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Abstract

This paper explores the establishment of transfer functions for'describing the annual oscillation of unconfined
aquifer water levels in response to effective precipitation. A'simple saturated Zoné represeéntation is developed to'
accompany the unsaturated zone mechanism. Practical examples are drawn from a sample of sites from the
chalk and the Permo-Triassic sandstones of England and Wales. Modelled water levels are in many cases: good.
The technique is most appropriate within the usual range of fluctuation of aquifer water level, with no great
change in influence of abstractions, and when it is acceptable to approximate the complex;ty of unsaturated.

zone processes in practical analysis.

Introduction

This paper addresses the timing of the change in satu-
rated zone water level of unconfined aquifers in response
to effective rainfall input. It investigates merits and
demerits of the use of a simple approach to approximate

unsaturated zone “behaviour in its role in determining -

water table levels over series of annual cycles. Such an
approach is most relevant in cases when it is appropriate
to simplify the complex hydrology of the unsaturated
zone for practical consideration.’ '

Attention is focused on the derivation and perfor—
mance of transfer functions characterising the timing of
changes in unconfined aquifer water levels in response to
changes in effective precipitation. As such, the method
also involves assumptions and/or approximations con-

- cerning the processes active above and below the unsatu-
rated zone, namely evapotranspiration and soil behaviour
on the one hand, and saturated zone flow on the other. A
standard procedure is used for the former; a sm'lple rep—
resentation is developed for the latter.

Modelling unsaturated zone transfer as a distributed
lag is unspecific as to whether the actual water and/or its
pulse is described. This need not be problematical in'a
number of types of application: it could, ‘though, c]eal‘ly
be a disadvantage with respect ‘to” the’ ‘consideration of
water quality. [Quality transfer functlons can of course
be explored in their own right.] '

Attention is directed towards examples from the two
main UK aquifers, the chalk and the Permo-Triassic
sandstones.

" Method

EFFECTIVE PRECIPITATION

The effective precipitation used in this paper is that cal-
culated on a- monthly basis by the MORECS method
(Thompsen ¢t 4l., 1981) as ‘hydrologically effective pre-
cipitation’ . for. 40 x 4@ knx grid squares. The reason for
its use 1is-its availability ‘over the whole of the Great
Britain for the: period .since 1961 and its general accept-
ability. ‘This is not to disregard drawbacks to the system
which have been noted (see, for example, Harding, 1993)
and, indeed, updating in the production of MORECS 2.0
(Hough et aly in- press). The ‘hydrologically effective
precipitation’ term of MORECS can include any lateral
transfer as- well .as-(approximately) vertical recharge: By
concentrating -in:- this: paper .on unconfined aquifer. loca-
tions, it is assumed that all hydrologically effective pre~
cipitation is ultimately recharge to the regional saturated
zone without excessive lateral dlsplacement The use of
the method should be restricted to areas where lateral
watet transfer -is insignificant compared : with (approxi-
mately).vertical recharge. Thompson-ez-al, (0p. cit.) pro~
vide. the "details of MORECS calculation -methods;  in
short,  a modified- Penman-Monteith evapotranspiration
formulation’ is used for different land . uses: and. three
classes of - dual-reservoir. : soils. = Grass:: estimates for
medium texture soil were used here.
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Unsaturated zone transfer’

The essence of the modelling in this paper is to see
whether an unsaturated zone unit response function, #,

can serve to describe unsaturated zone behaviour, albeit-

in a summarised way, giving
14
R(t) = _[Oz(r)u(t - 1)dt

where R(7) is the recharge reaching the saturated zone
over time and I(T) is the effective precipitation time

series. Does such a.convelution-integral formulation-have - .

a role to play in reproducing aquifer water level time
series and could it serve as a potential method of exten-

sion of the series over time when a rainfall, series is.

known or assumed and an extension of water levels is
sought?

This part of the modellmg is linear: this is by no
means; however, to say that the rainfall/recharge rela-
tionship:i§ so, because of the considerable non-linearities
in the rainfall/effective rainfall relationship.

In the work described in this paper the transfer func-
tion is used in discrete form, working on a monthly
basis. The total recharge to the saturated zone in month

n can be written as
R, = 2—’”-,41“;'

i=1

where %1, 42 ... u, are monthly increments of recharge ‘to
the saturated zone resulting from unit effective precipita-
tion, with '@y occurring in the same month as ;. The
value of m is determined in- the calibration process. The
monthly ‘diseretisation s well -able-to pick up annual vari-
ations for-water- resource applications and ‘is appropriate
for the type of methodology ‘involved. ‘The function u is
derived by trial" and.- errot, ‘comparing - time series : of
observed- and predicted ‘water: levels. - This ' continuous
time ‘basis avoids the problem: of definition of separate
events and of individual ' conditions of starting water
levels. Here, ihput is a given: and variation of the transfer
function is.explored:in: terms of :resultant water level at a
borehole lecation: -

SATURATED ZONE BEHAVIOUR .

Borehole water level: data  from: the Natronal Water
Archive records were used for ten:unconfined chalk -and
Permo-Triassic: sandstone “sites  (Fig. 1, table: 1): spread
over- England and Wales. ‘The frequency :of ‘water level
readings:and ‘length of record differ.-All-records were
converted, usually from more frequent . readings; to 'a
series of monthly water fevels-occurring: in: the first: week
of the month, allowing up to two months of linear inter-
polation; otherwise missing values were recorded. This
water level was compared with the result of processes
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modelled ‘up to the end of the previous month. As long a
record as posssible was used, between the 1961 beginning
of MORECS data and 1991 when Institute of Hydrology

-holdings of hydrologically effective precipitation stop.

A simple and -approximate method" for-saturated zone
behaviour was developed to summarise background con-
ditions, withéut recourse “to groundwater “catchment
modelling. The aim was to use a simple physical method
not relying on full regional modelling but, rather, with
the potential to serve such studies. Possible drlvmg vari-
ables ‘for ‘determining net saturated’zoné outflow from a
borehole location are effective precipitation and water
level. In this paper emphasis was placed on the use of
effective precipitation, with a view to the use of the pro-
cedure in predictive mode when variations in water levels

" are IrkeTy to Be nkeidwm It - was pref'érred that ‘the func—
K 'ttons were estabhshed in the same manner as it was

envisaged that they would be used: the, knowledge of
obseryed Water levels is therefore used as a means of
calibration and is not an integral part of the procedure
Over the whole period of record, in the absence. of any
very great change in initial and final water levels (at a
particular time of year), recharge to a particular location
on the water table was assumed to approximate the satu-
rated zone net outflow away from that location because
of little change in storage, as reflected in the water level
values. Ignoring any recharge lag, and any difference in
unsaturated zone storage at the two times, the total net
outﬂow over the modelled period was taken to approxi-
mate total effective precipitation over the period, The
average,monthly saturated zone outflow was weighted, on
a monthly basis,. by the ratio of the previous twelve
months’ rainfall in relation to average annual rainfall in
order to give an estimate of monthly series of net satu-
rated zone outflow at an aquifer location. The rationale
for this is that the wetter the previous period, the more
likely is a greater rate of outﬂowr there is not, . however,
the 1nformatlon to. -do other than assume a form for this
relatronshrp If the end—of—record water level is very dif-
ferent from 1mt1a1 water level it is possible to apply an
overall .gain_or loss in derrvmg the outflow term, or one
wetgh;ed towards  fimes qf changes in abstractlon or.
inputs;, thls was not ,mvoked in these examples (although’
site 8, see below, is arguably a candidate). .
Recharge from effective prec1p1tatlon, lagged in a dis-
tributed manner by the trial response function, serves to
increment the water level at the locatlon, and the local
saturated zone net outflow  subtracts from it. Values of
aquifer specrﬁc y1eld necessary for the conversion . of
changes in water storage to expression, in, terms of eleva-
tion of water table are derlved by callbratlon, Any. dlffer-
ences in spec1ﬁc yield over the zone. of water level
ﬂuctuatlon, although they can in prlncrple be mcluded
are_here approximated by a constant value, in keeprng
wrth the general level of physmal detail of the, method
Because of the great emphasis on a single water level




Table 1. Details of borehole sites and. attributes. -

Recharge response functions

Site Grid -~ Aquife® . MORECS Thickness of
/ reference Square unsaturated
o TS X | : ZOHCT (m)
1 Washpit Farm, TF 81381960 Upper Chalk 130 37
“Rougham} N T ;
2 Therfield Rectory} TL 33303720 “ Upper Chalk 151 73
7&,‘ Middle Chalk
3 Sandview Cottage, 6%16557 174 Middle Chalk - e ‘
Rockley, e >Lo‘wer Chalk 158, 12
Ogbourne St Andrew} o N 4 Sy :
;,a e ) |
4 West .W00dyates Manor, Su 0160 L960 Al » Upper Chalk ““V‘\% 1813 25
Pentridge} o "’gﬂ{,‘ml‘ . {s or N, |
-~ e > T i
5 Compton House] - SU 77551490 Upper Chafk e, (183 39
?Middle Chalk Bl
6 Furness Abbey SD 21727171 Permo-Triassic - w90 9
sandstones-
unclassified
7 Llanfair ]jyffryn Clwyd, SJ 13745556 Permo-Triassic 113 2
Ruthin} sandstones
P . : unclassified. 1.7/ s
8 Weeford Flats] SK 14400464 Kedper Sandétoﬁes ) 72 AR 6
i ! (I(x) [ S I HERS S I
9 Stores:Cattage, Huntley. . 50 71701970 PermrTrmﬁiﬁ.qw vrre M e 03
v S DBADASEOMES 1 b, s LD o e
et e R PR T Pt mmlaﬁSifwda_m, ST et L s unites B sl g
10 Biissels Farm, Hiixhari] S'X 95239‘872 che Péi'iﬁo-'fﬁﬁé’s" Fond o ""‘\:“'1-378 A
CE : ERTE A RISIERN (A EEE B S RN { 'Sﬁifl&srdnes . ) s‘-'-JAECS"é, HE , RER A \I AR

* From ‘British’ Geologlcal Survey well records

! Bt soerg Hes g ed
obsa:rvatlon, fof umknown qualaty, a8 atn amfml nefemm:
level for the whole modelled water level. séiiés;ithe
" option.of-using any of the: first:three: start+afiyear:ifels
was: allowdd to givethe-least overall: efror: ¥ iscnwmeris
cally necessary teo-allow:a rum~in. period: at-the bdginiing

of the conwolution of rainfall-series.and: respehse:fungtion

of at least the length of the maximum rethange:ldgismio
It is arguableymhether -touse: splitwecosidnealibriition
and validstion-périads-or:to use:allravailable reeobds:1p
establishy:the: tramsfér,function’ parametesrs. The -datter
approach..#asiichoken with: the aim: of deriving: as-goobd-ia
set. of  iparameters s the data ;allewed:: [kt i5-pessible 1to
gaugerthe ;outceme -af - a: splitebecord approach byl reuagh
comparisets uf gondnesb—cf ﬁ@mgmdlffcmm pamsz of the
record.] i ool ki f S

R?ml ts i ‘ T . N )
oo seb ol - AR fduinen el i
Bgres.a ww shw,,gbgssmd i, modslled .
Wases, devels: aceauding fo,,ths m!m”sie%nbed ahove:
the optimised BWFSE Yalues wE showi,in the. figutss.
Beasyss. shismathod wps Rsine.Agyelonesh s oppossd te
heing; 2 es%@lﬁbﬁﬁstﬁﬁhnwmq: gpadness-afufit critaria
Wiere, spesified, in advance: foreeceptance. The, gensral
auplity, of - the results;, is encouraging  in, pyrsying.this
approach.and, mde@d over;mugh, of the ten records the

i po oo

i oceasions wb,&;;'c thlS is ]iess S0; ALg. dtsm.}sged
b,elow jn the ae,r;texl; of the ,pr,ocqssgs mvolveq .

wplitude of, annm! qsﬁlllﬁmnmw&pﬂ pastio-
8 form, of the transfer; fanction affects the

49

rmmns the,
ular; input;_ ¢




A.-Calver

Fig. 1 Locations of borehole sites: 1-5 chalk, 6-10 Peérmio-Triassic sandstones.

shape of the (irregular) oscillation. What may be less

immediately apparent is the degree of sensitivity of '

results to the parameters of the modelling. The specific

yield ‘value is of comparatively great importance; -henice

the suggestion that it is derived by calibration if possible
rather than a value used from literature sources: a local

test pumping may also be acgeptable. The response fune-

tion parameters are less of a cause of sensitivity in water
level results. In a sense, then, characterlsatmn in 1he
response function has elements of 111-cond1t10mng This
may, however, have to be accepted as a difficulty and
handled in as appropriate a manner as possible if an
answer needs to be sought.

The specific times for chalk sites where the method
produces less good results are as follows. At sites 1 and 2
in the east of England, the observed water levels fall
below the modelled in 1973, 1976 and 1990-91,  whereas
at other times the match is good, as it is for the other
three chalk sites during these periods. These were' times
of comparatlve drought in éaStern Englind. It is intérest-
ing to note that’ ‘post-1973° aﬁd post-1976 recoveriés are
adequiately modelled (data- were ot available pOSt-T991)
Where falls in watér” level ‘4fe’ underpfedibted it is not
known whether 'thé MORECS &stitations, “the linearity
of the ufisatarated zone tranisfer,' the hydraiilic propérties
of the'’ ‘aquifer at’ ‘dtp’t*h or abstractioﬁ ififluénites are the
cause(s).” At chalk “site¢ 3" in' céh‘ffdi sbutHerti Edigland, in
contrast, the ‘modelled’ witef ' Iévél "'falls “below *the

observed in- 1976 and again 'nédar the' end of thé récord.

This is explained by the physical limit imposed by’ the
reported silting of the base of the' bore (British Geologi-
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cal Survey well record), whilst nearby aquifer water
levels can be lower. Chalk sites 4 and 5 are well-mod—
elled throughout the whole period.

Tufning ' to- the periods of less good model fit for
Permo-Triassic sandstone sites, it is site 8, north of
Birmingham, which attracts attention. It is suggested that
water .resource demands are here impinging heayily on
the natural climatic fluctuation: th1s, from more
widespread data inspection, is a feature of a number of

- midland sites over the modelled period. Abstraction

changes can in pr1n01ple be accommodated within the
method by increasing thc outﬂow term on the bas1s of a
rough hydraulic calculatlon th}s has npt been mvoked
here. With regard to the other four sandstone sites of

.Fig. 3, the minor irregularities in matching observed
levels are small in absolute terms and it is perhaps unre-

alistic: to. look: for - better nmimhmag wnH mhls ievel of- detdll
efmodellang TS PEp PR ' 5 S
" The:specificyield rvulues, deﬁwed by optimisation-and
shown on Pigs: 2-ahd-3;: are compatible with reported
regional-ranges: (Allen: eri @l in +préss). Such  reported
ranges dre; howevery large and:a: SIUe+9pEOIﬁC value is rec-
ommernged for:this method.: e e e
The:transfer: function: parameters (Figs. 2.and 3) sug—
gest there are not mutually exclusiveclasses. for: the two
major UK aquifers;: nor- are::moderate : differenices. in
thicknesses of unsaturated zone detectable in:the parame-
ter values wheni anaquifer is considered: on a- wide ‘areal
basis. It is notable, though, that site 2 with a compara-
tively: late responge ‘emphasis is the: site with the thickest
unsaturated zone (mean value 1961-91 of 73 m).
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Fig. 2 Observed and modelled water levels for the chalk sites; s is specific yield; u is the unit response function array in monthly values

‘observed modelled

In the same way as the unit hydrograph offers some
information on catchment runoff processes, so the unsat-
urated.zone. transfer function. gives.a préeis of the ;perco-
lation: - response, . similarly covering:. water .and, pulse
phenomena.. For:, seven: of -the ten sites, i themost
significant. individual . menthly. cemponeat 0 fasupated
zone response. occurs within#i:monthof effeetive: npinfall
input....In.. numerical iterms; all-:the : responsesi-ban: be
catered for within, & seven~-month:period; but it is.impor-
tant to. note thas, this;may reflect: an aspeot-of the insghsi-
tivity, of the method, and.it is emphasized  that; thik is:not
necessarily t0:say. that the water.itself is:all. transferred to
the regional saturated zene within that peried.; . .

- For the chalk; of the Rhee and Gam catchments. 10 the
southwest. of Cambridge, Qakes (1981). derived; by:back
calculation, some response functions on'an annual;event
basis: .these provide a rare example in the. literature of
calculated, functians, For four sites, infiltratien lags: of up
to. three . to, four months. were. derived, with the major

component in the first month for three of the sites (and
in the second month for the fourth site) for unsaturated
gones:pfi: 1943 mistres, in, thickpess: A fifth-site.of 70.m
unsatiated 2one gave Mp.tersewen, months: lag; with.the
fourth month providing:th¢ smdjor;single component.
This agrees well with the result from site 2 of this paper.
Oakes recommended no lag for the chalk of thi a for
unsaturated zones of less than 15m. =" o
1 Fott the RPermenT rigssic Sherwood: Sandstoneiof; Not-
singhamshise, Bishopand Bushton (1993) offered: infiltra-

‘tion ;Jags. ‘established by compavingithe. response; of rest

water: dengls, -at! obsetvasion wells, to: the timing.of esti-
mated | precipitation:i recharge ; events’. -Their:. estinates
show sl sransfer: within a.mosith for. unsaturated zones of
less<than 10, m. For greater unsaturated:gone thicknesses,
she Jength: of :thie response: was estimated ito incresse.and
the .majet .component. to. be later; . for:; 10~30 m.. zone
depth, the length is three months and the major. comtri-
butior: is in. the second .month: The:;Permg-Triassic
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Fig. 3 Observed and modelled ‘water levels for the sandstone s:z‘es s is spenﬁc yteld u is t/w unit response funmnn may in monthly

values
observed wmmmmasenmavease 0 delled

results-oft the ¢utrent- paper: are roughly: compatible’ with
these ‘estimates butdo not covet: ‘Sltes wmh avérage tuns&c-
urated depthsv g’reater *:han 1}0 my SHILE

ConcIuswns o

1. Simple unsaturated: zone transfer functions applied to
‘effective - precipitation  series ‘have becn sesh:tos give
- doceptable-modeélled:water level series ut-o’ variéty: of
+topographid lotations under southern: UK <limates for
- the 'twoimdjbr UKraquifers:for the peried :1961-1991.
- These'have: beew mydélisdon ' continweus ‘tithe basis
with -d! simple representation : of | saruddted ! izone
* behaviour. This representatioft is- such ‘that t:ican be
‘used in predmﬂve mode wnthout ’advvance krwwfledﬁe
of water levels, = - i
2. Strong: (ot mtermlttent) influences of water’ absvrac—
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“tiohs'’ *haivefnetqbeeﬁ’ﬁpeci'ﬁ@aﬂsi m&s&sﬂédﬁheréfbut
they ‘can ‘in: principle be itckided in ke method: iF
- requited. - Primdrily, “the inethod -addrssses wasiatiois
+in-climatic input ‘and any:backghotnd: relatively!cone
" stant abstractions. kv offersrithe possibilieyoafosimple
* modelling of maturalised water levielt seriss: without the
-influence of 'strong dbstravtion regimes:
3. Pypicallytransfer farictioris ‘¢cover rdutations’ of 'thuee
to five moriths, withi the majorsingles! monesly loomipos
© nent ‘n the firstiitnonthi it isistrebsedthat’ this does
not necessatily: teflect: the: tramsfér vf thie wateiitself.
1" Phe fanerions- offer’ indicationk ‘of hipdibelgical iprodess
<ibut dor tmtvrepiscd detdiled : beudye Whe)re*mc%»‘\ls
“requived.” EHENSI B siontsite
4: The: muntry-mde* gpread Vof: thebien isites de rrot
- suggest mutually exclusivie charatterization of transfer
: :iifuhctﬁin by’ aquifer>type-nor; within aw aquifer type;

ot B .

RESTIEELS I (Y



- 'by the unsaturated zone depth, except in the more
extreme case of a very extensive unsaturated zone.
Transfer function results were compatible with the
few reported examples. With care, some transposition
for a priori specification for a site may become possi-

" ble. Details of site hydraulics would further this aim.

5.. The chief uses of the method are in water resource
" applications where a level of physical approximation is
‘appropriate. Established recharge response functions
offer the advantage of providing independent input to
regional groundwater modelling studies.
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