Runoff .............................................................................................. 28 
4.3.4 Comparison to Mean Annual Precipitation .................................................................................... 29 
4.3.5 The final fine-scale SWSA delineation ............................................................................................ 30 

5 Conclusions and recommendations ..................................................................................... 31 

6 References ......................................................................................................................... 33 

 



Fine-scale delineation of Strategic Water Source Areas: 
Technical report  3 

Acknowledgements 
This report is presented to the Strategic Water Source Areas (SWSAs) Spatial Task Team by Mervyn 

Lötter, Mpumalanga Tourism and Parks Agency (MTPA) and David le Maitre, Council for Scientific 

and Industrial Research (CSIR). 

The SWSA Spatial Task Team is convened and chaired by the South African National Biodiversity 

Institute (SANBI), and reports to the SWSA Government Authorities Committee convened by the 

Department of Forestry, Fisheries and the Environment (DFFE). The purpose of the Spatial Task Team 

is to bring together relevant technical expertise (including spatial biodiversity planning, water 

resource planning and management, environmental management, legal expertise) from partner 

organisations involved in the securing of SWSAs. The Spatial Task Team aims to provide defensible 

science to inform delineation and prioritisation of SWSAs. The SWSA Spatial Task Team includes 

representatives from: 

• CapeNature 

• CSIR 

• Department of Water and Sanitation 

• DFFE 

• Ezemvelo KwaZulu-Natal Wildlife 

• MTPA 

• SANBI 

• Water Research Commission (WRC) 

The Biodiversity and Land Use (BLU) project convened stakeholders, through the SWSAs Spatial Task 

Team meetings, to support the development of the methodology for fine-scale delineation of SWSAs 

and the downscaling of the precipitation map. The BLU project is funded by the Global 

Environmental Facility (GEF), implemented by the United Nations Development Programme and 

executed by SANBI in partnership with a range of private and public partners. The BLU project’s 

support towards SWSAs was most directly through Abigail Bahindwa (Specialist Advisor: 

Environmental Management), Mthobisi Nzimande (Assistant Director: Biodiversity Planning and 

Implementation), and Azisa Parker (BLU Project Lead). 

The MTPA (Mervyn Lötter) led the development of the fine-scale SWSA product with support from 

CapeNature (Genevieve Pence) and Ezemvelo KZN Wildlife (Boyd Escott) in the earlier stages of the 

process. These organisations are BLU project partners. 

The methodology outlined in this technical report was developed with input from a variety of 

experts within the SWSA Spatial Task Team and more broadly. Numerous discussions about the 

methodology were held, including: 

• SWSA Spatial Task Team meetings: 

o 2017: 5 April 2017; 24 May 2017; 19 July 2017;29 November 2017 

o 2018: 8 October 2018 

o 2020: 27 May 2020; 11 June 2020; 17 September 2020 

o 2021: 25 February 2021 

• The national Biodiversity Planning Technical Working Group, convened by SANBI: 

o 17 October 2017 

o 30 October – 1 November 2018 

o 29 – 31 October 2019 

o 10 November 2020 



Fine-scale delineation of Strategic Water Source Areas: 
Technical report  4 

In conducting this research and preparing this technical report, the following are also acknowledged: 

• Steve Lynch (ESRI Geostatistics team), for advice, support and critical review of the 

methodology followed to interpolate the precipitation values. 

• Richard Smith and Jeff Mithers (University of KwaZulu-Natal) for advice and permission to 

use the southern African rain gauge dataset used in WRC 1156/1/04 report. 

• SANBI staff who have been involved in mainstreaming SWSAs over the years, including 

Amanda Driver (Senior Biodiversity Policy Advisor and Chair of the SWSA Spatial Task Team), 

Kristal Maze (now with SANParks), Deshni Pillay (Chief Director: Biodiversity Information and 

Policy Advice), John Dini (now with the WRC) and Tammy Smith (Deputy Director: Knowledge 

Coordination and Reporting) for support and feedback. 

• DFFE staff who have supported the fine-scale delineation of SWSAs including Pamela 

Kershaw (Deputy Director: Biodiversity Planning), Amanda van Reenen (Director: Legal 

Support) and Stanley Tshitwamulomoni (Deputy Director: Biodiversity Implementation and 

Management) 

• The Ecological Infrastructure for Water Security (EI4WS) project, which is funded by the GEF, 

implemented by the Development Bank of Southern Africa (DBSA) and executed by SANBI in 

partnership with a range of private and public partners. The projects’ support was most 

directly through Aimee Ginsburg (Natural Capital Accounting Project Manager), Nokuthula 

Mahlangu (Senior Specialist – Ecosystem Accounting GIS) and funding for a science writer, 

Emily Botts, to support the drafting of this technical report. 

Acronyms 
BLU Biodiversity and Land Use project 

CER Centre for Environmental Rights 

CHIRPS Climate Hazards Group InfraRed Precipitation with Station 

CRPS Continuous Rank Probability Score 

CSIR Council for Scientific and Industrial Research 

DEM Digital Elevation Model 

DWA Department of Water Affairs 

DWS Department of Water and Sanitation 

EBK Empirical Bayesian Kriging 

EI4WS Ecological Infrastructure for Water Security project 

GEF Global Environmental Facility 

GIS Geographic Information Systems 

KZN KwaZulu-Natal 

MAR Mean Annual Runoff 

MTPA Mpumalanga Tourism and Parks Agency 

MTSF Medium Term Strategic Framework 

RMSE Root Mean Square Error 

SANBI South African National Biodiversity Institute 

SAWS South African Weather Service 

SRTM Shuttle Radar Topography Mission 

SWSA Strategic Water Source Area 

TPI Topographic Position Index 

WRC Water Research Commission 

WWF World Wide Fund for Nature 

  



Fine-scale delineation of Strategic Water Source Areas: 
Technical report  5 

Executive summary 
South Africa has less than half of the global average annual rainfall, and rainfall is unevenly 

distributed with the southern and eastern parts of the country having higher rainfall and the western 

parts having low to very low rainfall. Water is a scarce and strategic resource. Severe droughts over 

the last decade have emphasised the tenuous water security of the country. Many of the country’s 

most important water resources are already fully allocated to water uses. Climate change and 

growing demands will increase the risks to water security in the future. Access to water is also 

unequal, with the poorest communities suffering the most from water shortages. Consequently, 

providing sustainable, secure and equitable access to water is a major government priority. This has 

placed a strong focus on the management of the limited water supply, with particular consideration 

of any impacts that may reduce water quality or quantity. 

Strategic Water Source Areas (SWSAs) refer to the 10% of South Africa’s land area that provides a 

disproportionate 50% of the country’s water runoff. They reflect that water is unevenly distributed 

across the landscape and that some areas, such as mountain catchments, are particularly important 

sources of water and need to be better managed. Many SWSAs provide water for major urban 

centres some distance away, supporting half the population and two-thirds of the economy. SWSAs 

are national ecological infrastructure assets that are essential for water security, which in turn 

underpins national development goals such as inclusive growth and reducing poverty. 

Understanding where these SWSAs are is crucial to planning and management of water resources, 

including the ecosystems that support water quality and quantity. National SWSAs for surface water 

have been delineated in various forms over the past 15 years, with increasing precision in each 

iteration. In 2018, 22 SWSAs were identified based on a generalised 1.7 x 1.7 km resolution Mean 

Annual Runoff dataset, providing a widely accepted product that gained strong traction with 

government and non-government audiences, proving effective for building awareness and 

integrating SWSAs in a range of national policies and frameworks. However, the coarse resolution 

does not align well with the scales used for implementation at catchment and local levels. 

Best available science refines the delineation of all of South Africa’s SWSAs for surface water 
Using best available information and the latest geostatistical approaches, South Africa’s SWSAs have 

now been delineated at a finer resolution of 90 x 90 m (Figure 1), as described in this report. The 

fine-scale delineation is not intended to be a revision of the 2018 SWSAs. Instead, its primary 

purpose is to refine the spatial resolution such that SWSAs can be reliably integrated into a range of 

catchment- and local-level planning, management and regulatory processes. 
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Figure 1: Fine-scale national Strategic Water Source Areas for surface water based on the downscaled Mean Annual 
Precipitation surface for South Africa. 

Delineating the SWSAs at a finer scale called for a new interpolated and downscaled Mean Annual 

Precipitation surface for the country. A dataset of Mean Annual Precipitation values from over 

12 000 rain gauges was received courtesy of the University of KwaZulu-Natal. The next step was to 

use interpolation to estimate Mean Annual Precipitation values in locations that were not measured, 

so as to get a continuous precipitation surface for the country. A newly developed geostatistical 

technique was used for the interpolation. Known as Empirical Bayesian Kriging Regression 

Prediction, it combines the interpolation power of Empirical Bayesian Kriging with the predictive 

power of least squares regression. Known drivers of local-scale precipitation patterns were used as 

explanatory variables. This new precipitation surface is an advance in its own right and will be useful 

in many other applications. 

The new Mean Annual Precipitation surface was then used to delineate SWSAs at a fine-scale. 

Validating the fine-scale SWSAs against the previous 2018 SWSAs showed a high spatial overlap 

(74%). The two layers were also similar in their overall size (99.9%), the summed Mean Annual 

Runoff (97.6%) and summed Mean Annual Precipitation (96.8%). This indicates that the fine-scale 

layer retains the characteristics of the recognised 2018 SWSAs, while adapting them for better fine-

scale implementation. 

Multi-stakeholder engagement in determining the methodology 
The fine-scale delineation was undertaken to support the achievement of a Medium-Term Strategic 

Framework (MTSF) target of the Department of Forestry, Fisheries and the Environment (DFFE) that 

aims to secure 11 of the 22 SWSAs in the period 2019 to 2024. The Spatial Task Team for SWSAs, 

convened by the South African National Biodiversity Institute (SANBI), was established to deal with 

technical issues related to the delineation and prioritisation of SWSAs. The SWSA Spatial Task Team 
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includes representatives from a range of national and provincial government departments and 

agencies, as well as other relevant experts. 

Exploration of the scientific methodology was led by representatives of Mpumalanga Parks and 

Tourism Agency in collaboration with the Council for Scientific and Industrial Research, and with 

assistance from CapeNature and Ezemvelo KwaZulu-Natal Wildlife. Development of the 

methodology was greatly assisted by engagement with the technical expertise within the SWSA 

Spatial Task Team and at the Biodiversity Planning Technical Working Group convened by SANBI. The 

SWSA Spatial Task Team reports to the Government Authorities Committee for SWSAs, convened by 

DFFE, which provides for further engagement by stakeholders involved in governance of SWSAs.  

The fine-scale SWSA layer is a multi-purpose spatial product to guide implementation 
The fine-scale SWSA layer will enable SWSAs to be mainstreamed into planning, management and 

decision-making at the catchment and local level, including in Catchment Management Strategies 

and their associated plans, in land-use planning by municipalities, in Environmental Impact 

Assessments and environmental authorisations, in restoration projects undertaken through 

programmes such as Working for Water and Working for Wetlands, and in expansion of South 

Africa’s protected area estate by conservation authorities (often in partnership with private and 

communal landowners). Fine-scale delineation achieves an essential step in meeting the MTSF target 

of securing 11 of the 22 SWSAs in five years, and will support the work of a wide range of 

implementors and regulators to secure SWSAs through a range of different mechanisms.  
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1 Introduction 
This report documents the technical approach and methods undertaken in developing a fine-scale 

spatial layer for Strategic Water Source Areas (SWSAs) in South Africa. The work was undertaken to 

support the achievement of a Medium-Term Strategic Framework (MTSF) target of the Department 

of Forestry, Fisheries and the Environment (DFFE) that aims to secure 11 of the 22 SWSAs in the 

period 2019 to 2024 (DFFE, 2020). An essential step in achieving this target was to delineate SWSAs 

at a fine enough spatial scale to guide the implementation of a range of mechanisms to secure 

SWSAs by government and non-government stakeholders. 

In recognition of the strategic importance of SWSAs as national ecological infrastructure assets that 

contribute to South Africa’s development goals, DFFE convenes a SWSA Government Authorities 

Committee to gather all relevant government departments and agencies relating to the governance 

of SWSAs. The SWSA Government Authorities Committee allows all role-players to engage 

collectively towards the appropriate management of SWSAs. The Spatial Task Team for SWSAs was 

established under the Government Authorities Committee to deal with technical issues relating to 

the delineation and prioritisation of SWSAs. 

1.1 Why is this report necessary? 
Fine-scale delineation of SWSAs was necessary to enable a range of mechanisms for securing SWSAs. 

To be rigorously implemented on the ground, SWSAs would have to be delineated at a more precise 

resolution so that they could be reliably applied to catchment management, protection, land-use 

planning and environmental decision-making at the site level. 

The fine-scale SWSA layer is a multi-purpose layer, as it is intended to meet a wide variety of 

applications that may call for fine-scale delineation of SWSAs. For many of these applications, 

particularly for those that have legal effect, it is important for the science behind the delineation to 

be clear, transparent and defensible. For this reason, this technical report provides information on 

the science behind the downscaling of the precipitation surface and the delineation of the fine-scale 

SWSAs, including documenting the scientific rigour of the approach and giving justification for 

certain decisions made in applying the methodology. 

1.2 Who is this report for? 
This report is for users of the fine-scale SWSA layer who seek a detailed technical understanding of 

the spatial product and how it was developed. The downscaling of Mean Annual Precipitation 

followed a newly developed geostatistical methodology, so the report provides information for 

anyone wishing to understand the methodological details about Empirical Bayesian Kriging 

Regression Prediction. The executive summary of the report provides a high-level synopsis for less 

technical readers. 

1.3 How is this report structured? 
The Background section provides contextual information about water security in South Africa, the 

history of the SWSA concept and the motivation for a fine-scale SWSA product. 

The Methodology section describes the primary data sources that were used. It also captures the 

considerations that went into selecting the methods, and explains the advantages of the chosen 

statistical approach. The reasoning behind model parameter decisions is discussed. 

The Results and discussion section presents comparisons between the various explanatory variables 

that informed the choice of methods. It also provides details of how model performance was 

assessed and how the final dataset was validated against the broad-scale 2018 SWSAs. 
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The Conclusions and recommendations section summarises the main conclusions and makes 

recommendations for future technical work. 

2 Background 

2.1 Water security in South Africa 
South Africa has an average annual rainfall of 495 mm, which is half of the global average (Hedden & 

Cilliers, 2014). A characteristic of rainfall in the country and broader region is that it is complex and 

highly variable. Precipitation arises either from the northern tropics and warm Indian Ocean along 

the east coast, or from Antarctic cold fronts moving across the cold South Atlantic Ocean in the west. 

Over much of the country, rain falls predominantly during the summer months, but some areas in 

the south and south-west receive rain in winter or throughout the year. Large variations in annual 

rainfall can be attributed to El Niño or other weather events. Severe droughts over the last decade 

have emphasised the tenuous water security of the country, with growing demand outstripping the 

limited supply in several parts of the country (Maze et al. 2019). Many of the country’s most 

important water resources are already fully allocated (Hedden & Cilliers, 2014; DWA, 2013; DWS, 

2018). Access to water is also often unequal, with the poorest communities suffering the most from 

water shortages. Consequently, providing sustainable, secure and equitable access to water is a 

major government priority (DWA, 2013). This has placed a strong focus on the management of the 

limited water supply, with particular consideration of any impacts that may reduce water quality or 

quantity. 

2.2 What are Strategic Water Source Areas? 
SWSAs refer to the 10% of South Africa’s land area that provides a disproportionate 50% of the 

country’s water runoff (Le Maitre et al. 2018). They reflect the fact that water is unevenly distributed 

across the landscape and that some areas, such as mountain catchments, are particularly important 

sources of water. 

National SWSAs for surface water have been delineated in various forms over the past 15 years, with 

increasing precision in each iteration (for more information about this history and the evolution of 

SWSAs, see SANBI, 2021). In 2018, through a project funded by the Water Research Commission and 

led by the CSIR, SWSAs for surface water were identified using an interpolated 1.7 x 1.7 km Mean 

Annual Runoff surface that was then generalised using kernel-density smoothing filters before being 

delineated using various cut-off thresholds (Le Maitre et al. 2018). The result was 22 named SWSAs 

for surface water, delineated at a relatively broad scale (Figure 2). 

SWSAs are strategically important ecological infrastructure assets that supply water to sustain 60% 

of the country’s population, more than 90% of urban water users, 67% of national economic activity 

and 70% of irrigated agriculture (Nel et al., 2017; Le Maitre et al., 2018). Ecological infrastructure 

refers to naturally functioning ecosystems that generate or deliver valuable services and benefits to 

people and the economy. Water-related ecological infrastructure includes wetlands, rivers, riparian 

zones and SWSAs, which contribute to water quantity, water quality, flood regulation and drought 

resilience, in turn supporting adaptation to climate change. Ecological infrastructure often enhances 

the effectiveness of built infrastructure such as dams. 

The concept of SWSAs has gained widespread attention and traction, and has been integrated into a 

range of national policies and frameworks, including the National Water Security Framework, the 

National Water Resource Strategy, the National Water and Sanitation Master Plan, the National 

Spatial Development Framework, the National Protected Area Expansion Strategy and government’s 

Medium-Term Strategic Framework (SANBI, 2021). Numerous stakeholders, both within and beyond 
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government, have taken up the call to protect the SWSAs from pressures and threats, such as 

invasive alien plants, incompatible land uses, and pollution, that may impact on their ability to 

provide water (CER & WWF, 2016). The DFFE is investigating various avenues to provide stronger 

legal protections for SWSAs, and multi-partner donor-funded projects such as the Biodiversity and 

Land Use project and the Ecological Infrastructure for Water Security project have included a focus 

on securing SWSAs. 

2.3 Reasons for fine-scale delineation of SWSAs 
The 2018 SWSA delineation, based on a 1.7 x 1.7 km resolution dataset, is very effective for building 

awareness and integration of SWSAs into national-level policies and frameworks. However, the 

coarse resolution does not align well with the scales used for implementation at catchment and local 

levels. The need for a fine-scale delineation of SWSAs to support implementation was identified in 

Nel et al. (2017) as an essential refinement that needed attention in the future. 

The fine-scale SWSA layer is a multi-purpose spatial product to guide decision-making and 

implementation. It will enable the mainstreaming of SWSAs into planning, management and 

decision-making at the catchment and local level, including in Catchment Management Strategies 

and their associated plans, in land-use planning by municipalities, in Environmental Impact 

Assessments and environmental authorisations, in restoration projects undertaken through 

programmes such as Working for Water and Working for Wetlands, and in the expansion of South 

Africa’s protected area estate by conservation authorities (often in partnership with private and 

communal landowners). 

The spatial layer for SWSAs needs to be at a sufficiently fine scale to influence planning and 

development decisions that occur at local level. Ideally, for a SWSA spatial layer to be taken into 

account during local planning and decision-making, it needs to reliably delineate the boundaries of a 

particular SWSA at site scale. The various legal options under consideration to afford SWSAs stronger 

protection may also require that SWSA delineation is defensible at a finer scale. 

Topography and elevation play an increasingly important role as drivers of rainfall and runoff at finer 

spatial scales. Since the majority of rain gauges in South Africa are located in lower elevation areas 

which generally leads to an underestimation of surface rainfall (Schulze et al., 2008), there was a 

need to incorporate topography into the modelling approach to better model high-lying areas. 

The final set of fine-scale SWSAs, delineated using the methodology described in this report, is 

shown in Figure 2. 
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Figure 2: The 22 SWSAs for surface water that were delineated at a broad scale is 2018 (upper, Le Maitre et al. 2018) have 
now been delineated at a fine enough scale, lower, to inform catchment- and local-level planning and decision-making. The 

inset map demonstrates the improvement in scale for the Boland area.  
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3 Methodology 
The methodology evolved following initial trials in 2017 – 2018 to delineate the boundaries of the 

Boland, Ekangala and Northern Drakensberg SWSAs at fine-scale, in collaboration with the 

biodiversity planners from Mpumalanga Tourism and Parks Agency, CapeNature, and Ezemvelo 

KwaZulu-Natal Wildlife. Earlier attempts relied on weighted overlays and subjective weightings, 

which are now avoided in this revised approach, which is much more statistically robust. However, 

the conservation planners continued to advise and comment on the new approach, together with 

other members of the SWSA Spatial Task Team. Regular feedback meetings were held to discuss 

progress and methodological options. The development of the fine-scale SWSA methodology was 

also discussed at the Provincial and Metro Biodiversity Planning Working Group meetings. The final 

product was guided by the input from the SWSA Spatial Task Team and the principles that were 

established to inform this approach. 

3.1 Principles informing the approach 
The national SWSAs are a widely accepted product that have gained strong traction across 

government and non-government audiences (SANBI, 2021). The fine-scale product is not intended to 

be a revision of the 2018 SWSAs. The primary purpose of delineating SWSAs at finer scale is to 

enable the concept to be reliably integrated into a range of local-level planning and decision-making 

processes. For this reason, the following principles were adopted to guide the fine-scale delineation: 

• The process needs to be statistically robust and defensible. 

• The names and number (n=22) of 2018 SWSAs should be retained, because the process 

undertaken to identify these remains valid and they remain a useful and recognised 

national-scale product. 

• The fine-scale SWSAs should be similar in extent (size in hectares) to the 2018 SWSAs, but it 

was expected that the boundaries will be slightly different when delineated at finer-scales. 

• The new fine-scale delineation of SWSA will need to be validated and compared to the 2018 

SWSAs that relied on a courser Mean Annual Runoff surface to ensure that it retains the 

SWSA messaging. 

• The 2018 SWSAs excluded some catchment areas (Pondoland to Zululand coast) where the 

runoff was higher than the threshold because they were deemed water secure. It also added 

in three SWSAs (Waterberg, Upper Vaal, Upper Usutu) using a lower runoff threshold. These 

decisions were carried across into the fine-scale delineation process. 

• The fine-scale SWSA layer will be a multi-purpose layer that can feed into several processes. 

3.2 Overall process for fine-scale delineation of SWSAs 
The process for downscaling the SWSAs followed three main steps: 

Step 1: Downscaling: Create a downscaled precipitation map for South Africa using the 

latest technologies. 

Step 2: Delineation: Using the precipitation map, select thresholds to delineate fine-scale 

SWSA boundaries for each of the 22 2018 SWSAs. 

Step 3: Validation: Confirm that the new areas still meet similar size and Mean Annual 

Runoff values to the 2018 SWSA. 

3.3 Step 1: Creating a downscaled precipitation surface 
Deriving a new continuous precipitation surface involves collating the Mean Annual Precipitation 

values from suitable rain gauges, and then using these values to interpolate (predict) precipitation 
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values in unsampled locations. The geostatistical method used here allows for a host of other high-

resolution raster surfaces (explanatory variables) to be used to help predict the precipitation values 

continuously across the country, thereby improving the scale of the output precipitation surface. 

This section covers: 

• Rainfall data 

• Interpolation using Empirical Bayesian Kriging (EBK) Regression Prediction 

• Explanatory variables used to predict precipitation at local scales 

• Assessing model performance and adjusting model parameters 

3.3.1 Rainfall data 

3.3.1.1 Runoff vs rainfall 

The Mean Annual Runoff surface used for the 2018 SWSAs (Le Maitre et al. 2018; Nel et al. 2013) 

relied heavily on a 1 x 1 minute resolution (about 1.7 x 1.7 km) Mean Annual Precipitation dataset 

(Lynch, 2004; Schulze et al., 2008). The 2018 SWSA report acknowledged that the Mean Annual Runoff 

surface was based on “…interpolated rainfall data with its own uncertainties [that] is probably not 

sufficient [to] establish defensible boundaries based on the individual cell values”. Through discussion 

with experts, it was recognised that attempting to downscale the Mean Annual Runoff surface, when 

it was based on a coarse-resolution source dataset, would likely be inaccurate. It was recommended 

that the focus be on downscaling the foundational Mean Annual Precipitation surface instead. 

3.3.1.2 Empirical rainfall data 

Empirical rain gauge data was used as the dependent variable to interpolate a downscaled Mean 

Annual Precipitation surface. A dataset of Mean Annual Precipitation values for over 12 000 rain 

stations (from both government and the private sector) was received courtesy of the University of 

KwaZulu-Natal (Lynch 2004). Some of these rainfall stations cover only short periods of reporting 

(less than 11 years), while most have been recording for upwards of 70 years (maximum 152 years). 

Since annual rainfall values in South Africa are widely variable, only those rainfall stations that have 

been active for long enough to be representative of the long-term mean should be included. Lynch 

and Dent (1990) made recommendations regarding the length of recording required across different 

parts of the country to achieve accurate long-term means. Following this advice, only stations with 

more than 15 years of data were used for the wetter eastern and coastal parts of the country, and 

only stations with more than 30 years of data for most of the drier western interior (Figure 3). After 

this vetting process, a total of 8 319 rainfall stations were included, with rainfall values ranging from 

a minimum of 58 mm to a maximum of 1 936 mm. 
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Figure 3: The minimum number of years of observational rainfall data required to ensure that Mean Annual Precipitation 
values fall within 10% of the long-term mean 90% of the time (Lynch & Dent 1990). 

3.3.2 Interpolation using EBK Regression Prediction 
The next step was to use interpolation to estimate Mean Annual Precipitation values in locations 

that were not measured, so as to get a continuous precipitation surface for the country. Various 

approaches exist to do so, but a recent and robust geostatistical method was applied, which 

considers local-variation in explanatory variables and is in essence a hybrid between regression and 

Kriging approaches. This methodology is explained below. 

3.3.2.1 Interpolation 

Rainfall station data represents a set of discrete measured sampling points across the landscape. As 

it is impossible to sample everywhere, interpolation is required to estimate the rainfall values at 

unsampled locations between the sampling points. Interpolation is the process of transforming 

sample measurements of a continuous phenomenon into a continuous surface representation. 

There are many different interpolation techniques available for different purposes, ranging from 

very simple methods to much more complex interpolations. Thus, it is important to give due 

consideration to which interpolation technique is most appropriate for the specific context of the 

dependent variable. 

The South African rainfall dataset has several characteristics that need to be considered when 

selecting an interpolator. One of the factors to be considered during the downscaling was the 

recognised effect that topography and elevation can have on rainfall values at local scales. However, 

few rain gauges in the dataset are placed on the top of mountains, so a powerful modelling 

technique is needed to accurately predict rainfall across the topographic landscape. This is further 

complicated by the fact that different weather systems bring rainfall in different parts of the country 

(e.g. frontal versus convection) so that topography may not have a consistent effect on rainfall 

across the country, and the spatial relationship may be different at different locations. 
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3.3.2.2 Kriging 

Kriging is a powerful interpolator that is often applied to rainfall data. It is based on a global 

semivariogram. The curve of the semivariogram represents the variation in values of the dependent 

variable over different distances. So, Mean Annual Precipitation values from rainfall stations that are 

closer to one another are usually more similar than values from rainfall stations further apart, and 

these can be modelled in semivariograms. Kriging then uses the semivariogram to interpolate values 

at unsampled locations. One of its advantages is that it results in both prediction and prediction 

standard error surfaces, which provides an embedded accuracy assessment. However, simple Kriging 

assumes there are no trends in the dataset, such that its single global semivariogram remains 

accurate across the whole dataset. There are a number of potential trends within the South African 

rainfall dataset relating to the variable ocean currents, tropical and Antarctic weather systems, 

rainfall shadows, and more, which make this method less applicable. 

3.3.2.3 Empirical Bayesian Kriging 

Empirical Bayesian Kriging (EBK) is a modification of simple Kriging that is more appropriate for 

nonstationary datasets with trends. It was developed by ESRI for ArcGIS Online and is the method 

behind the ArcGIS Online ‘Interpolate Points’ tool. Within desktop ArcGIS it is available through the 

geostatistics extension. EBK uses many local models to capture small scale effects and does not rely 

on a single global semivariogram. It breaks the study area up into a number of smaller overlapping 

subsets and creates a separate semivariogram for each subset using simulations (see Subset 

polygons). The subset models are then merged using neighbourhoods and the overlap areas are 

weighted. 

3.3.2.4 EBK Regression Prediction 

EBK Regression Prediction is a new advanced technique that takes EBK interpolation a step further 

by combining it with the predictive power of a least-squares regression. EBK Regression Prediction is 

particularly valuable in instances where another environmental variable, which has a strong 

statistical relationship with the phenomenon being interpolated, is more accurately mapped across 

the study area. EBK Regression Prediction maintains the benefits of EBK, while also allowing up to 62 

additional explanatory variables. Multicollinearity between explanatory variables is dealt with by 

conducting a Principal Components Analysis and using the uncorrelated component axes as the 

explanatory variables in the regression analysis. 

EBK Regression Prediction was run using the Geostatistical Analyst within ArcGIS Pro. 

3.3.3 Explanatory variables used to predict precipitation at local scales 
To apply EBK Regression Prediction to the South African interpolation of Mean Annual Precipitation, 

six explanatory variables were used to predict precipitation at local scales (Figure 4). 
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Figure 4: Explanatory variables included in the EBK Regression Prediction to predict precipitation at local scales. 

3.3.3.1 Recognised rainfall drivers 

The explanatory variables that were selected included standard geographic and topographic 

variables known to influence rainfall. These datasets were either derived from the SRTM 90 m Digital 

Elevation Model (DEM) or created with the same resolution of 90 m pixels. Continentality refers to 

the climatic phenomenon whereby locations further inland are isolated from the climatic influence 

of the oceans. With regard to rainfall, the general pattern is that interior areas are further from the 

moist oceanic source of atmospheric water and are therefore drier. Continentality was included as a 

simple distance from the coastline, measured in km (Figure 4a). Latitude in this instance simply 

represents the distance south from the equator (Figure 4b). Most generally, rainfall decreases with 

increasing latitude, and particularly in tropical regions, latitude can influence the duration and 

intensity of rainfall. Altitude is the height of a point relative to mean sea level (Figure 4c). The 

general pattern is that rainfall increases with altitude, as atmospheric water precipitates due to the 

effects of altitude, increasing altitude decreases air temperature and air density. 

3.3.3.2 Topography at local scales 

To incorporate the local effects of topography on rainfall, the Topographic Position Index (TPI) was 

also included as an explanatory variable. The TPI compares the elevation of each cell in a DEM to the 

mean elevation of a defined neighbourhood surrounding that cell. By doing so it calculates the 

degree to which a location is higher or lower than its surrounds, and is a way to highlight mountain 

ridges and valley bottoms. Positive TPI values represent locations that are higher than the average of 

their surroundings (mountains), negative values represent locations that are lower than their 

surroundings (valleys), and values near zero are flat areas. The inclusion of TPI is based on the 

concept of orographic precipitation where moist air precipitates as it is cooled while rising over a 

mountain range. Topography theoretically has a strong effect on orographic rainfall, whereby moist 

air rising over the windward side of a mountain will precipitate rainfall and the drier air on the 

leeward side creates a rain shadow. As TPI is strongly scale-dependent, it was calculated from the 

90 m SRTM DEM using both a 50 km (Figure 4d) and 250 km search radius (Figure 4e). 
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3.3.3.3 Mean Annual Runoff 

It was recommended that the model be run with and without the Mean Annual Runoff surface that 

formed the basis for the 2018 SWSAs, and to include it only if it proved a useful predictor of 

precipitation. Model diagnostics showed that by including it model performance was improved, so it 

was retained as an explanatory variable. Mean Annual Runoff is a measure of the average amount of 

water that flows across a specific location in a year. Mean Annual Runoff on its own is not directly 

related to rainfall because although areas receiving a great deal of rainfall will have high runoff 

values, runoff is also determined by vegetation water-use which is controlled by exposure to solar 

radiation (aspect and slope) (Calder, 2005; Jarvis and McNaughton, 1986). Vegetation water-use is 

also controlled by soil moisture and its topographic accumulation (e.g. accumulates down slopes and 

along valleys) and other factors (Schulze et al., 2008). Typically, an increasingly large proportion of 

rainfall will be converted to runoff as a catchment becomes wetter. Thus, Mean Annual Runoff was 

included as an explanatory variable to capture this influence, and strengthen the link between the 

downscaled precipitation and the 2018 SWSAs. The Mean Annual Runoff dataset that was included is 

the same 1.7 x 1.7 km resolution underlying dataset that was used to delineate the national 2018 

SWSAs (Figure 4f). 

3.3.3.4 Considering climate change 

Climate is dynamic, and changing rainfall patterns have the potential to change the location of 

SWSAs in the future. Consequently, climate change variables were considered for inclusion within 

the EBK Regression Prediction to potentially account for changing climate in the near future. One 

way to do this could be to incorporate future areas of higher rainfall in the SWSA delineation. 

The Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) rainfall dataset is available 

from 1981 until present and is based on rainfall estimates from rain gauge and satellite observation. 

It is a robust dataset with a global coverage and a 5 km resolution. A brief analysis of this dataset 

shows significant changes in rainfall across South Africa which do impact on the current SWSAs. The 

majority (87%) of the SWSA show a declining trend in rainfall over this period, and only four of the 

northernmost SWSAs show an increasing rainfall trend (Figure 5). 

 

Figure 5: The trend in Mean Annual Precipitation in 2018 SWSAs based on a linear trend in the CHIRPS data from 1981 – 
2019. The map shows SWSAs that have seen increased precipitation (blue areas) and those with reduced precipitation (red 

areas). 
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The option of including rainfall trends as an explanatory variable was explored to potentially take 

climate change into account within the downscaled Mean Annual Precipitation surface. Rainfall to 

2030 was projected from the linear trends in the CHIRPS dataset (Figure 6). The purpose of including 

the projected rainfall in the EBK Regression Prediction analysis was to improve the long-term 

accuracy of the delineation by including it as an explanatory variable whereby the regression 

equation will determine its relevance as a predictor of rainfall values in unsampled areas. In this way, 

this variable would not influence the recorded historic rainfall values, but rather help to predict the 

unsampled areas where areas with a higher projected rainfall may have its rainfall values now 

slightly increased and visa versa. 

 

Figure 6: Projected 2030 Mean Annual Precipitation based on a linear trend of CHIRPS 1981-2019 data. 

Assessment of the model outputs showed that including the 2030 climate change variable in the EBK 

Regression Prediction had little overall effect on the results. The downscaled precipitation output 

with and without the climate change variable were almost identical, with a correlation of 99.56%. 

The spatial resolution of the CHIRPS data was also based on a coarse-scaled DEM. So, one of its 

limitations is that it smooths the topography and will not accurately reflect the rugged terrain and 

elevation of mountain areas in its predictions of rainfall. 

On consideration, it was decided not to include the projected 2030 precipitation trends as a climate 

change prediction variable. Its inclusion in this manner would introduce more uncertainty into an 

otherwise statistically sound process. The recommendation is that more thought and consideration 

be given to appropriately incorporating climate change and its implications for SWSAs. 

3.3.4 Model parameters used in the application of the EBK Regression Prediction 
Using the six explanatory variables described above, EBK Regression Prediction can be acceptably 

run using the default model parameters. However, it is possible to significantly improve model fit 

and realism by fine-tuning the parameter options. 

3.3.4.1 Subset polygons 

By default, the EBK Regression Prediction tool will create random overlapping polygons that 

incorporate on average around 500 sampling points. Each of these subset polygons will have its own 

semivariogram to model precipitation. However, the default is a random dataset and it is 
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recommended to rather select more representative subset polygons that are based on hydrologically 

or ecologically meaningful units. 

Six types of subset polygons that had hydrological and/or ecological significance were explored as 

potential options. These were vegetation clusters that are used for wetland typing, Mean Annual 

Runoff curves, river catchments, geomorphology, water resource rainfall zones and South African 

Weather Surface Rainfall Districts (Figure 7). Subset polygons should ideally include between 50 and 

1000 sampling points each. As EBK Regression Prediction merges the outputs from the various local 

semivariogram models, it is recommended that the subset polygons overlap, so different buffer 

distances (5 km, 10 km, 15 km, etc.) were tested for each subset dataset to determine which gave 

the best model fit and performance (see Assessing model performance). 

 

Figure 7: Different types of subset polygon options that were considered in the EBK Regression Prediction. 

 

3.3.4.2 Other parameters 

EBK Regression Prediction in ArcGIS Geostatistical Wizard also offers several other parameter 

options (Table 1). Each of these different parameter options were tested to determine which gave 

the best model fit and performance (see Assessing model performance). 

 

Table 1: Parameter options offered in ArcGIS Geostatistical Wizard for EBK regression prediction (Source: ESRI 2020). 

Transformation options 

None No transformation is applied to the dependent variable. 

Empirical A nonparametric kernel mixture is applied to the dependent variable. This option is 
recommended when the dependent variable is not normally distributed. 

Log-
empirical 

A logarithmic transformation is applied to the dependent variable before the Empirical 
transformation is applied. This option will ensure that every prediction is greater than zero, 
so this option is recommended when the dependent variable cannot be negative, such as 
rainfall measurements. 
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Semivariogram options 

Exponential This semivariogram model assumes that the spatial autocorrelation of the error term 
diminishes relatively quickly compared to the other options. This is the default. 

Nugget This semivariogram model assumes that the error term is spatially independent. Using this 
option is equivalent to using ordinary least-squares regression, so this option is rarely useful 
for the actual interpolation. Instead, it can serve as a baseline to see how much 
improvement you get by using regression kriging compared to ordinary least-squares 
regression. 

Whittle This semivariogram model assumes that the spatial autocorrelation of the error term 
diminishes relatively slowly compared to other options. 

K-Bessel This semivariogram model allows the spatial autocorrelation of the error term to diminish 
slowly, quickly, or anywhere between. Because it is flexible, it will almost always give the 
most accurate predictions, but it requires the estimation of an additional parameter, so it 
takes longer to calculate. If you are unsure which semivariogram to use, and you are willing 
to wait longer to get the most accurate results, this is the recommended option. 

 

3.3.5 Assessing model performance 
Model performance was assessed using two primary model fit statistics, the Root Mean Square Error 

(RMSE) and the Continuous Rank Probability Score (CRPS). Both of these statistics are cross-

validation procedures, through which a data point is removed, then the model run with the 

remaining data points, and then the predicted value for the excluded data point is compared to its 

actual value. This is done for all the measurements. In both of these statistics, a lower value 

indicates better model fit. The CRPS is the most important model fit statistic for this analysis and it 

was ultimately used to select the best performing model. The RMSE is useful as it is measured in the 

same units as the response variable, in this case mm precipitation per annum. The EBK Regression 

Prediction in ArcGIS also provides a Standard Error surface, which shows where the predictions are 

less certain. 

3.4 Step 2: Selecting thresholds and fine-scale delineation of SWSAs 
The first step (above) provided a new, reliable, fine-scale Mean Annual Precipitation surface for 

South Africa. This precipitation surface was then used to delineate fine-scale SWSA boundaries. The 

overall principles of the approach were used to guide the delineation, by selecting thresholds that 

would maintain the 22 SWSAs with similar extent and location to those identified in the 2018 SWSAs 

(see Principles informing the approach). 

No single threshold was appropriate across the whole of the country to delineate the SWSAs, so 

each SWSA was considered separately, and the delineation was based on maintaining the same 

overall size for each SWSA within the same broad area. The following process was used: 

1. Prior to delineation, a 900 m focal statistics filter was applied to smooth the downscaled 

precipitation surface to remove any spikes in values. 

2. The size of each of the existing 2018 SWSA was calculated and noted. Then, a buffer of 15 – 

30km was applied to each of the existing 2018 SWSAs, based on topography. The buffer was 

adjusted to either include or exclude mountain ranges that fell directly along the buffered 

edge (ensuring that no buffered SWSAs overlapped). 

3. The downscaled precipitation surface was then clipped to the buffered 2018 SWSA. Within 

this clipped area, the areas of highest precipitation were selected to roughly match the same 

size as the existing 2018 SWSA extent. This was done using a dynamic Raster Function 

Calculator. The precipitation thresholds used to extract each SWSA ranged between 

435 – 805 mm precipitation per annum, with a mean of 680 mm. 
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4. The fine-scale SWSA was then converted to a vector polygon and all SWSAs merged into a 

single layer. The data was then cleaned by joining adjacent polygons, removing polygons 

smaller than 200 ha, filling gaps smaller than 500 ha, and running a smoothing function 

(Polynomial Approximation with Exponential Kernel) with a 300 m resolution. 

5. The same process was applied to sub-national SWSAs, and they were then checked for edge 

matching with one another and the national SWSAs. 

3.5 Step 3: Validate output and compare with 2018 SWSAs 
Finally, the newly delineated SWSAs were validated and compared against the 2018 SWSAs in terms 

of the degree of overlap, size (ha), Mean Annual Runoff and Mean Annual Precipitation values. 

4 Results and discussion 
The results are discussed under three themes: 

• The relationship between precipitation and explanatory variables 

• Assessing model performance using different model parameters, considering the Standard Error 

surface, and comparison with previous precipitation datasets to select the best interpolation 

approach with optimised parameters. 

• Validating the output and comparing it to the 2018 SWSAs in terms of the spatial overlap, size, 

comparison with Mean Annual Runoff and Mean Annual Precipitation 

This section ends with the presentation of the final fine-scale delineation of the 22 SWSAs. 

4.1 Precipitation relationships with explanatory variables 
To inform the final selection of interpolation methodology, the individual relationships between the 

rainfall station data and the explanatory variables were examined. At a national scale, correlations 

between rainfall and the explanatory variables are poor (R2 < 0.1, Figure 8a-d). The reason for this is 

the wide variability in rainfall patterns, rainfall drivers and weather systems that occur across South 

Africa. Pegram et al. (2016) also recognised the poor correlation between rainfall and altitude at a 

national scale, stating that “… the relatively weak correlations of the observations with altitude might 

have some value in the interpolation. Nevertheless, we are worried that using altitude as a surrogate 

variable might warp the rainfield untruthfully…”. If a single semivariogram were to be fitted using 

this information, it would not provide a useful interpolation. 

However, if the rainfall stations from a smaller local area are considered, the relationships become 

much stronger. As an example, rainfall stations from the Pongola/Vryheid region of KwaZulu-Natal 

were isolated in Figure 8e-f. Here, the expected relationships between rainfall and the explanatory 

variables hold up: rainfall decreases with increasing distance from the coast (R2 = 31; Figure 8e), 

rainfall increases with increasing latitude (R2 = 0.17; Figure 8f), rainfall increases with increasing TPI 

(R2 = 0.26; Figure 8g). In this instance, rainfall decreases unexpectedly with increasing altitude (R2 = 

0.22; Figure 8h), which is explained by the fact that distance from the coast is an overriding variable, 

and altitude increases with distance from the coast. The strength of these local relationships can 

therefore be a valuable input to improve interpolation results. This is the advantage of combining 

regression prediction with the Empirical Bayesian Kriging approach that uses local semivariograms, 

which are able to capture the differing local relationships between rainfall and its drivers. 
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Figure 8: Relationships between Mean Annual Precipitation (mm/annum) and explanatory variables for the observed 
rainfall stations at national and local scales. Graphs a-d, respectively, show the relationship with continentality, latitude, 

altitude and Topographic Position Index (TPI) at a national scale. Graphs e-h, respectively, show the relationship with 
continentality, latitude, altitude and Topographic Position Index (TPI) at a local scale for the Pongola/Vryheid area of 

KwaZulu-Natal. 

 

4.2 Assessing model performance 

4.2.1 Testing parameter options 
Using the Root Mean Square Error (RMSE) and the Continuous Rank Probability Score (CRPS), a wide 

range of different model options were evaluated (Table 2). This extensive testing helped to ensure 

that, by selecting appropriate parameters, the most robust interpolation outcome was achieved. The 

best performing model used the following parameters: 

Subset polygons: The South African Weather Service (SAWS) Rainfall Districts were the best 

performing subset polygons. The SAWS Rainfall Districts are a longstanding rainfall 
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delineation used by the national weather service. They are based on similarities in seasonal 

and maximum rainfall values (Kruger & Nxumalo, 2017). 

Overlap distances: A 8 km buffer distance surrounding the subset polygons produced the 

best results. 

Transformation: The empirical transformation was selected. This is a non-parametric 

transformation suitable for a dependent variable that is not-normally distributed. 

Semivariogram: The K-Bessel semivariogram type was selected. As noted by ESRI, this 

semivariogram gave the most accurate results, despite increasing processing time. 

Table 2: Assessing model performance using the average Continuous Rank Probability Score (CRPS) and Root Mean Square 
Error (RMSE). Options in each trial are ranked based on their CRPS value. The options in bold show the best model in each 
trial. 

Parameters 
Average 

CRPS 

Root 
Mean 

Square 

RMSE 
Standard

ised 
Rank 

Assessing transformation options 

SAWS Rainfall district, K-Bessel, Empirical 31.541 68.79 0.948 1 

SAWS Rainfall district, K-Bessel, Log Empirical 31.628 69.624 0.951 2 

     

Assessing semivariogram options 

SAWS Rainfall district, K-Bessel, Empirical 31.541 68.79 0.948 1 

SAWS Rainfall district, Exponential, Empirical 34.514 75.147 0.970 2 

     

Assessing subset polygons 

EBK Tool, Empirical, K-Bessel 31.933 68.446 0.958 3 

Terrain morphology, Empirical, K-Bessel 32.607 70.169 0.973 8 

MAR curve, Empirical, K-Bessel 32.469 70.390 0.986 7 

Catchment, Empirical, K-Bessel 32.430 69.669 0.984 6 

Wetveg, Empirical, K-Bessel 31.783 69.245 0.931 2 
RainZones, Empirical, K-Bessel 32.024 68.809 0.963 4 

SAWS Rainfall district, Empirical, K-Bessel 31.541 68.79 0.948 1 

CWRR Clusters for ACRU, Empirical, K-Bessel 32.319 70.354 0.96 5 

     

Assessing overlap distances 

SAWS Rainfall district, Empirical, K-Bessel, None 31.541 68.79 0.948 5 

SAWS Rainfall district, Empirical, K-Bessel, 4km 31.863 67.697 0.958 4 

SAWS Rainfall district, Empirical, K-Bessel, 5km 31.443 67.901 0.945 3 

SAWS Rainfall district, Empirical, K-Bessel, 8km 31.934 65.969 0.958 1 

SAWS Rainfall district, Empirical, K-Bessel, 10km 31.390 67.665 0.933 2 

SAWS Rainfall district, Empirical, K-Bessel, 15km 31.704 68.639 0.933 6 

     

 

The final model with the selected parameters provided an improvement in model fit in comparison 

to other interpolation options. For comparison, using Simple Kriging resulted in an RMSE of 78 mm. 

Applying Empirical Bayesian Kriging improved this to 74 mm and the final EBK Regression Prediction 

had an error of only 68 mm. 

4.2.2 Standard Error surface 
The EBK Regression Prediction process also provides a Standard Error surface that shows the 

uncertainty related to the predicted values (Figure 9). For example, it shows that in Gauteng 
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province, where there are many rainfall stations, uncertainty was low. Conversely, fewer rainfall 

stations around Lesotho resulted in higher uncertainty. Higher uncertainty was also seen along 

mountain summits, reflecting the limited rainfall stations in these locations. Uncertainty is also 

higher in areas of highly variable topography. The Standard Error surface provides a guide to where 

additional sample sites may be needed in future to improve the model. 

 

 

Figure 9: Prediction Standard Error Map for the best performing model. Paler colours represent low prediction uncertainty, 
while darker red colours have more uncertainty in the predictions. 

4.2.3 Comparison with previous precipitation dataset 
The Schulze et al. (2008) Mean Annual Precipitation dataset, which is taken from Lynch (2004), was 

probably the previous best available precipitation surface for South Africa. Comparing the new 

downscaled precipitation surface with this previous precipitation surface showed where mapping 

improvements were made (Figure 10). It is important to note that these do not represent actual 

increases or decreases in rainfall, but rather increases or decreases in model prediction. Many of 

these changes were related to topography and show that the fine-scale dataset is able to better 

capture local rainfall variations in areas with variable topography. For example, the new downscaled 

precipitation surface was able to depict the higher rainfall occurring on mountain summits of the 

Western Cape province. Higher rainfall was also identified for portions of the KwaZulu-Natal north 

coast, while other areas along the escarpment actually received less rain than was previously 

mapped. However, these changes are not extreme. Across the whole of South Africa, the difference 

in rainfall predicted between the two datasets is only 2.38 (±60.36) mm per annum (Figure 11). 
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Figure 10: Comparison between the new downscaled precipitation surface and the previously best available precipitation 
surface from Schulze et al. (2008). Blue areas are those that the current model predicts to be wetter, and red areas are 

those that the current model predicts to be drier. 

 

Figure 11: Differences in precipitation between the new downscaled precipitation surface and the previous best available 
precipitation surface from Schulze et al. (2008). The mean difference across the entire country was 2.38 (±60.36) mm per 

annum. 

 

4.2.4 The final downscaled precipitation surface 
The use of the innovative EBK Regression Prediction makes the final downscaled Mean Annual 

Precipitation surface the most fine-scale precipitation dataset currently available for South Africa 

(Figure 12). At a resolution of 90 m, it is an improvement on the 1 x 1 minute resolution precipitation 

surface that was the basis for the Mean Annual Runoff dataset used to delineate the 2018 SWSAs. 
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The development of this new precipitation surface is an advance in its own right that will have many 

potential applications in the future. 

 

Figure 12: Downscaled precipitation surface used to inform the fine-scale delineation of SWSAs. 

4.3 Validating output and comparing with the 2018 SWSAs 
Once the downscaled precipitation surface had been used to delineate the fine-scale SWSAs, these 

were validated against the 2018 SWSAs (see Figure 2). The reason for this validation was to ensure 

that the principles of the downscaling approach were met (see Principles informing the approach) 

and that the new fine-scale SWSAs retained a similar size and location to the 2018 SWSAs, with 

similar Mean Annual Runoff and Mean Annual Precipitation values. 

4.3.1 Overlap 
The overlap gives an indication of the degree to which boundaries have shifted between the fine-

scale SWSAs and the 2018 SWSAs. Ensuring the same extent between the 2018 SWSAs and new fine-

scale SWSAs was part of the methodology, however the differences in overlap (74%) is the most 

significant difference between the two approaches. Similarities were greatest in areas with higher 

precipitation (R2 = 0.19), where the precipitation models would be more similar. The size of each 

SWSA was also correlated with overlap (R2 = 0.16), where larger SWSAs overlapped more than 

smaller SWSAs. Overlap for most (13) of the 22 SWSAs was greater than 75% (Figure 13), with the 

Upper Usutu the most similar (89%) to the 2018 SWSA while the Upper Vaal (12%) and Waterberg 

(42%) were the most dissimilar. The low level of overlap in these two instances is a reflection of the 

different thresholds used to delineate these areas in the original 2018 SWSAs (Le Maitre et al. 2018). 
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Figure 13: The degree of overlap (%) between the new fine-scale SWSAs and the 2018 SWSAs. Green represents an overlap 
of larger than 75%, yellow an overlap of between 60-75%, orange an overlap of 40-60% and red an overlap of less than 

40%. 

4.3.2 Size 
The overall size of the 2018 SWSAs was 12 413 058 ha. The fine-scale SWSAs cover an area of 

12 410 735 ha, only a -0.018% difference in size. The reason that the size is so comparable is that the 

extent of the SWSAs was a factor in the delineation process (see Step 2: Selecting thresholds and 

fine-scale delineation of SWSAs). Differences in size range from -1.15% (Tsitsikamma) to 2.8% 

(Kouga)(Figure 14). 
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Figure 14: Comparison in size (%) between the new fine-scale SWSAs and the 2018 SWSAs. Green shows where the new 
SWSA are larger, and red where they are smaller, than the 2018 SWSAs. 

 

4.3.3 Comparison to Mean Annual Runoff 
The sum of the Mean Annual Runoff values from the 2018 SWSAs across the whole country was 

3.03324 billion mm3/annum. For the fine-scale SWSAs, the sum of the Mean Annual Runoff was 

2.95972 billion mm3/annum, only a 2.4% difference. The differences for individual SWSAs ranged 

from -18.4% (Waterberg) to 7.2% (Mfolosi)(Figure 15). 
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Figure 15: Comparison between Mean Annual Runoff (%) between the new fine-scale SWSAs and the 2018 SWSAs. Orange 
represents a positive difference (higher) Mean Annual Runoff in the new SWSAs, and blue a negative difference (lower). 

 

4.3.4 Comparison to Mean Annual Precipitation 
The sum of the Mean Annual Precipitation values within the 2018 SWSAs was 12.32901 billion mm 

per annum. The sum of all the Mean Annual Precipitation values, based on the new fine-scale 

precipitation surface, showed an increase of 3.2% at 12.56910 billion mm per annum. Differences in 

Mean Annual Precipitation for individual SWSAs ranged from 11.7% (Swartberg) to 0% (Table 

Mountain)(Figure 16). 
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Figure 16: Comparison between Mean Annual Precipitation (%) between the new fine scale SWSAs and the 2018 SWSAs. 
Darker blue shades represent larger differences. 

4.3.5 The final fine-scale SWSA delineation 
The final results were presented to the SWSA Spatial Task Team in September 2020. The Spatial Task 

Team approved the methodology with full support of all members. The final fine-scale delineation of 

SWSAs for surface water was then prepared and presented to SANBI (Figure 17). The 22 SWSAs for 

surface water that were delineated at a broad scale in 2018 have now been delineated at a fine 

enough scale to inform catchment- and local-level planning and decision-making. This will be the 

delineation that is used in further efforts to secure SWSAs in line with the MTSF targets (see 

Introduction). 
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Figure 17: Final map of the 22 fine-scale SWSAs for surface water. The SWSAs for surface water that were delineated at a 
broad scale in 2018 have now been delineated at a fine enough scale to inform catchment- and local-level planning and 

decision-making. The inset map demonstrates the improvement in scale for the Boland area. 

The new fine-scale SWSAs are very similar to the 2018 SWSAs in terms of overlap (74%), size (99.9%), 

summed Mean Annual Runoff (97.6%) and summed Mean Annual Precipitation (96.8%). The largest 

differences were seen for the Upper Vaal and Waterberg SWSAs, given the lower Mean Annual 

Runoff threshold used for delineation of these in the 2018 SWSAs (Le Maitre et al. 2018). 

The Principles informing the approach intended that the fine-scale product would be multipurpose. 

By this it was meant that any specific amendments to the layer that would be required to implement 

the MTSF target would not be built into the layer, but applied afterwards. For example, it may now 

be necessary to clip out existing protected areas or urban areas when securing SWSAs. Instead, the 

final fine-scale SWSA layer, as presented here, is a comprehensive, independent delineation of all 

the SWSAs for surface water at a fine-scale. It is therefore available to be used for other purposes, 

such as revisions of provincial biodiversity plans, which will benefit from a fine-scale delineation of 

SWSAs. 

5 Conclusions and recommendations 
This work has provided South Africa with a new downscaled Mean Annual Precipitation surface. It 

improves on the previously best available precipitation surface by using more data points (rain gauge 

measurements), an innovative new geostatistical model for interpolation, and reducing the spatial 

resolution to 90 x 90 m. This new precipitation surface is an advance in its own right and will be 

useful in a wide range of other applications. 
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The downscaled precipitation surface was used to delineate SWSAs at a finer scale, which will allow 

them to be mainstreamed into land-use planning and regulation. Delineation achieves the first step 

in meeting the MTSF target of securing 11 of the 22 SWSAs by 2024. The new fine-scale SWSA layer 

is a comprehensive delineation of all SWSAs for surface water in the country, and is therefore a 

multi-purpose product that can be utilised in other applications. 

Validating the fine-scale SWSAs against the previous 2018 SWSAs showed a high spatial overlap 

(74%). The two layers were also similar in their overall size (99.9%), the summed Mean Annual 

Runoff (97.6%) and summed Mean Annual Precipitation (96.8%). Even though highly similar 

generally, the new fine-scale SWSAs represent a much more robust delineation of SWSAs at a local 

level, making them more suitable for land-use planning and decision making. 

The following recommendations are made for work in the future: 

• The downscaled Mean Annual Precipitation surface should be used to create a revised Mean 

Annual Runoff surface for South Africa. 

• The 2018 SWSAs excluded some catchment areas (Pondoland to Zululand coast) where the 

runoff was higher than the threshold because they were deemed water secure. It also added 

in three SWSAs (Waterberg, Upper Vaal, Upper Usutu) using a lower runoff threshold. These 

decisions were carried across into the fine-scale delineation process. 

• There is a need for further thought and discussion around the impact of climate change on 

SWSAs, and whether climate change should affect prioritisation of SWSAs or ultimately 

require modifications to the SWSA delineation. 
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