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Preface

This repor t 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 19'78 and 1984 drought, to derive fl ow du ration curves at specifi ed
locations and to provide ei timates 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 Purifi ca tion Board and the North West
National Rivers Authority.

Copyr ight in thts doc ument belongs to British Nuclear Fuels plc
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1. Introduction

Th e objectives of this study are to:

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

b) Estimate the 100 year return period drought for pe rtinent durations.

Derive fl ow duration curves for the Esk at Netherby, Liddel Water at
Rowenburnfoot and two ungauged locations on Liddel Water at
Saughtree (NY560963) and Sandholm (NY494894).

S. Estimate the maximum regulated release rate and carry out a frequency
analysis  of  annual total defi cit 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 defi cit volumes is dependant on abstraction rate and
the maintained minimum acceptable fl ow. The analysis was car ried out
with abstraction rates  of  20 50 100 and 150 M1d-1  and maintained fl ows
of 15% of the mean fl ow for Netherby (321 MI.c1-1)  and 10% for Metal
Bridge (276 M14 1 ).

2. Hydrometr ic data

Th e location of the fl ow 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 f low analysis

Number Name

77001 Esk at Ne the rby

77003 Uddel Water at
Rowanburnfoot

77035 Lyne at Cliff Bridge

(» Mean flow calculated
(2) Mean fl ow calculated

(» Mean flow calculated

from
from
from

NGR Start End Area Mean Fl ow
km2 M t d

NY390718 1963 1988 841.7 2139(1)

NY415759 1973 1988 319.0

NY412662  1977  1988 191.0 4770 )

complete years
complete years
complete years

1965, 68, 73-78, 81-88.
1974-88.
1977, 84-88.

886(2)



•

•

•

•

•

S it ug hl r s o

0 /o‘

ok.
. E • lt

ti o ntlhol

 M o o t

•

• t h• rb y 0 04 9 vim

M t r l d

St I d o•
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record of gauged daily fl ows held on the Surface Water A rchive for the Esk
at Netherby and the Liddel Water at Rowanburnfoot. In addition, a synthetic •
set of daily fl ows 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 fl ows, which are
contained over the full range. How 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 fl ow sequence for the Esk at Metal Bridge, the fl ows
of the common period at Netherby (0 n) and Cliff Bridge (0 ) were correlated •
and, by regression analysis, the Cliff Bridge series extended to the period of
the Netherby record using the following equation

Qc = 0.133 Qn1.°66 R2 = 0.88 Ise - 1.49



The extended Cliff Bridge series was added to the gauged Netherby series.
Th is represents fl ows from a combined area of 191.0 (Lyne at (1 ff Bridge) +
841.7 (Esk at Netherby) = 1032.7 km2. The additional catchment area to
Metal Bridge was measured to be 97.0 km2. The combined fl ow series was
then adjusted by the areal ratio 101770; 21 711 to derive the synthetic Esk at
Metal Bridge series.

3.  Analyses

3.1 RET URN PERIOD O F 1978 AND 1984 D RO U GHT

The flow of the Esk at Netherby must support both the abstraction (20 50
100 150 Ml.r1-1) and the maintained minimum acceptable fl ow of 321 MIc1"1
(15% of the mean fl ow). For periods when the sum of these (341 371 421
471 M1.c1-1) is greater than the natural river flow then the river must be
supported by upstream regulation releases. Th e 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 fl ow hydrograph. For
each of these durations an annual minimum frequency analysis was carried out
by plott ing discharge against W, the Weibull reduced variate (Institute of
Hydrology 1980). Figure 2 shows the plot for each of the four critical
durat ions. A graphical fi t to the plotted points was used to estimate the
return period of the annual minimum discharges of e ven duration which were
recorded in 1978 and 1984. Retu rn periods of the order of 10 years are
estimated for 1978 and 25-50 years for 1984 (Table 2). Th ese 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 f or Esk at
Netha by.

Abstr action

20 50 100 150

1978

Critic al dur ation, days 83 90 90 120

1978 min ima, Mi .c1-1 274 327 327 383

Return period , years 10 10 10 10-25

1984

Critical dura tion, days 120 120 150 150

1984 minima, rdt.crl 246 246 276 276

Return period, years 25-50 25-50 25-50 25-50
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Table: 3 A nnual minim um discharge with IOD year return period f or
given duration f or Eck at Netherby

Return period 103 years

Duration, days W 90 120 150

Mow, MI  .cf 170 205 230 250



3.2 DE RIVATION OF FLOW DURATION CURVES

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

Area Standard Annual Actual Base Flow Mean Flow 95 percentile
km2 Average Rainfall Evaporation Index M 1.c1-1 flow M1.d-1

mm mm

Figure 3 Flow duration auva .
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Table: 4 Flow duration curve percentiles Af  14-1

•
•
•
•
•
•

PERCENTILE

99 95 so so ao zo 5 1

Esk at Meta l  213 315 577 1064 1868 3740 9047 17310 •
Bridge

Esk at  184 270 491 902 1381 3141 7512 14268
Netherby •

•Lidde l Water  64.6 89.8 171 324 606 1280 3272 6184
at Rowanburnfoo t

•
Liddel Water  19.4 40.5 95.8 183 330 659 1741 4084

at Sandholm •
Liddel Water  1 13 5.00 13.6 28.0 57.4 128 394 1068

at Saugh tree
•
•
•
•3.3 MA XIM U M REGULA TION RELEASE RATE

•
Figu res 4a and 4b show the 1 day annual minima for the Esk at Netherby
and at Meta l Bridge from which the 20, 50 and 100 year return period
an nual minima have been estimated (Table 5a an d 5b). The diff erence
between these estimates and the sum of the abstraction rate and the minimum
acceptable fl ow rep resent the maximum regulation re lease rate for the given
frequency and abstr act ion rate. n est are listed on Table 5a for Netherby
and 5b for Metal Bridge. Figure 5 shows the maximu m 1 day regulation
re lease rate required to support the ?Sven abstraction an d minimum acceptable

•
•
•
•

fl ow for a return period of 50 years.

•
Table: 5(a) Max im um regulation release rate f or Esk at Netherby. •

Abstraction, M12.d-I
•

50 103 150

j' Abstraction • 341 371 421 471Return period, l minimum accepta ble flowyears

•
•

20  1  day minima  158 158 158 158 •
Regulation release rate  183 213 263 313

•
50 1  day minima  135 135 155 155

Regulation re lease rate  186 216 265 316 •
100 1 day minima  153 153 153 153 •

Regulation release rate  188 218 268 318

•
•
•
•
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Figure 5 Maximum 1 day regulation release late (mdmtained fl ow
15% of mean fl ow at Netherby and 10% of mean fl ow at •
Metal Bridge).

•
Table 5(b) Maximum regulation release rate f or E sk at Metal •

Bridge
•

Abst raction,  Mi •
20 SO 1CO 150

•
Return period, f •Abstr actlon  • 296 326 376 426L minimum acceptable Clowyears •

20 1 day minima 194 194 194 194
Regulation release rate 102 132 182 232 •

50 1 day minima 188 188 188 188 •
Regulation release rate 108 138 188 238

•
100 1 day minima 185 185 185 185

Regulation release rate 111 141 191 241 •
•
•

8 •
•



•

• 3.4 FR EQUENCY OF ANNUAL RELE ASE VOLUME S

Figure 6 shows the defi nition of the annual total release volume V which is

• the sum of V 1, V2 and V 3 and represents the volume of releases requ ired to
main tain the river fl ow at a given threshold. The threshold is the sum of

• the abstraction rate and the minimu m acceptable fl ow. Figures 7a and 7b
show a frequency plot of the total annual release volumes, using a normal

1 11 probability plot ting position (Institute of Hydrology 1980) and a logar ithmic
discharge axis. The year of occu rrence shown for some of the data po in ts

• illus trate that the 1984 drought was the most extreme for the period of
record.

-e
Tables 6a and 6b and Figures 8a and 8b are derived from Figure 7a and 7b

• by plot ting the estimated total annual release volume agains t the abstract ion .

•

•

•
•

•
cn

• 0
Threshold

•
v2 V3

v t

•

•
Jan Dec

• Figure 6 Defi nition of annual total release voliane
V = 1/1 + V2 + 1/3.

•

•
Table 6 Total annual regulation release volume, Mix 1000

• (a) Esk at Netherby.
(b) Esk at Metal Bridge

•

•
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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 fl ow (15% of
the mean fl ow 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 diff erent 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 release volumes has been
carried out for recorded fl ows for the Esk at Netherby and for a derived fl ow
record for the Esk at Metal Bridge. This enables maximum transfer rates and
total annual release volumes to be estimated for diff erent abstraction rates and
fixed minimum acceptable fl ows. These results are summarised in Table 5a,
5b, 6a and 6b. Regulation release rates range from 158 M.I .d-1 (20 year
return period, abstraction 20 Mi .d-1) to 318 Mt d-1 (100 year return period,
abstraction 150 Mit s1-1) for the Esk at Netherby with the equivalent fi gures
ranging from 102  Mi .c1-1 to 241  Mi .d1  for the Esk at Metal Bridge. The
results were not very sensitive to diff erent return periods of failure. The
equivalent fi gures for the annual release volumes ranged from 11900 Mi to
50900 M i for Netherby and from 2870 MA to 27700  MI  for Metal Bridge.

The analysis carhed out in this report is based primarily on the fl ow record
of the Esk at Netherby which has a number of incomplete years of data
between 1963 and 1988. Al though 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 infi ll ing of gaps in the record and
if possible a historical extension to the time series.
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