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The Resilience of Inter-basin
Transfers to Severe Droughts With
Changing Spatial Characteristics

Anna Murgatroyd* and Jim W. Hall*

Environmental Change Institute, University of Oxford, Oxford, United Kingdom

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.

Keywords: drought, water management, hydrology, water transfers, climate resilience

KEY POINTS

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

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

e 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
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Resilience of Inter-basin Transfers

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).

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 M1/d
from the Severn to the Thames would be successful in reducing
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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.
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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).

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.

Frontiers in Environmental Science | www.frontiersin.org

16

December 2020 | Volume 8 | Article 571647


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Murgatroyd and Hall

Resilience of Inter-basin Transfers

. Strategy 0 [
= Strategy Unlim.R.U 1

Baseline Near Future Far Future
1000000 o 1000000 — 1000000 —
1| 20004 1| 2000+ 1| 2000+
7|.~15001 \ 11500 3411500
112 ‘ 112 2|2
s 2= z
S 1000 5 1000 y E 1000 |
[T w [T °
100000? 99.85 99 99.95 100 100000? 99.85 99 99.95 100 100000? 99.85 99 99.95 100
= Exceedance (%) Exceedance (%) Exceedance (%)
=3
B
=
<
[]
5]
o
®
2
o
o

1T 1 1 1T 17T 1T T T L
0 10 20 30 40 50 60 70 80 90 100

exceedance curve.

30 40 50 60 70 80 90 100
Exceedance (%)

0 10 20 30 40 50 60 70 80 90 100

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 MI/d) at Deerhurst is marked on the maximized plots of the lower end of the

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.

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
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FIGURE 9 | Time series of SPI, SR, 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 (x) or Thames
Water (o) customers.

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 Appendix9. 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
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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
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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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