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The application of a drought reconstruction in water
resource management
A. T. Lennard, N. Macdonald, S. Clark and J. M. Hooke

ABSTRACT
This study uses extended (1880s–2012) rainfall series to examine the implications of historical droughts
on water supply yield calculations used in water resource management and drought planning across
the English Midlands and Central Wales. UK guidance to water companies is to use climate data from
the 1920s to present where possible in modelling to inform water resource management and drought
plans; but this period excludes several signiﬁcant droughts of the late 19th century. This study uses the
standardised precipitation index and hydrological modelling (HYSIM and AQUATOR) to investigate the
implications of pre-1920s droughts on water resource management. Although drought
characterisation identiﬁes two signiﬁcant droughts in the pre-1920 period, the impact of these events
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on reservoir storage is less severe than droughts identiﬁed in the post-1920 period, indicating that the
use of long climate series in water resource modelling is a valuable tool in assessing the robustness of
current water resource modelling used in the water resource sector.
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INTRODUCTION
Drought is a recurring feature of the UK climate. There

Under UK legislation, water companies in England and

have been a number of notable drought events through-

Wales are required to produce water resources management

out the 20th and 21st centuries (1921–1922, 1933–1934,

and drought plans to outline how they intend to manage

1975–1976, 1995–1996, 2004–2006, 2010–2012) that

water

highlight the UK’s vulnerability. To maintain public

(WRMPs) are produced every 5 years to deﬁne how a water

supplies.

Water

resources

management

plans

water supplies throughout periods of ﬂooding and

company plans to manage and ensure the security of water

drought, water supply systems are designed to smooth

supplies over the next 25 years (Environment Agency ).

natural climate variability (Watts et al. ). Water

Whilst drought plans are produced every 3 years, these plans

resource management includes the use of modelling

outline the short-term measures required to manage water

approaches to simulate water supply systems in order to

supplies before, during and after a drought, whilst minimising

deﬁne the yield, or deployable output (DO), of the

impacts on the environment (Environment Agency ). A

water resource system. Environment Agency guidelines

key component of water resource management and drought

state that the assessment of yield should use data from

plans is the calculation of DO. This is deﬁned by the Environ-

at least 1920 onwards so as to incorporate a number of

ment Agency () as ‘the output for speciﬁed conditions and

extreme

a

demands of commissioned source, group of sources or water

number of notable droughts during the late 19th century,

resources system as constrained by hydrological yield, licensed

including a particularly severe drought (1887–1889) and

quantities, environment, pumping plant/or well/aquifer prop-

the ‘Long Drought’ (1880–1910) as identiﬁed by Marsh

erties, transfer/or output mains, treatment, water quality and

et al. ().

levels of service’.

events.

However,

this

period

excludes
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The UK has a wealth of long climate data series that are

varied topography, which includes uplands over 800 m

currently under-used in water resource management. A

above sea level (m a.s.l) in the north and west; a central pla-

number of drought reconstructions have been undertaken

teau region between 100 and 250 m a.s.l.; with the south

(Wells et al. ; Marsh et al. ; Todd et al.  – an

and the east of the region situated within the English Low-

approach applied by Severn Trent Water a, p. 35), but

lands (∼50 m a.s.l.). Considerable spatial variation in rainfall

little of this information is used to inform water resource

exists across the region, ranging from over 1,800 mm in the

management. To date, few studies have applied long-series

Welsh uplands to ∼650 mm in the southeast of the region

climate data for water resource management; the exceptions

(Met Office ). Several large towns and cities are within

being Watts et al. () and Spraggs et al. (). Watts et al.

the supply area including Birmingham, Nottingham, Leicester

() used long severe UK droughts of the 19th century to

and Stafford (Figure 1). Severn Trent Water supplies approxi-

test water resource systems resilience; whilst Spraggs et al.

mately 7.4 million people with potable water provision

() used a drought reconstruction (1789–2010) to exam-

sourced from reservoirs, river abstractions and groundwater,

ine long-term yield or DO for the Anglian Region (UK).

each contributing approximately one third of total supply.

The study highlights that the temporal and spatial character-

The water supply region is divided into 15 water resource

istics of drought variability should be taken into account in

zones (Severn Trent Water a). These zones are deﬁned

water resource management, with an assessment of the

by the regulating bodies as ‘the largest possible zone in

water supply system required at local and regional scales.

which customers share the same risk of a resource shortfall’

The use of long climate series with an increased number

(OFWAT ). This study explores the implications of

of drought events is valuable in testing the robustness of

using long climate data in water resources assessments for

water resource modelling. Each drought has a unique set

just one of these zones: the North Staffordshire Water

of characteristics that may affect a water resource system

Resource Zone (NSWRZ). Supplying water for a population

in different ways. For example, the sequencing of wetter

of approximately 523,000 people, water provision in this

and drier periods during a drought is an important factor

resource zone is sourced from both groundwater and an

in the performance of a supply system (Watts et al. ).

impounding reservoir (Tittesworth Reservoir) on the head-

Marsh et al. () emphasise that characterisation of

waters of the River Churnet. The Severn Trent Water

droughts experienced prior to 1914 could be a useful

drought plan (Severn Trent Water b) identiﬁes that

addition to water resource management strategies.

within this water resource zone the 1933–1935 drought had

This paper aims to characterise past drought events from
the 1880s to 2012 for the English Midlands and central

the greatest impact on simulated reservoir storage over the
baseline modelling period (1920–2010).

Wales. Drought characterisation is used to extend the
water resources modelling period from 1920–2012 to

Rainfall

1884–2012 for a single water supply zone, within the
Severn Trent Water region, permitting investigation of the

Five long-term daily precipitation series (Figure 1) are avail-

impacts of pre-1920s droughts on reservoir yields and

able for the study area (British Atmospheric Data Centre

exploring how meteorological and hydrological drought

2014). The rainfall series extend back into the 19th century,

characteristics impact the water supply system.

but vary in length accordingly: Wall Grange (A; 1882–2012),
Chatsworth Gardens (B; 1887–2012), Nanpantan Reservoir
(C; 1887–2012), Rugby (D; 1872–2012) and Rhayader (E;

DATA AND METHODS

1858–2012) (Figure 1). Site E lies outside of the water
supply region, however, it is located near the Elan Valley

Study area

reservoir system that supplies water into the study region.
These sites are selected based on length of record, the per-

The Severn Trent Water supply region, spanning central Eng-

centage of missing data (sites with more than 20% missing

land and mid-Wales, is approximately 21,000 km2, with a

data were rejected) and the identiﬁcation of nearby weather

Downloaded from https://iwaponline.com/hr/article-pdf/47/3/646/368002/nh0470646.pdf
by guest
on 14 August 2018

648

Figure 1

A. T. Lennard et al.

|

|

The application of a drought reconstruction in water resource management

Hydrology Research

|

47.3

|

2016

Study area, location of weather stations and location of NSWRZ.

stations to provide missing data through inﬁlling (Peterson

The use of long series rainfall data does not come with-

et al. ), with each dataset quality control checked for

out some uncertainty. For example, Spraggs et al. () note

any data gaps, duplicate entries and erroneous data. Data

the issue of rain gauge under-catch caused by snowfall

gaps were ﬁlled using linear regression techniques and

during winter months particularly during cold winters in

additional data from the nearby weather stations to produce

the early 19th century. Under-catch due to snow may to

suitable data based on the relationship between the primary

pose a greater issue in Severn Trent Water study region, par-

and the secondary station rainfall data (Macdonald et al.

ticularly amongst rain gauges in upland mid-Wales and the

). Each rainfall series used to ﬁll gaps are within

Peak District. Under-catch due to snow remains an uncer-

10 km of the primary weather station. Re-constructed rain-

tainty particularly for rainfall-runoff modelling where

fall series were checked for homogeneity, trend and

runoff signatures can be altered by precipitation stored as

randomness. Inhomogeneous records may be a result of cli-

snowpack.

matic variability or human inﬂuence, which include changes
in instrumentation. Trend detection was undertaken using

PET

the Mann–Kendall trend test to assess for artiﬁcial trends
in the data that could cause inhomogeneity. Distribution-

Potential evapotranspiration (PET) is required for rainfall–

Free CUSUM was used to test for step jump in annual

runoff modelling; it is estimated within this study at a

mean and rank difference was used to test for randomness.

monthly time step, using mean monthly temperature data
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from the Hadley Centre Central England Temperature

at a faster rate than streamﬂow and groundwater. The stan-

(CET) series (Parker et al. ). The CET includes daily

dardised nature of the SPI allows for the comparison of

and monthly minimum, maximum and mean temperatures

drought conditions at different locations and between

based on a composite set of measurements that are represen-

seasons.

tative of a triangular area roughly bounded by Bristol,
Lancashire and London (Manley ). Whilst concerns
have been raised about the applicability of this series away
from the central England region (Macdonald et al. ),
much of the study area falls within the CET area. The
Thornthwaite

equation

is

applied

to

estimate

PET

(Thornthwaite ); this method requires mean monthly
temperature and station latitude, used to calculate the maximum amount of sunshine hours. Monthly PET estimates are
calculated for the period 1882–2012 in order to extend the
PET data for rainfall-runoff modelling. PET data used in
the 1920–2010 modelling is a combination of Met Ofﬁce
Surface Exchange Scheme PET data (MOSES data)
(1961–2010) and calculated PET (1918–1961). MOSES
data calculates water and energy ﬂuxes at the earth’s surface
using a four-layer soil model and the Penman–Monteith
equation to calculate PET (Cox et al. ). Thornthwaite
PET data for the period 1882–2012 are compared against

The SPI is computed using the following steps:
1. Fit a probability density function to selected accumulation period (e.g. 12 months rainfall totals/climatic
water balance) using L-moments to estimate parameters.
A gamma probability distribution was found to be the
most appropriate ﬁt for the SPI in this case using a Kolmogorov–Smirnov (K–S) test to compare how well the
empirical probability function corresponds to the theoretical cumulative probability function of each dataset
(Lloyd-Hughes & Saunders ; Vicente-Serrano et al.
; Sienz et al. ). Several other univariate distributions have also been recommended (Vicente-Serrano
et al. ; Stagge et al. ).
2. Equiprobability transformation of the cumulative probability of the ﬁtted distribution to standard normal
distribution to deﬁne the SPI value, giving a mean of 0
and a standard deviation of 1.

the baseline (1920–2010) PET data; this indicated slight vari-

SPI values are dimensionless units, negative values indi-

ations between the two data sets; October–April exhibited

cate drier than normal conditions and positive values wetter

similar values, May–September PET are typically 10%

than normal conditions. In this study drought onset is

lower for the Thornthwaite PET dataset. To ensure consist-

assumed to occur at an SPI value equal to or less than

ency between the Thornthwaite PET data and baseline

–1.00 and drought termination is assumed to occur when

(1918–2010) PET data, a modiﬁcation factor reducing

the SPI returns to 0 or more (Figure 2). The SPI can be

monthly Thornthwaite PET by 10% is applied to the May–

used to characterise drought duration, severity and timing

September months between 1882 and 1918.

of onset and termination. The characterisation is based on
the classiﬁcations identiﬁed in Figure 2. Drought duration

Drought characterisation

is considered to be the number of months of between
drought onset at SPI –1.00 or less and a return to SPI 0 or

Drought indices are a commonly used approach to monitor

more, drought severity categorised using the SPI classiﬁ-

and characterise drought conditions, with a number of

cation system (Figure 2) and peak severity the minimum

different indices applied globally, subject to the type of

SPI value recorded during the drought event.

drought and data availability for an area (a detailed review

The SPI was computed for multiple timescales – 3, 6, 9

of drought indices is provided by Heim () and Mishra

and 12 months – these were compared to identify the most

& Singh ()). The standardised precipitation index

suitable accumulation period. The SPI-12 is well suited to

(SPI), developed by McKee et al. (), uses rainfall data

characterising the longest, most signiﬁcant drought periods.

to quantify precipitation deﬁcit or excess across different cli-

Longer SPI timescales result in a decrease in frequency and

mates and at multiple timescales, typically of 1–24 months.

increase in duration of individual drought events, with time-

These timescales reﬂect the impacts of drought on various

scales of <6 months masking the most signiﬁcant drought

water sources; for example, soil moisture deﬁcit responds

events, reﬂecting short term variability in precipitation. This
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Drought classiﬁcations and characteristics.

is in agreement with Vicente-Serrano & Lopez-Moreno ()

England (Phillips & McGregor ), northern England

who established that identifying the most important droughts

(Fowler & Kilsby ) and across the UK (Rahiz & New

requires a timescale greater than 6 months.

).

This study uses SPI-12, which has been commonly used

Examples of the application of the SPI in the UK

as an appropriate timescale to reﬂect the impact of meteor-

include Bloomfield & Marchant () and Folland et al.

ological drought on surface water resources (Hayes et al.

(). Bloomfield & Marchant () use the SPI in the

; Szalai et al. ; Santos et al. ; Gocic & Trajkovic

development of a standardised groundwater index method-

). Five long SPI-12 series are generated using precipi-

ology. Folland et al. () characterise multi-annual

tation series (sites A–E) to characterise drought events

droughts in the English Lowlands using a number of stan-

(drought duration, severity and timing) for individual sites

dardised drought indicators including the SPI. Lennard

and to establish temporal and spatial patterns across the

et al. () applied the SPI to analyse drought character-

region.

istics in the English Midlands using a short rainfall series

Globally the SPI has been used in numerous studies to

(1962–2012), which identiﬁed three multi-year droughts

characterise droughts (e.g. Lloyd-Hughes & Saunders ;

(1975–1976, 1995–1997 and 2010–2012) that exhibited

Livada & Assimakopoulos ; Dubrovsky et al. ).

spatial and temporal variation across the study region.

Within the UK, numerous drought metrics have been used

Whilst this presented some novel results, the instrumental

to characterise droughts including the SPI. Previous studies

record length (1961–2012) provided insufﬁcient information

have applied the Palmer Drought Severity Index to re-

for informing management decisions. However, the SPI has

construct drought in south-east England (Todd et al. )

not been widely used for operational water resource man-

and the Drought Severity Index was used for south-west

agement in the UK.
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used from 1884 onwards. The water resource zone investigated in this study includes three sub-catchments of the

Water resource modelling for the assessment of yield requires

River Churnet, one that ﬂows into Tittesworth Reservoir

two processes: (1) rainfall–runoff modelling to simulate river

and two that are downstream of the reservoir. Modelled

ﬂow and reservoir inﬂow; and (2) water supply system model-

streamﬂow were validated against observed data prior to

ling to determine yields required to meet water demand. This

this study by Severn Trent Water to ensure simulated

study utilises the modelling approaches used by Severn Trent

streamﬂow are a good representation. PET data used to

Water for their Water Resource Management Plans and

extend modelled streamﬂow are calculated at a monthly

Drought Plans following Environment Agency guidelines

time step using the Thornthwaite equation, disaggregated

(Environment Agency ). To assess water resource plan-

across the month as HYSIM uses a daily time step.

ning options Severn Trent Water use a modelling approach

Rainfall data at site A (Figure 1), located approximately

that combines the runoff-rainfall model HYSIM, and the

4 km south-west of Tittesworth Reservoir and the River

commercial water resources model Aquator. Further infor-

Churnet catchment, are used to extend modelled stream-

mation

modelling

ﬂow. Rainfall data at site A and rainfall data used in the

methodologies are detailed in their WRMP 2014 (Severn

baseline assessment are compared using linear regression

on

the

Severn

Trent

Water

Trent Water a). Current yield assessments undertaken

and double mass analysis. Daily rainfall totals at site A are

by Severn Trent Water use data for the period 1920–2010,

lower than the rainfall data used in the baseline analysis.

the reference baseline modelling/data throughout this

The rainfall data used by Severn Trent in the baseline assess-

paper. Yield assessment to extend water resource modelling

ment are a combination of individual rain gauges (1918–

(inﬂows into Tittesworth from the Churnet headwaters) for

1958) and Met Ofﬁce 5 × 5 km gridded rainfall data (1958–

the NSWRZ for the period (1884–2012) is referred to as

2010). The cause of the lower rainfall values at site A is a

extended modelling/data.

probable function of altitudinal difference between the

The key differences between the modelling used by

location of the rain gauge site A and location of the rain

Severn Trent Water and the modelling used in this study are:

gauges used for the baseline modelling (∼100 m a.s.l.), as

1. Yield assessment for the NSWRZ is extended from the

such a modiﬁcation factor (y ¼ 1.13x þ 0.486), where y ¼

baseline 1920–2010 (90 years) to 1884–2012 (128 years).

site A data and x ¼ 1920–2010 baseline rainfall, was applied

2. Rainfall data from site A (Figure 1) from the 1880s is used

to site A. This ensured data consistency between baseline

to extend rainfall data applied by Severn Trent Water in

modelling and the extended modelling period, e.g. any

baseline modelling (1920–2010).

observed changes in DO (yield) are not as a result of rainfall

3. PET is calculated to extend PET data used by Severn

inconsistencies between periods.

Trent Water.
Water supply system modelling
Rainfall–runoff modelling

Aquator is a complex water resource systems model used to
simulate the entire water supply network, including river

HYSIM is a conceptual rainfall–runoff model used to model

ﬂows, reservoir storage levels, reservoir compensation ﬂows

daily streamﬂow into Tittesworth Reservoir using rainfall

and water demand (www.oxscisoft.com/). The modelling

data, PET and a number of catchment parameters. The

assists water resource management decisions, including DO

model includes a linked set of storages including intercep-

(yield) and levels of service (the frequency that a water com-

tion, upper soil, lower soil and groundwater (Water

pany places water use restrictions on consumers). The model

Resource Associate Ltd ). Catchment parameters

simulates daily reservoir storage based on inﬂows derived

include catchment area, soil pore size distribution, rooting

through rainfall–runoff modelling (HYSIM) and outﬂows

depth and soil permeability. HYSIM requires a 2-year

based on assumed demand and compensation ﬂows. Within

‘warm-up period’; therefore simulated reservoir inﬂows are

the study, modelled reservoir storage is used to assess the
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implications of past drought events on contemporary water

(Marsh et al. ); with the period 1892–1897 identiﬁed

resources. DO is calculated for each water resource zone,

as a particularly severe phase. Across the study region, this

with demand increased incrementally until supply failure

drought can be characterised as a long duration, moderate

occurs or more than three water use restrictions are intro-

event compared to the other events discussed; minimum

duced (the levels of service frequency set by Severn Trent

SPI values varied from –1.3 (D) to –2.26 (E). The number

Water); DO is considered to be the penultimate demand

of months considered to be in ‘extreme drought’ (SPI  –

amount before a failure of water supplies to meet demand.

2.00) ranges from none to 4 months, which is the lowest

This study compares a baseline DO ﬁgure (1920–2010) to

count in the droughts characterised. At sites B, D and E,

DO for the period 1884–2012. Baseline DOs are calculated

the drought was punctuated by a ‘moderately wet’ phase in

for the North Staffordshire WRZ for 1920–2010; DOs are

1894–1895, which is not identiﬁed in the SPI series for

then recalculated using the 1882–2012 data set.

sites A and C. This means drought duration at sites B, D
and E is recorded in two phases between 1892–1894 and
1895–1897. Duration at sites A and C is 43 and 52 months

RESULTS

respectively, the longest droughts identiﬁed in the reconstruction. Timing of onset occurred in two phases between

Drought characterisation

November and December 1892 at sites C, D and E and a
second onset phase between July and October 1893 at

The SPI-12 series identify several notable droughts through-

sites A and B. However, timing of termination appears

out the reconstruction period. Six multi-year severe droughts

coherent across the region between February and March

have been identiﬁed, 1887–1889, 1893–1897, 1921–1923,

1897. The drought was most severe at site C with the longest

1933–1935, 1975–1977 and 1995–1997, at all available

duration and most months in ‘extreme drought’.

sites (Figure 3). These events are selected for characterisation based on their duration and severity.

1921–1923

1887–1889

Drought duration varied across the region. Sites B (34) and
E (30) experienced the longest events (months), with sites A

This drought period can only be fully characterised at sites A, D

(14) and C (12) the shortest droughts (months). Each site

and E, as sites B and C do not extend fully back through this

recorded minimum SPI values below –2.00, classiﬁed as

event, with both series starting (January 1887) within this

an extreme drought, ranging in intensity from –3.95 (B) to

drought (Figure 4(a)). Drought duration ranged from 9 (D) to

–2.36 (A). Drought onset occurred between January (B)

27 months (A), with peak severity (SPI) at sites A (–3.20) and

and May (A) 1921, with onset at sites C, D and E all occur-

D (2.14) in January 1888 and the following month at site E (–

ring in April 1921. Termination occurred in two phases,

2.35). Onset and termination timing are variable, with onset

April to June 1922 at sites A and C and September to

in July 1887 (A), October 1887 (D) and November 1888 (E)

November 1923 at sites B, D and E. This drought includes

and termination in June 1888 (D), February 1889 (E) and Sep-

the lowest SPI value (–3.95 at site B) across all sites for

tember 1889 (A). Across the six key droughts identiﬁed in the

the entire reconstruction period, suggesting that the event

reconstruction, the 1887–1889 event ranks as one of the longest

was a particularly acute drought for some parts of the

and most severe droughts at site A (Table 1).

region.

1892–1897

1933–1935

The drought event is part of a series of droughts that

Drought onset occurred between August and September

occurred as part of the ‘long drought’ (1890–1910) described

1933 at sites A, B, D and E, occurring later at site C in Feb-

as a series of drought periods punctuated by wet spells

ruary 1934. The drought continued and peaked throughout
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Figure 3

|

SPI-12 series for sites A–E for the entire length of rainfall record, dashed line indicates extreme drought.

Figure 4

|

SPI-12 series sites A–E for drought periods (a) 1887–1889, (b) 1892–1897, (c) 1921–1923, (d) 1933–1935, (e) 1975–1977, (f) 1995–1997, dashed line indicates extreme drought.
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Key drought characteristics for notable drought events

Drought event

Site

Drought duration (months)

Months in extreme drought

Peak severity

Onset (mm/yyyy)

Termination (mm/yyyy)

1887–1889

A
B
C*
D
E

27
21

7
8

–3.20
–2.95

07/1887
10/1887

09/1889
04/1889

9
15

1
5

–2.14
–2.35

10/1887
11/1888

07/1888
02/1889

1892–1897

A
B
C
D
E

43
6p1 20p2
52
23p1 9p2
15p1 19p2

1
0
4
0
2

–2.01
–1.57
–2.15
–1.30
–2.26

07/1893
10/1893
11/1892
12/1892
12/1892

02/1897
02/1897
03/1897
02/1897
03/1897

1921–1923

A
B
C
D
E

14
34
12
21
30

4
12
1
8
6

–2.36
–3.95
–2.47
–2.93
–2.69

05/1921
01/1921
04/1921
04/1921
04/1921

06/1922
11/1923
04/1922
10/1923
09/1923

1933–1935

A
B
C
D
E

25
27
20
22
17

10
10
1
14
9

–3.10
–2.60
–2.21
–3.43
–3.03

09/1933
08/1933
02/1934
08/1933
09/1933

10/1935
11/1935
10/1935
06/1935
02/1935

1975–1977

A
B
C
D
E

16
17
17
16
23

1
6
10
7
13

–2.31
–2.67
–3.31
–3.14
–3.30

11/1975
10/1975
10/1975
10/1975
12/1975

02/1977
02/1977
02/1977
02/1977
08/1977

1995–1997

A
B
C
D
E

24
21
26
28
23

7
10
8
3
0

–2.34
–2.52
–2.67
–2.18
–1.51

01/1996
11/1995
11/1995
09/1995
02/1996

01/1998
01/1998
01/1998
01/1998
01/1998

*Start of rainfall record began during 1887 drought;

p1

Phase 1;

p2

Phase 2.

1934, terminating in 1935 starting in February (E), June

termination coherent across sites A, B, C and D in Febru-

(D), October (A and B) and lastly in November (C).

ary 1977, whilst the drought continued at site E until

Drought duration ranged from 17 (E) to 27 months (B).

August 1977. Drought duration ranged from between 16

Peak severity ranged from –3.47 (D) to –2.21 (C). Sites A

and 17 months at sites A, B, C and D to 23 months at

and B display a very similar drought structure in onset, ter-

site E. The drought of 1975–1977 was the most severe in

mination and number of months (10) in extreme drought

the series at sites C and E.

(SPI <–2.00).
1995–1998
1975–1977
Drought onset occurred from late 1995 (B, C, D) into early
Drought onset occurred in late 1975 from October (B, C,

1996 (A, E) with the drought worsening throughout

D), November (A) to December (E); with peak severity

summer 1996. By November 1996 severity had begun to

occurring in July (D) and August 1976 (A, B, C, E).

reduce at all sites, although drought conditions persisted

Drought severity lessened from September 1976, with

and continued throughout 1997, with termination coherent
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across the region in January 1998. Drought duration ranged
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Water resource modelling and assessment of DO

from 21 (B) to 28 months (D) with months in extreme
drought ranging from 0 (E) to 10 months (B) and peak sever-

DO calculated for the NSWRZ using the extended reservoir

ity ranged from –2.67 (C) to –1.51 (E).

inﬂow data equates to 152 Ml/d, with a baseline DO for the

Drought events appear to be spatially coherent across

period 1920–2010 calculated at 153 Ml/d. The baseline DO

the region; inter-station correlation analysis between the

calculated within this study is 3 Ml/d higher than DO value

SPI values reveals a high level of statistically signiﬁcant

reported for the North Staffordshire WRZ reported in the

correlation between sites (Table 2), inﬂuenced by the dis-

Severn Trent Water WRMP (Severn Trent Water a).

tance between sites. The strongest relationship is between

Baseline DO (1920–2010) for this study had to be re-calcu-

sites C and D with a correlation coefﬁcient at 0.85; the

lated due to modelling constraints within the water

weakest correlation (0.68) is between sites B and E, the

resources model. Inclusion of the 1884–2012 data reduces

sites furthest apart. Despite the high levels of spatial

DO by 0.65%, making no signiﬁcant difference to the

coherence there are apparent variations in drought

supply and demand balance of the water resource zone.

structure across the region, particularly in peak severity

The critical drought for the water resource zone remains

(minimum SPI value) and months in extreme drought.

the 1933–1935 event, as stated in the water company

Within each drought event peak severity was variable by

drought plan (Severn Trent Water b). However, it is ben-

at least 1 SPI drought intensity classiﬁcation, for example,

eﬁcial to investigate the impact of the pre-1920 droughts on

peak severity across sites A–E during the 1995–1997

modelled reservoir storage.

drought peak severity ranged from –2.67 at site C to –

Figure 5 shows simulated reservoir levels for the most
severe droughts during the 1884–2012 modelling period

1.51 at site E.
Analysis of drought characteristics shows that the pre-

plotted with drought trigger curves. Drought trigger curves

1920 droughts (1887–1889, 1892–1897) are signiﬁcant

are a common drought measure used by decision makers

drought events in terms of severity and duration. At site A

to identify when management actions should be activated

the 1887–1889 event includes the lowest SPI-12 value

(Watts et al. ). The drought trigger curves, developed

recorded (–3.20) and the second longest drought duration

by Severn Trent Water (b), are used in conjunction

(27 months) over a 125 year period. The 1892–1897 drought

with a suite of indicators to monitor drought conditions,

ranks as the longest drought at site A (43 months) and C

with each trigger threshold resulting in the implementation

(52 months). Each drought has a unique set of character-

of a deﬁned set of management actions. Trigger curves C,

istics and impacts (Wilhite & Svoboda ); therefore, it

D and E (Figure 5), all indicate increasing degrees of

would be beneﬁcial to use an extended modelling period

below normal storage levels, with trigger F indicating excep-

to investigate if DO is changed and test the robustness of

tionally low storage compared to the seasonal norm. The

the current modelling period used in water resource man-

Severn Trent Water Drought Plan (Severn Trent Water

agement and drought plans.

b) includes an assessment of the frequency of modelled
storage at Tittesworth Reservoir crossing drought triggers D
and E, which would typically lead to changes in demand
and supply-side management changes and/or restrictions.

Table 2

Site

|

Modelled storage of the 1887–1889 drought (Figure 5(a))

Inter-station correlation SPI-12 1887–2012 (using Pearson’s r)

A

B

C

D

E

reaches a minimum of 52% during August 1887, which is
below normal storage levels; management actions at this sto-

A

rage level include raising increased awareness of a potential

B

0.78

C

0.78

0.78

D

0.77

0.78

0.85

E

0.73

0.68

0.71

drought situation. The SPI characterisation would suggest
that this drought may have similar impacts on reservoir sto0.71
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Simulated reservoir levels and drought trigger curves for characterised drought periods (a) 1887–1889, (b) 1893–1897, (c) 1921–1923, (d) 1933–1935, (e) 1975–1977, (f) 1995–
1997.

exhibits a more severe response on modelled reservoir sto-

characterisation indicates the 1887–1889 and 1933–1935

rage than the 1887–1889 event. Drought trigger D is

events have similar drought structures, but the 1887–1889

crossed in both 1893 and 1894, with minimum reservoir

drought is more severe in terms of maximum severity (SPI

levels of 41% in October 1894. Drought Trigger D is associ-

–3.2) and drought duration (27 months) than the 1933–

ated with a number of supply-side management options and

1935 benchmark drought, but that the 1933–1935 drought

demand management actions that include increased public

has greater impact on simulated reservoir levels (Figure 5),

awareness of a drought situation and water saving measures.

potentially as a result of antecedent conditions prior to

Trigger E is associated with the implementation of water use

drought onset. During the 6 months preceding the 1887–

restrictions, e.g. temporary use ban (hosepipe bans).

1889 drought SPI-12 values are higher than SPI-12 values
of the 6 months preceding the 1933–1935 drought, highlighting the importance of antecedent conditions in the

DISCUSSION

formation of drought.

Impact of pre-1920 drought on reservoir storage

and 1933–1935 droughts indicates that wetter phases within a

The pre-1920s reconstruction includes two notable drought

1887–1889 drought shows a rapid decrease in SPI severity

The comparison between characteristics of the 1887–1889
drought have a signiﬁcant impact on reservoir storage, as the
events (1887–1889 and 1893–1897). These droughts rank

between June (SPI-12 –2.2) and July (SPI-12 –1.2) 1888, with

highly in terms of severity and duration across the

a corresponding increase in simulated reservoir storage

NSWRZ. Analysis of the meteorological drought character-

between August and September 1888 (Figure 5(a)). The differ-

istics and application of a long rainfall series indicates that

ence between modelled reservoir storage in the winter months

the most severe meteorological droughts are not necessarily

of the two droughts (1887–1889 and 1933–1935) identiﬁes

the worst water resource droughts. To understand further

winter reservoir recharge remains ‘below’ normal throughout

the relationship between meteorological drought and hydro-

winter (1933–1934) exacerbating the drought impact during

logical drought in a water resource system it is necessary to

summer 1934; in contrast the simulated reservoir storage

investigate how the drought characteristics have varying

during the winter months of 1887–1888 shows full recovery

impacts

of the reservoir storage (to 100%).

on

modelled

reservoir

levels.

The

drought

Downloaded from https://iwaponline.com/hr/article-pdf/47/3/646/368002/nh0470646.pdf
by guest
on 14 August 2018

657

A. T. Lennard et al.

|

The application of a drought reconstruction in water resource management

Hydrology Research

|

47.3

|

2016

The 1892–1897 drought event sits within the 1890–1910

back to the 17th century, identiﬁes a number of very

‘Long Drought’. At site A the 1892–1897 drought ranks as

severe droughts, comparable or worse than those within

the longest duration event (43 months) in the reconstruction

existing records, in a period generally considered as wetter

record; it can be considered a long duration moderate event.

and cooler (Lamb ), highlighting the need for additional

However, the impact of this drought on modelled reservoir

understanding of drought characterisation. The most severe

storage leads to sustained below normal seasonal reservoir

droughts span multiple seasons, with most incorporating

levels throughout 1893 and the summer months of 1894

single if not multiple years of incomplete winter recharge

(Figure 5(b)). The long-term nature of multiple years below

of reservoirs. This poses a considerable challenge when miti-

normal can be seen within the long SPI series (Figure 3(d)

gating

and 3(e)). Whilst these illustrate that the period is notable

hydrological cycle and associated changes in water supply

within the long timeframe of the study as a prolonged

and demand arising from predicted climate change. Con-

period of drier than normal conditions, it does not present

siderable uncertainty exists concerning how future climate

a high degree of severity, complementing the ﬁndings of

changes may impact drought development and propagation,

Marsh et al. ().

as considerable uncertainty exists in current climate model

the

impacts

of

future

intensiﬁcation

of

the

projections for extremes (Watts et al. ). The identiﬁImplications for water resource modelling

cation of the importance of antecedent conditions in the

The evidence from this study indicates that within the WRZ

et al. () when examining the most severe droughts.

formation of the drought supports the ﬁnding of Todd
the use of the 1933–1935 drought as a benchmark event is

Whilst meteorological drought indicators are a valuable

appropriate. Whilst other droughts have been of comparable

tool, particularly for event monitoring and onset, they cur-

severity (e.g. 1921–1923; 1975–1977), they have lacked the

rently offer little information on drought impacts across a

impact of the 1933–1935 event (more months in extreme

water resource system. Understanding the link between

drought than any other across all stations considered – 44

meteorological and hydrological drought is vital for

months). Whilst this study has only examined one WRZ, it

the application of drought indices in water resource

would be beneﬁcial to use this approach across a whole

management where the impact of a drought is a function

water supply region to understand fully the impact of his-

of a number of factors including climate, catchment

toric droughts on the water resource system. This may be

characteristics, drought characteristics, water demand and

particularly beneﬁcial if the same events are impacting

antecedent conditions. Further work is required to explore

with similar severity across all WRZs, then water resource

the link between meteorological drought and hydrological

management is more challenging, but if spatial variability

drought, particularly links between meteorological drought

exists then transfers between WRZs may help to mitigate

indices, streamﬂow, groundwater and water supply systems.

the impacts of drought on water resources. This study indicates that the inclusion of the extended record has little
impact on DO calculations, supporting the ﬁndings of

CONCLUSIONS

Spraggs et al. (). However, both Spraggs and Wade
et al. () note that further extension of the series back

This paper presents an application of the SPI for operational

to the early 19th century results in more severe droughts

water resources management and an attempt to physically

being included, which impact water resources; so whilst

link meteorological drought indices to water resources in

the extension of the series (1880s–1918) provides little modi-

the form of modelled reservoir levels at a long timescale.

ﬁcation of DO, further extension potentially incorporating

Meteorological drought indices can provide valuable infor-

more severe droughts may have signiﬁcant implications for

mation on drought structure as part of a suite of drought

water resources. The length of extension may come with

indicators and management tools. Spatial analysis of

the caveat of the past potentially being less representative

drought characteristics across the study area indicates a

of the current, very long extensions, e.g. Todd et al. ()

high level of regional spatial coherence of drought.
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However, sub-regional variations in drought structure exist,
particularly in peak severity and months in extreme drought.
These variations highlight the importance of regional scale
drought studies for research at the water resource management level. Multi-year droughts are a recurring feature of
the UK climate, each with a unique set of characteristics;
a better understanding of UK drought character offered by
the long series provides an insight for water resource management and drought planning.
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