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INT RODUC ITON

Th is study aims to provide a br ief review of the yield available from Kielder
reservo ir, taking into account present restfi ctions on drawdown. Th e effect
of additional abstract ions on the wate r levels are examined for two diffcrcnt
strategics, one supplying a fi xed amount of water cach week from the
reservoir, and the other linking into the E.sk river, and supplying quantities, as
called upon, for fl ow augmentation .

Th e repor t is divided into several sections. The fi rst describes the data
available and the analyses required to provide continuous se ries of fl ows. The
second describes the formulation and underlying assu mptions of the model .
The third section prese nts the mo delling results and examines the implica tions
of these, and fi nally there follows the summary an d conclusions. Th e appendbc
accompanying this repo rt provides a printou t of the database produced for this
project which is in the form of a set of HYDATA data fi les.

2. AVAI1 A BLE DATA AN D DATA ANALYSIS

Figu re 1 is a map of the area showing the gauging sta tions used in the
analysis. A complete listing of the daily flow data used for this stu dy is
provided in the data append ix, however a summary of the information
provided by the NRA is shown in Table 1.

Table 1 A vailable data

Station number

23003 (Reaverhill) -1989
23004 (Haydon Bridge) -1989
23005 (Tarset) -1983
23008 (Rede Bridge) -1989
23022 (Uglydub) 1982-1989

Period available Missing periods

Oct-Dec 1988
Sep t 1989 (17th-26th)

Jan-Apr , Aug-Oct 1982,
+ Oct 83, + par t Nov 1988

The mo del of the Tyne relies on continuous records at Reaverhill and Haydon
Bridge; and continuous Uglydub fl ows are requ ired to calculate infl ows to
Kid de r reservoir for recent years. Th e rese rvoir storage has been available for
river fl ow augmenta tion since 1982, and it is par ticularly important to include
the most recent information due to the unusual natu re of the recent low
infl ows as discussed later. It is also important to have as long a pe riod as
possible to ind icate the behaviour of the reservo ir during other than drough t
situations. Fo r this we have neede d to infi ll the series to provide continuous
data from 1982 to 1989 as follows:
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• 2. 1 23003- Reaverhil l

The Reaverhil l daily fl ows arc used to provide a series of imermediate
catchment flows, downstream of Kid der reservoir, by subtracting the Uglydub

• record. The result ing series contained many negative points, so the fl ows for
the two stations were plotted as compar ison timc series (using H YDATA ) to

• investigate these values. The plots are reproduced in the Appendix Figures A l
to A 6. There were two main reasons for negatives; fi rstly there are,
inevi tably, small inaccuracies in fl ow estimation at each site. If the fl ows are
very similar there will consequently be smal l positive and negative values

• recorded for the difference rather than exactly zero. Secondly there is a
smal l lag between releases at Kielder and the fl ows reaching Tarset. Th is lag

• orr asionally shows up in the record wi th a negative value during the rising
limb of an event, followed by a larger than expected positive value when the

• releases are reduced. Both of these rases cause negati ve diff erences in the
fl ows at Uglydub and Reaverhil l but for the purposes of yield and storage
calculations they are insignifi cant

• The storage yield analysis was conducted on a weekly basis which eliminated
most of these negative values. I t is interesting to note here that there were

• sustained periods of smal l negative differences recorded in the summer of

•
1989. I t could be that this was merely due to Uglydub and Reaverhill fl ows
being very similar , but it could also refl ect the lack of water in a drought

•
period leading to slight reduction in fl ows as they travel downstream.

Having provided a series of intermediate catchment fl ows from these two
stations it was necessary to infi ll the gaps caused by the lack of data at

•
either or both stations. A regression was therefore carr ied out between this
diff erence of fl ows (station 3000 in the Appendix) and the nearby Rede
Bridge station (23008). The regression equation, using data from 1982 to 1988
inclusive, was:

• DIFF = 1.24 i . 1.98 Rede Bridge Correlation coeff 81.7%

This equation was based on series 3000 values including negatives. A
regression was also carried out ignoring negative values. The equation was
very li tt le diff erent from that above. As it has been shown that the negative
values are mainly within the bounds of acceptable hydrometric accuracy the
fi rst equation was used to infi ll the record. The result ing infi lled series is

•
Station 3000 in the appendix.

• 2.2 23004- Haydon Bridge

• The H aydon Bridge record was used to represent infl ows f rom the other main

•
catchment cont ributing to the Nor th Tyne fl ows. The record is complete
apart from a short gap in September 1989. The 1989 information is

•
impor tant for this project and so the upstream station at Featherstone (23006)
was regressed against Haydon Bridge (only using September 1989 information)

•
producing the equation-

•
Haydon = 0.417 • 0.942 Featherstone Correlation coeff 97.2%



• Only a short record was used for the regression, but the missing period is
short and the regression had a high correlation coeffi cient so we believe, this

• is adequate.

•
2.3 23022-Uglydub (Kid der releases)

•
Uglydub records are required to calculate inf lows to Kid der reservoir aft er

• 1986 (pre 1986 arc available from the NRA). A regression was carried out
between Uglydub and the downstream Tarset station (23005). Unfortunately

• Tarset was discontinued in 1987 but it did exist during the missing periods of
1982 and 1983. The regrcssion equation produced using information from

• 1982 to 1987 was

• Uglydub = 0.0502 + 0.844 Tarset

• The correlation coeffi cient was 96.4% which is quite acceptable for the smal l
periods which require inf il ling.

Tarset could not be used to infi l l the missing period in 1988 which was
• important as a run up to 1989. The missing period was only 9 days

during which nearby stations did not exhibit a major response to rainfal l, and
• so the data were infi l led using logarithmic interpolation. Station 23022 in

the A ppendix includes the infi lled information.

• 2.4 Kid der inflows

• Estimates of the daily net infl ow to the reservoir, prior to May 1986, were
made available by the Northumbrian NRA .. Subsequent inf lows were estimated

• using the following water balance equation:

• I = S + 0

where I is the infl ow over 24hrs
S is the 24 hr change in storage

and 0 is the outfl ow over 24 hrs
•

Any evaporation is incorporated in the change in storage terms (S). Negative
• values occur when reservoir releases exceed infl ow.

• Outfl ows were recorded at the Uglydub gauging station j ust downstream of the
dam. The dai ly reservoir volume was estimated from a record of water
levels, measured at 9 am each day. The equation below was determined by

•
linear regression of level and storage data, also provided by Northumbrian
NRA :

• V = 0.017(E 139.561)1 45

• where V is the volume of water stored

•
E is the elevation of the water surface.

•
Values obtained using this equation compared well with those determined prior

•

•

•



•

•

•

• to May 1986. The difference over 24 hours rep rese nte d the daily change in
rese rvoir storage.

•

• 2_5 Abstr action information

• Records of the major abst ractions at Barrasford, Riding Mill an d Ovingham
available in the form of monthly total abstractions and number of days, for
the period May 1982 to the end of Dece mber 1989. Th ese were converted
to weekly volumes for the Tyne ca tchment model.•

•
THE MODE L

•

• A full mo del of the Tyne. Tees and Wear rivers would be requ ired, together
with long sequences of infl ows, if a rigorous sta tistical analysis were to be

• carried ou t showing the effect of additional abstractions from Kid der rese rvoir.
In the time available for th is stu dy it is no t possib le to ca rry ou t this level of

• modelling, but a simplified model of the TYne for the pe riod 1982 to 1989
has been constructed. Outside this period there are no abstraction records
for the Tees and Wear and the full scale mo del would be required for
estimation of these.

•

•
Figure 2 shows a diagrammatic representa tion of the mathematical model
developed to estimate Kielder water levels. Th e mo del was run on a weekly

•
time scale, in units of million cubic metres, to minimise limitations in the
da ta. It was split into two par ts, one determining the deman d on Kid der

•
from the downst ream catchments, and the other modelling the response of
Kid der sto rage to inflows and abstract ions.

•
3.1 The 'Tyne river mod el

•
Th e ca tchrnent model accumu lated abstractions an d inpu ts in the Tyne
catd unent starting at the downstream end at the Oving ham off t ake. Here

•
there is effectively a mean minimum fl ow in the river of 50Mgd (2273 M i ld).
The weekly abst ractions for Ovingham and Riding Mill were adde d to this to

•
provide a ser ies of lower Tyne demands. Th ese were subtract ed from the
Haydon br idge weekly volumes to provide a series o f unsatisfi ed system

•
de mands. Th e total demands on Kid der were then calculated using the
lower Pp e unsa tisfi ed demands, the abstractions at Barrasford, an d the in fl ows

41I of the int ermedia te catchrnent. The intermediate catchm ent values, calculated
by taking Uglydub fl ows from Reaverhill records, inevitably provide so me

•
negative fl ows bu t the use of a weekly mod el helped to eliminate these.
Th e result ing series of values is a series of weekly downstream demands for

•
the years 1982 to 1989 which have to be provided from Kid der storage.

• 3.2 Kid der reservoir model

• The reservoir model carried ou t a weekly water balance of the reservoir
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storage from May 1982 to December 1989
•

52 = SI + INFL OWS DEMA NDS
•

S2 and SI are the end of week storages for the present time step and the
• previous time step respectively. The infl ows are from NRA records and as

calculated in the data section (fr om reservoir water levels), and the
• downstream demands the greater of results from the lower Tyne model and

the compensation fl ow at Uglydub.
•

A starting water level of 183.4m is used based on a graph of average Kielder
• level control and the fi rst abstraction information for May 1982. From this

basic setup it is possible to carry out simulations of the reservoir. Additi onal
abstractions can be imposed on the reservoir, and the results recorded as a
time series of water levels.

•

4. MO DELLI NG RESULTS AND DISCUSSION
•

• 4.1 The  Model period 1982 to 1989

• Since the completion of the dam and the fi lling of the reservoir in 1982 the

•
UK has experienced two periods of drought; in 1984 and 1989. The drought
of 1984 resulted in annual minimum discharges on the River Esk, with return

•
periods of the order of 25-50 years (Institute of Hydrology, 1990). It is likely
that the return period of flows on the Nor th Tyne would have been of a

•
similar order, had the Kid der Reservoir not been present.

The 1989 drought was particularly severe in north east England and Scotland.
The Northumbrian region experienced an extended drought wi th an

•
accumulated rainfall total from November 1988 to December 1989 of just 732
mm (70% of the long term average). Such an unprecedented period of low

•
rainfall is estimated to have a return period of 100-200 years (Institute of
Hydrology , 1989). This low rainfal l resulted in December one day minimums

•
on the River Derwent (Yorkshire) and the River TWeed (Northumbria) with
return periods of 50- 100 years. Once again it is likely that the return period

•
of low fl ows on the Tyne would have been of a similar order, had the
Kielder Reservoir not been present. For this reason we felt it was important

•
to include 1989 information.

• 42 The present yield of Kielder reservoir

• The fi r st simulation of the reservoir was carried out wi th only the calculated

•
downstream demands and existing compensation fl ow requirements. The
water levels recorded show that the reservoir spills for much of the time. The
eff ect of additional abstractions on the reservoir water levels was investigated
and results plotted in Figure 3 showing that a total weekly abst raction of 500

•
M il /day each week could have been supported through the period, with a
maximum drawdown of approximately 10 m. Drawdown below 10 m is

•
unacceptable as provision has to be made for grassing exposed banks.
A l though it is not possible to provide estimates of system yield from such a

•
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•
short data-set the simulation above describes the resources available through a
particular histor ic period which has been shown to contain two dry periods.

•
This gives an overall fi gure for addit ional resources available in Kid der, within
present drawdown restrictions, and over the limited historic period.

4111

•
43 Response to additional abstractions - Direct supply

•
Having established the approximate extent of the resources available to supply,
simulations were carr ied out to show the eff ect of particular bulk abstractions

•
from the reservoir to supply 50, 100, and 150 M t /d. Th e simulations were
carried out with augmentation of the Ty ne system, plus additional bulk

•
abstractions of the above fi gures with 15% transmission loss allowance. The
results are shown in Figure 4. The shaded areas represent the additional

•
drop in water level as a result of the direct abstractions, compared with the
original water level series satisfying only Tyne demands. If 1982 is considered

•
as a 'star t up' ycar for the model it can be seen that the reservoir water
levels do not drop below 3 m drawdown even during the drought periods of

•
record.

•
4.4 Response to additi onal abstracti on - River regulation

•
A more real istic representation of the abstractions required from Kielder for

• proposed augmentation of the Esk is realised by linking the Kielder model to
the historic fl ows in the Esk. Results of regulati on releases required for Esk

• augmentation axe presented in the recent report " River Esk Hydro loge (1990).
From this report, the abstr action plus the minimum acceptable fl ow (of 15%

• of the mean fl ow i.e. 321  M i /d)  is calculated as 371, 421 and 471  M i l d
for abstractions of 50, 100 and 150  M t /d.  These requi rements were deducted

• from the historic Esk fl ow series to produce three composite series wi th both
negative and positive fl ows. The negative flows indicate periods where the

• Esk would not be capable of supporti ng the demand required; and the size of
the negative fl ow indicates the quantities needed for river augmentation.

• These quant ities were increased by 15%, to allow for transmission losses, and
were used as additional demands on Kid der. The results of the water levels

• result ing from these simulations are shown in Figure 5.

•
43 Discussion

•
1982 can be considered a 'start-up' year for the simulations as the results of

• water level are dependent on the starting water level chosen. Under the
abstraction policies tested the reservoir fi lls at the end of 1982, and thereafter

• the water levels are independent of starting contents.

• Both sets of results, from 43 and 4.4, show the eff ect of the dry periods
1983-84 and 1989. Interestingly the extreme rainfall for 1989 is not refl ected

• directly in extreme water levels. If anything, the eff ect on storage is less
severe than that for 1984.

411
Results for 4.4 indicate that the river Esk did not have such extreme low
fl ow condit ions in 1989 as the Ty ne. Demands on K ielder water are much

•

•
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O r )

4 1/

• lower than for 1984. This ties in with the fact that 1989 low fl ows were
particularly severe in the north cast region.

•
A n at temp t at assessing the return period of these events is impossible with

• such a short record, and thus the return period of rainfall must be used as
an indication of the frequency of the events. Therefore the resulting water

• levels for the 1984 and 1989 low fl ow periods indicate the eff ect of the
abstractions during a greater than 25 year return period low fl ow sequence.

•
Throughout these simulations the hydropower potential of Kielder has been

• ignored, but there are signifi cant periods of spill during which additional
hydropower generation would have been carried out. A n additional simulation

• could easily be tested at this stage, incorporating a simple operating rule, to
show the hydropowcr rcsources avai lable under the likely future operating

• scheme.

•

• SUM M A RY

•
A simple model has been constructed of Kid der reservoir and the river Tyne
maj or abstractions. Simulations have been cani ed out for the period May

a 1 1982 to December 1989 to show the effect of additional abstractions on the
reservoir water level. The results of the simulations are presented in Figures

•
3, 4 and 5 showing that the bulk transfers, as a direct supply and transfers
for river E.sk regulation, did not cause the reservoir water level to be drawn
below 182 m. I t is estimated that these low fl ow periods refl ect condit ions

• ( t expected with a greater thna 25 year return period.

I

• REFE RENCES

• Institute of Hydrology , ( 1987), HYDATA.

• Insti tute of Hydrology , ( 1989), Hydrological Summary December 1989.

•
Internal Report.

•
Insti tute of Hydrology (1990), River Esk Hydrology. Report prepared for
Bri tish Nuclear Fuels plc.




