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Faced with the prospect of climate change and growing demands for water, water resources managers are increasingly examining the potential for inter-basin water transfers to alleviate water shortages. However, water transfers are vulnerable to large-scale spatially coherent droughts which may lead to water shortages in neighboring river basins at the same time. Under climate change, increasingly severe droughts are also expected to have greater spatial extent. We have integrated climate, hydrological and water resource modeling to explore the resilience of new transfer schemes between two neighboring water companies in Southern England. An extended historical record of river flows and large ensemble of future flows derived from climate simulations were used to explore the effects of spatial and temporal drought variability. The analysis examines meteorological, hydrological and water resource drought events and how the spatial characteristics of these droughts may change with different transfer arrangements. Results indicate that all drought types examined are expected to increase in frequency and intensity throughout the twenty-first century, but a new transfer has the capability to increase the resilience of water supplies. The analysis also highlights the importance of testing new water infrastructure against drought events that are more extreme and have different spatial patterns to those in historical records, demonstrating the value of scenario-based approaches to adaptive water resource planning.
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KEY POINTS

• Methodology to test resilience and performance of transfer infrastructure to meteorological and hydrological drought events in future climates.

• Without adaptation, probability of severe water restrictions on any given day is projected to increase by 266% in the receiving region by 2099.

• Some transfer infrastructure alleviates the impact of climate change, but this depends upon available storage in the receiving region.



INTRODUCTION

The changing climate and growth in water consumption poses new threats to water resource systems (Intergovernmental Panel on Climate Change, 2013), affecting the management of water resources (Ehsani et al., 2017) and increasing the risk of water shortages (Borgomeo et al., 2014). Notwithstanding large uncertainties in climate models, climate change is projected to alter the global hydrological cycle and transform the balance between evapotranspiration, runoff and precipitation (Liu et al., 2012). Precipitation trends and interannual variability have been shown to strongly control the water-balance (Ukkola and Prentice, 2013). Changes in precipitation patterns are therefore likely to impact the amount of water available for human use, with the potential to exacerbate droughts and associated water scarcity in water stressed areas throughout the twenty-first century (Connell-Buck et al., 2011). Previous studies suggest that drought frequency and severity are important for water supply (Marsh et al., 2007), but that historical droughts provide a poor basis for future planning because the historical record is restricted to a handful of drought events with specific spatial and temporal characteristics (Watts et al., 2015). Feedbacks between water management operations and drought are also considered important for maintaining reliable water supplies (He et al., 2017), with studies revealing that human activities influence the probability of extreme hydrological drought (van Loon et al., 2016), and manipulate the characteristics of drought along river networks (Tijdeman et al., 2018; van Oel et al., 2018; Wu et al., 2018). However, these studies are also limited to drought periods that exist in the historical record.

To ensure the resilience of water supply systems in an uncertain future, it is necessary to test the performance of water systems against a range of climatological, hydrological and socio-economic scenarios. This is particularly important for inter-basin water transfers, which rely on a reliable supply of water from one region to another. Inter-basin transfers are defined as the “transfer of water from one geographically distinct river catchment, or basin to another, or from one river reach to another” (Davies et al., 1992), and have been widely used in an attempt to artificially improve water security in water scarce areas. In 2008, ~14% of global water withdrawals were transported via transfers; a statistic which is estimated to increase to 25% by 2025 (Gupta and van der Zaag, 2008). The design of water transfers can vary considerably depending on the needs of the importing and exporting regions, with the principal transfer types classified as permanent, short-term, temporary, reclaimed, water bank, or “wheeled” (Lund and Israel, 1995b). The focus of this study is on system capacity expansion through permanent inter-basin transfers, which are designed with the aim to (i) increase capability to meet demands, and (ii) improve long-term water system reliability.

Several efforts have been made to understand the value of inter-basin water management in alleviating water supply shortages during historical drought events. Cooperative transboundary management of water resources in the Blue Nile Basin has been shown to improve water security during drought events, but careful coordination is required to avoid harmful impacts to downstream water users (Wheeler et al., 2018). In the western US, transfers have played an important role in managing water resources, with short-term emergency water transfers providing rapid response to emergency conditions during the 1991 and 1992 Californian droughts (Lund and Israel, 1995b), and cost-effective spot-market water transfers contributing to California's pool of traditional water supplies (Lund and Israel, 1995a). At a continental scale, India's National River Linking Plan aims to resolve national water scarcity issues by creating an interconnected water grid that transfers water between 37 rivers (Purvis and Dinar, 2020). The ambitious plan has received mixed reviews, with concerns raised regarding the geomorphological response to infrastructural changes and forced displacement of local communities (Gupta and van der Zaag, 2008). As with other capacity expansion options, large scale transfers offer trade-offs between cost, revenue and reliability for the water managers (Zeff et al., 2014), with different inter-utility transfer agreement mechanisms offering risk reduction for both the water buyer and seller (Lund and Israel, 1995b; Caldwell and Characklis, 2013). Careful consideration of the impact of contractual transfer agreements on the environment is also key, with licensing agreements potentially benefiting consumers at the expense of increased risk to riverine habitats (O'Keeffe and De Moor, 1988; Wildlife Countryside Link, 2016; San-Martín et al., 2020).

Permanent inter-basin water transfers incur costs and benefits, the balance of which differs for the water exporter and the water importer (Gupta and van der Zaag, 2008). As indicated above, these can include large financial costs incurred from construction and operation of transfer infrastructure, adverse ecological impacts, sustainability issues, and uncertain economic efficiencies afflicting existing transfer schemes (Purvis and Dinar, 2020). Whilst they are designed to improve security of supply, there are inevitable limits to the reliability of water transfers as well as potentially negative impacts. For this reason, water planners must test proposed transfer infrastructure and operating policies against a wide range of water supply, demand and socio-economic scenarios that contain conditions beyond what has been observed within historical records.

When designing transfer schemes, it is imperative that water planners understand the spatial coherence and intensity of drought events in neighboring basins, ensuring that adaptation in one region does not lead to water shortages in another. This is important because transfers from a source location vulnerable to the same extreme drought events as the receiving location are more likely to fail than transfers between locations that have a low probability of coincident drought (Rahiz and New, 2012). For example, analysis of climatic-hydrological relationships in the headwaters of the Tagus River in central Spain revealed that over-use of the Tagus-Segura Water Transfer in periods containing severe climatic droughts resulted in declined natural flow and lower reservoir levels in the transfer source region (Lorenzo-Lacruz et al., 2010). Further mismanagement of the transfer during critical periods affected economic activities in the transfer source region (Hernández-Mora and Del Moral, 2015), altered the downstream river environment through reduced hydraulic connectivity, and fuelled socio-political conflicts between the donor and recipient basins (San-Martín et al., 2020).

Previous work has examined the reliability of small treated transfers in the eastern United States against (i) historical observations (Palmer and Characklis, 2009) and (ii) stochastic streamflow data created using historical records (Kirsch et al., 2013; Zeff et al., 2016). For the purpose of exploratory modeling, artificial streamflow time series with increased frequency and intensity of droughts have also been used, generated by modifying streamflow generators (Herman et al., 2016). This research incorporates some aspects of potential future climates into transfer reliability assessments, relying on extreme events in the historical record to “stress test” adaptation options. More recent work examined the influence of within-basin raw water transfer (RWT) schemes on reliability and financial objectives when simulated against the future hydrologic conditions, with analysis revealing that RWT can reduce requirements for demand management interventions and inter-basin treated transfers, and contribute to lower regional financial risk (Gorelick et al., 2018). However, the eastern US-based studies do not fully account for spatial characteristics of drought types that may help to explain the ways in which transfers can prevent (or aggravate) water resource droughts during periods of extreme climate conditions and increased demand pressures. As Gorelick et al. (2018) hypothesize, the utility of raw water transfers are likely to depend on many features of the transfer regions, including available water storage, infrastructure, demand growth rates, and spatial correlation of hydrologic events. Furthermore, the studies only investigate transfers that move small volumes (<100 Ml/d) of water, the conclusions of which may not be scalable to larger, inter-basin untreated water transfers. There is therefore considerable scope to investigate the operation of high-volume inter-basin transfers under future scenarios of change, and the impact these transfers have on water system performance in both exporting and importing regions.

The new large ensembles of climate model simulations used in this study, along with extended series of historical observations and demand growth scenarios, provide the opportunity to test the joint probability of coincident droughts more thoroughly than has hitherto been the case. We combine this with simulation modeling of the operation of water transfers, including a variety of strategies for how risks may be shared between neighboring water utilities. This study aims to (i) explore the resilience of new high-volume inter-basin water transfer infrastructure with different operating agreements to severe meteorological and hydrological drought events, and; (ii) evaluate the level of risk and reliability of a given version of transfer infrastructure during drought events and water demand pressures not present in the historical record. The novel methodology proposed here demonstrates the importance of using large climate ensembles containing a wide range of climatological extremes in long term water resource planning, providing a mechanism to explore the joint occurrence of different types of drought events and associated consequences on transfer operation, cooperation and reliability.

The following analysis focuses on new unidirectional transfer infrastructure in south east England, connecting two private water companies, Severn Trent Water and Thames Water, who together supply more than 18 million people a year (Severn Trent, 2019; Thames Water, 2019a).



STUDY AREA, DATA, AND MODELING FRAMEWORK


Study Area

This study investigates the spatial characteristics of meteorological, hydrological and water resource drought in Southern England (Figure 1). Meteorological and hydrological drought are calculated for the Severn to Deerhurst and Thames to Kingston catchments and are consistent with the basins used in the UKCP09 climate projections (UKCP09, 2009) and the Severn Thames Transfer Study area (Rudd et al., 2018).
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FIGURE 1. Study area.


Climate characteristics in southern England vary between regions, with a gradient of precipitation from west to east caused by prevailing westerly weather systems (Fleig et al., 2011). This is reflected in observations of average annual precipitation, which was 724 mm in the Thames catchment to Kingston and 793 mm in the Severn catchment to Deerhurst from 1961 to 1990 (NERC CEH Wallingford, 2018). Historical precipitation records reveal that meteorological droughts commonly occur in both the Severn and Thames basins, but the impact of droughts vary depending on the duration, severity and management of the event (Vidal and Wade, 2009). In south east England, drought events are attributed to southerly weather fronts bringing warm air from continental Europe (Fleig et al., 2011). Droughts in the west can be explained by severe rainfall deficiencies (Marsh, 2007; Marsh et al., 2007) and circulation anomalies in the North Atlantic Oscillation (Rahiz and New, 2012).

Several studies have explored the spatial and temporal patterns of projected twenty-first century meteorological droughts in the UK (Fowler et al., 2007; Vidal and Wade, 2009; Burke et al., 2010; Rahiz and New, 2013). Whilst estimations of future precipitation at regional scale are considerably uncertain (Hawkins and Sutton, 2011), general patterns of change can be inferred from ensembles of climate projections. For example, the UK Climate Projections 2009 (UKCP09; Murphy et al., 2009) ensemble estimate median decreases in summer precipitation in southern England of −40% (confidence interval of −65–6%). Likewise, results from the Weather@Home modeling experiment by Guillod et al. (2018) reveal large decreases in summer precipitation across the UK for time periods in the middle and end of the twenty-first century. Rahiz and New (2013) present an analysis of twenty-first century droughts in the UK using monthly precipitation projections from the perturbed-physics ensemble, HadRM3-PPE-UK, to estimate a drought severity index. Results show an ensemble-mean increase in drought intensity, drought covariance and frequency of drought months for the Severn and Thames regions in the second half of the twenty-first century. The findings support earlier work by Vidal and Wade (2009), Fowler et al. (2007), and Fowler and Kilsby (2004) who also report increased drought risk in south east England. Overall, future projections suggest that by the end of the century droughts could be more spatially coherent, with large meteorological droughts in south east England affecting multiple catchments and threatening both existing and proposed water supply infrastructure.

Analysis of historical flow records reveal few changes in the pattern of hydrological drought and low flows in the UK in the twentieth century (Hannaford and Buys, 2012; Watts et al., 2015; Rudd et al., 2017). Streamflow records from the Severn and Thames basins document historic hydrological drought events, with 15 major droughts in the Thames at Kingston and 17 in the Severn at Deerhurst between 1963 and 2015 (Rudd et al., 2018). These droughts varied in duration, severity and intensity, and had wide ranging impacts on the water sector. The 2004–2006 drought, for instance, impacted water supplies to over 13 million water consumers in south east England. Regional spring failures, low river flows, decreased stream connectivity and depleted groundwater levels resulted in increased stress in riverine environments and widespread implementation of drought mitigation measures. In the period between November 2004 and August 2006, total river flow in the Thames Basin fell to 56% of the long term average, while flows in the Severn dipped to only 74% of the long term average (Marsh et al., 2007). With careful management, water transferred from the Severn (or other less stressed areas) may have helped to alleviate environmental and demand pressures in the Thames Basin during this period.

Multiple methods exist to investigate future changes to streamflow and hydrological drought. For example, Hannaford et al. (2011), developed a “drought from drought” forecasting methodology to identify streamflow droughts in Europe based on drought developing in neighboring regions. Other studies have looked into the effects of climate change on groundwater resources in southern England (Jackson et al., 2011), evaluated the use of perturbed physics ensemble of climate models on water resource planning in south west England (Lopez et al., 2009), explored uncertain changes in low flows in the River Thames using statistical downscaling techniques and hydrological modeling (Wilby and Harris, 2006), and conducted multi-model assessments of water resources in the Thames catchment (Manning et al., 2009). A significant study of future changes to hydrology in Great Britain was conducted by Prudhomme et al. (2013), who developed a set of 11 transient daily river flow projections from 1951 to 2098 for 282 river sites using the HadRM3-PPE ensemble and a single hydrological model. Results indicate that spring and summer flows may decrease by −40 to −80% for most of the UK by the 2050's, whilst in autumn river flow may experience up to −80% decreases in the south and east of the country. Changes to mean annual flow were projected to be greatest in the west, with a reduction of up to −40%. However, the baseline simulations showed large deviations from observations in the pre-2000 reference period, due to climate modeling uncertainty and difficulties in validating naturalized flows in highly regulated systems, particularly during periods of low flow (Prudhomme et al., 2013). Moreover, 11 flow series were not a sufficiently large sample to robustly characterize the spatial statistical properties of extreme droughts. The more recent study by Rudd et al. (2019) uses ensembles of twenty-first century emissions driven climate model data to investigate future changes in river flow and soil moisture droughts in catchments across Britain. Results from the threshold based approach indicate increased peak intensity, severity, duration and spatial extent of hydrological droughts in the south east by the end of the century, attributed to overall drying and increased potential evapotranspiration (Rudd et al., 2019).

Recent work has also projected increases in the frequency and intensity of coincident hydrological droughts—the likelihood of drought events occurring simultaneously in neighboring basins (Rahiz and New, 2012)—in the Severn and Thames, with the likelihood of droughts in the Thames affecting conditions in the Severn increasing into the future (Rudd et al., 2018). Correspondingly, the likelihood of non-coincident drought (when the Thames is in drought, but the Severn is not) is projected to decrease. The results emphasize the importance of evaluating future transfer infrastructure relying on water supply from the Severn to the Thames, as periods when the Thames is water stressed are more likely to coincide with periods when the Severn may not be able to spare water via the transfer scheme.

Management of water resources in the Severn and Thames Regions are overseen by the privately owned water companies, Severn Trent Water and Thames Water. Thames Water primarily supplies water from off-line raised reservoirs near population centers that are filled directly from the River Thames and from groundwater sources. Severn Trent's water supply is regulated by upstream on-line storage reservoirs. Operation of the reservoirs and river abstractions are regulated by operating agreements, as described in Section water resource drought analysis. The companies must report periodically to the economic and environmental regulators, OFWAT and the Environment Agency, respectively, submitting investment plans outlining how supply to water customers will be secured into the future. In 2013, Thames Water was classified as being under serious water stress due to climate change and increasing population pressures. In contrast, Severn Trent Water was only moderately stressed (Environment Agency and DEFRA, 2013). For this reason, a strategic water transfer option between the Severn and Thames basins is under review, with evaluations ongoing of its feasibility to provide reliable water supply for Thames Water customers and the wider south east region during periods of high water stress (Thames Water, 2019b).



Data and Models

This section provides an overview of the data and models used in this study. As parts of the data and modeling framework have been previously been applied elsewhere (Guillod et al., 2017, 2018; Coxon et al., 2019; Dobson et al., 2020), Sections historical precipitation to modeled flows provide abbreviated descriptions of the climatological and hydrological modeling framework. Sections water resource modeling, groundwater flows, and water demand and water transfer strategies describe the water system model and infrastructure strategies to be simulated using historical and projected scenarios.


Historical Precipitation

Historical precipitation time series used in this study were obtained from the Center for Ecology and Hydrology (CEH) GEAR 5 km resolution historical monthly areal rainfall dataset for the United Kingdom (1890–2017) (Tanguy et al., 2019). Grid points for analysis were selected if they fell within the Thames to Kingston and Severn to Deerhurst catchment boundaries (Figure 1). Total precipitation for each month in the 127-years period was calculated by adding the precipitation at each grid point within the two catchment boundaries. This resulted in two aggregated catchment time series of monthly precipitation.



Modeled Precipitation

A large set of weather sequences from the Weather@Home (W@H) platform are used in this study (Massey et al., 2015; Guillod et al., 2017, 2018), which are generated using a Global Circulation Model (HadAM3P) downscaled with the Met Office Regional Climate Model, HadRM3p, and driven with historic (HasISST) and projected (CMIP5) sea surface temperatures (SST) and sea ice. W@H is a “citizen science” project that benefits from the unused computing power of thousands of participants to generate large ensembles of climate model runs. HadAM3P is suited to the W@H platform, representing atmospheric dynamics in the mid-latitudes well-compared to other GCMs (Mitchell et al., 2017). HadRM3p is also appropriate for the current application, having reproduced accurate distributions of daily mean temperature and precipitation over Europe (Massey et al., 2015). In recent years the Weather@Home modeling platform has been used to study the impact sea surface temperature driven extreme weather events in England (Haustein et al., 2016), heat related mortality in London and Paris (Mitchell et al., 2016), flood damage in southern England (Schaller et al., 2016), and national scale drought severity and intensity (Rudd et al., 2019; Dobson et al., 2020). The Weather@Home climate sequences have also been used successfully in a risk-based planning framework in the Thames Basin, reproducing historical weather observations well (Borgomeo et al., 2018).

The Weather@Home dataset contains precipitation (P) and evapotranspiration (PET) time series at a 25 km resolution, which is then downscaled to 5 km resolution. Precipitation sequences are bias corrected using a linear approach with monthly bias correction factors. The small biases in temperature were not corrected. A complete description of the bias-correction methodology, validation process and resulting data is presented in Guillod et al. (2017, 2018). In summary, the bias correction offers correction for seasonal biases in mean precipitation, but does not affect higher-order moments of the rainfall distribution (Guillod et al., 2018).

This study uses modeled P and PET for the Severn and Thames catchments from the Weather@Home dataset, grouped into three ensembles:

• 100 realizations of the Baseline period (1975–2000), generated using different initial atmospheric conditions, and historic SST and sea ice records from HasISST (Rayner et al., 2003; Titchner and Rayner, 2014);

• 100 realizations of the Near Future period (2020–2049), generated using 50th percentile SST and sea ice projections [CMIP5, (Taylor et al., 2012)] under Representative Concentration Pathway (RCP) 8.5 (Meinshausen et al., 2011);

• 100 realizations of the Far Future period (2070–2099), generated using 50th percentile SST and sea ice projections under RCP8.5.

As with the historical precipitation time series, total precipitation for each catchment is calculated by summing individual precipitation at grid points within the catchment boundaries. The future ensembles are used here to examine the impact of climate change on meteorological, hydrological and water resources drought. Because RCP8.5 represents the upper bound of projected global emissions scenarios, it is appropriate for climate impact assessments focussing on extreme conditions.



Modeled Flows

Rainfall-runoff modeling was performed using the DECIPHeR (Dynamic fluxEs and ConnectIvity for Predictions of HydRology) model, developed by Coxon et al. (2019). DECIPHeR is a hydrological modeling framework developed to simulate and predict flows for catchments across multiple spatial scales with different hydrological characteristics. The hydrological model consists of sub-catchment-based hydrological response units (HRUs) which group hydrologically similar areas according to landscape attributes and spatial variability of climatic inputs. HRUs reduce model run time (see Appendix 1 in Supplementary Information), thus allowing for extensive simulations driven by large ensembles of climate conditions.

The DECIPHeR modeling framework was first used by Coxon et al. (2019) to simulate historic flows at 1,366 catchments across Great Britain, performing acceptably against four metrics of model performance. To calibrate the model, historic daily observed P (Tanguy et al., 2019) and PET (Robinson et al., 2016) were used to run 10,000 model simulations with Monte Carlo sampled parameter sets. Evaluation of the 10,000 simulations showed good model performance across the 1,366 flow locations, with 92% of catchments achieving a Nash-Sutcliffe efficiency score > zero (Coxon et al., 2019).

DECIPHeR has since been used to generate ensembles of historical and future naturalized flows for 338 catchments across England and Wales (Dobson et al., 2020). The flows were generated using historic daily observed P (Tanguy et al., 2019), PET (Robinson et al., 2016), and the 10,000 parameter sets from Coxon et al. (2019), and were evaluated against daily naturalized flows supplied by England's Environment Agency. The best parameter sets for each catchment were identified according to NSE and logNSE scores, and used to simulate daily flows for the 338 catchments under historic and future climate change projections. This study follows the same hydrological modeling framework outlined by Dobson et al. (2020), using the best DECIPHeR parameter set for the Thames and Severn basins to simulate historic and future flows. Daily historic flows were simulated using CEH GEAR daily observed P (Tanguy et al., 2019) and PET (Robinson et al., 2016), whilst daily flows for the Baseline (1975–2000), Near future (2020–2049) and Far Future scenarios were simulated using the Weather@Home projections described in Section modeled precipitation. Appendix 1 lists the NSE and logNSE of the calibrated historic DECIPHeR flows for the Thames at Teddington (station 39001) and Severn at Saxons Lode (station 54032; Severn at Deerhurst was not included in the model evaluation).



Water Resource Modeling, Groundwater Flows, and Water Demand

The water system model used in this study of the Severn Trent and Thames Water supply systems has been extracted and adapted from the national water resource model, WREW, presented in Dobson et al. (2020). The Severn Trent Water and Thames Water water resource systems are represented by a series of nodes and arcs in the minimum cost capacitated network flow program model, WATHNET-5 (Kuczera, 1992). The arcs represent flow pathways (rivers and pipes) that connect stream, reservoir, groundwater, demand, and waste nodes. In simulation, the model solves a mass balance optimization problem at each time-step, moving water along arcs within the network to minimize demand shortfalls. Each arc is assigned a positive, neutral (zero) or negative cost, which influences the likelihood of flow through an arc. For example, if one water source is more preferable than another it will be assigned a negative cost. Environmental flow arcs are assigned a negative cost to increase the likelihood of a minimum required flow (MRF) being met. Demand shortfall arcs are assigned a very high positive cost, as an incentive for the network flow program to ensure demand is satisfied. In some scenarios a trade-off between demand shortfalls and MRF may emerge. The assumptions made regarding arc cost influence the movement of water throughout the system network. The sensitivity to changes in arc cost assignments are not explored in this study; a notable limitation of the modeling experiment. However, the water system model is a product of collaboration between the University of Oxford and key stakeholders in the UK water industry. Previous work has shown that the model is capable of producing outputs similar to those achieved using water company models (Dobson et al., 2020). It is therefore well-suited to climate impact studies such as the one presented in this paper.

The river flows generated by DECIPHeR are used as stream inflows, represented by the crosses in Figure 1. Groundwater inflows are set at the license abstraction limit, defined by the Environment Agency (Environment Agency, 2013). The reservoirs can directly store stream inflows or by pumped abstractions from rivers, depending on the nature of the infrastructure. The demand nodes act as sinks in the network and represent the demand required from municipal, industrial and agricultural water users. Between 1999 and 2014, agriculture used 3.8% of total surface water abstractions in the Thames, and 2.0% in the Severn. In the same period, public water supply accounted for 88.0% of abstractions in the Thames, and 68.0% in the Severn. The remaining water was used by industry or other abstractors (Environment Agency, 2013). Historical demand is estimated using dry year annual average distribution input at water resource zone level and annual demand profiles, and paired with the historic CEH GEAR-DECIPHeR flow scenario. Ten scenarios of future municipal water demand for each water company are estimated from the dry year annual average distribution input at water resource zone level and scaled according to Severn Trent and Thames Water water resource planning tables and demand profiles (Severn Trent, 2019; Thames Water, 2019a). Differences in projected demand scenarios typically result from (i) different rates of population growth and (ii) changes in per capita consumption (Beh et al., 2014). The range of projected demand is presented in Appendix 2. Each future demand scenario is coupled with the 100 Baseline, Near Future and Far Future DECIPHeR flow scenarios, to create a library of 3,000 scenarios (total of 85,000 simulation years). WATHNET-5 is used to simulate the water resource system at a daily time-step under different climate and demand scenarios. Simulation output can include demand deficits, end of step reservoir storage and frequency of water restrictions imposed on customers.



Water Transfer Strategies

The main infrastructure option to be evaluated is the proposed raw water transfer from Deerhurst on the River Severn to a location in the Upper Thames catchment. Five transfer capacities are evaluated. The first four tested [300, 500, 700, and 900 mega liters per day (Ml/d)] are limited by the infrastructure capacity to move the water (i.e., the size of the pipe). The 300 and 500 Ml/d transfers are based on the Water Resource Management Plan 2019 (WRMP19) planning options (Thames Water, 2019a), with the larger 500 Ml/d capacity transfer being supported by redeployment of 200 Ml/d of water from the Vyrnwy Reservoir in the Severn headwaters. The 700 and 900 Ml/d transfers are evaluated to assess the impact of larger capacity transfers during future drought scenarios, though these larger transfers are not currently being considered by Thames Water or Severn Trent Water due to environmental challenges. Transfer capacities of this size are uncommon, although not unheard of in water resource planning assessments. For example, following the 2004–2006 drought an investigation was launched into large-scale water transfers in the UK, assessing the feasibility of a multi-pipe 1,100 Ml/d transfer from the northern Pennines (north west England) to London. Findings indicated that the financial cost of large-scale transfers would greatly exceed costs of regional capacity expansion options, but transfers of this scale may be necessary if water companies' existing resource management plans prove inadequate in the face of future water supply and demand pressures (Environment Agency, 2006). For context, 900 Ml equates to (i) ~0.3% of the combined volume of reservoirs in the Severn water supply system, and 0.41% of the combined reservoirs in Thames Water, and (ii) ~71% of historical daily demand in Severn Trent and 35% in Thames Water (estimated from simulation of the water system model from 1962 to 2015 using historic CEH GEAR climate sequences).

The final transfer option assumes unlimited capacity, so all flows above the 1,800 Ml/d MRF (Environment Agency, 2014) in the Severn at Deerhurst can be transferred to the Thames Basin. This option is included in the analysis (i) to identify the volumes of water that would be taken for use in the Thames Water system if no infrastructural, financial or environmental constraints existed, and (ii) to explore the impact this would have on hydrology and customer service in the Severn. Importantly, the strategy is purposefully experimental in design and bears no resemblance to real world transfers. The operation is coded to minimize the frequency with which the flows at Deerhurst fall below the MRF, and as a consequence may result in some days when flow fails to meet the MRF.

We also test strategies in which there is a new reservoir situated in the Upper Thames Basin, to explore the value of additional storage in the Thames Water system working in tandem with the transfer scheme. This reservoir (South East Strategic Reservoir) is also being considered by Thames Water as a feasible planning option to manage future climate change and demand side pressures (Thames Water, 2019a). The new reservoir has an initial storage of 75,000 Ml and the operating rules governing inflow into the reservoir and releases from the reservoir are based on rules used for the London reservoirs.

Three transfer operating rules are investigated. The first rule (unconditional) allows Thames Water to use the volume of water equivalent to total capacity of the transfer as frequently as is needed, limited only by water availability in the Severn basin. This rule ignores the consequences of taking water that could otherwise be used by Severn Trent Water and is consistent with Lund and Israel's definition of a permanent transfer, which “involves the acquisition of water rights and a change in ownership of the right” (Lund and Israel, 1995b). The second rule (conditional) only allows transfer of water left over in the Severn at Deerhurst, after all of the water requirements in Severn Trent have been satisfied. This rule is aligned with common riparian water rights, as Severn Trent does not need guarantee water availability for Thames Water, but should ensure that the flow and quality of transferred water remains acceptable (regardless of volume or timing). Rule two is designed to ensure that Severn Trent Water customers are not subject to decreased water supply in order to provide for Thames Water. The third rule (shared risk) follows the same principles of rule one, but also assumes that whenever Thames Water experience a severe water restriction, Severn Trent must impose an equivalent water restriction. This is to encourage full cooperation (i.e., maximum transfer deployment) between the two companies during periods of high drought risk in the Thames. Rule three does not follow traditional riparian rights doctrine and, like the unlimited transfer strategy, is experimentally designed to investigate the impact of this management style on water system performance under drought.

The transfer strategies are outlined in Table 1. In the water system model, the transfer arc connecting the Severn and Thames water resource systems is assigned a positive cost to ensure that water is only transferred when it is beneficial for the receiving region.


Table 1. Transfer strategies to simulate under flow and demand scenarios.
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METHODOLOGY


Overview of Workflow

Figure 2 provides an overview of the workflow used in this study. The framework uses a large ensemble of climate scenarios containing a wide array of drought events and multiple demand scenarios. The workflow provides a mechanism to explore drought impacts on transfer reliability, water supply and water use restrictions. The methodology is also designed to investigate how spatial patterns of drought may change throughout the twenty-first century, and how this may impact cooperation between water companies operating in neighboring basins.


[image: Figure 2]
FIGURE 2. Workflow with data sources, scenarios, and model outputs.




Meteorological Drought Analysis

Standardized Precipitation Index (SPI) is used to classify meteorological drought within the two study catchments. The index identifies the relative departures of precipitation from normality for a given location, and has been widely used to identify drought events (Hannaford et al., 2011; Bayissa et al., 2018) and analyse the spatial patterns of drought (Vicente-Serrano, 2006; Fleig et al., 2011). The index is calculated following the sequence outlined by McKee et al. (1993), using a monthly precipitation time series (Appendix 3). Calculated SPI values are scale-independent, fluctuating between negative (dry periods) and positive (wet periods) values. This makes SPI ideal for spatial analyses of drought in across multiple locations.

SPI is commonly used as an indicator of drought intensity over a specific time period. Here, intensity is represented by the degree of precipitation deficit (i.e., the value when the index is below zero). The values can be classified to represent different categories of meteorological drought, as shown in Table 2. For short time-scales (1–6 months) the index is expected to fluctuate at a high frequency and is suitable for identifying soil moisture deficits and agricultural droughts. SPI fluctuates at a lower frequency for longer time-scales and is more indicative of changes to surface water resources (Edwards and Mckee, 1997). In the context of the framework presented here, we are interested in choosing an index time-scale that reflects the state of water resource supplies in the study area(s). This study therefore uses 12-months observation periods to classify meteorological drought. As Dobson et al. (2020) demonstrate in their spatial analyses of drought and water scarcity, a 12-months observation period is well-suited to identifying meteorological and hydrological droughts that impact water resource supplies in England and Wales (Dobson et al., 2020). In addition to this, 12-months lags are commonly used in drought analyses by water industry practitioners (e.g., Hunt and Wade, 2016). However, the proposed framework lends itself to additional investigation into the relationship between water system state and drought indices of a shorter period. For instance, shorter time-scales may be more relevant for regions without significant water supply storage infrastructure, as short-term rainfall will be more relevant for the planning issues faced by water managers.


Table 2. Drought categories as defined by SPI value (McKee et al., 1993).
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To calculate SPI, aggregated monthly precipitation series from the historic CEH GEAR and W@H data sets are first formatted for the two catchments. The GEAR dataset is used to define Gamma parameter estimates for averaging periods in both catchments, which are then used to calculate the cumulative distribution of the precipitation datasets and subsequently standardized precipitation indexes. The resulting dataset contains catchment specific SPI time series for the historic record and the W@H ensemble (total of 301 time series per catchment).

The method outlined by Rahiz and New (2012) is used here to examine the coincidence of major droughts in the Severn and Thames. This approach identifies scenarios within the ensemble containing meteorological droughts occurring simultaneously in both catchments that are equal to or worse than the 5, 10, and 25th percentile drought intensities in the Baseline ensemble. The library of coincident drought events is analyzed to provide an estimate of the probability of coincident drought for the Baseline, Near Future and Far Future ensembles and indicate how the spatial patterns of meteorological drought with different intensities may change into the future.



Hydrological Drought Analysis

Twelve-months Standardized Runoff-discharge Index (SRI) is used to identify hydrological drought events in the historical and future DECIPHeR flow ensembles. The process to calculate SRI is akin to the SPI calculation using a distribution to fit observed or modeled flow data. Research has shown that parameter distributions should well-represent seasonal streamflow regimes and extreme flows (Vicente-Serrano et al., 2012). This is especially important for studies using short-term drought indices (1-, 3-, and 6- months), which are more susceptible to seasonal changes. As this study examines 12-months lag SRI, it is not necessary to vary the distribution intra-annually to take into account seasonality.

In line with the process described in Section meteorological drought analysis, we use a Gamma distribution to calculate SRI. Previous research has used a Gamma distribution to define streamflow in the Feather River Basin in California (Shukla and Wood, 2008), and for multiple catchments across England and Wales (Dobson et al., 2020). Here, SRI is calculated at a 12-months lag for the Severn at Deerhurst (NRFA station 54110) and the Thames at Kingston (NRFA station 39001), which are the most downstream locations in each basin that can be represented in the DECIPHeR model. To obtain flows for the Severn at Deerhurst we aggregate data from two inflow points upstream of Deerhurst (Severn Bewdley incremental and Avon Incremental); for the Thames at Kingston we use the data from the Teddington Weir inflow point. A one-sample Kolmogorov-Smirnov (KS) test is used to ensure that a Gamma distribution is suitable to define streamflow and precipitation in the two study regions. The KS test evaluates the hypothesis that the calculated historic SRI and SPI time series come from a standard normal distribution (Appendix 3).

We use the historic CEH GEAR driven DECIPHeR flows (1962–2015) to define the Gamma parameter estimates used in the SRI calculation. This is because the recorded observed flow at Deerhurst gauging station contains only 17 years of flow (1995–2012) and has two extended periods of missing data in 2007 and 2011 (NERC CEH Wallingford, 2018). The resulting dataset contains catchment specific SRI time series for the historic record and the W@H ensemble (total of 301 time series per catchment).



Water Resource Drought Analysis

When reservoir levels are low, water companies can impose restrictions on water use as part of their drought plans. The frequency of water use restrictions of given levels of severity imposed upon customers is used as a metric of water shortages in the Severn Trent and Thames Water regions (Table 3). Level 1 and 2 restrictions are fairly modest and do not represent a significant hardship or economic loss to most water users, but Level 3 restrictions are more severe and Level 4 restrictions are considered to be extreme. Restrictions are imposed based on the current storage of key reservoirs within the water system (Figure 3) In Severn Trent Water, restriction level is determined by water levels of the Elan Valley and Derwent Water reservoirs; in Thames Water it is dependent on the combined water levels of the London Storage reservoirs. To avoid imposing unnecessary restrictions to their customers, Severn Trent Water can draw water from other reservoirs in the Severn system (Blithfield, Draycote, Clywedog, Carsington and Ogston, Melbourne, Cropston, and Thornton) before the Elan and Derwent reservoirs are allowed to fall below the thresholds for water restrictions. This is in contrast to the Thames system, which contains no other regulating reservoirs (Thames Water's Oxfordshire reservoir, Farmoor, cannot be used to alleviate water restrictions in London). We use the WATHNET-5 model to calculate the frequency of water restrictions being imposed in the two regions. The simulation results are then used to identify transfer strategies that reduce the probability of restrictions.


Table 3. Example of levels of water use restrictions to customers in Thames Water and Severn Trent Water (Severn Trent, 2019; Thames Water, 2019a).
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FIGURE 3. Control diagram for Derwent Valley, Elan Valley, and London Reservoirs showing reservoir levels resulting in water restrictions to public water customers.


Coincident water resource drought is calculated using a similar methodology as hydrological and meteorological coincident drought, identifying periods within the simulation when Severn Trent and Thames Water are exposed to water restrictions in the same month. Simulation will reveal how the occurrence of coincident water resource drought change with different transfer strategies through time.




RESULTS


Meteorological Drought

Table 4 depicts the probability of drought months in the CEH GEAR and W@H ensembles with an SPI value equal to or worse than the 5, 10, and 25th percentiles in the W@H Baseline ensemble for each catchment. Here, values below the 5th percentile represent severe and extreme droughts, below the 10th percentile represent moderate drought (or worse), and below the 25th percentile represent mild drought (or worse). For the Severn to Deerhurst this includes drought months with an intensity equal to or < -1.84,−1.42, and−0.74, respectively, and in the Thames to Kingston months ≤ -1.57,−1.18, and−0.56, respectively. The results indicate that the number of months with SPI values worse than the Baseline ensemble will increase into the future for both catchments, more so for the Severn to Deerhurst than the Thames to Kingston. The results also suggest that the W@H Baseline ensemble contains fewer mild, moderate and severe meteorological drought events in the Severn than the CEH GEAR dataset (historic), but more in the Thames catchment.


Table 4. Probability of months in historic (CEH GEAR), Baseline, Near Future, and Far Future ensembles with 12-months SPI values <W@H Baseline 5, 10, and 25th percentiles for Thames and Severn study areas, individually and simultaneously.
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Table 4 also lists the probability of months in the W@H ensembles with an SPI value less than the W@H Baseline 5, 10, and 25th percentiles in both catchments in the same month. Coincident drought occurrence also increases into the future, with over 1 in 10 months in the Far Future ensemble experiencing a severe drought simultaneously in the Thames and Severn catchments. The frequency of mild droughts also increases into the future, with roughly 40% of all months in the Far Future ensemble experiencing SPI values worse than the historic 25th percentile. This means that 2 in 5 months experienced SPI values < -0.74 in the Severn to Deerhurst catchment and−0.56 in the Thames to Kingston catchment simultaneously. Figures 4A,C,E show that the changing spatial dependence of meteorological droughts across both basins is the main driver for increased drought frequency. The area under the curve gives the probability of any given month in each W@H ensemble experiencing a severe (4a), moderate (4c), or mild (4e) meteorological drought in only one or both catchments. The area is divided into three segments: the top segment (light green) represents the probability of any given month in each ensemble experiencing a drought of given severity in the Severn, but not in the Thames catchment; the middle segment (blue) represents the probability of any given month in each ensemble experiencing a drought of given severity in the Thames, but not in the Severn catchment; the bottom segment (orange) shows the probability of a coincident drought of the same severity occurring. The complete set of results from the non-coincidental meteorological drought analysis is presented in Appendix 4. The plots show that, for all drought severities, the increase in drought occurrence is caused by a large growth in the probability of coincident droughts. This suggests that meteorological droughts will become more spatially coherent throughout the twenty-first century.
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FIGURE 4. Stacked bar graph showing probability of coincidental and non-coincidental metrological (A,C,E) and hydrological (B,D,F) drought events of different severities occurring throughout the W@H future.




Hydrological Drought

Twelve-months SRI time series were calculated using DECIPHeR flows for the Thames at Kingston and Severn at Deerhurst. The SRI values generated with the CEH GEAR DECIPHeR flow time series are compared to the W@H ensemble driven DECIPHeR flows. Table 5 shows the probability of hydrological drought months in the flow ensembles with an intensity equal to or worse than the 5, 10, and 25th percentiles in the Baseline flows. In both catchments 12-months SRI values increase at a similar degree as 12-months SPI, which suggests that projected changes in precipitation and streamflow are closely related. However, unlike SPI, all severities of SRI drought events in the CEH GEAR time series (historic) are less probable than the W@H Baseline, a likely consequence of parameterisation in the hydrological modeling. Future work could explore the sensitivity of hydrological drought severity and frequency to parameter set choice.


Table 5. Probability of months in Historic, Baseline, Near Future, and Far Future flow ensembles with 12-months SRI values <W@H Baseline 5, 10, and 25th percentiles for Thames and Severn study areas, individually and simultaneously.
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The similar values of coincident drought listed in Table 5 for the historical and Baseline ensemble indicate that the DECIPHeR flows reproduce both independent and cross catchment features of the two regions well. Consistent with the SPI analysis presented in Section meteorological drought, these results suggest an increase in severe coincident hydrological drought throughout the twenty-first century, with coincident drought in the Near Future ensemble occurring more than double the frequency than coincident drought in the Baseline ensemble, and over four times more often in the Far Future. Moreover, mild coincident hydrological drought (25th percentile) occurs nearly once every 3 months in the Near Future ensemble and every 2 in 5 months in the Far Future ensemble. This will likely have a drastic impact on water supply and service to customers.

Figures 4B,D,F support the hypothesis that an increased spatial coherence of hydrological droughts is the main driver for the increase in drought frequency throughout the twenty-first century. The complete set of results from non-coincident hydrological drought analysis is presented in Appendix 5. The plots show that for all drought severities the increase in probability of hydrological droughts is caused by a large rise in coincident droughts. The results suggest that the likelihood of droughts occurring in one basin but not the other will remain fairly constant throughout the twenty-first century, whilst droughts affecting both catchments simultaneously will become more common. Again, this will impact the operation and success of inter-basin transfers reliant on movement of water during high stress periods.



Water Resource Drought

The 26 transfer strategies were simulated in WATHNET-5 at a daily time-step against the library of DECIPHeR flows and demand scenarios. The level of water restrictions in Severn Trent Water and Thames Water is recorded at the end of each time-step and results are aggregated to a monthly time-scale in post-processing.

Figure 5 shows the probability of a month with water restrictions (any level and severe), for both companies and for the different transfer strategies. A complete set of restriction analysis results and visualization of transfer strategy impact can be found in Appendix 6. In the absence of any interventions by Thames Water, the probability of water restrictions increases considerably from the Historic and Baseline scenarios to the Near Future and Far Future scenarios, unlike in Severn Trent where the increase in the frequency of restrictions is projected to be less.
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FIGURE 5. Probability of Thames and Severn experiencing any level of water restriction (A) and severe / level 3 and level 4 water restrictions (B) in any given month for each infrastructure strategy in Historic (circular markers, red), Baseline (diamond markers, purple), Near Future (triangular markers, orange), and Far Future (square markers, green).


The introduction of transfer infrastructure has varying effects on the frequency of restrictions. Strategies operated with the conditional and unconditional rules show little impact to restriction frequency in Severn Trent, which suggests that the loss of water in the Severn water system to Thames Water is not large enough to impact the overall reliability of water supplies. Surprisingly, even the largest capped capacity transfer (900 Ml/d) fails to influence the frequency of water shortages in the Severn water system. This is likely due to the large headwater reservoirs in the Upper Severn catchment, which can release flows to balance demand further downstream. The greatest variation in impact to Severn Trent under the conditional and unconditional rules is observed in the Far Future ensemble, although this is on the magnitude of 0.0001 probability. In contrast, transfer infrastructure significantly benefits the reliability of water supplies in Thames Water, with improvements in all strategies compared to no transfer. The strategies that produce the greatest decreases in probability of restrictions are a product of greater connectivity of supply between the two river basins and increased capacity to store the transferred water in the new Upper Thames reservoir. Strategy 300.C is the least successful strategy for Thames Water, producing similar probabilities of restrictions to Strategy 0. This suggests that the small capacity of water available to Thames Water via the conditional transfer is ineffective during high drought risk periods.

Because the “shared risk” (e.g., 300.S) strategies impose restrictions on Severn Trent when restrictions are required in the Thames, these strategies increase probability of restrictions 4-fold for Severn Trent. The frequency of these restrictions is sensitive to the size of the transfer simply because larger transfers result in less frequent restrictions in the Thames. This “shared risk” strategy does not improve performance in Thames Water as the benefit is governed by the size of the transfer infrastructure and storage reservoir, rather than water availability in the Severn.

Figure 6 illustrates the probability of severe restrictions occurring simultaneously in both water companies. Note that due to the logarithmic scale on the y-axis, probabilities of zero are not plotted. Therefore, strategies in the historic simulation with no severe restrictions are not shown on the plot. Complete results of water resource drought coincidence analysis can be found in Appendix 7. As with SPI and SRI, probability of coincident water resource drought increases into the W@H future. Consistent with the results presented in Figure 5, the shared risk strategies (e.g., 300.S) result in high probabilities of coincident restrictions compared to conditional (e.g., 300.C) and unconditional (e.g., 300.U) transfers.
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FIGURE 6. Probability of Thames and Severn water resource regions experiencing a severe water restriction simultaneously in any given month in the Historic (circular markers, red), Baseline (diamond markers, purple), Near Future (triangular markers, orange), and Far Future (square markers, green) ensembles.


For the unconditional and conditional transfers, the probability of severe restriction based coincident drought is proportionally less than the other drought indicators; an artifact of the methodology (fewer severe restrictions being imposed in Severn Trent). Measures of coincidence show less variance between transfer strategies, particularly for the historic and Baseline ensembles. The inclusion of the Upper Thames reservoir decreases the probability of coincident restrictions in all three W@H ensembles, again consistent with Figure 5. This suggests that the increased storage in the Thames Water supply system helps to reduce the frequency of restrictions, and therefore reduces the overall likelihood of restrictions occurring coincidently with Severn Trent. The results also suggest that both transfer agreements without additional capacity and reservoir storage provide little additional benefit in reducing coincident water restrictions.

To explore the maximum potential benefit of a transfer to Thames Water, the Unlim.R.U strategy was also simulated against the library of flow and demand ensembles. This strategy simulates an unlimited capacity transfer, which allows the transfer of all flows above the MRF in the Severn at Deerhurst to the Upper Thames catchment, and occasionally flows below the MRF. The exceedance curves and statistics for the volume of water transferred under Unlim.R.U are shown in Figure 7. The curves represent volume transfer across the full ensemble; cdfs for individual scenarios are presented in Appendix 8. Note volumes equal to zero (days when no water is transferred) are omitted on the graph; a consequence of the logarithmic scale on the y-axis. The plot suggests that the mean volume of water transferred will decrease into the future, a likely consequence of the increased frequency of hydrological droughts, whilst maximum single transfers will increase by the end of the century. These massive transfers at the upper end of the curve occur during high flow periods in the Severn, with 99% of the transfers in the Far Future ensemble equal to or >10,000 Ml/d taking place when flow upstream of the MRF at Deerhurst is higher than 20,000 Ml/d. Indeed, transfers of this size could significantly alter the hydrology and, depending on the timing of the transfer, increase the risk of flooding in the receiving region. This reason, in addition to environmental constraints, makes the unlimited transfer is an infeasible solution for the supply and demand side pressures faced by Thames Water.
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FIGURE 7. Exceedance curves and statistics for volume of transferred water under Unlim.R.U. for each flow ensemble (Historic—red, Baseline—purple, Near Future—orange, Far Future—green).


Each curve features a distinct plateau between 100 and 200 Ml/d, which is caused by the MRF at Deerhurst. In nearly all scenarios, the MRF is met because environmental flows at Deerhurst are prioritized in the water allocation, so water is allocated to meet the environmental flows before any is transferred. However, in the most extreme low flow scenarios, the MRF is not met. Figure 7 shows that there is a very low probability of the transfer continuing to transport water to the Upper Thames catchment despite the MRF at Deerhurst not being met, and that the likelihood of this occurring increases with time. This happens only in a limited number of scenarios under exceptional circumstances when a severe drought order permits the violation. Under these scenarios, the network flow optimisation in WATHNET-5 has to balance between the penalty incurred during an extreme demand shortfall in the Thames system and the penalty incurred for violating the environmental flow requirement at Deerhurst. This trade-off reflects the situation that water managers face during droughts when they may be permitted to violate environmental flow requirements but are reluctant to do so. As the simulations show, the probability of this is very low, but is possible in extremely dry, high demand scenarios.

Figure 8 displays the exceedance curves of the flow at Deerhurst after the transfer abstraction point for the Baseline, Near Future and Far Future simulations. The plots illustrate the impact of an unlimited capacity transfer on minimum flows at Deerhurst. For 0.002% of the time in the Baseline, 0.039% in the Near Future and 0.145% in the Far Future ensembles the flow would be equal to or less than the MRF, compared to 0.001, 0.014, and 0.101% under Strategy 0 (respectively). Consistent with Figure 7 the curves plateau at the MRF, again a consequence of the minimum flow requirement at Deerhurst, which prioritizes the environmental flow below the transfer abstraction point over demand in all but a few scenarios. The curves reiterate the increasing likelihood of the MRF at Deerhurst not being met with time, and that this becomes more likely under the unlimited transfer strategy. Future changes to environmental regulation or river abstraction allowances (Environment Agency, 2019a) could limit the projected impacts on flow below Deerhurst, although this is not explored in the modeling framework used here.
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FIGURE 8. Exceedance curves of flow at Deerhurst below transfer abstraction point for Strategy 0 and Strategy Unlim.R.U when simulated against W@H flow ensembles and demand projections in WATHNET-5. Minimum required flow (1800 Ml/d) at Deerhurst is marked on the maximized plots of the lower end of the exceedance curve.


Simulations using the Far Future ensemble indicate that probability of severe restrictions in Thames Water could reduce from 0.157 under Strategy 0 to 0.0151 under Unlim.R.U. This is in contrast to severe restrictions in Severn Trent, which see an increase in likelihood from 0.0102 (Strategy 0) to 0.0149 (Unlim.R.U). This trade-off in risk is due to the unconditional transfer operating rule in Unlim.R.U, which does not prioritize supply to Severn Trent demand centers (nodes in the simulation model) over Thames Water. Whenever possible, the network optimisation in WATHNET-5 aims to equally distribute the demand shortfall experienced by each demand center. In reality this is equivalent to water managers ensuring that customer exposure to water shortages is equally shared among individuals throughout the basin. This equitable risk is achieved under Unlim.R.U, but not in the strategies with smaller transfer volumes that result in little impact on service in the Severn. In addition to this, the probability of severe coincident drought restrictions in the Far Future ensemble under Unlim.R.U are roughly three times less likely than the equivalent measure under Strategy 0 due to the decreased frequency of severe restrictions in the Thames. Indeed, this strategy produces the lowest record of coincident water restrictions across all infrastructure strategies simulated.

These results suggest that transferring upwards of 5,000 Ml/d from the Severn to the Thames would be successful in reducing the likelihood of severe water restrictions occurring in Thames Water by 2100. That being said, transferring upwards of 5,000 Ml/d will cause unacceptable adverse environmental effects in the River Thames and violate environmental flows in the Severn. The size of the pipeline currently being investigated as part of the feasibility work for the Severn Thames Transfer is <600 Ml/d and is a direct reflection of the environmental effects on the hydroecology in the River Thames from imported water. The larger transfers modeled demonstrate the theoretical benefits of high volume transfers in increasing water supply system resilience to severe meteorological and hydrological droughts, even though they are not appropriate to the real-world Severn-Thames example.



Strategy Performance During Combined Events

The final stage of the drought analysis framework explores the performance of transfer strategies during different types of drought event. “Combined drought” is used to indicate a period when two drought types occur simultaneously. Strategies that prevent water restrictions occurring during a period with a hydrological and/or meteorological drought are preferable over those with little to no improvement in restriction occurrence. Figure 9 visualizes individual time series of SPI, SRI, projected monthly demand, and severe restriction implementation for the Severn and Thames study areas when simulated against one Far Future scenario under Strategies 0, 900.R.U, 900.R.C, 900.R.S, and Unlim.R.U These strategies are illustrated as they provide the largest benefit to Thames Water's risk of restriction, and have the largest impact to Severn Trent's exposure to restrictions. This future scenario is chosen as it contains the highest frequency of severe meteorological and hydrological droughts in both catchments, the highest frequency of severe coincident drought months, and the greatest projected increase in water demand. Note that Figure 9 visualizes projected water demand, rather than simulated water demand. This means that decreases in demand as a consequence of water restrictions are not reflected in the time series.
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FIGURE 9. Time series of SPI, SRI, projected water demand, and severe restrictions for the Severn (green) and Thames (blue) study areas when simulated under one Far Future scenario with Strategies 0, 900.R.U, 900.R.C, 900.R.S, and Unlim.R.U. Each marker represents a severe restriction imposed to Severn Trent (×) or Thames Water (◦) customers.


The visualization further validates the importance of testing different infrastructure strategies against severe spatially coherent drought events. Unsurprisingly, the frequency of restrictions imposed in each water company varies depending on strategy. In the Thames, all transfer strategies improve restriction frequency in 2080, 2086, 2089, 2092, and 2096, compared to Strategy 0. Unlim.R.U, 900.R.U and 900.R.S also reduce drought impact on water supply in 2075, 2082, and 2099. 900.R.S proves the most damaging to service in the Severn, with the largest frequency of restrictions in Severn Trent occurring under this strategy. Restriction frequency consistently increases following sequences of years with decreasing SPI and SRI values, as seen between the years of 2085 and 2088. The frequency of restrictions also increases over time, a consequence of greater demand pressures and recurring drought events that gradually lower water levels in the system over a yearly to decadal timescale. Water planners might consider introducing additional supply infrastructure later in the planning horizon to combat this increase in likelihood of water restrictions.

Complete results from analysis of the probability of combined drought is presented in Appendix 9. If a strategy causes a decrease in simultaneous drought occurrence, we infer that strategy increases the resilience of the water supply system to meteorological and/ or hydrological drought. Consistent with the results presented so far, the likelihood of multiple drought types occurring increases into the future for all strategies. This measure is lower in the Severn region, a consequence of the low frequency with which Severn Trent imposes severe restrictions. In the Thames region, water resource drought and hydrological droughts are more likely to coincide than water resource droughts and meteorological droughts, which suggests that hydrological drought events are more closely linked to water restrictions than meteorological droughts. This relationship could be improved by increasing the time-scale of the meteorological drought (here 12-months SPI) to 18- or 24-months, to better correspond with the hydrological response of the catchment.

Transfer strategies including the Upper Thames reservoir have the greatest influence on the probability of combined drought incidence in the Thames area, improving resilience of the water supply system to meteorological and hydrological drought events. Strategy 300.C showed little or no improvement in resilience. Again, strategies designed to “share risk” produce higher levels of combined drought occurrence in the Severn region, due to the increased frequency of restrictions and therefore worsened resilience. Overall, the results suggest that the new transfer only increases drought resilience when it has a volume >300 Ml/d and is supported by additional infrastructure such as the Upper Thames reservoir which provides extra storage for the transferred water, or the Vyrnwy Redeployment which redirects flows in the Severn to replace water lost to the transfer.




DISCUSSION AND CONCLUSIONS

This paper presents a framework for evaluating the resilience of new transfer schemes between neighboring water companies when simulated against an extended historical record and large ensemble of climate change driven future flows, and demand growth projections. The proposed methodology allows water planners to analyse changing characteristics of meteorological and hydrological drought over time and identify adaptation infrastructure that increases the resilience of water supply systems to future drought events.

The approach is applied to a case study in southern England, using a large ensemble of climate change weather sequences, a library of future flows, demand projections, and simulation-based water resource model. Results show that the probability and intensity of all drought types increase into the future, but that the magnitude at which the occurrence of drought increases varies between the two study catchments. The analysis also identifies the probability of coincident drought between the neighboring catchments, revealing how drought dynamics change with time and adaptation. Results indicate that all drought types will become more spatially coherent into the future, with increases in simultaneous severe streamflow and precipitation drought events in both catchments by the mid-twenty-first century. The results are consistent with previous studies of drought in southern England, which suggest that major hydrological droughts are more likely to affect multiple catchments into the future (Rudd et al., 2018) and that meteorological drought intensity and stress will likely increase by the 2050's in south east and south west England (Rahiz and New, 2013). Likewise, in the absence of interventions the probability of imposing water restrictions on customers increases throughout the simulation period as water stress increases (Borgomeo et al., 2014). This is more apparent in Thames Water where, in the absence of any of the adaptation actions that Thames Water are planning, the probability of severe water restrictions in any given month in the Far Future may exceed 0.157 (15.7%). The probability of multiple drought events occurring in the same month could also increase into the future, with 18.1% of all months in the Thames study area in the Far Future ensemble simultaneously experiencing a Level 3 or 4 water restriction, severe meteorological drought and severe hydrological drought (without adaptation).

In line with the suggestions made by Watts et al. (2015), to understand how planning decisions are affected by uncertain changes in the climate and hydrological system, this analysis demonstrates the importance of testing competing versions of infrastructure against climate sequences containing drought events of varying spatial coherence and intensity. The analysis differs from previous studies that rely on historical records to test new infrastructure (Palmer and Characklis, 2009; Kirsch et al., 2013; Zeff et al., 2016), instead comparing the performance of infrastructure simulated under climate change driven scenarios to historical records. Here, the Weather@Home and DECIPHeR ensembles contain more frequent, spatially coherent and intense drought events not present in the historic record, enabling extensive exploration of many possible drought conditions. The ensembles stress test proposed transfer infrastructure between Severn Trent Water and Thames Water, revealing how different management approaches may impact the probability of water restrictions in the transfer source and receiving regions. In general, the most effective strategies include increased storage capacity in the receiving region (Upper Thames reservoir), which provides additional storage for transferred water that can be used in periods of high water stress.

The combined drought analysis explores the probabilities of meteorological and/ or hydrological drought occurring in the same month as water resource drought. The analysis also addresses the role adaptation plays in building resilience to drought. Results indicate that combined drought coincidence decreases in strategies with additional storage capacity, whilst strategies without supporting infrastructure are less successful in building resilience. Unsurprisingly, this suggests that water resource drought resilience to severe climate events improves with greater levels of adaptation. Future strategies should therefore focus on increasing water supply to high risk regions and developing supporting infrastructure to store unused water during periods of low drought risk.

This work also aimed to explore the importance of cooperation between neighboring companies during drought events, evaluating the trade-off between customer service in the transfer supply region with increased resilience to water restrictions in the receiving region. The results suggest that the new transfer will not increase the exposure of Severn Trent customers to water restrictions, unless it is (i) operated under the “shared risk” agreement which imposes water restrictions to Severn Trent customers whenever Thames Water customers are charged with a water restriction, or (ii) if the transfer capacity is unfeasibly large. Regarding point (i), the impact of a shared risk policy on restriction frequency in Severn Trent is exaggerated by the modeling framework used here. In simulation, decisions concerning water transfer and allocation are made at every time-step and are informed by present conditions and regulatory constraints. This is a highly simplified version of decision making in the real world, which also uses trend analysis and weather forecasting to inform future decisions about water system operation. The water resource supply model used here therefore lacks important foresight about changing conditions and the risk of future water shortages. A more dynamic representation of water system operation in simulation experiments would provide a better platform to evaluate the complex decision making required to improve cooperation between water companies during periods of heightened drought risk. Regarding point (ii), the low impact observed in Severn Trent in strategies with unconditional and conditional transfer operation is a consequence of the transfer capacities evaluated here, which are not large enough to disrupt service in Severn Trent. In most instances, the reservoirs in the Severn system (Blithfield, Draycote, Clywedog, Carsington and Ogston, Melbourne, Cropston, and Thornton) can be drawn from before Elan and Derwent reservoirs are allowed to fall below the thresholds for water restrictions (hence the low number of restrictions imposed in Severn Trent). This is in contrast to the Thames system, which contains no upstream regulatory reservoirs for offline water storage.

The authors acknowledge that multiple factors, other than meteorological and hydrological drought, will influence the success of inter-basin transfers. These factors include, but are not limited to: existing water supply infrastructure, such as reservoir storage volume, pipeline connectivity and levels of leakage; unforeseen changes to spatial and temporal patterns of water consumption; land-use change and altered catchment characteristics, and; new demand management schemes. For example, Dobson et al. (2020) reveal that the success of water transfers may be dependent on the proximity of reservoir locations between exporting and importing catchments. Results from their UK-based case study indicate a 40% likelihood of reservoirs in neighboring catchments being in their first percentile of total storage volumes simultaneously, implying that longer distance transfers (>100 km) may prove more resilient to drought conditions. The results presented in this study further highlight the importance of exploring different driving forces of large-scale transfer success.

Whilst there is a growing literature on droughts in the UK, few studies have compared different drought types and their changing characteristics throughout the twenty-first century. It is hoped that the results from this study will encourage decision makers in the water sector to incorporate multi-dimensional drought analysis in future planning tasks, especially in instances where water resources are shared across basin boundaries and may be vulnerable to changing spatial drought patterns.
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