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Executive summary

In this study the volume of groundwater storage in two catchments on the Chalk
aquifer is estimated using daily discharge data and two statistical analyses: the Base
Flow Index separation method and the recession ratio. The results were aimed at the
verification, in a separate study, of calculations of volumes of groundwater lost from
storage using hydrogeological methods. The catchments are the Kennet (NRA
Thames region) and the Itchen (NRA Southern region) and the periods of analysis
were in 1975, 1976, 1988 and 1989. After assessment of the quality of the flow
measurements and the degree of artificial influences on the river flows, three gauged
subcatchments were retained for analysis, in addition to the main catchments.

Catchment decline of the hydrograph were selected and base flow separation was
performed on the daily flow data, to estimate the reduction in storage of the chalk
aquifer. The available base flow volume at the end of the 'no recharge’ period was
assessed by integration to infinity of the estimated base flow recession curve. The
total base flow volume is the sum of the separated base flow volume and the volume
under the base flow recession curve.

The values of the total base flow volume for the 8 catchments were compared by
converting them to a depth of water by dividing by the estimated groundwater
catchment area. It was concluded that:

1. The average volume of separated base flow in the Itchen was higher than in
the Kennet, as a result of the higher annual rainfall in the Itchen.

2. The average volume of separated base flow was lowest in 1976. This was a
result of the low rainfall, and therefore low recharge and low base flow, in
the winter of 1975-1976.

3. The volume of recession curve base flow is generally estimated to be a third
to half of the separated base flow volume.

4, The relative contribution of the recession curve base flow volume is smaller
in the main catchments compared to the upstream subcatchments.

5. There is a wide range of calculated total base flow volume between the sub
catchments although there is a consistent variation from year to year.
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1 Introduction

The objective of this study was to estimate the volume of groundwater storage in
Chalk aquifers. The tollowing methods were used:

] direct calculation of the change in volume of stored water in the aquifer,
using hydrogeological data for the catchment, ¢.g. porosity and change in
groundwater levels. These calculations are described in NRA R&D report
128/5/A: Groundwater storage in British Aquifers: Chatk.

2 calculation of volume of base flow during a period of no recharge to the
groundwater reservoir, using daily discharge data and two statistical analyses:
the Base Flow Index separation method (Institute of Hydrology, 1980} and
the recession ratio (Gustard et al., 1989)

In a pre-study tifteen catchments in Lincolnshire and East Anglia covering the range
of geographical and hydrogeological conditions were selected for investigation, They
were chosen using the following criteria:

¢ Catchment wholty undertain by Chalk

® Catchment either drift-free or entirely drift-covered with exception of stream
channels)

e Artficial influences on low tlows minimal

It was originally decided to study the tong streamflow recession between | May 1975
and 31 August 1976, assuming that recharge to the aquifer during the winter of
1975/76 was minimal. However both the well hydrographs and the baseflow
separations indicated that some recharge did occur during this period, in most of the
selected catchments. Therefore two shorter periods corresponding to the summer
recessions were studied instead.

Five of the fifteen catchments then had to be discarded due to artiticial influences on
riverflow (34010, 36008, 36011, 36012) and in one case no data being available for
the relevant period (33067). Preliminary streamflow analysis was carried out on the
remaining catchments. However more detailed study of the catchments meant that
five more were considered unsuitable because ‘drift-tree’ catchments were overlain
in part by boulder clay (19002, 29003), groundwater abstractions were significant in
relation to streamflow (33029, 38003) or there were artificial influences on riverflow
(33049). The remaining five ‘drift-covered’ catchments were all suitable for
streamflow analysis, however none had sufficient water level information such that
accurate groundwater contours could be constructed. No further work was therefore
carried out on these catchments.

The two series of catchments tinally selected for detatled analysis (the Itchen and the
Kennet) are both in the southern halt of the country and virtually drift-free.  They
have both been investigated over a period of nearly 20 years, for schemes to abstract



groundwater for river augmentation, and therefore contain 2 large number of
observation boreholes with water level information. These river augmentation
schemes were tested or operated in most years. The periods studied were therefore
generally shortened by this pumping, and stopped at its coinmencement.  This
minimised artificial influences on the streamflows.

In this chapter. the methods and results of the hydrological, i.c. second, approach
are described. First, the selection of catchments thar are suitahle for analysis is
discussed. Following a summary of the data selection. the results of the calculations
of volume of water in store are presented. The periods of analysis used were the
summers of 1975, 1976, 1988 and 1989

2 Data selection

2.1 INITTIAL CRITERIA

The river ltchen, in NRA Southern region, and the river Kennet, in NRA Thames
region, were selectied for the analysis because of the good spatial and temporal
coverage of hydrological and hydrogeological data. The flow in these rivers is gauged

at 5 and 11 sites respectively, including the gauging stations on subcatchments
(Figure 1).

Gauging stations were selected for analysis if they met the following criteria:
I daily Now data avaitable for 1975, 1976, 1988 and 1989

2 minimal artiticial influences on low Nows

Information on criterion 2 has been obiained from the 1992 Low Flow Study station
assessment record (Gustard et al.. 1992) where the guality of the tlow record has
been indicated with two codes, one for the flow measurement errors and one for the
amount of artificial influences in the gauged catchment. The information necessary
10 make these assessments was obtained from the relevant NRA region, and the final
code was verified with them. For the present study, initially only those catchments
were retained tor which both grades were either A or B (see Table | for a definition
of these grades). The region of study is underlain by Chalk aquifer, and so no
catchment is entirely free from groundwater abstraction. However, the choice of

grade A or B stations implies a limited influence of groundwater pumping on the
flows.

-
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Figure 1 Gauged caichmenis in the River Kennet and River ltchen catchments
scale approx. 1:1000,000

2.2 ANALYSIS OF ANNUAL HYDROGRAPHS

In addition to the initial selection described above, the station selection was verified
by examination of hydrographs for the selected years (see Appendix A), which
resulted in accepting one station (42008) where artificial influences are classified as
C but some years were acceptable for analysis. It is important 10 note that the
artificial influences grade only reports the degree of influence on the low flow
statistic Q95 (the flow which is exceeded 95 percent of the time), whereas in the
present analysis a wider flow range is of interest.

Table 2 lists all gauging stations in the Itchen and Kennet catchments and the reason

3




for rejection, if applicable. Some more detailed comments on the hydrographs are
presented in Appendix A. Information on the nature and extent of artificial influences
was  obtained  from  the 1981-1985 Hydromewic Register  (Institute  of
Hydrology/British Geological Survey, 1988) and station files kept at the Institute of
Hydrology, as well as tfrom the relevant NRA regions.

Because of data processing limitations for the hydrogeological part of this study, it
was necessary 10 select one period of analysis for a cacchment and for a year, for
example for all Kennet catchments the same period of analysis had to be used for
1989. This of course limited the possibility of analysis of over-year recessions.

Table 3a lists hydrological properties of the catchments that were retained for
anatysis. They were calculated for all catchments for the period 1970-1990 to make
direct comparison of the figures possible. The flow statistics BFI (Base Flow Index)
and Q95 are in a narrow band for all catchments, indicating that the catchment
characteristics are very similar. The tollowing figures of mean flow expressed as a
depth over the catchment are presented for comparison only and are calculated using
the surface water catchment. In practice some of these wpographic catchment areas
are very different from the groundwater catchment aress. In the Kennet catchment the
mean flow expressed in mm/year is very similar at 230-290 mm/year. The higher
mean flow trom the whoie Kennet catchment compared to the subcatchments may be
attributed to groundwater tlow from the upstream caichment, which is (partly)
discharged into the stream below the upstream catchment and above the downstream
gauging station. The results of the mean flow calculations using groundwater
catchment areas are wider apart than using surface water catchment areas, the most
notable outlier being the Dun (Table 3b).

In the ltchen catchment the raintall is similar in the subcatchments, with all catchment
average figures between 820 and 883 mm/year. Using the topographic catchment
area, the runoff in mm/year gives a wide range of figures: the Alre catchment
(42007) 869 mm/year, the downstream ltchen catchment (42010) 451 mm/year and
the Candover (42009) and Cheriton Stream (42008) approximately 250 mm/year,
However, using the average groundwater catchment areas (Table 3b) the mean flow
figures are more similar, ranging from 384 mm/year in the Alre to 252 in the
Candover.

The flows in the Alre and the Candover (42007 resp. 42009) are occasionally
influenced by groundwater augmentation. In both the Kennet and the ltchen
catchments, the effects of the artificial influences in the upstream catchments
(groundwater augmentation, water management in cress beds) are relatively small at
the gauging stations further downstream. Details of the effect of the operation of the
groundwater augmentation schemes are described in Appendix A.
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3 Calculations of base flow volume

3.1 INTRODUCTION

Runoft from a catchment is often considered as being composed of a rapid response
component and a slow flow or base tlow component which is derived from
groundwater sources. Separating the base flow from the total hydrograph therefore
enables an approximation of the groundwater hydrograph to be derived. Many
different methods of separation exist (e.g. Ineson & Downing, 1964) ranging from
purely statistical to those based on water-chemistry. In this analysis a numerical base
flow separation algorithm has been used (Gustard et al., 1989). The advantages of
this method are:

1. automated and guick derivation from observed daily flows
2. the resultis not influenced by the user, resulting in a unigue solution for a given
hydrograph

In a period of no recharge to groundwater, the volume of base flow over the period
(V, in Figure 2) gives the volume of change in storage of the groundwater reservoir.
If at the end of the period the storage, and therefore the base flow, are negligible, the
calculated volume represents the total base flow volume present at the beginning of
the period. In practice, zero storage hardly ever occurs, and the available base flow
volume at the end ot the period has to be estimated (V, in Figure 2). This has been
done by integration of the estimated base flow recession curve, starting at the end of
the period over which the base flow separation was performed.

In order to reduce the errors in estimation of the base flow it is desirable to perform
these calculation over as long a period as possible, and 10 use periods when the
discharge at the end of the period is low. The periods that were chosen were the
summers of 1975, 1976, 1988 and 1989. It was not possible to select periods
including a winter season, because the separated base flows indicated that recharge
occurred in most catchments.
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Figure 2 Hydrograph with separated base flow and calculated base flow recession
curve

3.2 CALCULATION OF BASE FLOW VOLUME BY HYDROGRAPH
SEPARATION '

The start and end dates of the periods of analysis (Tables 5a to 5d) have been chosen
by inspection of the hydrograph and the separated base flow line for the selected
catchments and are defined by the periods without apparent significant recharge. For
every year one common period has been chosen for each river basin. However, in

some catchments a year had to be rejected due to artificial influences on the
hydrograph.

Base flow was separated (Figure 2) from gauged daily flow by a standard Institute of
Hydrology algorithm (see Section 3.1). The algorithm follows a stepwise approach:

1. divide the daily flow data into five day non-overlapping blocks and calcutate the
minimum for each of these blocks

2. determine turning points of the five-day minimum values
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3. connect the turning points 1o give the separated base flow line

Table 5a 1o 5d give the results of the calculations ot base flow runoff volume for all
catchments {columns 3 and 4). The value which is most easily comparable is the base
fow volume expressed as a depth over the catchment area (in mm), calculated using
the average vatue of the estimated groundwater catchment area for the appropriate
season (see Table 4),

33 CALCULATION OF BASE FLOW VOLUME BY RECESSION
ANALYSIS

The base flow recession curve is given by (Ineson & Downing, 1964):

Q) = Q, * K 3

where Q; 15 the flow al the start ot the recession and K the recession constant,
Alternatively this can be expressed as:

K' = QWIQ, )

The recession constant K in Equation (4) has been calculated using a standard
Institute of Hydrology algorithm (Gustard et al., 1989). According to this algorithm,
all 2-day recession pairs with a starting point less than the mean flow are extracted
from the flow record, and their individual 2-day K valtue (or ratio of the flows) is
calculated with Equation (4). The 1-day K is the square root of the 2-day K. The
algorithm then proceeds to calculate the distribution of the K values. The 90-
percentile K was selected as the caichment recession “constant’ to calculate the base
flow volume under the recession curve using the following formula:

<o

REC vol = I Q, * K'dt = -(QJInK) = 86400 (in m?) &)

0

where the constant converts from seconds to days. The solution of the integral
assumes that the groundwater reservoir decays exponentially. Tables 5a to 5d present
the results of these calculations (columns 5 10 8). The base flow volume under the
recession curve in mm was calculated using the estimated groundwater catchment area
for the appropriate season (see Table 4).
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3.4 CALCULATION OF TOTAL BASE FLOW VOLUME

The estimated ol base flow volume at the start of the analysed period is the sum
of the resuits of the calculations presented in Sections 3.2 and 3.3, The results are
presented in Tables 5a to 5d (columns 9 and 10). The formula used is:

TOTAL = BF vol + REC vol (in m* or mm)

A second approach to comparing the results from hydrogeological and hydrological
calculations has been to calculate the depletion of the groundwater reservoir over a
specified period, not taking into account the base flow volume water that may have
remained at the end of the 'no recharge’ period. In this case, the base flow volume
under the recession curve has not been considered. and the calculations are confined
to those described in Section 3.2.
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4 Discussion of results

4.1 THE VOLUME OF SEPARATED BASE FLOW

Intercomparison of values of the volumes ol water that were caleulated for the 8
catchments is only possible if the volumes are converted to 4 depth of water, for
example expressed in mm. A summary of all figures is given in Table 6. Apart from
the differences in catchment area, the length of the period analySed has to be taken
into account when comparing the volume of separated base tlow (BF vol). The
following observations can be made:

I. In all years except 1989 the average volume of separated base flow in the Iichen
(42010) was higher than in the Kennet (39016). This may be explained by higher
annual rainfall in the Itchen (Table 3a). The exception in 1989 is a result of a
much shorter period of analysis in the Itchen; a similar length of period would
have given more base flow in the Iichen than in the Kennet.

2. In the Itchen and the Kennet the dverage
lowest in 1976, This was a result of the low
and low runoft, in the winter of 1975-1976.

volume of separated base Now was
raintall, and therefore low recharge

3. In general the pattern of variation in the separated base flow in the subcatchments
within the main catchments is consistent from yedr o year. However, there is a
wide spread of figures amongst the subcatchments within the main Itchen
catchiment (42007, 42008 and 42009). Three reasons may be identified: 1.
variation in recharge, 2. variations in the hydraulic relation between the aquifer

and the stream, 3. the groundwater catchments  do represent the  actual
contributing catchment.

It may be assumed that the results for the main catchments are more accurate than for
the small subcatchments because of the smaller relative errors in flow. and
groundwater catchment area calculations.

In the Kennet the calculated volume of separated base flow (in mm) is consistently
higher in the subcatchments Lambourn (39019) and Dun (39028), compared with the
Kennet as a whole (39016). The differences in catchment average rainfatl do not
explain this. It is possible that the groundwater catchments in the two subcatchments
have been underestimated. Alternatively, there may be more water draining into the
stream in the analysis period in the upstream catchments because of higher recharge
rates and a greater hydraulic gradient in the groundwater table. The calculated volume
in the upstream Kennet (39043) is very close to the volume calculated for the whole
Kennet (39016}, apart from 1976. A possible explanation for the different behaviour
in this very dry year is that a severe lowering of the groundwater table caused the
effective contributing groundwater catchment 1o be reduced significantly.

In the lichen the calculated volume in the Alre (42007) is much higher.than. from the

10
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total catchment (42010), and that in the Candover (42008) is much lower. A possible
explanation for this would be a groundwater divide which makes the Candover
catchment too big at the expense of the Alre. The calculated volume in the Cheriton
Stream (42009) agrees with the figure for the whole tichen.

4.2 THE VOLUME OF RECESSION CURVE BASE FLOW

The base flow volumes under the recession curve (REC vol) were converted to a
depth of water, expressed in mm. A summary of all calculations is given in Table 6.
The tollowing observations can be made:

[. In all years the average volume of recession curve base tlow was higher in the
Itchen (42010) than in the Kennet (39016). This may be explained by higher
annua! rainfall and hence recharge in the lichen (Table 3a). The volume of
recession curve base flow in 1976 was similar in both catchments, and very low.

2. In general the pattern of variation in the volume of recession curve base flow in
the subcatchments within the main catchments is consistent from year to year,
However, there is a wide spread of figures amongst the subcatchments within
both main catchments. In addition 1o the three reasons for this variation identified
above (Section 4.1), the calculated volume REC wvol is very sensitive to the
estimated K. For example, an addition of 0.001 to the K valiue of the Kennet at
Knighton (0.9904) would change the catculated volume in 1975 from 37 to 41
mm.

The latter problem is illustraied by the consistently high figures in the Alre
catchment. In al! seasons the volume of recession curve base flow is estimated to be
equal to the volume of separated base flow, and higher than or equal (o the total base
flow volume in the other catchments. In the other catchments the volume of recession
curve base flow is generally estimated 10 be 4 third 1o balf of the separated base flow
volume. However, the high K value for the Alre, the highest of all K values, is
supported by the highest Q95 and the highest Base Flow Index.

4.3 THE TOTAL BASE FLOW VOLUME

The total base flow volume over the analysed periods 15 the sum of the volumes
discussed above (Sections 4.1 and 4.2). The same pattecn of variation between the
years and between the catchments can be observed in the total base flow volumes, and
the same comments therefore apply to these figures.

The proportion of this total base flow volume contributed by the volume of recession
curve base flow (Table 6) depends, amongst other things, on the catchment's
recession constant K: the proportion of water that is estimated to remain in store is
consistently higher in the ltchen catchments. Excluding the extremely dry year 1976,
which shows different behaviour to the other years, in the Itchen the fraction of the
total volume which 15 taken by the recession curve base flow varies from 0.54 10 0.31
with an average of 0.44, while in the Kennet it varies trom 0.41 w0 0.21 with an

11



average of 0.32. In general, the relative contribulion of the recession curve base flow
volume is smaller in the main catchments (39016 and 42010) compared w0 the
upstream subcatchments,

The total volumes will have 10 be compared with the volumes of drainable water
calculated using hydrogeological data.
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Table 1 Clussification scheme for low flow suitabiliry

CLASSIFICATION OF HIYDROMETRIC QUALITY
GRADE A

Accurate low flow measurement over a sensitive contral (5.1, less than 20%) wilh the scatter of
spol gaugings about the rating curve at the Q95 discharge having u factorial standaed error of
estimate of less than 1.1, and no obvious deterioration of the gauging station duc to sillation,
weed growth or vandalisim

GRADE B

Less accurate low flow measurement with either a less sensilive control (S.1. between 20% and
50%) or a factorial standard error of estimatc of between 1.1 and 1.2, and/or ubserved periodic
detenoration of the gauging station due to siltition, weed growth or vandalism,

GRADE C

Sution with low sccuracy of low Now measurement due to either an inscnsilive control {S.1. in
excess of 50%), and/or with U seatter of gaugings about the rating curve at the Q95 discharge
having a factorial slandard error of cstimate in excess of 1.2, andfor observation of sustained
deterioration of the gauging station due to siltation, weed growth or vandalisin.

CLASSIFICATION OF DEGRELE OF ARTIFICIAL INFLUENCE

GRADE A

The gauged Q95/mean Mow ratio Jdiffers by less than 20% from the estimated natural Q95/mean
flow ratio

GRADE B

The gauged Q95/mean flow rutio differs Ly more than 20% but less than $S0%

from the estimated
Q95/mean flow ralio.

GRADE C

The gauged Q95/mean fNlow ratio differs by mare than 50% (rom the estimated Q95/mean flow
ralio.




Table 2 Gauging stations in the study area

Station

Selected/reason for rejection

RIVER KENNET

39016 Kennet al Theale

39019 Lambourn at Shaw
39025 Enbournc at Brimpion
39028 Dun at Hungerford
39031 Lambuurn at Welford
39032 Lambourn at East Shellord
39033 Winterbourne at Bagnor
39037 Kennct at Marlborough
39043 Kennel a1 Kmighton
39077 Og at Marlborough
39101 Aldbourne at Ramsbury

RIVER ITCHEN

42007 Alre a1 Drove Lane, Alresford

42008 Cheniton St at Sewards Bridge

42009 Candover St al Borough Bridge
42010 lichen ul Highbridge + Allbrook
42016 lichen at Euston

selected

sclected

rejecied  clay catclinent

selected

rejected. ancomplete record (1962-1983)
rejected: incomplete record (1966-1983)
rejected:  catchment area wo small
rejecled: grading BC

selected

rejected  incomplete record {(1980-)
rejected: ncomplete record {1982-)

sclected
sclected
sclected
selected
repecied: incomplele record (1975-1983)

® 0 0 0 0 0 0 0 0 00 0"0 00 9000090~ 0-0-0-0-0-0-0-0-0
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Table 3b  Statistics of the selected catchments, calculated Jfor the period 1970-1990
using average groundwarer catchment areay

Station  Lawation

Catchment area

ML MY Rainfall

{kin) m’ s (mmy") (mmy?Y)

RIVER KENNET

39016 Kennet at Theale 957 9516 314 761
39019 Lambourn at Shaw m 1.696 31l 724
39028 Dun at Hungerford 51.9 0.735 447 770
39043 Kennct at Knighton 276 2.462 281 782
RIVER ITCHEN

42007 Alre at Drove Lane, Alresford 129 1.570 384 851
42008 Cheriton Stremm at Sewards Bridge 1.9 0.622 273 883
42009 Candover Stream at Borough Bridge 830 0.540 252 821
42010 hehen at Highbridge + Allbrook an 5.148 344 833

Notes:  MF
BEI

Q95

mcean {low for 19701990

Basc Flow Index for whole penod of record, i fraction of mean flow

(see section 3 for a furher description)

I-day mecan flow that was exceeded or equalled for 95% of the tine durning the

whole period of record, in % of mean Now

® 0 0 0 0 9 0 0 0 0 0 90 0 9 0990-90-9-90-90-0-0-0-0-0-0-0

- — —

—



Table 4 Mcan groundwater caichment areas for the period of analysis

Station  Lacation

Catchment arva (kim?)

1975 1976  198% 1989 average
RIVER KENNET
39016 Kennet al Theale 950 927 1000 974 957
39019 Lambourn at Shaw 179 177 168 167 172
35028 Dun at Hungerford ov.3 40.7 63.7 62.4 51.9
39043 Kennet at Knighton 287 27 273 274 276
RIVER ITCHEN
42007 Alre at Drove Lane, Alresflord 133 129 127 125 129
42008 Cheriton Stream at Sewards Bridae 69.7 66 8 79.2 722 n.e
42009 Candover Stream at Borough Bridge 82.7 90.0 89.2 90.0 88.0
42010 hcehen at Highbridge + Allbrook 465 468 471 479 472
17



81

(8) + {p} 21 ‘ww Ul J21Em SWNOA moY 358Q (MO (0])

(L) + (€) "2t 'spw 401 Ui Swnjoa moy aseq (eio]  (6)

& Zutsn porgnajes "ww W '(7) Ut SB moy aseq AN uoIssayal Jo awn(os  (g)
ol 01 UL "N UI/OOPIS o 'O+ T3 “mO[ 25BQ 3AIND UOISSIIBS O wN[os (1)
pouad 231ey221 ou, 21 jo pus 1 te MO (Q)

WEISU02 ueissaaey ' (§)

TRIE WUIUIDIED INEMPUN0II Suisn paicinoles fwiw wr '{g) Ul SE w0 mo|4 aseg  (p)
(W 01 Lt "pousad pagidads jo 13us] , 4N ¢ |49 97t "PWN[0A mo[4 IsTg (€

5 (U Ul tpouad payyoads 1940 mo4 Ut - (Z)

(T U2} mo() uedw jo uoNdEIp U Tpouxt patfirads a0 xapug Mo dseg  {[)

§ 3|qr L $0) SHON

EJLE JDIWLDITI £DIRMPUNOL

£5C LLtl 6L L9t LEE lc66'0 Ll 018 P <860 Uy g1ocey
881 96l SL ic'9 |l LE660 gt reé ¥9°0 SL60 12A0pUTT 00TV
Iec 19l 08 65°¢ 0c8'0 0v66'0 161 S0l L0 660 NS oD BOOLY
evt 96§ e 80t vl 09660 LIT 8 '8¢ 96° [ {860 MY L00TY

WIWYED

(sKep €L1) SL61 8 1€ O1 G161 € I “siskjeue jo pounsd  NIHOLI HIAIY

$61 gry L ) vl v066°0 611 I've 96'C 0Lg'0 1PULIN £906€
961 g el LS v6'C L1v'o 60660 61 096 L0 6560 unQ 8Io6c
Lo 90r L9 Cccl Sl 81660 091 982 - o6lT 8860 uInoque 6106¢
v5l 2 9vi St 8fe Lsr r886°0 811 9Tl v6'8 £56°0 RBULN 9106€
awyaed
(s€ep £51) G161 8 1€ 01 GL61 p | :Stsh[eus Jo poudd | INNTN WAL
(01 (6} {8) (L) “ () " © (T m
() GwoLomn (unn) (w00 (.5 ;) ) {ut) ({w ,01) (s u) (-}
TVLOL TVILOL 104 7Y oA DAY 0 A 104 44 104 44 AW 149

§L61 dulidg ui sawnjon moyf asvq painajy) s ajquy



61

{(8) + (r) 91 "Wty ul 121em 3wnjos moy aseq letof {01}

L) + (g o 'S/W 501 Ut Jwnjoa moy aseq [B10],  (6)

EDLE JUIWILDIEI IDIEmPUNord Buisn paeggnoies ‘wu ul (L) Ul 58 MmOy ISTQ FAIND UOISSIIDS JO DWN[OA ()
sW 01 Ut "N UI00P98 « *O- 371 ‘mof) o5qQ 2A2N) UQISSIIIS jo awnjon (7))

pouad 981eyaas ou, 31 Jo pus Iy e mord  (9)

JUBISUOD 1OISs20Y (5}

BRI DWNEY 131empunosd Buisn paiendjes ‘ww ut ‘(g} Ul SE JWNoA mof4 aSEg  (p)

W 001 Ur ‘pouad pajioads 1o YiBud| . JI o 149 "'t "awn[oa mo|4 aseg  {¢)

03 (W Ul poudd paytoads 1240 Mol uRdl  (Z)

. {¢ uwn|o3) moy uraw jo uonsesy ut “potiad paytoads Joa0 xapu| moj4 aseg ([}
§ 2Iqe [ 10j sMON

£L St el I1gs 9%C 12660 9 L 8¢ €8'L 6960 uagMt gl1ocy
(woncwswHng smrmpunold) Mqrins jou JA0PUED) 600CY

vl 00's LE 0¢ ¢ vLlO 0r66°0 LE 05°¢ ive'0 0L6°0 Ng MDY gooLe
SIg L'LE LEl Lt 0c80 09660 8L 001 8L6°C ¢86'0 251V Lo0cr
[PRITRTRIDES

(sAeP [ZI}9L6I £ 1€ Ot 9L6l » ¢ :Stshjeur jo pound  NIHILI HIAMY

61 §U°S 14 gl Ll o 0660 Sl tov 19 4 0] 98870 BUUIN CH06E
st 6v'§ Lr 061 1020 60660 83 65°¢ 6L 0 L96'0 ung 8L06¢
oL vt Sc ir'y 9Lr 0 816670 %4 S$6'L Lto9 o ¥86°0 uwinoquweT 5106¢
154 ot 0l oL'é6 el 123:191) £ 0t £S'C v06°0 WUUIN G106

uaurges

(sep vS1) 9L61 8 S1 01961 € ST :s1shteut fo pouad  1INNIN HIAIY

o (6) (8) FA) o () (» (€ @ n
(tur) (w0 (unn} (w00 (,.5 Ju) (-) () Gt 01 (s (W) (=)
VLOL TY.LOL 104 4y 102 DI 0 p. | 104 19 104 44 K15 144

9L61 Sursds ut saunjon moy asnq paromony q¢ vy



O O 00 0 00 0 0 0 0 0-0-0-0-0-0-0-0-0.-0.-0.0.0.0.0_.0_0.0_9.0 90 0>

0z

(8) + (v) "2t "wWw W I131em 2WN[OA MO} 358Q wel (1)

(£} + (£) 274 'spw 01 ul swnjoa moy 3seq lToL  {6)

PR WAURNE) amempuinesd Joisn pargjndjes fww UL '{£) Ul SB MO[} 358G 2AIND LOISSIIZI JO awnjos  (g)
SO U N UZ00P98 o 2D 2t 'mo| 258Q 2AIND UOISSIINI Jjodwnoa (1)

pouad a31eysn1 ou, oy jo pus ays e Mol (9)

WUEBISUOD UOISSIY (¢)

B2 WA ed Jaiempunodd Juisn parejnojes “ww Ul (g) ul sB wnjoa mo|4 Iseg (v}

W L01 Ut tpoad pageaads jo yifus| dW « {49 21 "dwnjos mop4 aseg .5

¢ 3 ¢ w Cpound pagiosdy Joao moig ueow ()

(T mwonjes) mo vedw Jo uonaely ut “pouad PoL1amds 1340 X2pU| mo[4 35T (1)

¢ 2|qr L Jof saloN

trc S'vil 88 Siv 9c 1c66 0 SSi gL SIS 860 uuM 0ioTr
9¢l 6¢€l 59 8¢ Ser’0 LL66°0 i6 608 89¢°0 1860 I3A40pUERD H00CP
€61 €5l 8L 0c'9 cEro 0ré6'0 snl 1's 8L9°0 860 41§ UoIIIYD 80T
ted 98 I 90t vl 09660 <0t 9'sC 6Ll {860 AV LO0TY

HIETTHTEITE)

(s£2p 891) 8861 8 1€ 01 8861 € LI sishjeus jo pouad  NJHOLI ¥IAIY

611 9z $€ 96 801 20660 v8 6T v6°1 €860 1BUUIY £906€
£91 POl Ls 09°¢ 18€°0 60660 901 8L°9 7850 1L6'0 unQ 8706€
£6l $Eg 9L LTl et 816670 L1l 9'61 691 $96°0 wnoque §106¢
§gl §SEI 6y zer §9'9 r886°0 98 £98 SpL . ¥96°0 1ULdY §(06¢
WI3WLNLI
(sA¥p 8£1) 8861 8 1€ 01 8861 b S| stsk|eus jo pouad LINNIN d3AN
won {6) (8) @ 9) () {r) (€ 7) (n
(W) (;ur .01 () (W ,01) {5 ) {-) () (w00 {,.5 (un) (=)
TVLOL TVL0L [0+ D3IA 104 )9y D N 104 44 104 4y JN 144

8861 Surids up sawnjon moyf 3509 pawmajey o5 ajqng



(8) + (%) 21 'ww ui I1o1em awn[oa molf aseq (€30]  (p1)}

(L) + (£) 2t 'sp 0] wl awn[ea molf aseq (B0, (6}

BUR JUAWYIIED I2Empunosd Suisn pIre(noed ‘Wi Ul ‘() UL SB MOy ISBY FAIND UOISSIODL jO wWn[oA ()

M1 DT UL "N UIOOP9E « 1O 31 'moO|] 2SEQ SAIND UOISIIIDE JO JWN[OA (¢

pouad adieyoos ou, oyl jJo pus Ayl 1T mold  (9)

WEISUOD U0iIssa9y  (¢)

EXE UMKIYNED JMEmpunoad BUIsn PIIEINOTED W Ul (g U1 S AUNj0A mo|d aseg (p)

(W 01 UL “polsad pay1oads jo yiFud] o JW « |8 91 T3WN|0A mO[] Iseg  {f)

v 1§ (W u tpouad payidads 1aa0 mojd B (D)
(T uwnjod) moyj uedaw jo uondes) ut ‘porsad payisads saso xapu) mold aseg (1)

DN[TA 15ILI0N DI WASHHIIT OF UDYEL UID( SEY 68 66 UO MmOY D1 ‘68 6'01 WOJJ paumoip sem 28ned a1 asneaag .
G J1qe), 10) SON

8¢l 809 65 $'8¢C 9c 12660 L9 £ e 96'¢ §C60 uaya| oloce
c8 reL %4 S8t 80 LE66'0 6t 6v 't Sir 0 <860 1aa0pued 600Ct
Pl ic'8 LS 80v ¥8C0 0v66'0 LS ey 98y 0 6670 15 UOIMT 80QCY
(uoneuawdne Ja1empunosd) aiqeuns Jou |V LOOTY

wawysies

(sAep 66) 6861 L 1€ 01 6861 v T ‘sis[eue jo pousd  NIHDLI HIANE

Sct e Lt <ol C6L'0 »066°0 88 vl Bl L660 12UUDYN 6L
0ot 0ol £9 LIRS SLe0 60660 L6 LO9 oLy O 0L6'0 ung 8T06¢
oLl L6 Tl I'cl +368°0 81660 s01 9Ll Se ! 860 umnoquwe 6106¢
cll cell vE 0tE Sr'y #8860 8 C6L 129 6560 BUUSY ST06E

WY NeD

(sXEp vS1) 6861 6 G1 01 6861 P 51 :siskjeue Jo pousd  TINNIN WIANY

(¥ (6 (8 () )] ® 7] © k4] n
(urur) (w00 {wur) (w00 {,5 ) () () {w ,on {5 (un) )
MAARAAT vi0L 104 DAY 104 D3H 0 | 1o+ 44 104 44 JNW 1414

686 [ Sulids ur sawnjon moyf aspq paiomap) ps 39l

-cl.- N



.r..r..(./l..r\.l.f.:\.(.(..l.t\..l..r\..l‘.r\.r\.,l‘..r...l\.( et . . _ . -

¢l
9l 65 L9 £rc 88 $61 £L cl 9 £S< 6L vLl Uy oloer
k4 £ 6t 961 c9 16 - : - 881 SL €l 12A0pUED 600LY
bl LS LS £6i 8L SHI bL LE LE ILC 08 sl 415 VO ROOL Y
) - : %44 IvC <0< Slc LEl 8L &br LEC LI v Loocr
WaWwyses
NIHIL! ¥3AM
| L 83 6!1 §¢ vy 6l 1 Sl §51 LE 611 RUUIN £r06€
051 £9 L6 £91 LS Q0i 561 Ly 38 961 LS 6t ung 8To6€
Lel oL 501 Lel oL Lil 0L Sc -4 Lec o L9 091 WnoqueT 6106¢
SOt 4 g gel 67 98 tr of te 149 ot Bil RUUIY 9106€
) wusyNe?
LINNIN ¥3AN
(wim}
(trw) () {tur) (wuw) (uras) {urun) (wwm) (wu) (ww) 1 (W) {uer)
TVYLOL 104 73d 104 49 TVLOL 104 D34 104 49 IVLOL 102 DI 104 19 V10l 1024 3 104 44
6861 8561 9.61 SL61

SUONDMDIIDI Jwnjon molf a50q Jo Liowwng 9 3)qoy



Annex A Annual hydrographs of daily flows for the
selected years

INTRODUCTION

Below, hydrographs of daily flow during a calendar year are presented for the catchments and
years that were analyzed: 1975, 1976, 1988 and 1989. The maximum of the discharge scale
is the same for all years for one station, and determined by the maximum flow on record for
that station. Apart from the time ptot of daily tlows, the graphs also display the base flow line
which was separated from the daily flows by a standard Institute of Hydrology algorithm
(Section 3.1). On the graphs the period of analysis is indicated by two bold vertical lines. The
graphs are grouped by year o facilitate the comparison of runoft patterns in the catchments.
Some features of the presented graphs are commented on below.

COMMENTS
River Kennet (catchments 39016, 39019, 39028, 39043)

General: The tlows recorded in the Kennet at Theale (39016) are not solely derived from-
Chalk; approximately 10% of the caichment, i¢. the Enbourne catchment, has 4
predominantly impervious geology of Eocene clays. The responsiveness of the Enbourne
catchment results in some high runofi’ peaks at Theale, higher than expected from a pure
Chalk catchment. The ditferent response to precipitation is also reflected in a lower BFI, 0.54
instead of 0.95 in the upsiream Chalk catchments (39019, 39028 and 39043), indicating that
basetlow comprises a lower fraction of the total runotf than in the other catchments.

A groundwater augmentation scheme has been in operation. pumping water into the River
I.ambourn when tlows were low. This discharge into the river is easily recognisable on the
hydrographs, but dates may be verified with the tollowing list of dates when the scheme was
operated {(provided by Thames NRA}:

I September - 5 December 1975
23 August - 17 November 1976
5 September - 27 September 1989
18 October - 24 November 1990

Apart from groundwater abstraction, there are artificial influences on river flows by mills (in
the upper Kennet, 39043) and flows in and out of the Kennet and Avon Canal (in the Dun,
39028). These practises influence more the distribution during a day or week than the total
volume of water, and will therefore not have much influence on the volume of base flow
which has been calculated.

1975: The hydrograph of the Kennet at Knighton shows some prolonged and relatively high
peaks (two to three times the tlow recorded during the cest of the summer, and lasting several
weeks). These peaks do not occur at the upstream gauging station at Marlborough (39037).
Furthermore, the station description mentions occurrences of drowning due to weed growth
and a very flat gradient. It was therefore assumed that drowning took place. These peaks do

23



not influence the wtal volume of base flow to a sufficiently large extent to reject the data for
analysis, because the over-estimation balances out the under-estimation.

1976: The only remarkable feature of the 1976 hydrographs, apart from the very low flows,
is the sudden increase in Nows towards the end of August in the Lambourn at Shaw (39019),
This is a result of the operation of the Lambourn groundwater augmentation scheme. The
period of analysis therefore has an end date of 15 August.

1988: The hydrographs of this year present 4 good example of the general statement made
above, with short, high runoff peaks in the Kennet at Theale (39016) which are hardly
repeated in the other catchments. The sudden dip in the flow record of the Lambourn at Shaw
(39019} at the beginning of May is not a data ercor and probably due to a large but short-term
abstraction upstream of the gauging station. The resulting loss in baseflow volume was
measured and amounts 1o 2% of total baseflow during the period that was analysed.

1989: Although the natural recession as derived from the hydrographs continued until
October, the operation of the groundwater augmentation scheme from the beginning of
September, with a marked impact on the flows in the Lambourn, resulted in a shorter season
of analysis. The recession did not start until mid-April.

River Itchen (42007, 42008, 42009, 42010)

General: The irregularity of daily flows as they appear on the hydrographs, is mainly a result
of the water management performed for the benefit of the extensive watercress beds and fish
farms in the upstream part of the Itchen catchment. The irregularity does not significantly
affect the calculated base flow volume.

The operation of the Candover and Alre groundwater augmentation schemes do have an
impact on the calculated volume of base flow. The Candover scheme affects riverflow mainly
in the Candover Stream and to a small extent in the other rivers in the ltchen catchment
(Southern Water Authority, 1979, p.84). The Alre scheme affects flows mainly in the River
Alre and to a lesser extend the flow gauged in the other rivers in the Itchen catchment
(Southern Science. 1991, p.18). When the schemes were operated, only the directly affected
catchments were not analysed. The relevant dates are: '

Candover scheme , . -

8 May - 10 November 1975 (a few short pumping tests)
3 May - 22 December 1976

9 August - 8 December 1989

Alre scheme :
8 May 1989 - 8 February 1990 (severe test pumping)

1975: The flow in all catchments is in recession from the beginning of April until the end of
Juty, when the gauged flows start to increase. The test pumping in the Candover catchment
has taken place for 15 days from 8 May, for 10 days from 1 August and for S days from 17
August. The total volume pumped was estimated at 0.9x10¢ m" (Southern Water Authority,
1979, p.34-35), which is 10% of the estimated 10tal baseflow runoff volume from the
Candover catchment(Tabte 5a). The pumping tests have not visibly altered the hydrographs
in the Candover, and the flow data bave not been rejecied for analysis. However, caution has
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to be taken in interpreting the resulting baseflow volume. Because of the limited impact on
Candover tlows itselt, the basetlow from peripheral catchments may be assumed unaltered
by the pumping tests.

1976: The Candover groundwater augmentation scheme has been in operation for most of the
summer (from the beginning of May until the end of August), which means that the measured
flows in the Candover catchment are unsuitable for analysis, The depletion of Alre streamflow
was estimated at 0.1x10° m?, which is 1% of the calculated baseflow runoff and therefore
negligible. The depletion of Ttchen flows was estimated at 0.2x 10° o0, fess than 1% of the
calculated baseflow volume, and this can therefore equally be ignored (after Southern Water
Authority, 1979, p.83).

1988: The tlows in all but one catchment were in recession from mid-February, whereas the
recession started one month later in the Alre. This difference could be attributed to a
difference in the physical characteristics ot the Chalk that underlies the catchments. A
sustained peak in groundwater levels has been observed in the Northern boundary of the
catchment, probably due to extremely impeemeable nature of the Chalk (Southern Science,
1991, p.3). This phenomenon would explain a slow release of the stored water and a delayed
start of the recession. Towards the end of August flows start to increase again.

1989 Flows are very irregular in the Alre due to the operation of the groundwater
augmentation scheme. The effect of the pumping has been analysed elsewhere (Southern
Science, 1991). As a result the 1989 data for the Alre catchment have not been analysed. The
groundwater augmentation scheme in the Candover catchment has been in operation from the-
beginning of August, which limited the period that was analysed.
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Figure A.la Kennet at Theale (39016): Hydrograph with separated basctlow for 1975
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Figure A.1b Lambourn at Shaw (39019): Hydrograph with separated baseflow for 1975
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Figure A.lc Dun at Hungerford (39028): Hydrograph with separated baseflow for 1975
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Figure A.1d Kennet at Knighton (39043): Hydrograph with separated baseflow for 1975
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Figure A.2a Kennet at Theale (39016): Hydrograph with separated baseflow for 1976
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Figure A.2b Lambourn at Shaw (39019): Hydrograph with separated baseflow for 1976
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Figure A.2¢ Dun at Hungerford (39028): Hydrograph with separated baseflow for 1976
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Figure A.2d Kennet at Knighton (39043): Hydrograph with separated bascflow for 1976
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Figure A.3a Kennet at Theale (39016): Hydrograph with separated baseflow for 1988
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Figure A.3c Dun at Hunge

rford (39028): Hydrograph with separated baseflow for 1988
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Figure A.d4a Kennet at Theale (39016): Hydrograph with separated baseflow for 1989
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Figure A.4b Lambourn at Shaw (39019): Hydrograph with separated baseflow for 1989
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Figure A.5a Alre at Drove Lane, Alresford (42007): Hydrograph with separated flow for 1975
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Figure A.5b Cheriton Stream at Sewards Bridge (42008): Hydrograph with separated flow for 1975
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gh Bridge (42009): Hydrograph with separated flow for 1979

Figure A.5c Candover Stream at Borou
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Figure A.6a Alre at Drove Lane, Alresford (42007): Hydrograph with separated flow for 1976
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Figure A.éb Cheriton Stream at Sewards Bridge (42008): Hydrograph with separated tlow for 1272
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Figure A.6¢ Candover Stream at Borough Bridge (42009): Hydrograph with separated tlow for 19
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Figure A.6d ltchen at Highbridge + Allbrook (42010): Hydrograph with separated flow for 1976
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Figure A 7a Alre at Drove Lane, Alvestord (42007): Hydiograph with separated flow Tor 1988
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Figure A.7b Cheriton Stream at Sewards Bridge (42008): Hydrograph with separated flow for 1988
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Figure A.7d Itchen at Highbridge + Allbrook (42010): Hydrograph with separated flow for 1988
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Figure A.8a Alre at Drove Lane, Alresford (42007): Hydrograph with separated flow for 1989
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Figure A.8b Cheriton Stream at Sewards Bridge (42008): Hydrograph with separated flow for 19-.8'6’:-
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nrover Stream at Borough Brigge (42009): Hydrograph with separated flow for L
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