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			To improve its resilience to increasing climatic uncertainty, the City of Cape Town (the City) aims to become a water sensitive city by 2040. To undertake this challenge, a means to measure progress is needed that quantifies the urban water systems at a scale that enables a whole-of-system approach to water management. Using an urban water metabolism framework, we (1) provide a first city-scale quantification of the urban water cycle integrating its natural and anthropogenic flows, and (2) assess alternative water sources (indicated in the New Water Programme) and whether they support the City towards becoming water sensitive. We employ a spatially explicit method with particular consideration to apply this analysis to other African or Global South cities. At the time of study, centralised potable water demand by the City amounted to 325 gigalitres per annum, 99% of which was supplied externally from surface storage, and the remaining ~1% internally from groundwater storage (Atlantis aquifer). Within the City’s boundary, runoff, wastewater effluent and groundwater represent significant internal resources which could, in theory, improve supply efficiency and internalisation as well as hydrological performance. For the practical use of alternative resources throughout the urban landscape, spatially explicit insight is required regarding the seasonality of runoff, local groundwater storage capacity and the quality of water as it is conveyed through the complex urban landscape. We suggest further research to develop metrics of urban water resilience and equity, both of which are important in a Global South context. 

			Significance:

			
					•	This research provides the initial groundwork of quantifying the magnitude of the urban water cycle of the City of Cape Town at an annual timescale, in relation to becoming a water sensitive city. The urban water metabolism framework used in this study provides important insight to assess whole-of-system urban water dynamics and to benchmark progress towards becoming water sensitive. By quantifying the magnitude of flows into and out of the urban system, this research sheds light on the opportunities to improve circularity in the urban water cycle. The spatial approach adopted here provides a platform to interrogate the urban landscape and its role in the urban water cycle. By using data products that are available via national data sets or remote sensing, this approach can be applied to other African or Global South where data is characteristically scarce. Further work is required to establish metrics that can adequately describe urban water resilience and equity.
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			Introduction

			Current urban water management practices are challenged by climate change, increasing per-capita water demand and growing populations. Already, many cities around the world are vulnerable to water shortages1-3 and it has been suggested that one in six large cities is likely at risk of a significant water deficit by 20504. Recent water crises experienced by Bengaluru (India)5, Los Angeles (USA)3 and Cape Town (South Africa)6-8 highlight potential consequences of failing to account for the future water demands of a city within the context of climate change related stresses. 

			The City of Cape Town (hereafter the City) is largely dependent upon the surface storage of rainfall from the surrounding catchment areas to supply water to its residential, industrial and commercial users. A severe multi-year drought between 2015 and 2018 highlighted the vulnerability of a growing city being reliant solely on the surface storage of rainfall. Although the event was considered an extremely rare (1 in 300 year) drought9, there is strong evidence for drying and warming of the regional climate systems8 with observed, and modelled, long-term increases in aridity for most of southern Africa9-11. Additionally, reduced precipitation patterns have been observed in other Mediterranean-like climates of the southern hemisphere12,13, strengthening the prediction that severe droughts, like that experienced in 2015–2018, are likely to occur more frequently in the Cape Town region8. 

			While demand management strategies were highly effective in reducing water consumption by 50% during the 2015–2018 drought14, it is clear that demand management alone will be an insufficient adaptation measure for future climate scenarios. The Water Strategy for Cape Town15, which was published in response to the 2018 water crisis, recognises the need to take a whole-of-system approach and represents a welcome shift in urban water management paradigm and practice. The New Water Programme15 outlines the various planned contributions of alternative sources (groundwater, desalination and water reuse) and interventions such as reducing water demand, clearing alien vegetation and augmenting surface storage. The Water Strategy also highlights the City’s commitment to transition to a water sensitive city and the ‘optimal use stormwater and urban waterways for the purpose of flood control, aquifer recharge, water reuse and recreation’15. The water crisis faced by the City highlighted the need to be able to consider management interventions in relation to the dynamics of the urban system as a whole, which comprises social-ecological-technical, hydrological and economic components and processes. This research lays the groundwork of quantifying the magnitude of the urban water cycle at an annual timescale in order to contribute to an assessment of the water sensitivity of the City. 

		

	
		
			 

			South African Journal of Science (Research Article)

			Urban water metabolism of Cape Town: Towards water sensitivity

			Water sensitive cities

			A water sensitive city approaches urban water management as a holistic system, gives water due prominence in the design of urban areas and is underpinned by three key pillars16:

			
					1.	Cities as supply catchments: access to diverse water sources, both centralised and decentralised.

					2.	Cities providing ecosystem services: the urban landscapes actively support and supplement the natural environment.

					3.	Cities comprising water sensitive communities: emphasising the importance of socio-political capital for water sensitive behaviours and decision making.

			

			Quantifying water sensitivity

			The initial step for determining a city’s degree of water sensitivity is quantifying the rate and direction of flows. This quantification of flows into, within, and out of urban areas is often referred to as urban metabolism17 and is a powerful empirical analysis of the society–nature interaction18. Urban metabolism focuses on quantifying the fluxes of energy, materials and nutrient flows into and out of urban areas19,20 and is readily applied into fields of urban planning and design19. For the most part, the field quantifies flows that are anthropogenically driven (e.g. water and energy consumption) and is only recently gaining traction as a framework to assess urban water cycles21 and performance22-24.

			Performance indicators are important in the implementation, assessment and communication of progress towards sustainability goals.22 There are several methods to benchmark the performance of water management, using indicators such as Sustainable Cities Index25, Green Cities Index26, City Blueprint27 and more recently the Water Sensitive Cities Index22. A City Blueprint assessment was done for Cape Town28, evaluating the water governance processes and capacity required to implement water sensitive urban design (WSUD). Their assessment highlighted the shift in governance processes related to water scarcity during the 2018 water crisis and the potential to adopt WSUD through successful implementation of policies such as Management of Urban Stormwater Impacts Policy and the Flood Plain and River Corridor Management Policy. A review of methods used to evaluate urban water performance by Renouf and Kenway24 found that, with the exception of the Water Sensitive Cities Index, evaluation criteria are often misaligned from the visions and objectives of urban water management. At the macroscale (the city as a whole), there is little quantitative assessment to monitor progress towards (and gauge the performance of a city against) its urban water management visions and objectives. Earlier research by Kenway and colleagues21 addressed this void, applying a mass balance analysis of several cities in Australia. They proposed an urban water metabolism framework (UWMF) to quantify and assess the performance of a city, which was also the first attempt to quantify the term ‘water sensitive city’. They integrated both the anthropogenic (bulk water supply, wastewater effluent, reuse) and natural hydrological flows (precipitation, evapotranspiration, runoff, groundwater infiltration) into the water mass balance. From this metabolic framework, they derived performance indicators that allowed each city’s water management effectiveness to be compared. They argue that quantifying these volumes is the first step towards designing a water sensitive city21, and this also provides a benchmark for measuring progress and comparison between different cities. A method of accurate comparison is important to allow for cities to learn best practices from one another. Together, the metabolic framework and performance indicators provide powerful metrics to guide urban water management and policy along a trajectory towards being water sensitive.
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			Urban metabolism in Cape Town

			Several studies have quantified the fluxes of materials, energy and water into Cape Town (at a city scale) using varying methods such as an ecological footprint assessment29 an economy-wide material flow analysis30; systems analysis31 and urban metabolism32. In terms of mass flux, water comprises the largest component – about 96% of the total material flows into and out of Cape Town29 – a fairly consistent proportion observed in all urban metabolism studies17,21,33. Currie et al.32 conducted a broad assessment of the urban metabolism of Cape Town, quantifying energy, water, people, transport, food and solid waste. For water, they primarily focused on municipal water services, i.e. the anthropogenic flows, and illustrated the average volumes of water per year that flow into and out of the City, compartmentalising these volumes into various sources (the different reservoirs) and pathways (i.e. domestic/commercial/industrial demand) within the City. While their analysis was comprehensive and provides novel insight into the spatial patterns of water consumption, from an urban water cycle perspective they did not include hydrological flows or alternative water supply (i.e. reuse, desalination, groundwater or runoff). An earlier study by Ahjum and Stewart31 aimed to assess the energy costs associated with the various demand and alternative (municipal) supply scenarios. They quantified parts of the urban water cycle from a systems perspective, did include groundwater supply (and recharge), and omitted all other components of the hydrological cycle (e.g. rainfall, runoff). Thus there exists a gap in the quantification of how the various flows into/within and out of the City are integrated and in some cases interdependent.

			This research builds on such existing work but integrates the anthro­pogenic and hydrological components into one framework. It aims to contribute to the growing inventory of urban water metabolism within the context of holistic urban water management and the commitment to becoming a water sensitive city. The choice of spatially appropriate methods employed in this study is considered in terms of their applicability to other African and Global South cities, where data of the urban environment (e.g. stormwater runoff rates) are often scarce34,35. Using the UWMF proposed by Renouf et al.24, we assess whether the interventions proposed in the New Water Programme14 support the City towards becoming water sensitive. The particular objectives of this research are to (1) conduct a water mass balance analysis for the City of Cape Town, using available spatial data products (e.g. mean annual precipitation, landcover, evapotranspiration), keeping in mind scalability and comparability across cities, (2) assess performance of the urban water cycle in relation to the principles of water sensitivity, and (3) assess performance of the urban water cycle under the New Water Programme.

			Methods

			The urban water cycle of Cape Town was quantified as a mean annual average and was assessed in the context of a water sensitive city under a ‘normal’ non-drought scenario and under the New Water Programme. In brief, the steps taken were to: 

			
					1.	Define the system boundary (Figure 1) and quantify all parameters of the urban water cycle (Figure 2), both anthropogenic and hydrological flows.

					2.	Conduct mass balance analyses (Equation 1 and Table 1) of the urban water cycle in a non-drought ‘normal’ scenario (Figure 2a) and under the New Water Programme (Figure 2b).

					3.	Assess the water sensitive performance of the urban water cycle (Table 2) using indicators stipulated in Renouf et al.36 

					4.	Test and compare the performance of a hypothetical water cycle under the proposed New Water Programme.
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			Figure 1:	The City of Cape Town metropolitan boundary (heavy black line) and its surrounding area with rivers and the surface storage (‘Big Six’) reservoirs (referred to in text as WCWSS) highlighted in deep blue. Atlantis (i) and Cape Flats Aquifer (ii) shown with stippling.
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			Figure 2:	Conceptual model of (a) pre-drought, baseline urban water cycle of Cape Town (Scenario 1) and (b) the cycle under the proposed New Water Programmes (Scenario 2). Blue arrows indicate anthropogenic inputs, light green arrows are hydrological flows, grey arrows are flows of non-potable quality, and dark green arrows are recycled water. The size of the arrows conceptually indicates the magnitude of the labelled parameter.

			System boundary

			The system is defined as the City of Cape Town Metropole (Figure 1). Within the metropolitan boundary there are two primary aquifers (Cape Flats and Atlantis) and secondary aquifers (Table Mountain Group, TMG). The primary sand aquifers are found directly below the urban (Cape Flats Aquifer) and peri-urban (Atlantis) environments, and are a direct part of the urban hydrological cycle. Furthermore, they are a source for centralised and decentralised water supply, as well as subject to managed aquifer recharge (MAR) from treated wastewater and stormwater runoff. Although there are TMG aquifers within the urban boundary (i.e. Table Mountain itself), in this paper, we did not consider TMG as a source of groundwater supply within the City. References to TMG are in regard to aquifers beyond the metropolitan boundary (surrounding Steenbras) and are thus considered inputs into the system rather than internal flows. 

			Mass balance

			The urban water cycle comprises anthropogenic and hydrological flows of water into, within and out of the city (Figure 2). Anthropogenic flows represent the volumes of water consumed and discharged by the urban areas serviced by the City with the point of entry as the water treatment plants and point of exit as the wastewater treatment works (WWTW). Hydrological flows represent precipitation, runoff, and groundwater recharge that occur within the defined system boundary, as well as surface and groundwater discharge out of the system into the ocean. Water that flows into the urban system via rivers and aquifers is not accounted for, as it is considered environmental flow, as per Renouf et al.36 Decentralised groundwater abstraction and non-potable reuse are assumed here to be their own separate outputs for convenience sake, but as these rates may increase in the future, they could equally be considered to leave the system as evapotranspiration or groundwater discharge. 

			The water mass balance assumes a steady state and follows Equation 1: 

			Qi = Qo,

			(P+C+Si) + Rw + MAR = (W+Rs+Et+Dg+Cufw+Gd+Rwn) - Rw - MAR	Equation 1

			where Qi is the sum of all inputs and Qo is the sum of all outputs (including losses). Inputs consist of centralised bulk water supply (C) which comprises surface supply (Cs), desalination (Cd), TMG aquifer (Cg), precipitation (P) and surface water inflow (Si). Outputs consist of wastewater effluent (W), runoff (Rs), groundwater abstraction (Dg), groundwater discharge (Gd), non-potable reuse (Rwn) and losses (Cufw). Water recycling terms (Rw and MAR) refer to potable reuse (as per the New Water Programme) and managed aquifer recharge (MAR) and are included as both Qi and Qo, but are subtracted from outputs. 

			Estimating flows

			Anthropogenic flows

			Monthly flow data for bulk water supply and wastewater effluent were obtained from the City. Annual averages of both were calculated, using the data available for the time period between 2008 and 2012. Recycled water volumes were sourced from the City of Cape Town.14 The Western Cape Water Supply System (WCWSS) gets its water from six major rainfed dams that supply the City of Cape Town (~64%), agriculture (~29%) and other municipalities in the region (~7%).14 In this study we focus solely on the City of Cape Town and its use of WCWSS water. We omit water use of WCWSS water by other municipalities and agriculture owing to paucity of reliable data, but acknowledge this use merits further research. We do include the peri-urban agricultural area as it constitutes significant decentralised groundwater abstraction within the City’s boundary. Virtual water and other forms of imported and exported water (e.g. imported in food and bottles) have not been included in this analysis but also merit future investigation.

			Groundwater abstraction rates, both centralised and decentralised, were assumed to be the maximum permitted allowance, as stipulated in the water use licence. For decentralised abstractions, the allowed abstraction rate (7.6 GL/year) refers to the Philippi Horticultural Area – an urban farming locale within the city boundaries. Although considered agricultural use, these abstraction rates have been included owing to the direct use of the Cape Flats Aquifer which is an important decentralised supply relevant to this research. Private/residential abstraction rates are omitted from this study owing to paucity of data, although are expected to have increased during and since the drought (2015–2017). Centralised abstraction and MAR rates were assumed to be the maximum allowable rate as stipulated in the water use licence under the New Water Programme for the City. 

			Table 1:	Type and sources of data and their time period (pre-drought)

			
				
					
					
					
					
				
				
					
							
							Parameter

						
							
							Data source

						
							
							Data period

						
					

					
							
							 

						
							
							Land use data

						
							
							South African land-cover data sets

						
							
							2014

						
					

					
							
							Anthropogenic flows

						
					

					
							
							Cs

						
							
							Surface supply

						
							
							CoCT 

						
							
							2008–2012

						
					

					
							
							Cd

						
							
							Desalination

						
							
							Water Strategy15

						
							
							 

						
					

					
							
							Cg

						
							
							Groundwater (TMG)

						
							
							Water Strategy15

						
							
							 

						
					

					
							
							W

						
							
							Wastewater

						
							
							City of Cape Town37

						
							
							2008–2012

						
					

					
							
							Rwn

						
							
							Non-potable reuse

						
							
							City of Cape Town37

						
							
							2008–2012

						
					

					
							
							Cufw

						
							
							Loss

						
							
							City of Cape Town14 

						
							
							 

						
					

					
							
							Rw

						
							
							Water reuse

						
							
							City of Cape Town37

						
							
							 

						
					

					
							
							MAR

						
							
							Managed aquifer recharge

						
							
							Water Use Licence, Water Outlook14

						
							
							 

						
					

					
							
							Hydrological flows

						
					

					
							
							P

						
							
							Precipitation

						
							
							South African Water Resources Book of Maps38 

						
							
							Annual average

						
					

					
							
							Et

						
							
							Evapotranspiration

						
							
							Schulze et al.39

						
							
							Annual average

						
					

					
							
							Gd

						
							
							Groundwater abstraction (CFA, Atlantis)

						
							
							City of Cape Town37

						
							
							Annual average

						
					

					
							
							Rs

						
							
							Stormwater runoff

						
							
							SANRAL40 runoff coefficients (see supplementary material)

						
							
							 

						
					

					
							
							Re

						
							
							Groundwater recharge

						
							
							Water Balance Method (Re = P-Et-Rs)

						
							
							Annual average

						
					

					
							
							 

						
							
							Urban population

						
							
							Stats SA

						
							
							 

						
					

				
			

			

			Hydrological flows

			We aimed to use spatial products that were readily available and locally relevant. A mean annual precipitation map was obtained from South African Water Resources Geographic Information System book of maps.38 A mean annual evapotranspiration map was generated by Schulze et al.39, using the FAO Penman–Monteith method40, and was based on daily maximum and minimum temperatures, on a 1.7x1.7 km grid for 50 years, and empirically determined month-by-month gridded values of actual vapour pressure and daily gridded values of solar radiation. Runoff was calculated as per the rational method using runoff coefficients according to SANRAL41, taking into consideration soil type, slope and land use (Supplementary tables 1–3). Several other methods to calculate runoff were explored and compared; these are detailed in the supplementary material. The values of hydrological parameters presented in the analysis represent the sum of all pixels within the metropolitan boundary. We acknowledge the potential for uncertainties associated with these spatial products to propagate error through to the final assessment of the City’s performance and thus tested the sensitivity of performance indicators to these hydrological parameters, which is detailed in Supplementary table 7. 

			All flows were then visualised using a Sankey diagram which was constructed with the help of Python code published by Lupton and Allwood42.

			Performance indicators

			Performance indicators for urban water efficiency, water supply internalisation and hydrological performance were calculated following Renouf et al.24,36 (Table 2). Renouf et al.24,36 also include more indicators such as water-related energy efficiency and nutrient-related water efficiency, but owing to the paucity of necessary data for a robust assessment of such indicators, we have focused on the three aforementioned. Calculation of hydrological performance required estimating annual stormwater runoff and groundwater recharge in a pre-urbanised, or historical, environment. Historical runoff estimates were calculated following the same method for present day runoff except the urbanised areas were replaced by the South African National Vegetation map (City of Cape Town Open Data Portal). Details of runoff coefficient classifications are in Supplementary table 4.

			Table 2:	Urban water performance indicators adopted and adapted from Renouf et al.36 Cext refers to all centralised, external sources for the Western Cape Water Supply System (WCWSS) and includes surface dams, desalination and Table Mountain Group (TMG) aquifer. Cint refers to internal sources of centralised (groundwater from Atlantis or Cape Flats aquifers and recycled water) and decentralised (e.g. rainwater harvesting) water. 

			
				
					
					
					
				
				
					
							
							Performance indicator

						
							
							Description

						
							
							Equation

						
					

					
							
							Urban water efficiency

						
							
							Total external water use per capita 
(kL/capita/year)

						
							
							Cext/Population

						
					

					
							
							Water supply internalisation

						
							
							Proportion of total urban water demand met by internally harvested/recycled water

						
							
							(Cint +D)/

							(Cint+Cext+D)

						
					

					
							
							Hydrological performance

						
							
							Ratio of post- (i) to pre-urbanised (o) annual stormwater runoff (Rs) and groundwater recharge (Re)

						
							
							Rs(i)/Rs(o), Re(i)/Re(o)

						
					

				
			

			

			Scenario assessment

			Two separate urban water cycles were quantified: the cycle which is considered ‘normal’ or non-drought (2008–2012) (Figure 2a) and is hereafter referred to as Scenario 1; and the cycle under the scenario of the New Water Programme (Figure 2b and Table 1), hereafter referred to as Scenario 2. For the New Water Programme, effective yields of the alternative water sources were derived from the Water Strategy15 and are detailed in Table 3. In this water cycle, supply/demand remain as they are for Scenario 1 in order to assess the impact of the alternative supply interventions on the water cycle as a whole.

			Table 3:	Effective yields of the alternative water sources for the New Water Programme as outlined in the Water Strategy15. Units stipulated in the original report are given in megalitres per day and million kilolitres per annum, the latter of which equates to gigalitres per year (GL/year), as reported in this study.

			
				
					
					
					
				
				
					
							
							Source

						
							
							Pre-drought yield

							(GL/year)

						
							
							Effective yield (GL/year)

						
					

					
							
							Groundwater (CFA and Atlantis)

						
							
							3.3

						
							
							20.1

						
					

					
							
							Groundwater (Table Mountain Group)

						
							
							0

						
							
							18.3

						
					

					
							
							Reuse

						
							
							0

						
							
							25.6

						
					

					
							
							Desalination

						
							
							0

						
							
							18.3

						
					

					
							
							Berg River Dam augmentationa

						
							
							 

						
							
							14.6

						
					

					
							
							Alien vegetation clearinga

						
							
							-

						
							
							20.1

						
					

					
							
							Demand managementa

						
							
							-

						
							
							25.6

						
					

					
							
							Managed aquifer recharge (CFA and Atlantis) 

						
							
							4.65b

						
							
							25.5c

						
					

				
			

			

			aThese are not tested in this framework explicitly as they are considered to contribute to existing surface water capacities rather than as alternative resources. 

			bAtlantis (rough estimate)

			cValue comes from Water Outlook14 
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			Results and discussion

			Mass balance

			All data were collated into a mass balance analysis using Equation 1 and are summarised in Table 4 and Figure 3. In Scenario 1, total inputs equate to 1796 GL/year comprising precipitation and bulk water supply; total outputs equate to 1471 GL/year comprising wastewater effluent, runoff, evaporation, groundwater discharge, decentralised groundwater abstraction, recycled water and accounted for losses; and internal flows amount to 745 GL/year as groundwater recharge and abstraction. In Scenario 2, total inputs are reduced to 1754 GL/year where bulk water supply is divided into surface water, centralised groundwater abstraction and centralised desalination; internal flows are increased to 803 GL/year to include centralised groundwater abstraction from the internal primary aquifers, water recycling for potable use and MAR; outputs marginally decreased to 1709 GL/year, mostly reflected in reduced wastewater effluent discharge and reduced groundwater discharge. 
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			Figure 3:	Sankey diagrams illustrating the balance of inputs and outputs of anthropogenic (brown) and natural (teal) water in the City of Cape Town, representing average gigalitres per annum for the years 2008–2012. (a) Scenario 1 represents non-drought conditions where external water from WCWSS represents external supplies from the surface ‘Big Six’ reservoirs. What is extracted is considered ‘surface supply’ and passed through a water-treatment plant into the reticulation system and through the wastewater treatment works (WWTW) and eventually discharged into rivers and/or the ocean. Known losses occur at several stages of the reticulation network and the term ‘unaccounted for’ water has been included to allow conservation of mass, representing potential error. Groundwater is recharged via managed aquifer recharge (MAR) using runoff and treated effluent. (b) Scenario 2 represents the same data set but includes the partial replacement of ‘surface supply’ via diversification of external sources from desalination and Table Mountain Group (TMG) aquifers. In addition, resource internalisation (green lines) takes the form of direct reuse (recycled water from WWTW back to WTW) as well as indirect reuse (from WWTW to groundwater) in the form of MAR.

			Assuming long-term averages are in equilibrium, inputs should equate to outputs, and thus we find a 2% error in the water cycle as a whole for both scenarios. As divided into anthropogenic and natural flows, 7% and 3% errors are found respectively. With regard to the 7% error in anthropogenic flows, we propose that it is a result of unaccounted for losses from the system. Bulk water supply (325 GL/year) far exceeded effluent released from WWTW (235 GL/year), representing a 27% loss from the system, as measured from points of entry via water treatment plants to the points of exit (WWTW). On average, the City reports ~15% loss between the water treatment plant and consumers (water that is sold); the remainder is loss between the consumer and WWTW discharge (including irrigation of gardens, pools, leaking sewers, and loss from the WWTW itself). Known losses (up to ~15%) are described in Figure 3 as ‘loss’, and what is unknown is described as ‘Unaccounted for’, in order to achieve conservation of mass within the analysis. The simplification of household behaviour and losses between consumers and the WWTW (mentioned in the methods section) has a considerable impact on macroscale dynamics and merits further, more detailed investigation. The 3% error in hydrological flows likely represents inaccuracies that exist in the spatial data and methods used to estimate natural flows, and are evaluated in the following section.

			Table 4:	Water mass balance of the water cycle pre-drought scenario (Scenario 1), and the hypothetical water cycle under the New Water Programme (Scenario 2)

			
				
					
					
					
					
				
				
					
							
							 

						
							
							Scenario 1

							(GL/year)

						
							
							Scenario 2

							(GL/year)

						
					

					
							
							Input

						
					

					
							
							P

						
							
							Precipitation 

						
							
							1471.4

						
							
							1471.4

						
					

					
							
							Csw

						
							
							Bulk water supply (surface water dams)

						
							
							324.9

						
							
							246.0

						
					

					
							
							Cg

						
							
							Centralised groundwater abstraction (TMG)

						
							
							0

						
							
							18.3

						
					

					
							
							Cd

						
							
							Centralised desalination

						
							
							0

						
							
							18.3

						
					

					
							
							Sub-total

						
							
							 

						
							
							1796.2

						
							
							1753.9

						
					

					
							
							Internal flow

						
					

					
							
							Cg

						
							
							Centralised groundwater abstraction (CFA+Atl)

						
							
							3.3

						
							
							20.1

						
					

					
							
							Rw

						
							
							Recycled water (potable use)

						
							
							0.0

						
							
							25.6

						
					

					
							
							Rw(MAR)

						
							
							Managed aquifer recharge

						
							
							0.0

						
							
							16.1

						
					

					
							
							Re

						
							
							Groundwater recharge

						
							
							741.7

						
							
							741.7

						
					

					
							
							Sub-total

						
							
							 

						
							
							745.0

						
							
							803.4

						
					

					
							
							Output

						
					

					
							
							Dr

						
							
							Decentralised rainwater harvest

						
							
							0.0

						
							
							0.0

						
					

					
							
							Dg

						
							
							Decentralised groundwater abstraction 

						
							
							26.9

						
							
							26.9

						
					

					
							
							W

						
							
							Wastewater effluent

						
							
							234.8

						
							
							157.5

						
					

					
							
							Cufw

						
							
							Known losses

						
							
							48.6

						
							
							84.7

						
					

					
							
							Rw

						
							
							Recycled water (non-potable use)

						
							
							18.8

						
							
							18.8

						
					

					
							
							Rs

						
							
							Surface runoff 

						
							
							492.3

						
							
							466.8

						
					

					
							
							Gd

						
							
							Groundwater discharge

						
							
							0.0

						
							
							710.8

						
					

					
							
							ET

						
							
							Evapotranspiration

						
							
							711.6

						
							
							218.6

						
					

					
							
							Sub-total

						
							
							 

						
							
							1751.7

						
							
							1709.6

						
					

					
							
							 

						
							
							Water balance (total) (error)

						
							
							2%

						
							
							2%

						
					

					
							
							 

						
							
							Water balance (anthropogenic flows) (error)

						
							
							7%

						
							
							7%

						
					

					
							
							 

						
							
							Water balance (hydrological flows) (error)

						
							
							1%

						
							
							3%

						
					

				
			

			

			Estimating hydrological flows

			The total volume of rainfall within the City boundary is 1471.4 GL/year, equating to an average of 605 mm/year. Of this, an average of 219 GL/year is lost to evapotranspiration, 492 GL/year to runoff and 742 GL/year to recharge (Table 4 and Figure 4). These respectively equate to spatial averages of 15%, 33% and 50% of total rainfall. The spatial distribution of each hydrological flow is inherently heterogeneous (Figure 4), where spatial estimates of evapotranspiration vary spatially between 0 and 30% of precipitation, runoff varies between 17% and 96%, and recharge between 0 and 83% (Supplementary figure 2). 

			[image: Fig%204.jpg] 

			Figure 4:	Annual averages of (a) precipitation (from Bailey and Pitman38), (b) evapotranspiration (from Schulze et al.39), (c) runoff (from SANRAL40), and (d) recharge (using the water balance method: Re= MAP-Et-Rs where Re is groundwater recharge, MAP is mean annual precipitation, Et is evapotranspiration and Rs is stormwater runoff).

			Several methods were used to calculate runoff rates, resulting in wide variation in estimates of runoff (see Supplementary figure 1). A comparison was made between all runoff estimates of this study and a stormwater runoff model of the Zeekoevlei catchment using the software PCSWMM.43 An average runoff estimate using PCSWMM was 187.6 mm/year43 and our estimates ranged between 191 mm/year and 277 mm/year for the same catchment area. All runoff estimates of this study were marginally higher than estimates by Okedi43, likely representing storm conditions, but all estimates were within a reasonable range. Using the coefficients from SANRAL40 did result in the highest runoff value (277 mm/year) for the Zeekoevlei catchment, but using these coefficients also gave recharge values that were most consistent with those reported in the literature for the Atlantis aquifer44. Recharge rates in Atlantis were reported to be between 10% and 30.3% of rainfall, with an average of 16%.41(and references therein) The recharge rates calculated in this study are particularly high when compared to the average reported by Jovanovic et al.44 and it is likely that they represent potential rather than effective recharge. If this is the case, evapotranspiration rates41 may be an underestimate. Earlier studies into urban evapotranspiration have observed evapotranspiration to constitute 40–80% of a city’s annual water balance losses.45 However, Hobbie et al.46 (see their supplementary material) conducted a water mass balance using recommended coefficients from the Minnesota Stormwater Manual47 and estimated average evapotranspiration in their urban watershed to be 14.5% of precipitation. Their watershed comprised urban (impervious), peri-urban and rural areas, similar to the landcover types found in the urban boundary of this study. Evapotranspiration is inherently patchy within an urban environment and the data product used41 has a resolution of 74 m which may not have captured the full variability. In light of this, we did assess the applicability of using MODIS16A3 product for the years of this study (2008–2012), and we found, for all years, the core urban area to be flagged as ‘no data’ and thus deemed unusable for spatial calculations of recharge. We assessed the potential for this unavoidable uncertainty in evapotranspiration products to propagate further error into the performance indicators (Supplementary table 7). This highlights both the challenges of working with spatial data in the urban environment and the scope to validate remote sensing products in highly heterogenous contexts.

			Estimates of stormwater runoff rates using PCSWMM from more catchments within the urban environment would enable a more statistically robust comparison between methods. However, the generation of such estimates is a time-consuming, data-intensive process and if such estimates do already exist they have not been made available through the City of Cape Town Open Data Portal or formal channels of communication. The benefit of the methods employed in this study are that they are easily applied to landcover data that can be obtained from national (including satellite-derived) data sets that can be applied to many data scarce (namely in situ data) urban areas at multiple scales. 
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			Limitations

			We acknowledge several simplifications in the conceptualisation of the urban water cycle, most notably with regard to aggregates of household fluxes. For example, not all water that enters a household enters the sewer system, as some is lost due to gardening/recycling of grey water/filling of pools and we acknowledge that this may be significant when combined at the city scale and particularly so during drought. We have assumed these pathways to be aggregate losses out of the system between the point of entry (water treatment plant) and exit (WWTW), rather than contributing to, for example, non-potable water recycling or decentralised storage. Future work would investigate these fluxes as aggregate contributions of household behaviour on the macroscale water budget. 

			Performance scenario planning

			To assess the metabolic performance of the current urban water cycle, performance indicators were calculated following Renouf et al.24,36,48, as presented in Table 5. Pre-drought (2018), 99% of centralised water inputs into the City were supplied from external sources (Cext) via WCWSS, with other decentralised sources such as groundwater and water recycling for potable and non-potable uses. Rainwater harvesting was assumed to be negligible; however, this is likely to have changed due to behavioural changes induced by the 2015–2018 water crisis. 

			Table 5:	Performance indicators as stipulated using Renouf et al.36 for the current water cycle and the cycle under the proposed New Water Programme which assumes alternative sources replace surface storage supply (WCWSS) relative to their full capacity, as stipulated in Table 2, and that demand remains as per 2008–2012 data
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			Efficiency

			Urban water efficiency is an indicator of the environmental water use of the urban system, expressed as a rate of environmental water withdrawal per inhabitant per year (kL/capita/year).36 The pre-drought per capita water withdrawal from the environment amounts to 77 kL/capita/year (210 L/capita/day). The environmental water demand calculated by Renouf et al.36 for Australian cities was relatively higher (between 92 and 182 kL/capita/year). With the proposed New Water Programme, per capita environmental water withdrawal decreases to 66 kL/capita/year (183 L/capita/day), reflecting the internalisation of water sources via direct and indirect reuse. When compared to the results of Australian cities, the City is seemingly water efficient. However, this performance indicator is misleading in this context as it assumes that per capita water usage is equal across the population. We posit that this ‘efficiency’ reflects rather the vast disparities in access to and use of water in Cape Town.29,32,49 The 2011 Census estimates reported that 96.6% of households in Cape Town have piped access to water (via a public tap) within 200 m from home, and 87% of households have piped water within their dwelling or yard.32,50 However, this access varies considerably across the City51 – for example, only 50% of households in Site C Khayelitsha have piped water inside their dwelling or yard50. Per capita usage in areas where access to water is solely via a public tap will be considerably lower than in more affluent areas.

			The water reuse scheme, which is intended to increase from 18 GL/year to 43 GL/year, is one approach to improving the efficiency of the urban system but still remains a small contribution (~12%) to water supply. Representing urban water efficiency spatially would highlight the disparities in efficiency (i.e. high-end and low-end users) that a bulk (average) quantification cannot. By disaggregating water efficiencies spatially, urban planners and decision-makers would be better informed as to where to focus policy and funding. 

			Supply internalisation

			The New Water Programme is designed to augment supply capacity into the City. Most of the designated augmented supplies come from outside the urban boundary as desalination, surface supply (Voëlvlei Dam) or TMG aquifer. Currently, supply internalisation is 13%, where internal sources comprise groundwater (8%) and recycled water (5%). With the New Water Programme, supply internalisation could increase up to 25%, assuming that water reuse schemes as well as MAR (including groundwater abstraction) contribute their full capacity (see Table 2). Further, improving supply internalisation would entail adopting a fit-for-purpose approach52, by diversifying supply and reducing reliance on external sources of water for potable use. The contributions of greywater systems, rainwater harvesting, larger-scale stormwater harvesting and the use of groundwater for hospitals/irrigation of school fields and parks have not been accounted for here due to a paucity of data. As they become more significant and more established components of the system, they will merit inclusion in further studies.

			Hydrological performance

			The hydrological performance is an indicator of the degree to which natural hydrological flows have increased or decreased relative to pre-urbanised flows36, and is a ratio of post- to pre-urbanised annual flows. A ratio of greater than 1 means that the magnitude of the annual flow is larger than that of the pre-developed landscape, and a ratio of less than 1 means it is smaller. Currently, runoff is at a ratio of 1.5 and recharge at 0.83; effectively, runoff is greater than for pre-developed landscapes and recharge is smaller due to the increase in impervious services. With the New Water Programme, runoff does not change, but recharge increases marginally to 0.84, reflecting the volumes of water redirected from WWTW effluent to MAR (Figure 3). The sensitivity of hydrological performance of recharge to evapotranspiration was assessed by varying evapotranspiration by an arbitrary ±10% (Supplementary table 7). Results show a mean hydrological performance recharge of 0.83 (±0.02), indicating that this indicator is not sensitive to uncertainty in the evapotranspiration data.
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			Practicality of using alternative sources

			Assessing the major outputs of water from the system, wastewater could theoretically replace centralised supply to the City by 63%, and stormwater runoff by 189%, which would not only improve hydrological performance of the City, but supply internalisation and diversification as well. These figures represent a theoretical upper limit of a closed-loop system and assume no wastewater is discharged into rivers and all stormwater is captured, which is not feasible, or even desirable (e.g. environmental flow requirements53). Utilising such resources is challenging; the storage and purification of alternative water sources would require a significant shift in management practices and a commitment to a holistic approach to urban water management.16 However, there are many examples where MAR has been used as a method for storing and treating urban stormwater54-56 or recycled wastewater57. 

			In Cape Town, MAR has been in successful operation in the peri-urban area of Atlantis since the 1980s.44,54 This indirect recycling of treated domestic wastewater and stormwater has proven an effective water conservation measure54 at a small scale (equating to ~1% of total bulk water supply). Modelling studies by Mauck58 have shown that MAR on the Cape Flats, as part of a larger water sensitive urban design strategy, can also mitigate the migration of pollution plumes from urban sources. Although there are several risks of implementing MAR in an urban landscape (specifically localised flooding and poor quality water), these can be significantly mitigated via the integration of (artificial) wetlands and detention ponds that act to purify water59 and, in some cases, recharge the aquifer. As wetlands in the area are hydrologically diverse in character60, further research is required to assess how feasible, from a hydro-ecological perspective, integrating wetlands into stormwater treatment could be at such a spatial scale. An estimated capacity of ~13 GL can be stored within the city-wide network of stormwater detention ponds43 and the potential to address the need for storage by using real-time control techniques is currently under investigation61. Successfully making use of stormwater resources within the urban environment provides possibilities to restore wetland and vlei (shallow lake) ecosystems throughout the City to create blue and green spaces62, in addition to mitigating against drought and flood in the form of storage. In order to fully explore the potential to store stormwater runoff in particular, the seasonal fluctuations in groundwater storage need to be included in this mass balance, as does better parameterisation of groundwater/surface water interaction in both wetland and river systems. Further still, the quality of stormwater is often a key challenge to its usability; applying the water-related nutrient efficiency indicator suggested by Renouf et al.48 would be a useful starting point in quantifying city nutrient budgets.

			Towards water sensitivity and resilience

			The performance indicators used in this study do well to assess the urban water metabolism in terms of resource efficiency, reduced reliance on external sources and improved hydrological function. However, these indicators, derived in a developed country context, do not account for socio-economic disparities in access to water. Addressing development and inequity issues, characteristic in developing countries, is noted as one of the fundamental tenets of a water sensitive design16 for the South African context63. Cape Town has a marked degree of inequality in terms of access to resources30, and in particular water29,49, where only 83% of the population has access to running water within their residential abode or backyard32. The implementation of water sensitive projects requires simultaneously addressing equitable access to basic services.64 Tackling equitable service delivery to informal settlements, in particular, is an unrelentingly complex challenge for all cities in South Africa and many others of the Global South.65 Developing an indicator of water equity that accounts for access to water services, both centralised and decentralised, is a crucial consideration in moving towards water sensitivity.

			It is worth noting that while urban metabolism provides a useful framework to benchmark sustainability of the urban water cycle, there remains a lack of adequate metrics to quantify its resilience. While there are distinct differences between these terms, they are often used interchangeably in the literature66,67, which adds challenges for the creation of adequate metrics. As recently defined by Elmqvist et al.68, sustainability is an increase in efficiency and optimisation of resource use (including equitable access) and resilience is the capacity of a system to recover from disaster events and return to desired functions. Quantifying the urban water metabolism highlights where sustainability of the water cycle could be improved and achieved. However, its resilience – an emergent property of the complex urban system – is much harder to define and thus quantify. More challenging yet in its definition is the uncertainty associated with predictions of future climate and socio-economic systems and the many potential scenarios of what a ‘New Normal’49 may look like. Including the socio-ecological functions of the urban environment (e.g. water purification of wetlands, storage capacity or behavioural changes in water use) into the urban metabolism framework may be a start in developing resilience metrics for the urban water cycle.

			Conclusion

			This research offers a first systemic quantification of the various components of the urban water cycle of Cape Town, comprising both anthropogenic and hydrological variables at a steady state. Despite scarce, and low confidence, data used to derive several variables at the macroscale, the urban water metabolism framework has proven a useful tool in assessing the performance of the City in the context of becoming water sensitive. Broadly, the performance indicators highlight that water efficiency and supply internalisation improve under the proposed New Water Programme. Hydrological performance improves only marginally; increases in groundwater recharge reflect the volumes of water reclaimed from treated effluent for MAR. No improvement to hydrological performance regarding runoff is achieved and highlights the need to reduce runoff and increase recharge further within the urban landscape. Water reuse and MAR are proposed interventions that strongly drive improved performance, and yet their contributions remain small by comparison with externally sourced water. This reinforces the benefits of ‘closing the loop’ in the City’s commitment to becoming water sensitive, notwithstanding the likely future of static or decreasing water inputs. 

			The UWMF performance indicator framework is shown to be a valuable tool in assessing the impact of management decisions and interventions on the urban water cycle of the City and its commitment to becoming water sensitive. However, including an indicator to assess water equity is critical if the framework is to be used in a developing country context and will enhance the applicability of this approach in more cities of the Global South. Finally, while the framework does well to assess the sustainability of the urban water cycle, measuring its resilience will require integrating metrics that can adequately represent more facets of the society–nature interaction of a complex adaptive urban system.
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