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Preface

This report describes the results of a study of the hydrology of the River Esk
commissioned by British Nuclear Fuels Limited, Agreement No. H64235B. The
main purpose of the study was to provide estimates of the return period of
the 1978 and 1984 drought, to derive flow duration curves at specified
locations and to provide estimates of regulation volumes and maximum
regulating rates. The study was based on river flow data held on the UK
Surface Water Archive at the Institute of Hydrology which was measured and
processed by the Solway River Purification Board and the North West
National Rivers Authority.

Copyright in this document belongs to British Nuclear Fuels ple



~

Contents

PREFACE

CONTENTS

FIGURES

TABLES

INTRODUCTION

HYDROMETRIC DATA

ANALYSES
31 Return period of 1978 and 1984 drought
3.2 Derivation of flow duration curves

33 Maxdmum regulation release rate
+34 Frequency of annual release volumes

SUMMARY

REFERENCES

Page

OO Lh W

12




Figures

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Location of flow measuring stations and ungauged
sites.

Annual minimum frequency analysis for the Esk
at Netherby for 4 citical durations.

Flow duration curves.

1 annual minimum frequency analysis
ford%) Esk at Netherby and (b) Esk at
Metal Bridge.

Madmum 1 day regulation release rate
(maintained flow 15% of mean flow at
Netherby 10% of mean flow at Metal
Bridge).

jon annual total release volume
Ve=Vi+V2+ V3

Annual regulation release volume required to meet
abstraction rate and minimum table flow
(MAF) (a) Esk at Netherby and (b) Esk at Metal
Bridge.

Total  annual / release  volume
(maintained flow 15% of mean flow at Netherby
and 10% of mean flow at Metal Bridge).

Page

2

10

11




Tables

Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Flow records used in low flow analysis.

Return period of 1978 and 1984 annual
minima for Esk at Netherby .

Annual minimum discharge with 100 year retum
period for given duration for Esk at Nemetby

Flow duration curve percentiles.

Madmum regulation release rate
(a) Esk at Netherby and (b) Esk at Metal Bridge.

Total annual regulation release volume
(a) Esk at Netherby (b) Esk at Metal Bridge.

Page



1.

Introduction

The objectives of this study are to:

2.

The

a) Assess the return period of low flows of various durations for the
1978 and 1984 drought.

b} Estimate the 100 year return pericd drought for pertinent durations.

Derive flow duration curves for the Esk at Netherby, Liddel Water at
Rowenburnfoot and two ungauged locations on Liddel Water at
Saughtree (NYS560963) and Sandholm (NY494894).

Estimate the maximum regulated release rate and carry out a frequency
analysis of annual total deficit volumes for periods when the river
discharge is continuously below a given threshold discharge for the Esk
at Netherby and at Metal Bridge.

The locations of the above points are shown in Figure 1. The
assessment of the deficit volumes is dependant on abstraction rate and
the maintained minimum acceptable flow. The analysis was carried out
with abstraction rates of 20 S0 100 and 150 Mld! and maintained flows
of 15% of the mean flow for Netherby (321 MLd!) and 10% for Metal
Bridge (276 Mld).

Hydrometric data

location of the flow measuring stations used in this study are shown in

Figure 1 and are listed in Table 1. The main analysis was based on the

Table: I Flow records used in low flow analysis

Number Name NGR Start End Area Mean Flow

km? Med!

T7001

T7003

TI005

Esk at Netherby NY390718 1963 1988 8417 213901
Liddel Warer at NY415759 1973 1988 3190 886(2
Rowanburnfoot

Lync at Clff Bridge NY412662 1977 1988 1910 4113

(D Mean flow cakculated from complete years 1965, 68, 73-78, 8188
D Mean flow calculated from complete years 1974-88.
(YMean flow calculated from complete years 1977, 84-88.
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Figure 1 Location of flow measuring stations and ungauged sites.

record of gauged daily flows held on the Surface Water Archive for the Esk
at Netherby and the Liddel Water at Rowanbumnfoot. In addition, a synthetic
set of daily flows was derived for the Esk at Metal Bridge, using data from
the Esk at Netherby and the Lyne at Cliff Bridge.

The Esk at Netherby has velocity-area measurement of flows, which are
contained over the full range. Flow data are archived from 1963. The
Liddel Water at Rowanburnfoot is also a velocity-area station with data
archived from 1973

To derive the synthetic flow sequence for the Esk at Metal Bridge, the flows
of the common period at Netherby (Q,) and Cuff Bridge (Q_) were correlated
and, by regression analysis, the Cliff ﬁridgc series extended to the period of
the Netherby recordusing the following equation

Q, = 0.133 Q,'%% R? = (.88 fse = 149
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The extended Cliff Bridge series was added to the gauged Netherby series.
This represents flows from a combined arca of 191.0 (Lyne at Qlff Bridge) +
8417 (Esk at Netherby) = 10327 km? The additional catchment area to
Metal Bridge was measured to be 97.0 km?. The combined flow series was

then adjusted by the areal ratio
Metal Bridge series.

10327 to derive the synthetic Esk at

3. Analyses

3.1 RETURN PERIOD OF 1978 AND 1984 DROUGHT

The flow of the Esk at Netherby must support both the abstraction (20 50
100 150 MlLd1) and the maintained minimum acceptable flow of 321 Mid-!
(15% of the mean flow). For periods when the sum of these (341 371 421
471 MILdY) is greater than the natural river flow then the river must be
supported by upstream regulation releases.  The approximate duration of this
period of support during 1978 and 1984 was estimated for each of the four
proposed abstraction rates by inspecting the daily mean flow hydrograph. For
each of these durations an annual minimum frequency analysis was carried out
by plotting discharge against W, the Weibull reduced vanate (Institute of
Hydrology 1980). Figure 2 shows the plot for each of the four «critical
durations. A graphical fit to the plotted points was used to estimate the
return period of the annual minimum discharges of given duration which were
recorded in 1978 and 1984. Return periods of the order of 10 years are
estimated for 1978 and 25-50 years for 1984 (Table 2). These estimates are
in agreement with the more extensive regional analysis of these droughts
(Institute of Hydrology 1989). Figure 2 also enables the mean discharge over
a given duration to be estimated for a given frequency of occurrence and
these are shown in Table 3 for the critical durations between 60 and 150
days and a return period of 100 years.

Table: 2 Return period of 1978 and 1984 annual minima for Esk at

Netherby.
Abstraction Me.gl

2 50 100 150
1B
Critical duration, days &0 90 90 120
1978 minima, M#.d’] 274 327 327 383
Return period, years 10 10 10 10-25
1584
Critical duration, days 120 120 150 150
1984 minima, M2.d’! 246 26 276 276
Return peried, years 25-50 25-50 25-50 25-50
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Figure 2 Annual minimum frequency analysis for the Esk at
Netherby for 4 cnitical durations.

Table: 3 Annual minimum discharge with 100 year return period for
given duration for Esk at Netherby

Return period 100 years

Duration, days & 90 120 150

Flow, M2.d’! 170 205 230 250
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3.2 DERIVATION OF FLOW DURATION CURVES

Flow duration curves were derived (Institute of Hydrology 1980) from the
daily flow series for the Esk at Netherby, the Liddel Water at Rowanbumfoot
and the derived flow record for the Esk at Metal Bridge. These are shown
on Figure 3 and tabulated on Table 4 together with synthetic curves for the
Lidde] Water at Sandholm and Saughtree. The latter were estimated using
regional low flow estimation equations (Gustard er gl, 1987), the Base Flow
map of Scotiand and the following calculated catchment characteristics and
flow indices

Arca Standard Annual Actual Base Flow Mean Flo¥ 95 percentile

km? Average Rainfall Evaporaton Index Mrd!l  fiow M2d!
mm mm
Sandholm 177.8 1420 425 0.27 485 338
Saughtree 414 1350 425 0.20 105 4.12
100,000
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Figure 3 Flow duration curves.




Table: 4 Flow duration curve percentiles M1.d!

PERCENTILE

99 95 80 60 40 20 5 1
Esk at Metal 213 315 5T 1064 1868 3740 2047 17310
Bridge
Esk at 184 270 491 902 1581 3141 7512 14268
Netherby
Liddel Water 64.6 898 171 324 606 1280 3272 6184
at Rowanburnfoot
Liddel Water 19.4 405 95.8 183 330 659 1741 4084
at Sandholm
Liddel Water 213 500 136 28.0 574 128 394 1068

at Saughtree

33 MAXIMUM REGULATION RELEASE RATE

Figures 4a and 4b show the 1 day annual minima for the Esk at Netherby
and at Metal Bridge from which the 20, 50 and 100 year return period
annual minima have been estimated (Table 5a and 5b). The difference
between these estimates and the sum of the abstraction rate and the minimum
acceptable flow represent the maximum regulation release rate for the given
frequency and abstraction rate. These are listed on Table 5a for Netherby
and 5b for Metal Bridge. Figure 5 shows the maximum 1 day regulation
release rate required to support the given abstraction and minimum acceptable
flow for a return period of 50 years.

Table: 5(a) Maximum regulation release rate for Esk at Netherby.

Abstraction, M2 41

20 50 100 150

: Abstraction +
Rem;r;argenod., minimum acceptable flow 34 n 421 4an
20 1 day minima 158 158 158 158
Regulation relcase rate 183 213 263 313
50 1 day minima 155 155 155 155
Regulation release rate 186 216 266 316
100 1 day minima 153 153 153 153
Regulation release rate 188 218 268 318
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300+

Netherby

Maximum regulation release rate Ml.d

200~ Metal Sridge
100 T : T 1
J 20 :0 100 130
Abstraction rate Ml.c-.'
Figure 5 Maxdmum 1 regulation release rate (maintained flow
15% of mean flow at Netherby and 10% of mean flow at
Metal Bridge).
Table 5(b) Mawamum regulation release rate for Esk at Metal
Bridge
Abstraction, M1.d7!
20 50 100 150
; Abstraction +
Rctu;tclar;;enod. minimum acceptable Dow 26 3% 376 42
220 1 day minima 194 194 194 194
Regulation release rate 102 132 182 32
50 1 day minima 188 188 188 188
Regulaton release rate 108 138 188 238
100 1 day minima 185 185 185 185
Regulation release rate 111 141 1431 241
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3.4 FREQUENCY OF ANNUAL RELEASE VOLUMES

Figure 6 shows the definition of the annual total release volume V which is
the sum of Vl V, and V, and represents the volume of releases required to
maintain the river ﬂow at a given threshold. The threshold is the sum of
the abstraction rate and the minimum acceptable flow. Figures 7a and 7b
show a frequency plot of the total annual release volumes, using a normal
probability plotting position (Institute of Hydrology 1980) and a logarithmic
discharge axis The year of occurrence shown for some of the data points
illustrate that the 1984 drought was the most extreme for the period of
record.

Tables 62 and 6b and Figures 8a and 8b are derived from Figure 7a and 7b
by plotting the estimated total annual release volume against the abstraction.

AN
W W §//m

Jan Dec

Discharge

Figure 6 Deﬁmaon annual total release vohume
=V +Va+ V3

Table 6 Total annual regulation release volume, M1x1000
(a) Esk at Netherby.
(b) Esk at Metal Bridge

Abstraction MA.d.

Return period, 20 50 100 150
years
(2) 20 119 15.3 203 2.2
50 193 242 305 425
100 249 305 365 509
® 20 287 431 898 13.4
50 5.00 8.07 15.2 21
100 6.76 101 194 13
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rate for a return period of 20, 50 and 100 years The Figure shows the
release volume required for a given probability of failure in order to meet a
given abstraction rate whilst maintaining the required prescribed flow (15% of
the mean flow at Netherby and 10% of the mean at Metal Bridge).

4. Summary

The return period of the 1978 and 1984 droughts for the Esk at Netherby is
estimated to be of the order of 10 and 25-50 years respectively for most of
the critical durations. Annual minima discharges for different durations and a
return period of 100 years are shown in Table 3. A frequency analysis of 1
day annual minima and of total annual regulation relfease volumes has been
carried out for recorded flows for the Esk at Netherby and for a derived flow
record for the Esk at Metal Bridge. This enables maximum transfer rates and
total annual release volumes to be estimated for different abstraction rates and
fixed minimum acceptable flows. These results are summarised in Table S5a,
Sb, 6a and 6b. Regulation release rates range from 158 Mi.d! (20 year
return period, abstraction 20 M1.d’') to 318 Mad?! (100 year return period,
abstraction 150 M2.d!) for the Esk at Netherby with the equivalent figures
ranging from 102 M2.d’! to 241 M2.d? for the Esk at Metal Bridge. The
results were not very sensitive to different return periods of failure. The
equivalent figures for the annual release volumes ranged from 11900 M1? to
50900 M2 for Netherby and from 2870 M4#& to 27700 M2 for Metal Bridge.

The analysis carried out in this report is based primarily on the flow record
of the Esk at Netherby which has a number of incomplete yecars of data
between 1963 and 1988. Although the results presented provide adequate
estimates for a feasibility study it is recommended that the analysis is repeated
prior to detailed design work following the infilling of gaps in the record and
if possible a historical extension to the time series
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INSTITUTE of HYDROLOGY

The Institate of Hydrology is a component establishment of the UK
Natural Environment Research Council, grant-aided from Government
by the Department of Education and Science. For over 20 years the
Institute has been at the forefront of research exploration of hydrological
systems within complete catchment areas and 1nio the physical
processes by which rain or snow is transformed into flow in nvers.
Applied studies, undertaken both in the UK and overseas, ensures that
research activities are closely related 1o practical needs and that newly
developed methods and instruments are tested for a wide range of
environmental conditions.

The Institute, based at Wallingford, employs 140 staff, some 100 of whom
are graduates. Staff structure is multidisciplinary involving physicists,
geographers, geologists, computer scientists, mathematicians, chemists,
environmental scientists, soil scientists and botanists. Research
departments include catchment research, remote sensing,
instrumentation, data processing, mathematical modelling,
hydrogeology, hydrochemstry, soil hydrology, evaporation flux studies,
vegetation-atmospheric interactions, flood and low-flow predictions,
catchment response and engineenng hydrology.

The budget of the Institute comprises £4.5 million per year About 50
percent relates to research programmes funded directly by the Natural
Environment Research Council. Extensive commissioned research is
also carned out on behalf of government departments {both UK and
overseas), various inlermational agencies, environmental crgansations
and private sector clients. The I[nstitute is also responsible for
nationalty archived hydrological data and for publishing annually
HYDROLOGICAL DATA: UNITED KINGDOM.
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