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6. SOURCE YIELDS

6.1 Objective

The objective of this aspect of the study is to assess the yield

of existing and potential water sources in Northern Ireland.

Although groundwater resources are included, the main emphasis

of the work is on surface water resources and particularly the

yield of impounding reservoirs and loughs. The approach to yield
calculation has been to develop a regiomnal storage/yield relationship
for Northern Ireland. This relationship is based on an analysis of
a number of river flow records which are described in section 6.2.
Section 6.3 outlines the meteorological data used for extending

and infilling two of these flow recorids (section 6.4) and for
calculating average runoff for each reservoired catchment. The
development of the regional storage yield diagram and its application
to individual reservoirs, in order to estimatec the yield with a 20 and
50 year return period of failure, is dezscribec in sections 6.5 and

6.6 respectively. For the larger resource of Silent Valley

‘'vields have also been estimated by carrying out a more

detailed simulation of reservoir behaviour. The final sections
summarise the estimation of the yield of direst river abstractions,
the hydrology of Lough Neagh and the groundwater resources of the

province.

6.2 River Flow Records

The Water Data Unit (NI) have operated a total of 73 gauging statioms,
some of which record only levels whilst others have been discontinued.
Records of mean daily flows are archived for 30 stations with ICS
Computing Limited in Belfast. Given the time constraints of the
present study only. these archivéd records were considered in detail,
these are listed on Table 6.1. Most of these records are from rated
river sections with cableways and the overall gquality of the data is

good,
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Discussion with WDU identified some poorer quality flow records.

These included stations where the natural flow regime is significantly
influenced by artificial factors (such as reservoirs or canals},
stations where, as a result of an unstable control, there is wide
scatter of points on the rating curve and the flow record is of low
accuracy; and stations having a better quality gauging stationm

either up or downstream. These inferior,(for the purpose of the.
current study) flow records amount to 8 of the 30 processed records
and their station numbers are shown in parenthesis in Table 6.1.
Figure 6.1 shows the location of each of the gauging stations used

in the study.

It will be seen from Table 6.1 that all the standard hydrometric
stations have short records: the average record length is & years
with no data available before 1870. This data was therefore enhanced

from the following sources:-

{1) Annalonp gauge 1895-197%. (Figure 6.2). This pgsuge is n
rectangular plate weir with low flow notch, malntained in
good condition, with little leakage and clean straight approach
section. The calibration of the direct flow rezorder is un-
known as 1s the detailed history-of datum checks on the weir.
The site iacks a scaff gauge. However, it is thought_ that
the quality of record may well be equal to that of other long
flow records in.the British Isles and given that-the catchment
feeds the major source for Belfast, it was considered essential
that an attempt was made to analyse this record. Manual ab-
stractions of flows from the large, 4ft square, logarithmic
chart records was carried out by W.D,U. (NI). These flows
were read at three hourly intervals during rapid.changes of
river flow and at daily intervals during periods of relatively
constant discharge. The data was then processed by the
Institute of Hydrology to produce a mean daily flow record

from 1895, although there are many missing periods (Table 6.2).



Figure 6.1

Location of gauging stations used in study

N
I <
N - ®
RESERVOIRS . 204001
® RIVER FLOW L,}a
GAUGING STATION 298¢ 203028
ALTNAHEGLISHA . 20301
O RAINGAUGE ®>01007 ® 203027
20302020?13‘ 203027 »01005
50 KMS 201008 203021 WOODBURN
203012 20301
201002, 551005
f 4 BELFAS1
, 201006 .
LOUGI:' ERNE 05005205008
Louar 2030104 4 ®
o 203025
ARMAGH
335011 ‘ 203033,
| \\Q & 336015
: SILENT VALLEY‘. 20699
-5? 4326011 306021
2 ¢ 306023°
o 326018 .
< . 3070086
M
L]
JE/’,_\‘ 309001,
(e DUBLIN
°8 LI"
¢314005
ct.J
r
v
%) 316004
‘; 4323002
<z
=S



A Y——

Figure 6.2

Silent Valley location map
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Table 6.2

Available records for the Annalong catchment

) MONTHLY DAILY
ANNALONG GAUGED FLOWS TUNNEL GAUGED CATCHMENT ARMAGH
FLOWS RAINFALL RAINFALL
1885-1897 incomplete ¥ 1883
1898-189% complete .
1900 missing
1901 incomplete
1902-1905 missing
1906-1909 incomplete
19i10~-1911 comolete
1912-1916 incomplete complete
1917 com>lete
1918-1918% incomplete
1920~-1927 com.lete
1928 incomplete
1929-1934 com>ylete
1635 incomplete
1936-1935 comvlete
1640 incomplete —— 1339
1941~-1960 missing 1955-1958 incomplete
1959-1863 complete
1960-1879 incomplete 1964-1966 incomplete complete
1967-1971 missing
1872-1974 incomplete '
1975-1979  complete —x__ 1980 —L 1980



The Slieve Binnian tunnel was constructed in 1855 to divert
the river Annalong flows to the Silent Valley reservoir and
thereby increase its yield (Colebrook, 1653). The intake

to the tunmel is constructed as a mass concrete stilling

pool with two orifices to the tunnel_and an overflow weir
discharging water into the o©0ld river course. Flows down the
tunnel are measured by a non-standard direct flow recorder
using these rectangular orifices as a control. . The detailed
calibration is not known. Charts are available from 1855
to 1979 and manual abstractions of these charts has been
car:-ied out by the Institute of Hydrology to provide a record

of mean daily flows.

To compute na*ural catchment flow post 1855 it is necessary

to sum the tunnel diversion discharge -and the flows at the

. oripginal Annaleng gauge. Unfortunately this is not pcssible

becnuse of zaps in the Annalong record. Bowever, an exam-
ination ¢f &the tunnel charte revealed that the tunnel diverts
31l but the peaks of the extreme floods, (it was designed to
divert 97% of its catchment's runoff). It was therefore
possible to estimate flows at the Annalong site by multiplying
tunnel flows by 1.347 to allow for the difference in area

and mean arnual effective rainfall of the partial and total

catchment 2reac.

(ii) Altnaheglish catchment 1926-1859. Despite'extehsive enquiries
by ¥.D.U. (NI) the origin of this weekly inflow record is un-
knowsn. Monthly flows have been calculated and used in the
storage yield analysis.

(iii)Woodburn experimental catchments. Four experimental catch-

ments were instrumented by the Belfast City and District

Water Commissioners to study "the effects of afforestation on

water runoff" (Savill, 1974). The catchments, named the

Red, Blue, Green and Control areas, are shown in Figure 6.3.
Direct flow Lea recorders were installed in 1959 together with
weirs having 90 degree v-notches for low flows, and rectangular
weirs for higher flows. A weighted mean of the four monthly
flow records (Appendix 1) have been used to develop a rainfall

runcoff relationship for‘the Woodburn complex which has enabled
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synthetic monthly flows to be estimated.

(iv) Republic of Ireland. Discussion with the Q0ffice of Pub}ic
Works, Dublin, identified 27 stations (from a network of
200} with record lengths in excess of 20 years, having natural
flows of acceptable accuracy. This data has been trans-
ferred to IH and was initially examined to identify which
catchments had similar flow regimes to those of Northern
Ire_.and. Eleven such records were identified, their locations
are shown in Figure 6.1 and their catchment details are listed
on Table 6.3. The Electricity Supply Board, Dublin, also
operate gauging stations and have made available monthly
gauped outflcws and inflows to Lough Erne based on measurement

at Cathleen Falls power station and changes in Lough level.

{(v) Soulh West &cotland. In view cof the proximity of south
west Scotlzanéd to pafts of Northern Ireland it was considered
appropriate to use flow records from the Solway Purification
Board. The catchments were selected on the basis of record
lenpth and ziwmilarity to the reservoired caztchments of Northern
Ire..and, thet is, having high annual average rainfall and
impermeable geology. The details of the selected catchments

are summarised in Table 6.4

Values of averzze flow (ADF): in cumecs, base flow index (BFIfl the
95 and #0 perceatile discharge from the flow duration curves

(Q95 and Q80), catchment area and standard annual average rainfall
1941-70 (SAAR) are shown in Table 6.1, 6.3 and 6.4. A inspection
of thesz dataz indicate that the vafiation in flow indices between
catchments is small in Northern Ireland in relatiom to the rest of
the British Isles, that the catchments are generally impermeable
and that a single regional storage yield relationship may be
appropriate to use throughout the province. This analysis of

both flow data and catchment characteristics provided an objective
basis for selecting flow records from outside Northern Ireland which

were similar to those within the province.

4+ The ratio of base flow discharge to total discharge (Institute of
Hydrology 1980).
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6.3 Meteorological data

(a) Rainfall data

Annual rainfalls for gauged catchments (Table 6.5) were provided
by the Meteorological Office Belfast and are used to estimate
average annual losses for Northern Ireland. In addition standard
annual average rainfall 1941-70 (SAAR) for each of the reservoired
catchments (except Silent Valley) were obtained from Table C3.7

of Water Statistics 1980 and are shown in Teble &.10.

Monthly rainfall for ertending the Woodburn flow records was based

on the North Woodburn raingauge from 1886-1980. These were cal~
culated for the combinrd Red, 3iue, Green and Control catchment

areas by using a ratio of point 1o catchment rainfall based on SAAR
values. For the pericd of coacurrent flow and rainfall data
{(1960-1970) a more accurate moathly catchment rainfall was calculated
by weighting the data I rom 6 raingauges in or near the catchments.

(Figure 6.3, Appendix ).

Table 6.6 shows the ratio of the 1841-58 average annual rainféll to
the 1941-70 annual rainfall for {ive gauges in the Silent Valley

area. Incensistencier in the ratios for the Silent Valley waterworks
gauge (due to relocating the gcuge in 1958) and the Slieve Lamagan
gauge were discussed w.th the Metcorological Office (Belfas®t and
Bracknell). Followin:yy these discussions the Meteorological Office
revicsed catchment SAAR values based on 1:250,000 isohyetal maps

(Table 6.7). Monthly catchment rainfall for the Amnnalong and Silent
Valley catchments for the perioed 1839 to 1980 were then determined by
weighting the three consistent raingauges by the appropriate gauge

and catchment SAAR value.

{(b) Actual evaporation

For each reservoired catchment actual evaporation (Ea) is required
to estimate the average annual discharge from catchment rainfall.
Penman potential evapotranspiration (Ep) for short grass, adjusted

for mean catchment altitude, has been used as an estimate of catchment
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Table 6.6

Rainfall ratios for the Silent Valley and Annalong raingauges

GAUCGE IRISH SAAR RAINFALL RATIO
GRID 1841-70 1941-58/1841-70
REFERENCE mim o
(a) Silent Valley J305 216 1355 96.0
‘Water Works
{b) Slieve Bearnagh J314 279 1770 98.6
{(c) Lough Shannagh J298 258 1808 98.4
(da) Slieve Lamagon J322 255 1787 101.2
(e) Annalong J355 255 1240 98.5



Table 6.7 SAAR (1941-70) for Silent Valley and Annalong Catchments

CATCHMENT SAAR . AREA
(mm}) (ha)

Silent Valley (residual catchment below 1730 1418.8
Ben Crom excluding Annalong diversion)
Ben Crom, 1845 810.2
Silent Valley Plus Ben Crom 1772 2229.0
excluding Annzlong .
Annalong dtove Tunnel Diversions 1726 1011.73
Annalong above Mourne Conduit 1654 1421.8

Silent Valley, Ben Crom and Annalong
above Tunnel Diversion : 1758 3240.2




actual evaporation. An investigationm of catchment losses showed
that the difference between mean Ea and mearn Ep is very small in

Northern Ireland; the results are described below.

The mean and standard deviation of annual losses (rainfall minus
runoff) were calculated for each gauged catchment. Ten catchments
with eight or more years of flow data and a low standard deviation
of annual losses were used for further analysis. The average
annuzal losses for this group of catchments was 373 mm. The mean

Ep values (Table C.3.5.3 DOE, N. Ireland 1380) calculated for
climatelogical stations in Northern Ireland were adjusted to sea
level using a 'lapse rate', provided by the Meteorological office,
of 28.3 mm/100 m. The average Ep of 13 climate stations was 440 mm
adjusted to sea level. (These 13 stations excluded coastal sites,
the Silent Valley Water Works site which seriously over-estimaied Ep,
and sites with less than 10 vears of data). This value of 440 mm
is used as the mean sea level Ep throughout Northern Irelan¢, from
which any catchment Ep can be calculated. A mean altitude adjusted
Ep of 397 mm was calculated for the ten gauged catchments aud
compared with the actual losses from the catchment water balance of
373 mm, giving a mean difference between Ep and Ea of 24 mm. This
assumes that all losses may be attributed to evaporacion and this is

supported by the impermeable catchment geology.

A second and independent method of estimating the difference between
Ep and Ea employed a soil-moisture deficit model described in the
following section. This model estimated daily Ea znd was run for a
range of Ep and SAAR values. The rainfall was distributed according
to the daily rainfalls at Armagh Observatory over tke period 1941-70.
The results are shown in Figure 6.4 where the difference between Ep
and Ea can be estimated for a site with a given value of SAAR and Ep.
Entering Figure 6.4 with a mean SAAR of 1146 mm and Ep of 397 mm for
the catchments in the water balance study vields a difference of 5 mm

between Ep and Ea.

In view of the small differences between Ep and Ea from both methods
and the fact that most reservoirs have SAAR values in excess of 1000 mm,
where any differences between Ep and Ea would be smaller than the

water balance catchment sub set, it was concluded that Ep could be



Pigure 6.4 Relationship between potential evaporation Ep and actual evaporation E

80
70
50
50—

40

E-‘."' E‘, !rT'.m!

304

Aiivug!

nmear

20

10

I { T ! [
600 800 1000 1200 1400 1600

mean annual rainfall lmm]j



assumed to be equal to E=za. Furthermore, most reservoirs are
located inm upland areags with impermeable soil and geoclogy so the
only losses would be evaporation. Hence mean annual runoff can be

estimated from SAAR - Ep.

(c) Soil Moisture Deficit

The extension of the Annalong and Woodburn flow records also requirs
estimates of the soil moisture deficit (SMD) appropriate to each
catchment. There are no published long term SMD data available for
Nerthern Ireland and so values have been estimated from ¢limatological
data. A recent study of SMD models (Calder, 1983) has shown that a
reliable estimate of SMD can be achieved using z mean estimate of
potential evaporation, daily rainfall and a simple, 2 layer, soil

Loisture extraction model.

Cue of .the longest daily rainfall recerds in Northern Ireland is Araagh
Choservatory (1853-1982). Armagh is approrximately 50 km from Silent
Vzlliey and 65 km from the Woodburn complex and it has a much lower SAAR
¢f only 866 mm. However the daily catchment rainfall values can b:
rx~timated using the ratio of (catchment SAAR/Armagh SAAR) to provid:

a rissonable basis for SMD calculation. The method for estimating
mean annual catchment potential evaporation has been described earlier;
values for the Silent Valley and Woodburn catchments were 325 mm anli

“8C mm respectively.

Naily SMD values were calculated for each site using the simple two laver
model, daily catchment rainfall and the seasonal distribution of mean
annual potential evaporation. The 'start of month' SMD values were
extracted from the results for use in the flow extension models des-

cribed in section 6.4.

6.4 Record Extension

(a) Model development

It was necessary to infill gaps in the Annalong record and to extend
the Woodburn flow sequence to provide additional data om which to base
the regional storage yield analysis and to carry out a more delailed

simulation of the Silent Valley reservoir system.



Concurrent flow and rainfall data and long rainfall records were
available at both locations and a regression model was uéed for

data extension. This method provides objective parameter estimation
and avoids the need to make subjective judgemenis about catcﬁment
processes which is mecessary with most conceptual models. Regression
analysis is used to construct simple linear relationships between any
gset of inputs and an output variable, such that the difference between

the observed and predicted sums of squares is a minimum.

Datz inputs for the regression were rainfall, evaporation and soil
moisture deficit (SMD),; outputs were monthly flows, with all variables
expressod in mm. Model formulation 1s selected partly by experience
but aided by ep analysis-of variance and an inspection of the residuals
{the dirference between the observed and predicted monthly discharge).
The GENGTAT statistical package was used to assist with the analysis.
This program was designed by Rothamstead Experimental Station to
perform analysis of variance, and lncorporate extensive model building

aids such as transformations, residual plotting and subset search routiines.

Table 6.8 liste the variabhles used in developing the regression model.
Fitting natural and logarithmic flows was carried out at each site

based on the rainf=11 and SMD data available. Examples of the Annalong
-and.Woocburn currelation matrices are shown in Appendix 1. The

following checks were carried out to ensure that there were:-
(1) No majcr errors in a simple water balance of the rain-
fall, evaporation and flow data used to calibrate the

model.

(2} No tendency to over or under predict at high, medium

or low flows.
{(3) No seasonal trend in the residual flows (fitted - observed).

(4) No trend in the residuals throughout the period of

record.



Table 6.8 Definition of variables used for record extension

VARIABLE DESCRIPTION

FL1l,FL2 The mean monthly flow from the previous

FL3,FL4 1,2,3 and 4th month respectively.

RR The current month's effective rainfall
(catchment rainfall less evaporation).
If actual evaporation exceeds rainfall,
RR is set to zero. This happened rarely.

RRL1,RRLZ, Eftective rainfall (RR) lagged by 1,2,3

RRL3,RRLA4. and 4 months respectively. It was
considered unnecessary to include -higher
lzg terms because the catchments are small,
fiashy and impermeable.

SMD The start of month soil moisture deficit

SMDL1,SMDLZ ,
SMDL 3, SMDL4

EVAP1 ,EVAP:

described in section 6. 3

Thz SMD lagged by 1,2,3 and 4 months
respectively.

Actual evaporation during the current

- month. ‘

Actual evaporation lagged by 1 and
2 months respectively.

T e rrr T




(b) Application to the Woodburn Complex

A regression was carriad out on the 11 complete years (1960-1970)
of catchment runoff and rainfall data for the Red, Blue, Green and
Control catchments (Appendix 1). The best equation obtained,

fitting the monthly flow Q in mm is:-

Q=22.2 + 0.497 'RR® + 0.098 RRL1 - 0.410 SMD - 0.568 SMDLZ (1)

R? = 81.5%, standard error of Q = 15.1 mm.

All terms were significant above the 99% confidence level.’
Additicnal evaporation, laggecd rainfall and SMD terms were not sig-
nificant at the 95% level and hence they do net lead to any improve-
ment in the estimation of montily flows. Equation (1) enables
monthly runoff to be c;lculated for the Woodburn catchment from

1895 ~ 1979.

The average daily flow (ADF) 1943-70 of the reconstructed sequence
was compared with the ADF calculated for the regional analysis.
‘These were very similar, being 58.4 M1l/d and 61.2 Ml/d respectively.
The results of a storaze yield analysis will be heavily reliant on
the estimate of averag: fleoonr. Therefcre, for cbnsistenny witk the
regional study, the syanthetic sequence was adjusted to comply with

a 1641-70 ADF of 61.2 Ml/d.

(c) Application to the Annalong catchment

The modelling based on adjusted tunnel flows (section 6.2) was
carried out on the pericd of record January 1855 to December 1979,
the only period for which corresponding catchment runoff and rainfall
data are available (Table 6.2). Although a number of gaps remain

the statistical package used was able to make optimum use of all data.
The best fit equation obtained on monthly data is given below (in mm}.
Q@ = 32,46 + 0.703 AR - 0.437 SMD (2)

R? = 75.7%, standard error of ‘Q = 25.1 mm.



A1l the terms were significant above the 98% confidence level,
Inclusion of additional terms were not significant at the 953%
level. Equation 2 enables runoff to be estimated from 1853:to
1979 for the Annalong catchment using rainfall and SMD data.
Monthly catchment rainzall based on the 3 local gauges has been
used from 1939 to 1980, but before this the Armagh rainfall, trans-

ferred using a SAAR ratio of 1.91, has been used.

The ADF of the synthet:.c seguence (1941-70) was compared with the
ADF from the regional study. They were very similar, being

52.94 Ml/d and 51.77 Mi/d respectively. The synthetic seguence was
adjusted to comply with an ADF of 51.77 Ml/d as was carried out for
Woodburn, The adjusted series was used to infill gaps (Table 6.2)

and tc extend the Anna.iong record.

(dd> Compariscn of Woodburn anid Annalong model

It ie interesting to note that the structure of both the Woodburn
and Annalong models is similar: in both cases natural rather than
logarithmic flows werxe fitted Lest. From equation (2) it can be
seen that the Annalong flows are related only to the current monthly
rainfalil and SMD, whercas egustion (1) for Woodburn includes more
lagged terms. Any phvsical interpretation ofrthe differences in
the regression models 1ust be made with caution but the genersally
steeper and more impermeable Annalong catchment would be expected to
have a 'flashier' flow regime with less'hydrological memory' than
the more subdued topography oif Woodburn. This is reflected in the
absence of lagged terms in equation (2). The larger error for the
Annalong model may be due to this flashier flow regime, to a larger
catchment area, or to the lower accuracy of catchment rainfall (there
were no raingauges on the catchment to the tunnel in contrast to
Woodburn where there were 6 gauges on the catchment). However the
reconstructed flows for the Annalong catchment will provide a much
smaller percentage of the total record. Within the constraints of
the current study it is thought that both connosite f£lows adequately

represents the historical flows. Furthermore the average flow over
the period 1941-1970 for the two flow sequences is very close to that

estimated from rainfall-evaporation. This independent check supports

the results of the evaporation studies of section 6.3,



6.5 Regional storage yield relationship

In order to estimate the yield of a large number of sodrces a
generalised storage yield relationship was developed which could

readily be applied to any reserveir in Northern Ireland.

A storage yield analysis was carried out on each of the available
flow records by calculating the storage requirement Si needed to

maintain a yield ¥ from:-

Si+l = 851 - Qi+ Y

where Qi is the daily (or monthly) discharge. The value of Si will
increase during 2 drought and decreas=2 as 'reservoir’ inflows exceed
the yielad. The 'reservoir' will spill when 5i is negative, in which
case Si is reset to zero. The maximum valur of Si, for any drought
event, is thus the storage needed to just maiutain the given yield.
This simulation is carried out for thz compl=te record and a series
of Sj, the annual maximum values of Si are extracted. These values
are ranked from the smallest (j=1) to the largest, and the non-

exceedance probability Fj is calculatad using the Blom plotting

position:-
. j ~ 0.375
FJ n + 0.25
where n is the number of years of data. The entire procedure is
repeated for different Y values. Figure 6.5 shows a plot of the

storage requirement Sj against percentage exceedance on log-normal
probability paper for a number of different yields. The wyield is
expressed as a percentage of the average daily flow (ADF), and 8]

as a percentage of the annual runoff volume (ARV). (This facilitates
comparison of storage yield relationships for catchments with different
average flows). A smooth curve may be drawn through the points on
Figure 6.5, and the storage required to maintain a vield for a given

percentage of years without reservoir failure may be estimated.
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The above analysis was carried out on each of the following flow

sequences:-—

1y Short records (< 10 years) from the N.I. hydrometric network,

i.e. the stations included in Table 6.1.

2) Longer records (20-40 years) from the Republic ¢f Ireland

shown in Table 6.3 and South West Scotland (Table 6.4).

3} Monthly flow records for Lough Erne .(1900-1983) and Altneheglish

reservoir (1929-1950).
4) Monthly gauged and reconstructed records for Wocdburn {(1386-1980).

5) Daily gauged (1895-1979), and monthly gauged anc recons~rvcted
flows for Annaliong (1895-1979). The pre 1895 cata was wuot used
for the final aralysis beczuse of its peorer accuracy due o

estimation from the Armagh raingaurge.

The relationship between the storage yield diagram &nd the ciichment
flow regime (indexed by the 80 percentiie exceedance discharge from

the flow duration curve) was investigated using an enlargec data set
for the Republic of Ireland. The 10 vear return period stcvage for
vields of 20% ADF and 60% ADF were plotted in Figure 6.6 against the

80 percentile exceedance discharge, Q80. Although‘the figure suggests
that there may be some tendency for flashy, impermeuble caichments with
low values of Q80 to require larger storages, the relationship was
poor. The conclusion of Section 6.2 was. that cétchments in Northern
Ireland are generally more impermeable than those of the Republic and
moreover that reservoired catchments were among the most imﬁermeable
areas of the North. Thus despite the inconclusive results shown on
Figure 6.6, it was thought desirable only to use the catchments from
the Republic with similar values of Q80 to those in the North. These
eleven catchments were put into two groups, those with a QBQ between
20% and 25% ADF and the remainder, having Q80 between 12% and 16% ADF.
For each group of stations the average storage frequency relationship
was found by averaging individual statiom plots for a given yield.

The flashier group of catchments showed a slightly greater storage

requirement for a given yield and freguency and this curve was used
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in subsequent comparisons of storage yield diagrams. This
averaging procedure was repeated on the impermeable catchment data

sets from Northern Ireland and South West Scotland.

As a result of the number of severe droughts in the period 1872 -
1979 (Section 6.8) it was thought that the storage frequency re-
iationship based on the short Northern Ireland records would be
biased. This was checked by comparing the storage vield relation-
ship for the Annalong derived from the period 1895-1979 with that
derived from the period 1972-1979. The results are shown on
Figure 6.7 which illustrates the large underestimation of yield

for a given storage from the short record. (For yields of 20%

ADY and in excess of 80% ADF there were insufficient events to make
comparisons). The pocled Northern Ireland and the Republic of
Ireland storage yield diagrams were thus adjusted to allow for this
oias. In the case of the Republic of Ireland the adjustment was
tzsed on the period 1956-1979 which was typical of the records used

Trow the south.

I. comparison of daily with monthly based storage yield reliationships
for the Annalong record showed that the monthly analysis underestimates
the 50 year return period storage reguirement for amounts ranging from
1% -~ 7% of the annual runoff volume, for yields of 20% and 95% of tae
zvernge flow. This arises because daily data give a more accurate
and larger estimate of within month storage reguirements. This
andjustment was made to the final storage yield relationship for each
of the monthly records. For each storage frequency curve the storage
required for 2% of the years was estimated for each yield.  This was
also carried out for each of the individual long period records and
the results are listed in Table 6.8 and plotted on Figure 6.8. The
figure illustrates that there is good agreement between each of three
small upland catchments; Altnaheglish, Woodburn and Annalong and with
the pooled curve from Northern Ireland (except’ at the lower yields),
The Repuﬁlic of Ireland pooled curve plots helow this group as does
the Lough Erne analysis. The difference between the Lough Erne and
Republic of Ireland curves compared with all the Northern Ifeland

curves may be due to:-

1) Differences in flow regime caused by differences in catchment
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" Figure 6.8 50 year return period Storage Yield relationships
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soil, physiography, annual average or seasonal distribution of
rainfall. In considering the Lough Erne results it should also
be ‘noted that the catchment is very larme (4348 km?), wifh an
extensive area of Lough, and although useful for assessing -
the frequency of extreme events it is not representative of the

small reservoired catchments of Northern Ireland.

2) Differences caused by the incidence and distribution of extreme
droughts, the errors in adjusting frequency curves based ox short
records and in estimating =torage regquirements from the invidual
Station storage frequency plots.

3y Errors in the regr=ssion mod=ls leading to an over estimate of
low flows. The close agreement between the gauged Erne record
and the Annalong aid Woodburn records in ranking historical events
suggest that this .s not a serious problem. Furthermore, most
of the notable droaghts are gauged in the Annalong record and thus
any errors in the -~econstructed flows will have a minimal influence

on the storage yied relationship.

In view of the long lengths c¢i record, similarity of catchment type
with other reservoirs in Northern Ireland and consistency of results,
the storage vield rela:ionships for Altnaheglish, Weodburn and Annalong
are considered to be the most appropriate for yield estimation. The
difference between the three plote is small and a composite curve
based on the largest of the three storage volumes for each yield
(Woodburn for yields l:zss than 70% ADF and Annalong for higher yields)
has been used as the ra2gional design curve for Northern Ireland.

For the reservoirs with 2 stdiage of less than 5% ARV the yield will be
more dependent on the characteristics of individual catchments

and the error in yield estimatidn is correspondingly higher.

The above approach was repeated to estimate the 20 year return

period storﬁge vield relationship:- the two final curves are

shown in Figure 6.9.

Figure 6.10 compares the regicnal design curve with the following

generalised storage yield relationships:-

1) South West Scotland - based on the above analysis for a

return period of 50 years.



FiEure 6.9 Regional design curves for Northern Ireland
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2} North West Water Authority (NWWA, 1981) - ©based on the
most conservative design from a minimum runoff analysis

of four long flow records. Return period is 50 years.

3) Lapworth curve - based on an annual runoff similar to the
Silent Valley reservoir of 56" per annum and after adjusting
for an increase in yield by a factor of 1.15. This adjust-

ment accords with current design practice in Northern Ireland.

Figure 6.10 illustrates that for a given storage the yieid is higher
in Norther Ireland than in South West Scotlarnd and North West England.
The relationship between these three vegion curves 1is supported by a
recent study of the coefficient of variation of annual rainfall over
Europe {(Tabony, 1982). This study was based on 185 raingauge

records in Europe using data from 186:-1970 and over 2000 raingauge
records in the UK dating from 1811. ''he resuli:s indicated that-

the yvear to year variability of rainfill is much lower over Northern
Ireiand than Great Britain and most of the Republic of Ireland.

The coefficient of variation varies frrom 11.5% in Northern Ireland

t0 13% in South West Scotland and 14% in Norih West England.

Figure 6.10 shows that the Lapworth curve generally overestimates
yield compared with the Regional Desij;n Curve. However the position
of the ILanwworth curve on Figure 6.10 dJdepends on the annual runoff of
the reservoired catchment and for a site with a2 much lower runoff
than Silent Valley the Lapworth curve would Le below the regional

design curve for most yields.

A feature of the NWWA study (NWWA 1981) is that a maximum yield of
76% ADF, corresponding to a 5 year refill period, is set on all
sources. Refill periods associated with yields of 85% ADF for this
study are in excess of § years and for yields of 90% ADF they are in
excess of B years., In view of these very long refill periods and
the errors associated with estimating the average flow of each
reservoired catchment, the maximum yield available for any source
has been set at 90% ADF for a2 return period of failure of 50 years
and 90.5% ADF for a return period of failure of 20 years. For such
sources‘the scope for increasing the yield by operating the source

conjunctively is obviously limited.



Figure 6.10 Comparison of regional storage yield relationships
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6.6 Yield estimation

(a) Regional Storage Yield Analysis

In order to apply the regional storage yield relationship to a
particular reservoir the average flow of its catchment must be
calculated. The mean altitude of each reserQoired catchment was
used te make an altitude adjiustment to the mean sea level ﬁalue

of Ep for Nerthern Ireland. ©Section 6.3 showed that the difference
between Ep and Ea were minimal and herice the average runoff in

mm could be calculated from the difference between SAAR and Ep

(Table 6.10).

Publiched values (2.0.E. N.Ireland, Xx980) of direct and indirect
catchment areas (Table 6.10) were usec. Within the scope of the
present study it was not possible to estimate the efficiencies

of individual catchwaters and so their effective area was assumed
to be 80% of their actual area. This value wrs based on previous
design practice in Northern Ireland. (In the case of the Annalong
tunnel diversion to Silent Valley reserveoir, an analysis of the
tunnel flows indicated that a catchwater effi~iency of 100% could
be used). Table 6.10 also shows the indirect arca as a percentage
of the total arez - reservoirs with a nigh pevcentage may warrant
a more detailed investigation of their catchwaters. The total
effective catchment area was calculated which. tog¢ether with the
annual runoff in mm, enabled the average daily flow (ADF) to be
calculated in Ml/day. Published wvalues of usable volume were
expressed as -a percentage of the annual runoff volume (ARV = ADF x
365.25) from which the yield (% ADF) could be estimated from
figure 6.9. For some catchmentis with more than one reserveir the total
volume of storage has been used and treated as if it were one source.
For vield calculation this implicitly assumes that the lower

reservoir will only spill when all upstream reservoirs are full. Any
departure from this will result in a reduction in reservoir yield.
Table.6.10 lists thése yields for a return period of 50 and 20 years
expressed.in units of Ml/day. From these gross yields the compensa-

tion flow must be deducted to produce the net yield. These are .

listed where published compensation flows are available.
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(b) Simulation of Silent Valley Reservoir - fixed yield

The objectives of these additional analyses are to provide an
independent check on the regional analysis and, in the following
section, to investigate the effect of raticning water supplies

on the frequency of failure. The method adopted for the yield
evaluation is that attributed to Gould. (McMahon and Mein, 1973).
This method requires that the reservoir is divided into several (N)
states of equal storage. Each year of the inflow data 1is treated
separately and is routed through the reservoir, on a monthly basis,
starting the reservoir in each of the N states and noting the
state in which it finishes. When this procedure has been repeated
for each vear of data the results are collated in a transition
matrix. This expresses the probability of ending in any oi the

N states, conditional on the starting state. A tally of the
failures which occur is also kept and a combination of these twc
matrices enables the probability of failure to be calculated,

This method will provide a more reliable yield estimate than the
regional analysis when it is based on z long term fior sequenve

at the site.

The frequency of failure is defined in the same way as in the
regional study, that is the proportion of years conta:ning a
total reservoir failure, the reciprocal of which is tie return

period of failure T Yields with a TF of 20 and 50 vears are

F
estimated for comparison with the regional analysis. Discherge
from the Annaleong flow record from 1895-1979 were transferred

to Silent Valley inflows by allowing for differences in catch-
ﬁent area and effective rainfall. The Silent Valley system
includes two reservoirs Silent Valley and Ben Crom. The operation
of these two reservoirs involves filling Ben Crom before spilling

any water to Silent Valley, and so the two reservoirs can be jumped

together and treated as one storage unit of 20634 M1 capacity.

Having establiished the analysis technique, inflow sequence and
reservoir charaéteristics, a series of reservolr simulations were
carried out with different yields. Figure 6.11 show the relation-
ship between yield and return period from which the 20 and 30 year
T_ yields of 119.6 and 115.3 Ml1/d can be read. The simulation was

F
based on monthly data which would be expected to overestimate the
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yield by about 2.5 M1l/d (2% ADF) compared with the daily based
regional results. These yields thus support the corresponding
vields ©f112.12 and 107.67 Ml/d produced by the regional approach
(Table 6.10). o

(c) Simulation of Silent Valley reservoir-with rationing

The advantage of the simple definition of failure (i.e. reservoir
egpties once in 50 years with a constant yield) is that it can
readily be used for the assessment of a larger number of sources
with different yields, storage and runoff characteristics.
However the method assumes that full output is maintained from a
reservolr until it is empty. In practice output is of course
roduced before the reservoir becomes empty because one cannot

be certain that a particular drought will not develop into one

t+

hat is more severe than the design standard. Inevitably
restriction will be introduced which,after the evept,will appear
uniecessary, resulting in the frequency of conservation measures
{(rote cuts, standpipes) being greater than the quoted frequency

oX failure as defined by the above simple criterion. Furthermore,

total failure rate will be less than the design failure rate.
An analysis was carried out to determine:-

(=) tie -increase in yield vy introducing rationing with a

given return period T_ and given return period of

R
total failure TF'

(z) the effect of rationing on the frequency of total -failure TF,

The level of storage (50%, 40%, 33%, 25% and 10%) at which
rationing is instigated was fixed for each simulation to provide
a range of possible rationing schemes. A reduction in yield of

20% was assumed for all rationing periods.

Figure 6.12 summarises the results of a number of simulations and

shows the relationship between the vield, TR and TF' It is made
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up of five series of plots each derived for a different

storage threshold. Each series indicates an increasing yield
as the probability of rationing TR increases with a correspond- -
ing increase in return period of total failure TF' Contours
of TF have been superimposed on Figure 6.12 and the contour

T = 50 can be followed to show that a2 yield of 116.2 M1l/d can

F

be met by the Silent Valley reservoirs with a T_ of 20 years.

R
This is higher than the yield of 115.3 Ml1/d shown on Figure 6.11

{section b) with the same T_ of 50 vears but with ne rationing.

F
The analvsis can 2150 be used to investigate the relationship
between the return period of total failure TF with and without

rationiny,

but with the same yield. For example the yield for
TF = 50 and-with no rationing is 115.3 Mi/d. From Figure 6.12
it can b: seen that with this same yvield of 115.3 M1/d and
assuming that ratinning is introduced when the reservoir is 23%
full tha: the return period of rationing would be 20 years;
whilst tie returp period of teotal failure is much higher at

200 years. The figure can thus be used to provide guidance on
the sensitivity of vield, frequency of rationirg and frequency
of failure to the introduction of simple rationing schemes

which ar: dependenti on reservoir contents.

This app-oach could be adopted for other reservoirs with different
storage rthara>teristics vhic may have 1 different semnsitivity
of yield to rationing. Figure 6.12 could be extended to assess
the effect of conjunctive use of this source. The probability
of rationing is then the probability of using the other source
‘and the guantity of water required to make up the demand is
controlled by the reducticon in yielé imposed by rationing. In
this case.a reduction of 20% was used but any other value could
easily be incorporated. This type of analysis could also be
carried out for the Woodburn complex so that the benefits of
conjunctive use of the two largest sources in Northern Ireland

could be assessed.

6.7 River Abstractions

(a) Background

In the first interim rewort a number of small- abstractions with



yields less than 2 Ml/d were identified. It is considered
uneconomic to upgrade many of these schemes and furthermore

for many abstractioné, large and small, the flow characteristics
of the river do not provide a constraint to abstraction. Of:

the remainder:-

(i) The Bann-for Ballinrees. The yield is limited by the
capacity of the intake, but abstraction may by constrained
by downstream residual flows, However in view of
the small abstraction 1ate, relative to the flow .

in the Lower Baan,- this seems unlikely.

(ii) The River Douglas. Owing to the poor quality of
the water, trea:iment wculd be necessary if it
were to be utilised, however the guantity is too

small to justif; this economically.

(111} Altnaheglish. Other consultants are working om a
detailed study of the merits of using the Altnaheglish
river and reseroir with the Glenedra river (and possible
reservoir)in a number of different combinations.
Detailed conjunvtivé use studies would be necessary

and can be carr:ied out if requested.

(iv} Faughan River. Binnies report of December 1965 put
this into perspz2ctive aand there is very little further

to add.

(v) The Tievenny (H324859) abstraction on the River Derg
is the only river source identified that requires

yield estimation,the calculations are described below:-

The yield of this source was estimated by calculating the

95 percentile from the 10 day flow duratiom curve, (85(10) and
the 20 year and 50 year return period 10 day annual minimum
flows. The calculations were based on the techniques described
in the Low Flow Study Repor:t (Institute of Hydrology 19880)

incorporating the results from an analysis of local flow data

+



from the gauging station & kilometers upstiream at Castlederg
(Station 201008, figure 6.1) and from Lough Erne inflows.
Estimates were made for the Castlederg site and then

transferred to the abstraction point.

(b) Flow Duration Curve

Using the Low Flow Study Report Number 2.1 (LFSR 2.1) a value of
Q95(10) of 7.4% ADF was calculated from the observed Base Flow
Index and catchment SAAR (Table 6.1). This value compares
favourably with the value of 6.5% ADF from the short flow record

from 1979-1980 at Castl=derg.

(¢) Annual minima

Using LFSR 2.2 and the -ame vaiues of BFI and SAAR the 20 and

50 year return period ainual mirnima were estimated as. 2.1 %ADF

and 1.5 %ADF respectivel!y. Apn analysis of the flows in May 1880,
the month with the lowest discharge in the Castlederg record,
enabled additional estimates tc be made. Inspection of the long
Lough Erne inflows record (18({-1283) showed that this month

was the annual minimum iischarre with a return period of
approximately 5 years. Althourh the flow regime of the Lough Erne
inflows would be differ:=nt frow the smaller Derg catchment it is
probable that the freguency of drought events on the two catchments
would be similar. It was thus assumed that May 1980 was also the
5 vear 1 month, annual minimum on the Derg. .Using nultiplying
factors from LFSR 2.2 appropriate to the Derg catchment it was
possible to estimate the 1 montn, 20 and 50 year return period
annual minima from this 5 vear annual minimum. Furtherrore,
relationships between monthly and daily flow statistics (LFSR 2.2)
enabled the 10 day annual minima to be calculated. Results from
LFSR 2.2 indicated that the 10 day annual minima would be 34%

of the 1 month annual minima. The ratio of the lowest 10 day
average flow to the mean flow in M;y 1980 had a similar value of
50%. Using this monthly to daily adjustment of 50% the 20 and

50 year return period annual minima were estimated as 0.77 FADF
and O.56 %ZADF respectively. These values are lower than those
estimated from BFI and SAAR but as they are derived from a
greater use of local data they are the preferred values for yield

calculation.



(d) Tievenny abstraction point

The above statistics are expressed as a %ADF and were converted to
Ml/d using an estimate of average discharge at the abstraction
point. This was affected by adjusting the 1879-80 gauged average
discharge at Castlederg to the mean 1941-70 discharge based on
the ratio of mean effective rainfall for the two periods. This
discharge was increased by a factor of 1.11 (to allow for the
largef catchment area to the abstraction point) to give an ADF

of 1237 M1/d and used to convert the flow statisties to units of
Ml/d as shown in Table 6.11. The 20 and 50 year return period
annual minima estimated using LFSR are higher than the observed
discharges in May 1980 and are considered to be over estimates.
The data based estimates are therefore the recomimended design

yields.

6.8 Severity of period 1970-1983

Although it is beyond the scope of thir study :¢o assess the return
period of individual drought events sone gener=al results concerning
the severity of river flow and rainfall in the period 1970-1983

may assist in assessing the frequency ¢f water resource shortages in
recent years. For each of the long flcw sequences the date and
volume of the maximum deficit (for a given yield) in this period was
noted. Table 6.12 shows the date and rank of these maxima derived
from comparisons with the deficits fror earlier records. This table
illustrates that for the higher yeilds the period contained some

of the worst droughts in nearly 100 vesrs of record.

A second approach was to apply a depth duraticn frequency analysis
{(Tabony 1877) to the Armagh rainfall record. For each duration,
determined from the results of the reservoir simulation for Loch Erne
inflows, the return period of the rainfall for a fixed starting

month was estimated (Table 6.13). These results support the analysis
of the flow data with return perijods ir excess of 100 years and some

in excess of 500 years being attributed to the rainfall events.

The most recent flow data currently available is for the period up
to September 1983 for the Lough Erne inflow series. This suggests
that extreme low flows have also occurred in 1983. July 1983 is the

lowest average monthly flow on record and the peried July/August 1983



Table 6.11 Yield of river Derg abstraction at Tievenny

Low Flow EStudy Data Based
%ADF Mi/d ZADF  Ml/d
Q95 (10) 7.4 91.5 6.3 77.
20 vear return period T . 2.1 28.9 2:76 S,
50 year return period T 1.5 18.6 0.56 6.

T 10 day annual minimes



Table 6.12

Date and rank of highest deficit in period 1970-1983

TH 1 T T TR

Yield Annalong Woodburn .. Lrmne
% ADF 1895 -1979 1886-1980 1300-1983
90 Cct 73 (1) July 76 (2) Sa2p 78 (1)
70 Sep 73 (1) Aug 75 (1) Aag 76 (3} 1
50 Sep 72 (4) Aug 75 (1) Aig 75 (1)
f
30 Aug 72 (7} Ltug 75 (1) Aag 75 (1) i

Rank shown in brackets relates to long fiow record ie reznk (1) for

Annalong is worst event from 1895-1879.

Table 6.13 Return period of Armagh rainfall for selected durat.ons

Reservoir Yield

+ .
From start of reservoir

depletion to maximum

Trom start of

' reservoir depletion i

depletion tc full ‘
% ADF Return Petriod Periovd Reiurn Period Feriod
80 500 1/71-8/76 100-200 1/71~2/81
80 200 - 500 1/75-8/76 50-100 1/75-2/78
60 > 1000 2/75-8/75 200500 2/75-2/76
40 > 500 3/75-8/75 > 500 3/75-12/75

+ Start of depletion is lagged by one month for raimfall return
period based on Lough Erne reservoir simulation.



is the lowest 2 month average flow on record, equalling the average
discharge of June/July 1976. The general conclusion is that the
recent period has incliuded some notable drought events of both

long and short duration with return periods equal to or in excess

of 100 years.

6.9 Lough Heagh

The water gquality and guantity aspects of the water resources
of Lough Neagh were considered in detail by the Lough Neazh Working Group
(1971). Hydrological aspects of the study were based on a record from
1937-1971 of inflows into the Lower Bann catchment upstream of Movanagher
weir, estimated from daily flow records at the weir and cl.anges in storage
in Lough Neagh. This exercise could now be updated using flow ard .evel
records up to 1983 and could be supplementied by 2 more cde .ailed simuiation
of yield drawdown relationships. However the 1971 investigation highlighted
the difficulties of measuring lake levels and these érroru will rzsmain
in any further hydrological analysis. Furtheremore there is evicence
that the frequency analysis used resulted in ar uvnderestination o: the
probability of occurrence of cumulative inflows - that is design driwdowns
for a given demand will recur less freguentiy than predic:ed. Scction 12.8
of the rebort concluded " Ample supplies of water are avai.lable rrom
Lough Neagh and the Lower River Bann Basins to meet all types of demand for
the foreseeable future. Large quantities of water, up to about 450 Tcmd
{100 mgd) may be permanently exported from the 2 Basins with very little
adverse effect on other interests. Investigations should, howevar, be
carried out over the next decade to quantify the effects on any interests

resulting from these exports.”

Although we are unable to comment on the 'adverse effects' it is
our view that in relation to the magnitude of the potential yield a
further hydrological study would produce little change to the above
conclusion. Although outside the scope of the current study it may be
appropriate to review further water quality, fisheries or general
environmental studies which have been completed since 1971. In this
context the severe droughts of the period 1971-1976 may have provided
further evidence to assess the environmental impact of increased abstractions.

In this regard the general assessment of the frequency of recent droughts

(Section 6.8) may be of value in aprraisine the Lourh Neagh scheme.



6.10 Groundwater

The groundwater resources of Northern Ireland have been considered

by reviewing published material and by discussion with the

Geological Survey of Northern Ireland. The complex solid and drift
geology of the province has resulted in all the aquifers being

small in area and in yield. However there has been considerable recent
groundwater development with pumping capacity increasing from

o Ml/d in 1964, to 6% M1/d in 1980 'and to approximzately 100 Ml/d in 1983.

This represents 15% of the total public supply but is not wholly

utlised.

Various aquifers of Carboniferous age which occur in the west
of the Province give ;ndividual well yields of up te 3.5 Ml/d
bt relatively little development has taken place because of
several factors, including low demand, availability of surface
water, and quality problems from the chemistry of the

groundwater.

Productive solid rock aguifers include the Permian and Triassic
sandstones, in the Lagan Valley and to the west of Lough

Neagh with recently commissioned borewells vielding a total of

10 Mi/d. The Cretacecus chalk is much thinner and of lower
permeability than its English counterpart and its value as 2
resource 13 r:rtricted primarily to thz nunher of gprirtgs vhich
issue from its base where it overlies impermeable strata. -‘Although
there may be some scope for development of the Tertiary Basalts
this would bhe confined to the development of local boreholes with

‘vields generally less than 1 M1/d.

With the exception of upland areas the solid geclogy is covered by

a veneer of drift deposits. Where this drift is composed of boulder
clay recharge to underlving aquifers will be restricted. Bennett (1878)
lists the evidence for the very low permeability of the boulder clay
and this is substantiated by the low values of the Base Flow Index
(Table 6.1) for catchments with 2 high proportion of boulder clay

cover. In contrast where the drift consists of fluvio glacial sands
and gravels (in the Lagan valley and in the north and west of the

region) the superficial deposits provide a local groundwater resource.



Individual borewell yields are up to 4.5 Ml/d and oOne group of
three wells produces 10 Ml/d.

In conclusion local demands particularly in the north and

west of the province may be met by further groundwater develdbment
from either solid or superficial aguifers. However groundwater
development will not make 2 significant additionazl contribution to

demands in the Belfast areaz.



6.11 Conclusions. and recommendations

A regional storage yield relationship has been derived for Nprthern
Ireland and used to estimate the yield of a number of reservbirs.

The method is based primarily on three long flow records, Altnaheglish,
Woodburn and Anmalong,which show consistent storage yield relationships.
Furthernore the curve is supported by a regional storage yield relation-
ship derived independently for the NWWA area and from a curve derived

in this study for South West Scotland.

Errors in yield estimation may arise from three sources. The first

is the extent to which individual catchment storage yield relationships
depart from the design curve. This departure will be proportionately
small a~ high vields, which are controlled by the annual variability of
rainfaly,but will be larger for small yields and storages where the low
flow chiracteristics of the river will assume greater importance. The
second source of error is in estimating the average discharge of the
reservo.red catichment. This is dependent on the accuracy o¢f published
values of catchiment area and rainfall, together with the accuracy of
estimat-ng losses. The latter will again be dependent on the character-
istics of individual catchments. For example, no allowance has been
made foyr catchments which are heavily forested and where the actual
losses nay be higher than estimated values; or for any groundwater
leazkage in the catchment. The third source of error is in estimating
the eff-ciency of catchwaters and will only be significant for those

reservoirs with large indirect catchment areas.

The estimated yield of the Silent Valley reservoir,using the regional
approaca, has been confirmed using a full simulation of reservoir
behaviour but with a simple definition of failure. A more realistic
simulation has also been carried out to examine the sensitivity of
vield to different frequencies of rationing and total failure. Ve
recommend that a full simulation is carried out for the other major
reservoirs including the Woodburn complex. 1f requested this approach

could also be used for conjunctive use studies.

The main emphasis of the hydrological aspects of the study has been
on reservoir yield estimation with only the River Derg being considered
for river abstractions. The hydrology of Lough Neagh has been

reviewed and this indicated that water guantity would not be a con-



straint on future abstractions. Finally the review of groundwater
abstractions indicated its current importance in the Lagan valley and
for locel supplies elsewhere; however its potential for making =
major contribution to meet increasing demands in the Belfast  area

is limited.
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