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PREFACE

This report describes research completed for the contract
EV4V_0033.UK(H) between the Commission of the European Communities
{CEC) and the Natural Environment Research Council (NERC),
entitled 'Regional Modelling of Acidification and Predicting
Reversibility'. The research has been carried out at the

Institute of Hydrology (IH), a component body of NERC.
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Summaryt

Objectives

The objectives of the rcsearch have been to apply mathematical

models of catchment acidification processes to several key

catchments, extend the modelling to a regional scale, linking models

to an air pollution model and investigate the effects of different

emmission strategies on stream water quality.

Modelling Long Term Trends in Acidification

The MAGIC model (Model of Acidification of Groundwaters in

Catchments} has been applied to a range of catchments in Scotland
and Wales,

Section 1 of this report describes the application of MAGIC to the
Llyn Brianne catchments in South-West Wales and to the Plynlimon
Catchments in Mid-Wales. 1In both areas MAGIC is shown to provide
an excellent description of long term catchment acidification
processes. For both grassland and forested catchments the model
reproduces observed chemistry and can be used to assess the
impacts of land use change such as afforestation. It is shown
that afforestation increases the sulphate loading into catchment
by up to 80% and this has a major detrimental effect increasing

water acidity and increasing aluminium levels.

The MAGIC model has also been applied to several catchments in
Scotland including Loch Dee in South-West Scotland and the Allt a
Mharcaidh in the Cairngorms. Section 2 of this report describes
the model's applications in these two areas. The Loch Dee
catchments show a similar response to catchments in Wales in that
historical acidification has been significant. However, the Allt
a Mharcaidh catchment appears to be undergoing a transition from a
relatively unacidified system to an acidified catchment. The
major factor that has prevented rapid acidification has been the
ability of the soils in the Allt a Mharcaidh to adsorb sulphate
deposited in the catchment. As this natural buffering capacity is

utilised there will be increasing acidity in the catchment and




thus the Allt a Mharcaidh represents a transitional catchment.

Regional Modelling Studies

In order to assess the impact of acidification across a country or
region it is necessary to employ a Monte Carlo strategy coupled to
the MAGIC model. 1In this approach key parameters are identified
and their variability across a region assessed. For example, soil
base saturation levels will range from low levels on thin granitic
systems to high levels on calcareous soils. Similarly
hydrological and chemical inputs will vary across a region.

These regional variations are incorporated into the Monte Carlo
approach and distributions of water quality across a region are
simulated. The regional simulations for South-West Scotland and
Wales are presented in section 3 of the report and for both areas
the observed distributions match the simulated distributions. The
Monte Carlo approach provides a particularly useful technique for

simulating regional behaviour.

. Effects of Deposition Reductions and Reversibility of Acidification

In sections 1, 2 and 3 examples are given of the effects of
deposition reductions on stream water quality. At sites in
Scotland and Wales and in the regional studies reversibility is
shown to be feasible although there is evidence that a significant
and sustained reverse will only be achieved by major reducticns in
deposition levels of the order of 60%. For catchments with
particularly thin soils and low buffering capacity a smaller
reduction will produce a short term recovery but the continuing
loss of buffering capacity will eventually lead to increased stream

water acidification.

. Future Research

The site specification applications of MAGIC will be continued
with particular emphasis on comparison with palaeocecological data

for model wvalidation.




The regional analysis will be extended to other areas of the UK
and, to this end, data bases arec being collected for Scotland,

Northern Ireland and South-West England.

The MAGIC results will be linked with biological models to
investigate the reversibility of both chemical and biological
behaviour. In addition, a statistical procedure will be developed
to provide information on the range of chemical variations about
the annual means predicted by MAGIC. Information on the extremes

of behaviour will be particularly important from the biological

viewpoint.
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ANSTRACT

Witchead, PG Bard, 8 Horneng, M, Cosby, J, Neal, C.and Paricos, 1%, 1938, Stream Acid:fi-
cation treads 1 the Welah Uplaeads - A modelling study of the Llyn Brianne catehments. J.
Hydrol | 10:: 191-212,

Historical reconstructions and predictions of streamwater acidification are preseated for
moorland and afforested catchments in the Welsh Uplands at Llyn Brianae. The model Macic
{(Model of Acidificrt:on of Groundwater in Cotchments) is calibruted using data from & moorland
cutchment and val:dated by application to a forested catchment. While atmospheric deposition is
shown 1o be the primary cause of stream acidification, conifer afforestation can enhance stream
ocidity. The historical trends determined by the model indicate that acidification has been prescnt
since the turn of the cemtury and will continue unless either deposition levels are reduced
significantly ¢r other fardd management actions such as liming are undertoken on & major scale.

INTRODUCTION

Catchment studies investigating the acidic behaviour of upland streams are
expensive, time consuming and dillicult to establish due to the complexity of
hydrological, chemical and biological interactions. Nevertheless many
catchment studies have been and are being established to evaluate short-term
and long-term fluctuations in stream water chemistry. For example as part of
the joint Scandinavian-British Surface Water Acidification Programme
(Mason and Seip, 1985) major studies are being established in the UK, and
Scandinavia. Other studies have recently been established in the U.K. such as
the Welsh Water Department of Environment Llyn Brianne Study (Stoner et
al., 1984), the Solway River Purification Board Loch Dee Study (Burns et al,

1982), the Freshwater Fisheries Laboratory Loch Ard Study (Harriman and-

Morrison, 1981) and the Generating Board (CEGB) Loch Fleet Study (Howells,
198G). These studies follow mounting concern over the loss of fisheries in
Scotland and Wales and the possible detrimental effects of stream acidity on
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water resources. Several researchers involved in these studies (Harriman and -
Morrison, 1951; Stoner, 1983) have reported elevated acidity and aluminium
levels in upland streams draning afforested (conifer) catchments in the UK.
Moreover in many of the studies fish populations have deteriorated and
restocking programmes have been unsuccessful.

It i5 with these problems in mind that the Institute of Hydrology has estab.
lished and supported catchment studies in Scotland and Wales. In Wales, the
Institute of Hydrology is involved in two principal study areas, namely
Plynlimon (sece Hornung, 1986; Neal et al., 1986; Whitehead et al., 1988) and
Llyn Brianne (Stoner et al., 1984). As part of the Llyn Brianne study the
Institute of Hydrology is responsible for developing hydrochemical models
which can be used to assess both short-term acid pulses and long-term trends
in catclunent acidity. In this paper the macic model has been applied to
meorkand and forested catchments at Llyn Brianne to investigate long-term
trends o acdification and to test the model validity.

THE LLYN BRIANNE CATCHMENT STUDY

Hecent worle by the Welsh Water (Stoner et al., 1984; Stoner and Gee, 1983)
has sipnrested that acidite aed aluminiem levels in many of the streams of the
Upper Wowy catehument, i which the Llve Brianne river regulation reservoir
s situated, are episodically very high, Moreover many streams cannot support
fish and have depleted populations of aguatic plants and animals. Problems
appear Lo be mest acute in afforested catchments, particularly those where
streamwaters are characterised by total hardnesses of less than 8mgl™' (as
CaCQ;). IFurthermore, the problem appears to be widespread in the extensive
area of upland Wales underlain by chemically inert Ordivician and Silurian
rocks which are characterised by acid, often peaty, soils and streamwater of
very low hardness. Acid rainfall appears to be a contributory cause of stream.
water acidity, despite the fact that the area lies to the west of the urban/
industrial areas of Great Britain. Recent surveys have suppested that the
rainfall is on average as acid as many sites 1n Scotland and Northern Europe
{(Donald et al, 1986).

Because of general concern about acid streamwaters and acid rainfall, a
major muludisciplinary research programme was commissioned in 1984 by the
Department of the Fnvironment and the Welsh office, the project being co-
ordinated by the Welsh Water, The project has as its pnimary aim an
assessinent of the effects of different types of land use {particularly afforest.
ation) and land management practice on stream acidity. Fourteen catchments
were sclected for intensive study in the Ulyn Brianne area; five acting as
controls; eight are used to assess the impact of a variety of land management
treatments; and one to assess the effects of artificial acidification experiments

Fig. 1. Maps showing Llyn Brianne area geology. land use, annusl rainfall and monitoring sites.
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TADLE 1

The study catchments: basic information

Site Land useftreat:nent Area Yeor of
(km?) treatment

L1 Close canapy conifer forest control 2.53 -

L2 Bankside clearance and liming of close canopy forest 1.05 1986

LI3 Bankside clearance of close canopy forest 0.54 1983

Li4 Bomb liming of close canopy forest 0.33 1987

L6 Unacidified moorland control 0.68 -

L1? Moorland used for artificial acidification studics 0.63 1985, 1986

L18 Juvenile open canopy forest | 0.66 -

Gil Acid oak woodland 0.18* _

Cl2 Strip linung of acidtfied moorland 0.59 1987

CI3 Land improvement of acidified moorland 0.84 1986

CH Plough:ng without planting of mooriand 0.49 1986

Cls Surface l:ing of acidified moorland 0.34 1987

Cly Ariditied moorland control 0.72 -

Ucs Ploughing and pinating of moorland 2.60° 1987

* Fstimated.

{Iable i and Fig. 1). The present study concentrates upon conditions prevailing
in just three of the fourteen catehments (LI1, CIS, and LI6) and looks at the
possibility of modelling the long-term trends in acidification at Llyn Brianne.

CATCHMENT DESCRIPTIONS

LI1 is the largest catchment being studied (2.53km?) and CI5 is one of the
smallest (0.34 km?). LI6, although fairly small (0.68 km?), exhibits the highest
drainage density (2.74kmkm~?} and channel slope (194mkm™"), and hence
exhibits a distinctly more rapid hydrological response,

All three catchments are underlain by Lower Silurian shales, mudstones,
greywackes and grits, with the shales and mudstones being dominant (Fig. 1).
The drift materials present are only locally derived and lie mainly on the
iterfluves and upper slopes in thin layers (< 1 m), although some of the lower
slopes and valley bottoms have thicker masses of up to 5m in depth, particu-
larly in LI6 where the drift appears especially base rich (Hornung, 1986).

Available soil information indicates that L1l is dominated by brown podzolic
soils (34%), ferric stagnopodzols (19%), cambic stagnohumic gleys (12%),
humic gleys (19%), and raw peat sotls {(12%) at an average depth of 0.75m. C15
1s dominated by brown podzolics (21%), ferric stagnopodzols (23%), and cambic
stagnohumic gleys (25%), all of a similar depth. LI6 i1s dominated by brown
podzolic soils (ca. 40%), stagnopodzols (ca. 50%), peat (ca. 5%), and a valley
bottom complex located on thick dnft (ca. %), again at a similar depth.

The chemistry of the main soils in each catchment is summarised in Table 2.
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All the soils are acid, with low percentage base saturations and exchange
complexes dominated by aluminium. The subsoil, Bs and C horizons show little
variation in chemistry, The main differences occur in the surface horizon and
reflect the accumulation of varying amounts of organic matter and the develop-
ment, in some of the soils, of an eluviated IX horizon.. The differences in the
surlace horizons reflect the accumulation of humus and, in the stagnopodzols,
the development of a very acid, peaty horizon. The E horizons tend to have
higher levels of exchangeable aluminium than the underlying Bs and C
horizons. Moro importantly, the iron pan stagnopeodzols under 25 year old Sitka
Spruce are remarkably acid throughout their profile, especially in catchment
LI1. More detailed soil information is available elsewhere (Hornung, 1986).

The vegetation cover of LIG and CI5 is dominated by grass meerland, princi-
pally Festieca spp., Agrostis spp., Nardus spp., and Molinia caerulea. However,
LIl kas been totally afTorested largely with Sitka Spruce (Picea Sitchensis),
planting having commenced in 1958 (Fig. 1).

PRESENT DAY RAINFALL AND STREAM QUANTITY AND QUALITY
Rainfall guentity and quality

The mean annual rainfall at CI5 has been estimated at 1800 mum, while at LIt
and LI6 the corresponding fipure ts at least 1900mm (Fig. 1). However,

catchment rainfall amounts can vary considerably with both altitude and
aspect (Hornung, 1986).

TABLE 3

Bulk precipitation chemisiry ot sites C7 and L3 for 1984

Cc? L3

n mean wit.m sd n mean wt.m sd
pH kY 4.7 4.2 08 33 49 4.1 0.9
NH, 35 31 31 37 M 40 39 48
NO, 5 44 44 7 34 38 7 49
Cl 35 177 142 241 34 144 113 183
S0, 35 76 ki 56 34 BG 17 65
Na KE] 147 3L} 198 32 109 90 108
K 34 8 8 8 32 7 7 B
Mg 34 36 28 48 32 30 25 30
Ca 33 21 17 22 32 30 28 36
H* M 63 59 143 kK 44 50 13

All units in peq !~ * except pH. nis the number of samples; wt.m is the volume weighted mesn; and
sd is standard deviation.




1

Small variations in catchment hydrology, soils and geochemistry can have -
significant effects on the long-term behaviour of stream chemistry. It 1s
essential therefore to coilect detailed data on hydrology, geclogy and soils
prior to modelling studies.
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MODELLING LONG TERM STREAM ACIDIFICATION TRENDS
IN UPLAND WALES AT PLYNLIMON
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ABSTRACT

Hestorical reconstivcions and prechctions of streamaaies sadification are presented for moeorland and afforested
catchments i the Welsh UnLords ar Plonlimon. MAGIC (Model of Acidification of Groundwater In Catchiments) is
cabibrated by applciion o oo alferested cnchment. MAGIC i used toallustrate that atmospheric deposttion as
premarihy responsible for seream seidificztion bus that conder adforestation can enhance stream acidity, The histarcal
iremds teernimed by the maodel Mustrate that Toagacnm acudhificadion hias been present since 1he turn of the century
ad wall corbmue valess aither deposimion levels cie reduced sigmitficantly or louae s wadestahen onoa nagor seale,

Acadifcaten Madelhing Wales Atloresiahie,

INTRODUCTION

Stream acidihication can be considered as a problem mvolving two timescales, On the one hand there are
significant shori-term pulses or flushes of acdity winch, in small upland cotchments occur on an hourly
tumescale and refleet hvdrolomical changes (¢ ¢ stormy evemts) in the cotchment (Whitchead eraf. 0 1986a).
These acid pulses may be very severe cavsing considerable damage to fisheries (Stoner er ol 1984}, The
short lived acid events are supenmposed upon the effects of fonger ierm andification processes. Upland
catchments i Western Biitain hine been subjected 1o high devels of acid deposition for many years, since
ihe start of the industrial revolution in the nincieenth century, The buffering ability of the sols and rocks
can, however, delay iny resulting catchment sewdification for many decades. The magniude of the
shart-term pulses are highly dependent on how far the long-term process of acidification hits progressed
within a catchment In any acidification study it is impaortant to evaluate the current status of catchment
acidity and the histoncal trends and processes that have occurred.

Iis wath hese problems snopmand that the Institnie of Hydrology (M) and Institute of Terresteld
Lealopy (ITE) have established catchment studics in Scotlund and Wales, In Wales there are mwo
principal study areas, snely Plonlimon (see Hornung or ol 1980 Neal ef ol 1985) and Llvn Brianne
(Stoner er al . 1983). Tn bath studdies 1 s responsable for developing hvdrochemical madets which can be
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wsced 1o assess hoth shoreterns acid pulses and long-teom trends e catchiment acidity. In Scotlane
cichmenis in the Galloway Reglon of southwest Seottand at Loch Dee are beang investigated (Burns et
al., 1982 Coshy et «f . 1986) and a new catchment study has been established in the Carrngorins at the
Al a Mhareaidh under the auspices of 1the Royal Socicty Surface Water Acidification Project (Mason
and Scip, 1983: Jenkins ¢t al. | 1987).

In this paper the Tong-term acidification pracesses at Plyntimon are considered and the model MAGIC
applicd to o small grassland catchiment. The effects an the grassland catchment of growing a forest are
siso v esngated using the model and MAGIC 15 volidated by reference 1o Torest steeam chenusry,

THE PEYNLIMON EXPERIMENTAL CATCHAENT

Pive Plhvalimon eaperimental cotchiments compaising the headwaters of the Ravers Waye and Severn are
lowsted i the castern slopes of the Pleatunon suasat{gpprosimately 2k from the wost coaxt ot Wales,
AU aiiiades which rnge between 300m and 730m above sea level, The srea s undeifinn by buse-poas
fower Polbcosows muddones, shates: and gins upon whisch a mosine of aod nplmd soils (stagnopodeols,
clovs, biown podzolic sorls_ rankes . and peats) bave developed, Underiving the soils 1 some paits of the
corchunang are ditft deposits of boclder clay and colluvium derived from the hedrock, Land-use s the
upper Waee consists of sheep griang on acid seminatueal Neavdns- Agroseis- Fesmca erasslund and areas
improved by the application of hiene and compound ferabizer (VMooung e o L 1986). The inerave grazing
density 1s 11 ewe ha™" The majority of the upper Severn catchment is covered by plantation conifey
forest consisting mainly of Sika spruce (Ficea sichensis) and Nocway sprouce (Picea abres) planted in
three phases between 1937 wod 1963 The forest has been extensively draimed by ploughing and ditching:
these ditches cut through the various sait honizons and, in some cases, peacteate to bedrock. The
catchmems are desenbed an greater denl by Newson (1976).

Data from wwo fest-order catchments are presented an this paper. The senuinatural grasslind
catchment. C2, s Jocated in the CyIf catchment of the Upper Wye (Figure 1) The forest sne. F2.as
sitiated 1w the Hore catchment of the Upper Severn, and was planted with Sitka spruce in 1934 Boih
cachments are of stombar size (2=3 ha) and contam o sionlar range and distribution of soils, they differ
oaly i Jand-use and vegetaton,

The eainfall and runoff chemustry for the ynimproved grasshind carchment, C2.und the forest steeans,
2008 shown n Table |,

The forest cotcluncent ranoff is sigmificantly more acidic with an average pi of -7 compitred 10 thar of
the grasslund siie €2, with pl 3230 The region s subject to high rainfall (3030 mm per year) and rinnfall
chemisuy s dominated by marine saits (Na, Ko Mg, and Cly, however sulphate levels are high and well in
erveess of marine levels, mdicatig that antheoprogenic sources of sulphate are significant, (Reyvnolds of
al. 19841)

Sotls are thin {depih e, 875 m) and base poor with o base wituration of 7-5 per cent and cation exchange
capacsty of 8- 3peg ke

CONCLEPTUAL BASNS OF MAGIC

The most senous cffects of acidic deposinon on cotchment surfuce water quality are thowsght 10 be
deereased pM and alkalinity and increased base cation and aluminium concentrations, In Keeping with an
ageregnted appreach to modelling whole catchments, a relatively small pumber of important soil
processes— processes That could be treated by refecence 10 average soil properties—ould praoduce these
responses. In two papers. Reuss (19800 1983) proposed o simple system of reactions deseribing e
cquilibeinm between dissolved and adsorbed tons in the soil-soil water system, Reuss and Johnson (1983)
capinded 1his svatem of equations to include the cffeets of carbonic acid resulting from clevated €O,
partial pressure in o soils and demonstrated that large changes i surface wines chemisiry would be
expected as cither COa or sulphate concentrations varicd in the soil water. MAGIC has its roots n the
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Figure 1, Locaiion of the study sines

Reuss=Johnson conceptual system, but has been expunded from their simple two-component (CA -Al)
system 1o include other important cations and anions in catchment soil and surface waters,

Atmospheeric deposition. mineral weathering. and exchange processes in the soil and soil witer are
assumed 10 be responsible for the observed surface water chemistry in i catchment. Alkalinity is
generated in the soil water by the formation of hicarbonate from dissolved CO» and waner:

CO: + ”:O =H* + ”C01_ (])

57 Ig
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Bicarhonate 1oa conceni: zlicens i sorl woter e caleulated asing the faeubiar celanonships between the
pattind pressure of COL (Pog. atm) and hvdroeen won activity i the sl water:
H

e
[(HCO™ = K (2)
(H]

where the combined coastant Kes knoewn for o given temperature (Stumm and Morgan. 1970).
Fhe free hydrogen won produced (Equation 1) reacts with an alumintum mineral {c.g. mibbsite) in the
soik:

S 4 AION(s) = AFT 4 3H.O {3)

The MAGIC model assumes o cubie cquibboam gelationship between Al and HL The equilibrium
eapression for this reacton s

(A1)
ey

where the accolades indicate agueous activitics. Classically 1his s considered as relationship to AI{OH),
solulilizy controls. However here. as in most previons modelling studics. while a cubic refationship is still
used it represents potentiadly o varicty of cheaical reaciions. As such the equilibria constant does not
have to have the value for the selubility product for gibbshe. Several agueous complexation reactions of
A are included in ihe model (Cosby ef af . 1983), These reactions are temperature dependent and
appropriate correchions for temperature and donic stiength are made in the model.

Generally. the cation eachange siies on the soil manrix have higher affinity for the trivalent aluminium
cution than for di- or monavglent base cations. An exchange of canons between the dissolved and
adsorbed phase resulis:

K = (1)

AY 4 ABOX(s) = AIXi(s) + 3BC* (3

where Nois used to denoie an adsotbed phase and BCT sepresents a base cotion. The net resoh of these
reactions s the production of alkalinty (e g, Ca(MCO:)). As CO. partial pressure or the avalability of
base cations on 1he soil ¢xchinge sites increascs, the equiliboium reactiions proceed further 1o the nght
haned sade in cach cose resotting o higher alkalinny,
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When the <olution s removed from the conticet with the sarl mateix and s exposed to the stmosphere
{0 sonb water enters the steeany channel}, the CO, parial pressure of the solution dechines. The piH of
the solution increases as CO, s tost 1o the atmosphere. Because the solution is no fonger in contact with
the soal matrix, cation ¢xchange reactions no longer occur. The alkalinity and base cation concentriiions
are thus unchanged.

H the exchangeable base cations on the soils become depleted, tess aluminium is exchanged (rom the
soil water (Equation 3) and 1the AT concentration in the water entering the stream is higher. As the
streamiier Joses €Oy aad the pld beging 1o nisel the sofnbniny of duminium species in ahe stream s
excecded and isohd phase of dloavniom preapitates. These alommium precipitation ceactwons retard the
mezense of suacaniwates pti s the CO, degasses, resultimg oy lower streiwaier phl for the case where
cxchangealibe canions aie less avalable

Lessdsorpaon of alusnninm by ihe seitd also decrcases the sendand surfice wateralk ity Consider
e pldueviated defimnaer of the alkabinny of sorl and sitace winiers:

ALK = (HCOY - (117) - Malt) {0)

where the parentheses vdhicaie molar concentrations. 1t s appaceat that as the abwhity of the cotchment
soils 10 exchange A dechnes and aliinium and hydiogen jon concentrations increase, the alkalinity of
the salusion must dectine, even though he source ot NCOL" s not affected.

The process af acidhficanon s conirolfed wy part by the rete ot which the exchangeable buse cations on
the soil zre depleted This e iy affecied by the rate of re-supply through weathermy of base cations
from pramary minerads and the coe of loss through leaching of base cations from the soil. Leaching of
base cations 1s affected mainly by 1he concentration of sirong acid anions (.e. SO,”” NO," CI7. and
F7) and base cations in the setunon moving through the sonl. As antons increase i concentration, there
must be an cquivalent increase o citlion coreentration to auuttbun a chiarge balanee.

The model calculates the concentrations of four strong acid anions in both sod and streamwater
(SO.:“'. CHoNQLT . and F7Y Sulphate has an adsorbed phase in soil and the relanionship between
adsorbed phise (E.. meqg ko ™) and the concentration of dissolved sulphate (SO mwg w7 sanl
witler 15 assunted 1o follow o Langimure isotherm (Smgh. JUS1).

. R (SO‘::_
o= L —— (M
C+ (S0.77)

; : - : -1

st advorphion capacaty of the soils {imeg kg™ )
: : -1

half ssnuranion conceniration (wcy m™7)

Aoy

C

If amions dereved from avmosphence deposition sre accompanied by FT0 as s the case for acid
deposiion. the excess T wiltb imuaily disptace base catons from the soil eachange sites. As the base
saturtion dechimes, alumimusy ad hvdrogen ion hecome increasmaly important i maintaining the song
charge bafance i solution. The water delivered 1o the stren becames more acidic as the acidic
deposibon persists,

The model assumes that only AT and four base catons are involved in cation eachinge between sod
and soil solution. The exchange reactions are modelled assummy an equilibriom-hke expression (Games
and Thomas, 1933)

. BCT ] S (BC
5’“ He T l__r_!__‘_l.' or -'.-\r nee = —_‘__‘.T“ (H)
[I\l ]" I'_'“(‘ [l\' I l'.“('

For divalent ar monovalent biase cations respectively, where the brackets indicine agueous acthvities,
Savwe 0 wosclectivivy cocfficient {Reuss, 1983) and the E.s indicate exchangeable fractions of the
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approprate ions onthe sonl complex. I the amoontof Ca ™ onthe soal of a catchment were given by X
meg ke ' then

B, = ——= 9
SR ()

where CEC s the cation exchange capacity of the soil (meq kpy™'),

The base soturation {BS) of the soilis then sum of ithe exchangeable Tractions of bose cations

BS = g, + By, v Uy v Eg =1 -k (i

I the alwvininm-bose cation exchange cipranons o the ssodel (Eguation 8 see coniuned wathy the
Alomine solebahiny euation (Fquation 4), the resulis e cqunions that e Goones="Fhoirzs
cypiessions for Indioger ien - base catron eachanges, -

The parmncters desenbing the cation exclitnee process i the model are the selecinine coctticents,
Sar e (one cocificrent for cach base cation, Ca™, Mg®, Na ™ K ) and the sonl canon exelumge capaainy
CEC

The MAGIC model is composed of:

A sel of equiibrivm equations which quantitatively deseribe the egiilibriom so1l processes and 1he

chenncal changes that vccur as sorl water enters the siream channel

A set of mass balince equations which quantitatively  desceribe the catchment  input-cutput

relionships for base cahons and strong acid amons in preapitation and streamwaaler

oA serof dehmmuons which retate the varables i the cquibbrium equstions 1o 1the variables o the mass
balance cquittions,

1

Derats of the equations and the model structure have been given by Cosby er ol (1985a).

SIMULATION RLESULTS

AMAGEC had been apphied 1o the grasstand eatchmeat, C2. using the pattern of entisaions shown i Figare
2o deive the wodel, The assumed deposition shows the significant increases i sulphate loadimgs since
1900 with o peak reached in 19700 Swace 1970 levels have fallen by approximately 23 per cem.

A Rosenbrock optimization was applied inttially 1o provide best estimaies of the key paramcrersin the
madel, These include 12, the maximum sulphate adsorption rate. ndrae and anuonia uptake mes,
weathering rates, selecuvity cocfhicients. and the partial pressure of COs. From the optimization runs the
parameters shown in Table 11 were obtiuned. This s the first rescarch at Plynlimon in winch such
parmmcters have been estimated and Ltboratory analysis s currently bemg undentaken to evaluate the
selectivity cocfficients for comparnison with modet estimaies.

These opumal parameter vadues indicate

(4) The ingh roies of uptake of ammonia and nitrate, presemably by the vegetanon

(b} The high rates of weathering of Ca, Mg, Na

(¢} The sienificant addinional Joadings of sulphate via the occult and dry deposition facior

{d) The relatively high storage of sulphate on the soils, Here the I, represents the nimamuom upiake
capacity ind it 338 mey ke s fairly high compared 1o other cichment studies (see Whitehead ool
1YsT)

A nvpical simulanion of pH i the catchment (sce Figure 3) shows relatively high hackground pH with o
decseasing rend which secelerates in the period 1930-1970 o give o rapid fall in pl. Note, howeves. o
shight recovery in ptHan the carly 1980s which represents response to the falling deposinion levels. Table
NI shows ihe ssmstated catchiment chemisiry which compares extremely well with the obsened chenusiry
for C2 shown m Table | The tends in pl decline match closely with the irends in aleal changes
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deictmmed by Frnz e ol (1986). Battgrivee e al. (1985) i Wades and Galtoway tespectively. The tong
term decline s o result of progressive lowering of base saturation (see Figure ) caused by the weathering
of cations by incoming acidity. Tn Plyntimon the buse satuetion i initiasily high ot 18 per cent b by 1984
has been reduced 10 322 per cent. o very low el for sails,

Anunportant aspect of acidification is the release of sluminium o the sob and sireant water, Fish are
particularly sensitive to elevated wWuminium Jevels and itis important water quality parameter with regard
10 other stream fauna such o invertebates, Figuee 5 shows she simutated 1060 atuminium evels for the
grassland catchment, historical Jevels aie very low but by 1980 are just beginning to rise.

EFFECTS OF AFFORESTATION

The effects of afforestation on acidificotion trends can be highly sienificant. Firstly hedrologeeul flow paths
change following incecised drainrge, then cnhanced evapoiranspiration concentrates solutes, und finally
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once cnopy closure s complete o major additional influx of sulphate and nuanne <alts is achieved via
occult ind dry deposion. The ceffects of hydrological changes has been vestigated by Whitchead ef of.
{1986b). In the current study the effecis of altering the evapotranspiration rite and dry and occult
deposivon {ollowing afiorestanion are considered. The MAGIC model can be used 1o simufate 1hese
clfecis by allowing the concentriation of the incoming marine salts (Na. K. Mg, and C1) to increase by
factor of 60 per cent and allowing incoming sulphate concentration to increase by 80 per cent.

These increases are phased in over o ten year period from 1949 10 1959 the approvtmate dates of
afforestation and canopy closure at Plynliman The eficets of this are shown in Tuble 111 which presents




NODLLUING STRIOAM ACIDH I N ION TRENDS THN}
Al pearl NAGIC Simulobion of Plynllimon { C2 }
I‘.
‘0-4 ; \‘
0. -
[ -
LIRS T | : e I___I i | S S _._.1_;__.__. :__._1__. —i— _i_o—l.-

“8i0 .88) 1830 1820 192 L350 LS80 2000 2020 20¢0 2080 2080 2:00 2120

Year
Frute 5 Sunvleted adumuonemn i soorbind {— =) o [oagsd L) vt himenis

Table L Ssmainted stream chemiatiy
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smulation chemeary. The resulls are close 10 the abserved chennstry from 1he forest catchment it
Plyalimon (sce Table 1) and this has beeo achicved withous recalibruting the model and therelore
provides u validation of the model. That the model can reproduce the forest chemisiry by simply
increasing the occuhidry deposition factors is pasticularly interesting sinee it sugpeests that these processes
are dominant and other effects such as uptake of canons by the growing trees may be of less importmee 1o
the final cgumlibrivn chemistry.

Afforestation has o aenificant ¢ffect on acidificitinn trends is very significant as shown in Figures 3.4,
and 5 for pH. base sturstion. and total aluminium (A1), In the case of pH i very sivnificant dechng s
smulined with final equilibrniuny levels at 4-8 per cent. Base souration falls o 3-9 per cent und aluminiom
concentiations increase dramatically to cquilibrium tevels of 2bpegt™!
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EFVECTYS OF REDUCED DEPOSITION

One passible management opuon 1o control acudificanion is to reduce sulphite entissions from power
stations and thereby seduce depositon of suiphate on remote catchmens. Unforiunately, because of the
complex nature of physical and chemieal processes operating, the relationship between cmission and
deposition is pon-hoear (Derwent and Nodop, 1986). Nevertheless it is possible (o simulate the cffects of
reduced deposition using MAGIC. Wrh 1he future deposition reduced by S0 per cent over the next 20
vears and thereaflter cenming constant, there as o marked effect on simulated carehment chemntry, as
usteted o Pigwies 6 7, which show the piiand ahiminium (A1) changes over trme for the
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alorested ciachment Alumuonony Jevels [l sigmficantly and pll recovers to reasonable fevels. These
resulis mdicate that a 3 per cent reduction m deposttion may have an cffect il 1 could be achieved.

Atmospheric modelling studies are required, however, to convert this reduction in deposition 1o o
reduciion in emission,

CONCLUSIONS

The current reseamch has husteated the ability of the MAGHC model to reproduce cnchment chenistiy in
both grasshand qnd foresr stecns ot Plynfonoas OF piancular intesest 1s the abiliny of the moded 1o
ceconstrect histoncal trends o aadidication deoved from patacological analyses (Buterboe er of ., 19SS
Weight eral | 19S7Y and provide somwe mcasure of confidence in using the model o predicr future tends
The wplind catchments m Wides are signiheintdy aficcted by acidic deposition g wall continue (o be
rntess deposition s reduced o finngos ondertirchen o g saile. Also the effects ol affmestation e
SCVCITC ChlNIE o incrise e scivengiog of senssalis amd anthropogenie sovrces of padiy, Taatiy
fram o process pomnt of view the MAGIH model appeias 10 be the most appropriate modet io date for
sumabating tong-term chenncat changes i catchiment acidinesnon. The vahdiy of the model has been
demonstrated by application 10 the forest cnchment ot this has been an iwportant aspect of the
anodethng study,
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SECTION 2

STREAM ACIDIFICATION IN SCOTLAND
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Modelling the effect of acid deposition in upland

Scotland
P. G. Whitehead and C. Neal

ABSTRACT: As part of the joint Briush-Scandinavian Surface Waters Acdification Pro-
gramme, the Institute of Hydrology is establishing catchment studies in Scotland. Data from
these catchment studies are being used 10 develop a range of models for investigating short-term
and long-term changes in catchment acidity. Information on the modelling technigues available
at the Institute of Hydrology is preseated tagether with applications of the models 1o catchments

in Scotland.

KEY WORDS: aadification. afforestation, catchments, models.

Catchment studies investigating the acidic behaviour of
upland streams are expensive, tume-consuming and difficult
to establish due to the complexity of hydrological, chemical
and biological nteractions. Nevertheless, many catchment
studies have been and are baing established to cvaluate
short-term and long-term  fluctuations in stream  water
chemistry. For example as part of the joint Scandinavian-
British Surface Water Acidification Programme (Mason &
Seip 1985) major studies are being established in the United
Kingdom and Scandinavia. Other organisations such as the
Welsh Water Authonity (Llyn Brianne Study, Stoner er al.
1984) the Solway River Purification Board (l.och Dee study;
Burns et af. 1982) and the Freshwater Fisheries Laboratory
{Harnman & Morrison  1981) have also  established
catchment studies following mounting concern over the loss
of fisherics in Scotland and Wales and the possible
detrimental effects of stream acidity on warter resources.,
Several researchers involved in these studies (Harriman &
Morrison 1981; Gee & Stoner 1984) have reported elevated
acidity and aluminium levels in upland streams deaining
afforested (conifer) catchments in the United Kingdom.
Morcover, in many of these arcas and particularly in
forested catchments fisheries have deteriorated  and
restocking programmes have been unsuccessful.

[t is with these problems in mind that the Institute of
Hydiology has established a caichment study in Wales at
Plynlimon (see Neal er al. 1986). The Institute of Hydrology
is also establishing a catchment study in the Cairngorm
region of Scotland in collaboration with The Department of
Apriculture and Fisheries for Scotland, the Macaulay
Institute of Soil Science and Impenal Coliege, Department
of Cwvil Engincering. The Institute of Hydrology is
tesponsible for providing stream-gauging, rainfall stations, a
weather station, snow surveys, sampling and continuous
water quality monitoning. The Institute of Hydrology is also
responsible for the subsequent data management, analysis
and interpretation. The Department of Agriculture and
Fisheries for Scotland is responsible for all chemical and
biological apalysis, with the exception of snowmelt
chemistry, which will be undertaken by The Institute of
Hydrology. The Macaulay Institute is responsible for
soil-surveys and soil-water chemistry and Imperial College
are establishing plot studies,

The hydrological and chemical data collected from the
catchment studies form the basis of a comprehensive

modelling  tesearch programme by The  Institute  of
Hydrology. Recently there has been considerable use of
mathematical models to describe the dominant interactions
and processes operating in catchments and o simulate
catchment behaviour. Steady state models have been used
prescriptively to demonstrate the long term consequences of
changes in the industrial emissions of $OQ, (Cosby et al.
1985a; Kaman et al. 1984). Correspondingly, dynamic
models have been successfully applied descriptively to
several catchments (Christophersen er el 1982, 1984). For
example, Chnstophersen et al. 1982 have developed a
simple conceptual model that reproduces major trends in
chemical and hydrological behaviour in Norwegian catch-
ments. This model has been successfully extended (Scip et
al. 1985) and apptied descriptively to the Harp Lake
catichment in Canada. The model has also been applied 10
two forested catchments in Sweden (Grip er af. 1985).

A wide range of mathematical modclling techniques are
available at The Institute of Hydrology for analysing
catchment data. These include CAPTAIN (Computer Aided
Package for Time Series Analysis and the Identification of
Noisy Systems; Venn & Day 1977, Whitchcad er al.
1986a, b)., MIV (Multivariable time series model; Young &
Whitchead 1977), the BIRKENES model (Christopherson et
al. 1982). MAGIC (Cosby er al. 1985a), EKF (Extended
Kalman Filter; Beck & Young 1976) TOPMODEL (Beven
er al. 1984) and THDM (Institute of Hydrology Distributed
Model; Morris 1980). In this paper three of these techniques
arc described and  applied to  investigate  short-term
catchment responses or events and long-term acidity of soil
and stream waters.

1. Time series or ‘event’ type models and
their application to Loch Dee

Time serics models are suitable where the  overall
input-output behaviour is of prime importance and where
internal mechanisms are particularly complex. It is assumed
that a law of large systems applics (Young 1978) whereby
the combination of all the complex non-linear and
distributed elements gives rise to an aggregated system
behaviour that is relatively simple in dynamic terms.

Loch Dee has a remole setting in the Galioway Hills in
S$W Scotland. The catchment is made up of three sub-basins:
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Dargall Lane to the W, White Laggan Burn with its
tributary the Black Laggan towards the $. and Green Burn
entering from the SE. The outflow at the NE end of the loch
is the source of the River Dee. Catchment altitudes range
from 225 m on the loch shore 1o 716 m on Lamachan at the
head of the Dargall Lane. Nearly (wo-thirds of the
catchment lies above 305 m. Geologically the area comprises
two distinct rock types: Ordovician greywackes/shales and
granites of Old Red Sandstone age (Burns ef al. 1982).

[n Loch Dee an extensive record of hydrological water
quality data has been collected over a five year period
(Burns er al. 1982). Analysis has been resincted initially 1o a
time series model relating tlow to hvdrogen on concentra-
nun for the White Laggan sub-catchment. The White
Laggan 15 subject 1o episodic  acidification,  primanly
attributed 1o atmospheric inputs. The maodel fitted is an
autoregressive moving average type of the form

X, = =0, o,

where x, s the hydrogen jon concentration (geq 17 ') and w,
is the flow (m'sec™') in the stream at me « The parameters
&, and w, were esttmated using @ time senies algorithm
applied to 200 hourly obscrvations of pld and Hlow. The
parameters were estimated to be

&, = —0-680 {(standard error 0-012)
wy = 0-659 (standard error 0-022)

and Figure 1 shows the simuluted hydrogen concentration
agamst the observed concentration. A remarkably good fit
1o the data is obtained with 93% of the variance explained
and suggests that H™ ion and flow are closely related.
However a true test of the model would be to use uan
additional data set; Langan (1986) has applied the approach

+.
H ion

(Leq/L)

to all three subcatchments of Loch Dee and found that
equaily good models have been obtained for ¢ wide range of
storm events. In the case of the White Lapgan 4 mean
response time {(T) of 2-6 hours is obtuined. reflecting the
fust response time between output flow and hydrogen ion
concentrations.  Further applications of the time  series
technigues to data from Welsh and Norwegian catchments
are given by Whatehead er af. (1986x).

2. Applications of the ‘Birkenes’ models

A sccond class of models hus been applied 1o data from the
Loch Dee study. These include the “Birkenes” muodel
developed by Christophersen er af. (1982, 1984). The model
compnses i simple  two-teservorr hydrological  miode]
operatng on a daily  nimestep upon which has  been
superimposed the important chemical processes that conteol
the aadificntion of catchments. Inputs w the model are
precipriation,  mean dinly  temperature, mean dindy ol
temperature sind suiphite deposition rates. Figure 2 shows
the prinaipal hydrological and chenucal processes operatng.
The model ouiputs daly concentrations of hyvdrogen on,
aluminium, sulphate, calcium + magnesium (M7') and
bicarbonate in the stream along with precheted flow.

The “Birkenes' model has also been used to assess the
sensitivity of stream acidity to hydrological parameters and
changes in baseflow. Flow movement between the seil and
groundwalter compartments is restricted by a “percolation™

equation as follows;
Aga=P-(B-8,)/8... for B>8,,

and
Asic = 1:33P - 0.33P(B/B...)"

for 1 < B,

muin

= - - O0BSERVED

#OOELLED

120. 140, 160. 180, 200.

Time (Hours)

Figure 1 Simulated and observed H™ ion in the White Laggan, Loch Dee, Scotland. based on the fiow

modei.
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where B refers 1o the groundwater companment water level
and B, and B.... refer to mimmum and maximum water
levels, respecuvely (see Fig 2). The parameter, £. can be
considered as a percolation parameter so that increasing F
increases the fracion of flow. A, routed 10 the Tower SIG
reservoir. This leads to an increase in the baseflow
contribution to the stream. The model also includes a piston
flow component to describe the hydraulic movement of
water out of the groundwater compartment,

The change in stream water concentrations fur H™ won and
AP** in response (o varying baseflow 1s highly non-linear.

RAIN y
g

SNOW v

This is tlustrated in Figures 3 and 4, which show H* and
Al maximum and mean values for a rapge of baseflow
conditions; all concentration values fall as the baseflow
increascs, the rate of decrease varying from one variable to
another. In genecral increases in baseflow result in
significant reductions in H 1on and Al concentrations.
Studies by Seip and Rustad (1983) show a similar non-lincar
behaviour when upper and lower soil horizon waters are
mixed. Further results are piven by Whitehead er al. (1986b)
and confirm the sensitivity of the model to parameter. and
hence bascflow. changes. ’

P Pracipitaton
E . Evapotranspiration
Q. Water flux

Ea —L
7 [
Bare rock
shaliow sonl L
Am|n --—-—w—o—'—x Qa
Eb
Bmax _,
B
Bmin

Deepar soil
layers

\
N

'O

Processes operating

STREAM

Shallow soil reservoir

Deeper soil reservoir

H,0 precipitation, evapotranspiration,

infiltration to lower reservoir,
discharge Lo stream

infiltration, evapotranspiration, dis-
charge to strcam, piston Mlow

Lo He wet + dry deposition, adsorption/  adsorption/desorption, reduction
descrption, mineralisation
ca’* + Mg?' ion exchange release by weathering, adsorption/
desarption
H* ion exchange and equilibrium consumption by weathering,
with gibbsite adsorptionfdesorption, equili-
brium with gibbsite
Al equilibrium with gibbsite equilibrium with gibbsite,
adsorption/desorption
HCO; equilibrium with a seasonal varying
CO; pressure
Figure 2 Hydrological model used for Harp Lake catchment and main processes operating,
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3. Application of MAGIC to Loch Dee

MAGIC (Model of Aaditication of Groundwater [n
Catchments; Cosby e al. 1985a, b, 1986) is explicitly
designed to perform long term simulations of changes in
soilwater and streamwater chemisiry in response 1o changes
in acidic depositton. ‘The processes on which the model is
based are: anion reteation by catchment soils {e.g. sulphate
adsorption}; adsorpuion and exchange of base cations and
aluminium by soils; alkalinity generation by dissociaton of
carbonic acid (at high CO, partial pressures in the soil) with
subsequent exchange of hydrogen ions for base cations;
weathering of minerals in the soil to provide a source of
base cations; contral of Al'" concentrations by an assumed
cquilibrium with a solid phase of AI{OH). A sequence of
atmuspheric deposition and mineral weathening is assumed

P G. WHITEHEAD AND C. NEAL

estimate of how these levels have varied historically.
Historical deposition vanations may be scaled 1o emissions
records or may be taken from other modelling studies of
atmosphenc transport into o region, Weathering estimates
for base cations are  extremely  difficult to  obtain.
Nonctheless. it is the weathering process that controls the
long-term response and recovery of catchments to acidic
deposition and some estimate is required. The MAGIC
program has beea applied to the Dargall Lane sub-
catchment in Loch Dee and a detailed description of the
application is given by Cosby er al. (1986).

Several chemical, biological and hydrological processes
control stream water chemistry. These processes are often
interactive and not casily identifiable from field observation.
Modelling allows separation of the different factors and the
establishment of their relative importance quantitatively.
Here the factors considered are afforestation. dry and occult

for MAGIC. Current deposinon levels of base cations, deposition,  wvarigtions  in aadic oxide  loading  and
sulphate, nitrate and chlonide are needed, along with some defarestation.
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Figure 3 Maximum H” and AL'* concentrations in the stream, showing vaniation over a range of bascflow

conditions (Three Year Simulauon 1977-19580).
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4. Long-term acidification trends for
Dargall Lane

Figure 5 shows a simulation of tong-term acidity for the
Dargail Lane catchment. The sulphate deposition history is
shown in Figure 5a and this drives the MAGIC model. The
historical simulation of pH shown in Figure Sb is similar to
the values obtained from the diatom records of lochs in the
region in that a significant decrease in pH from 1900
onwards is inferred (Battarbee er al. 1985, Flower &
Battarbee 1983). The steeper decline from 1950 to 1970
follows from the increased cmission levels during this
period. The model can also be used o predict future stream
water acidity given different future deposition levels. For
Dargall Lane, stream acidity trends are  investigated
assuming two scenarios for future deposition.  Firstly,
assuming deposition rates are maintained it the future at

1984 levels, the model indicates that annual average stream
pH is likely to continue 0 decline below presently measured
values, Secondly, assuming deposiuon rates are reduced by
50% from 1984 levels (between 1985 and 2000) the resuits
indicate that current stream water aadity will be maintained
(Fig. 5b). Further details of the application of this model are
given elsewhere (Cosby et al. 1986). Note an increase in
stream water pH about 1980; this follows a significant drop
in sulphur emissions during the 1970s. Note also that an
carlicr decline in streamwaser acidity is predicted if there
had been no reductions in emissions since 1970.

5. Afforestation

Afforested systems are more complex to model than
grassland systems because the introduction of the forest
perturbs a grasstand ecocystem whicit in aself is difficult to
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Figure 5 (a) Sulphate deposition history uscd as input for the MAGIC reconstruction of pH in the Dargall
Lane moorland catchment. (b} Simulation of the pH of streamwater in the Dargall Lane moorland
catchment assuming three sulphate deposition scenarios:—historical levels to 1984 and constant 1984 levels
thereafter (sce Fig. S(a));----- historical levels 1o 1984 and 1984 levels reduced by 50% by the year 2000,
and constant thereafter: - - - - historical levels to 1970 and constant 1970 levels thercafier.
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model. The effects of the forest root system, leaf litter layer
and drainage ditches will change the hydrological pathways,
this will control the nature and extent of the chemical
reactions n the soil and bedrock. Further, the additional
filtering cffect of the tree on the atmosphere will enhance
occult/particie  deposition, and evapotranspiration  will
increase the concentration of dissolved components entering
the stream. The magniude of these different effects varies
considerably; for example, evapotranspiration from forests
in the British uplands is typically of the order of 30% of the
precipitation which is almost twice the figure for grassland.
This will have the consequence that the total anion
concentrations within the stream and soil waters increase by
14% following afforestation. The forest will also increase
anion and cation foading due 1o the enhanced filtering effect
of the trees on air and occult sources. The filiering effects
will apply both to marine and pollutant aerosol components,
Altering the hydrological pathways can also have a major
cffect on stream water quality, since the forest tends to
increase surface runoff thereby flushing/displacing highly
acidic water from the surface layers, the soit zone acts as a
proton and aluminium source, while the bedrock, if silicate
or carbonide bearing, provides proton consumption by
weathering  reactions.  To  illustrate  the  effects  of
afforestation sumply in terms of increased concentrations
from both e¢nhanced dry deposition and evapotranspiration,
the MAGIC model has been applied to the Dargall Lane
catchment assuming that a forest is developed over the next
forty years. It should also be noted that, here, no allowance
has been made for the effects of cation and anion uptake by
the trees during their development; the incorporation of
base cations into the biomass would result in an enhanced
acidification cffect during this period.

Of critical importance is the relative and absolute
contribution of marine and pollutant inputs from dry and
occult deposition. Figure 6 shows the effects of increasing
evapolranspiration from 16% to 30% over the forest growth
period with varying levels of marine, pollutant, and marine
plus pollutant inputs. Increasing either marine or poliutant
components leads to enhanced stream waler acidity, the
greatest effects being observed when both components are
present; the effect of simply increasing cvapotranspiration
from 16% to 30% 1s similar, but the changes are much
smaller. The important features of these results are that the
enhanced acidic oxide inputs from increased scavenging by
the trees result in a marked reduction in pH levels and that
there is an additive effect when both processes are
combincd. These reductions are much greater than the
effect of evapotranspiration.

6. Atmospheric acidic oxide inputs

An important factor in determining stream acidily in the
upland United Kingdom is the level of acidic oxide
deposition; rates of deposition (non marine wet deposition
and dry deposition) can vary from 0-5 to over 6gSm™ 7 yr~'
and from 0-1 to over 0-5gNm 2y’ Figure 7 shows the
effects of such vanations for both moorland and forested
catchments; the highest level corresponds to arcas with
high atmospheric acidic oxide rates (three times the historic
and 1984 deposition levels observed in the Southern
Uplands of Scotland). With increasing atmospheric acidic
oxide potlution, the decline in stream pH is accelerated, the
changes occur much earlier, and the final pH of the stream
water is lower.

7. Deforestation

While afforestation increases stream acidity, as shown both
by the model predictions and ficld evidence, deforestation
will tesult it a reduction in stream water acidity. Figure 8
shows the effects of deforestation from the present ime for
a range of acihe input loadings, The result shows that while
there is a short-term umprovement in stream acidity, the
long-term acidification trend is maintained. It is interesting
to note that the recovery following deforestation at the
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Figure 6§ (a) Simulation of the pH of the strecamwater from the
Dargall Lane catchment, comparing: the mootland catchment
response assuming Figure S5(a) deposition rates (—). the effect of
14% additional evaporation following afforestation (. .). the
cffect of 14% addivonal afforestation in 1985 (- - -), and the effect of
14% additional evaporation plus 309 additional input of natural
sea salts following afforestation in 1985 (— — —). (b) Simulation of
the pH of streamwater {rom the Dargall Lane catchmeni,
comparing the moorland response (—) 1w the forested catchment
responsc, assuming increased evaporation (-----) with different
levels of pollutant scavenging (. ...20% additional sulphate;---
40% additional sulphate; ——-——60% additional sulphate). (c)
Simulation of the pH of streamwater from the Dargall Lane
catchment, showing the moorland response {(——} and the com-
bined eflecis on the forested catchment of increased evapotranspi-
ration, increased scavenging of natural sea salls, 2nd various levels

of increased scavenging of pollutant inputs (------ zero additional
pollutant  scavenging;.. .20% pollutant scavenging; --- 40%

pollutant scavenging; ——— 60% pollulant scavenging).
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intermediate deposition levels is greater than that at the
higher levels. Tius is because base saturation has not been
completely depieted, and the reduced deposition following
deforestation can be buffered by the available cations.
Under the higher deposition levels. base saturation s
reduced 1o very low Jevels. making recovery much less
significant. Note that afforestation following tree harvestng
will negate the improvement in stream water acidity.
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Figure 7 (a) Simulation of the pH of streamwater from the Dargall
Lanc moorland catchment, assuming sulphate deposition patterns
(shown 1n Fig. 5(a)) modified by vanious factors to reproduce a
range of loading conditions (i.e. from pristine to heavy pollution)

background rates (pristine conditions), 0-5 x Figure
5(a) deposition concentrations (low  pollution); - ----- 1 X Figure
S(a) deposition concentrations {intermediate polfution), —— -3 x

Figure 5(a) deposition concentrations (intermediate  pollution);
—-—--2x Figure 5(a) deposition concentrations (hcavy pollution);
—— 3 x Frgure 5(a) deposition concentrations {heavy pollution).
(b) Simulation of the pH of streamwater from the ‘forested’ Dargall
Lanc catchment, assuming afforestation from 1844 onwards and
sulphate deposition patterns (sce Fig. S(a)) multiplicd by various
factors 0 reproduce s range of loading conditions from pnistine Lo
heavy pollution; see caption to Figure 7(a) for key.

(1]
s \S‘\'"'
-3 ENN R
o H N . S
Y IR . '
RN . |
so{g NoovN '
» -~ e
- AN ~ ~
a ~ ~ — e ———— -
—=— Nl N A,
45 = A Y S N T
- ~ ~ pl—_————— == ==
- Y -
& e —
Q
.0 DEFORESTATION
1880 1900 1940 1000 2020 1000 100

Figure 8 Simulation of the pH of streamwater for the Dargall
Lanc catchment, assuming afforestation from 1844 and deforesta-
tion in 1990; sec caption 10 Figure 7(a) for key.

8. Implications

The modclling enables assessment of the relative effects of
atmospheric acidic oxide pollution and conifer afforestation,
as well as highlighting some of the topics that need further
consideration. For example, the long-term trends in stream
water acidification for the grassland catchment suggest that
for at least part of the upland United Kingdom, acidic oxide
pollutant inputs are the dominant source of increased stream
water acidity. The model predictions are similar to
observations of stream acidity found in southern Scand-
inavia and add weight to the conclusion that such pollutant
inputs are also a major source of stream acidification in
those countries as well. How important this acidification
process is on a regional basis in the upland United Kingdom
cannot be gauged immediately, because many unresolved
factors remain, as mentioned above, However, much of the
British uplands has soils which are susceptible to acidic
inputs; 1115 therefore reasonable to assume the results of this
present modelling cxercise are widely apphicable. If the
above results are representative of sensitive-upland areas.
then reductions in present acidic emissions of the order of
50% are required to prevent further increase in stream
acidity of moorlands; afforested catchments require greater
reductions. The study points to the need for further regional
analysis of soil and stream water chemistry, as well as a
better understanding of hydrogeochemical processes operat-
ing within catchments. Further, the study provides an
example of the need 1o establish the extent of scavenging of
acrosols onto plant surfaces, and more generally on the
benefits of multidisciplinary catchment studies. Finally, the
detrimental effect on stream water quality caused by conifer
afforestation in uplands subject to acidic deposition s
irrefutable. While there 18 uncertainty regarding the nature
and the extent of the hydrogeochemical processes operative,
there 15 a need 1o change existing forestry practices which
are of immediate pragmatic concern.

9. Conclusions

The model] techniques applied at the Institute of Hydrology
have proved to be particularly useful, yielding information
on the catchment responses, processes and possible future
behaviour. On the hydrological side, time series technigues,
lumped and distnibuted hydrological models are available.
In the case of chemical processes, time serics techniques can
be applied, but the principal models available at the
Institute of Hydrology are the BIRKENES and MAGIC
models. Modifications such as the introduction of sea salt
will be necessary in the case of the BIRKENES model
before application to the Loch Dee and Plynlimon
catchments is possible. Also, it may be necessary to reassess
the dominant equilibna used in the model; for cxample, is
aluminium controlled by Al(OH), AI(OH)SO or by
Al(OH),_, $i,0,. We hope to develop a modificd and
combined BIRKENES and MAGIC chemistry and couple
this with the distributed models to provide an additional 100l
with which to investigate catchment behaviour.
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A MODELING STUDY OF LONG-TERM ACIDIFICATION IN
AN UPLAND SCOTTISH CATCHMENT

ALAN JENKINS® R C. FERRIER** T A B WALKER"".
and P G, WHITENHEAD®

{Received Deccinber 26, 1987; revised June 30. 1963}

Abstract, A modeling study of the Allt 2 Mharcaidh caichment in the Cairngorm repion of Scotland has
been undertaken to investigate long term trends n acidification and model sensitivity to soil physical and
chemical characienstics. The MAGIC modcel (Model of Aadification of Groundwater In Catchments) is
used 1o demonsirate that the sulphate adsorption ability of the soit and quality and quanuity of rainfall inputs
have sigaificant effecis on tnodel output. Oplimal weathering rates and predicted present day ton concentra-
tions in sircamwater compare well with measured and observed values. The snalysis shows that the
catchment has become progressively aadified since pre-industnal times but major changes in stream acidity
have ye1 10 occur.

1. [ntroduction

The case for development and implementation of process-based models describing the
response of surface waters to acidic deposition has been widely and eloquently stated
in recent literature (e.g., Cosby ef al., 1985a; Neal er al., 1986). For the purpose of such
deterministic modelling exercises, acidification of surface water may be constdered to
be essentially a problem over two very different time scales. Short term fluctuations
surface water acidity caused by the Aushing of near surface waters or snowmelt are
generaly dnven by the hydrological processes operating in the catchment. The timescale
of these events is of the order of hours, or at most days, and the level of acidity wall be
largely controlled by the ability of the catchment to bufler incoming acidity within the
catchment hydrological response time. Models addressing this dynamic response have
been developed, for example, by Christopherson er af. (1984) and Schnoor er al. (1984).
On the other hand, the Model of Acidification of Groundwater in Catchments
(MAGIC), developed by Cashy et al. (1985a, b) addresses the changes in buffenng
capacily that occur over long periods (i.¢., decades) where short term hydrological
response is assumed to be neghgible and yearly averages of deposition levels provide
the principal- driving force to the model.

The MAGIC model is a relatively simple yet process-orientated model whereby
long-term dynamic equations based on input-output mass balances for all major ions
in atmospheric deposition are linked with equilibrium equations that describe soil
processes. [t has been applied to a variety of catchments in het U. 5. Scandinavia
(Wright et al., 1985), Scotland (Cosby et af., 1986a) and Wales (Whitchead er al., 1988)
and has proved a useful tool for assessing future acidification levels in response to

* Institute of Hydrology, Wallingford, Ozon, OX10 8RB, UK.
** Macaulay Land Use Research Institule, Aberdeen, UK.

Water. Air, and Sosf Pollurion 000 (1988) 000-000. WATE 3031
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various deposition scenanos. The results of these simulations show that the model
adequaltely reproduces present day observed stream chemistry but its performance has
not been assessed asainst measured values of sotl chemical pararmeters and estimates
of weathering rates. [ndeed, all previous apphications of M{AGIC bave been undertaken
m catchments with only one dominant soil Lype or.in areas of more than one soil vpe,
have assumes some “mean’ characweristics for the whole catchment.

This study scts out 10 attempt a more dgorous applicaton of the MAGIC model
agamst a comprehensive sonl data from the Allt 3 Mharcaidh catchment in the
Cairngorm Mouniains of Scotland. We examine the validity of using a ‘mean’ catchment
soil approach and assess the sensitivity of the model to 1wo soit tyvpes, The analysis is
also employed 1o idenufy the most important processes affecting stream water acidity
withm this area and the parameters whitch most influcnce model behaviour. Catchment
response is assessed given that this area is not presently acidified but is thought to be
at nisk from fiture aaidification problems.

2. Methods and Materials
2.1. STuby sITE

The Allt a Mhardaidh catchment lies on the wesiern flank of the Catrngorm Mountains
draining an arca of approximately 10 km? into the River Feshie which is a tributary of
the River Spey. Altnude ranges from 225 m at the catchment outflow to 1111 m at the
highest point. The catchment is underlain by intrusive biotite-granite of Lower Old Red
Sandstone age associzted with the late stages of the Caledonian Orogeny. Thick
deposits of boulder clay, derived from local rock, cover much of the valley floor overlain
by a covering of peat. Vegetation is mainly a mixture of heather and fescue grassland
although a sparsc stand of natural, native pincwood covers an arca of ¢. 1 km? near the
outflow on the lower slopes. Sotls are essenuially of three main types, as shown in
Figure 1, which ¢. 609, alpine and peaty podsols of the Countesswells Association and
c. 40%, blanket peat. Table | shows the schemical and physical characteristics of both
the organic (peat) and mineral (podsols) soils, together with a ‘mean’ catchment soil with
characteristics ratioed arcally from two main soil types.

This work was conducted as a part of the Surface Water Acidification Proframme
which was inntiated in 1985 as a collaborative project of research into the causes and
effects of acidification of surface waters (Mason and Scip, 1985). Within this program
catchments were sclected for detailed study to represent heavily acidified, pristine and
transitonal arcas. The Allt a Mhardaidh was sclected as one transitional site, that is,
a calchment which is not acidified, docs not receive a particularly high loading of
anthropogenic pollutants but due to its physical characteristics is thought to be at risk
as regards fututre acidification problems.

2.2. METHODOLOGY

The arca receives approximately 1000 mm of precipitation per annum, although this is
extremely vanable from year to year and up to 30%, of this may fall as snrow. Precipitation
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Fig. 1. Distribution of soil types and location of rain

WATE 3033

) P"?Allt a Mharcaidh
RS
L

g ‘.',,)/

Sgeran Dubh Mor

samplers (R1-5) and gauging stations (G1-3)




|
© 00000 0000006060006 06000 0 909

ALANJENKINS ET Al

TABLE 1

Cliermical and physical charactenistics of the organic, mineral and “mean’ caichmen: sails

Oreanic sail Mineral soil Mcan sou

Sonb depth {m} 0.58 093 0¥3
Poiosity (fraciion) 065 0.45 0%l
Bulk density (kg =) 140 1260 924
CEC (peqp ") 1200 100 ERU]
Total argamc’s (pmol 1. ') 15Q 100 115
PRI omg 418 425 425
PK2 org 1015 10.15 10,15
% base saturation 9.07 158 33
Fachanpeavle Ca % 191 0.74 o
fachangeable Mg %, 395 0.49 a7
Eachangeable Na %, 0.56 063 Q.61
Exchanpeable K %, 064 0.77 0.73
SO, half coefficient saturation® 100 156 156

{(megm ™"}

* Estimated, not mcasured - see Secuon 3.1

was sampled weekly from five bulk collectors since January 1986. The neiwork of
cotlectors was designed to account for vanations in altitude and exposure within the
caichment. Stream samples have been collected bi-weckly from the catchment outflow,
G 1 (Figure 1), since July 1985. Subsequent water chemistries were determined using the
following methodology; pH by remote KCl electrode, anions (Cl, NQ,, $O,} by ion
chromatography, Ca and Mg by atomic absorption spectrophotometry, Na and K by
flame emission spectrophotometry and NH, by colodmetric tochnigues. Volume
weighted mean chemistry of inputs and outputs is given in Tables [T and 111, respectively.
Mean pH was calculated by conversion to H* concentrations.

Soil sampies were taken from four profiles from cach of the three dominant soil types
(Figure 1). Cation exchange capacity and exchangeable bases were measured at pH 7
using a bartum acetate exchange procedure. Total organic concentrations in soil waters

TABLE I

pH and volume weighted mean ioa concentra-
tions (peq L~ ') in bulk precipitation for

1986
pH 463
Ca 10.3
Mg 215
Na 840
K 14
NH, 13
SO, 520
(8} 963
NO, 54
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TABLE M

Predicted and observed (in brackets) soil and stream chemistry (peq L =') for 1956

Sl Org. sonl Min. soil Mean sl
“, BS 6.7{91}) 19 {2 6) 2033}
Fachangeable Ca *, 35(39) 1.0(0.7) 05¢1.0)
IZxchangeable Mg % 26009) 0.5¢0.9) 1.0(0.7)
Fachangeable Na °;, 0.4(06) 0.5(0.6) 06(0.7)
Fachangeahle K%, 0 (06) 0.0(0.8) 0.1{0.9)
nH 4.6 41 4.1
Stream

it 5.1 52 5.2¢57)
Ca 88 383 15.0(371)
Mo N 313 NoIY
Na 118.3 147 HI2(N6.14)
K i.7 98 9.7(8.4)
i, 20 20 20

S0, 599 501 $0.2(501)
Cl 1110 11t 1H10{111.0}
NQO, 23 21 20(2.1)
Total Al 5.5 37 1%
Alkalinuy 305 36 35.7(33)

were determened by UV-persulphate digestion and dissociation constants (PK1 and
PK2) werc obtained from Perdue (1985).

2.3, MaGIC MODEL

The MAGIC modet assumes a catchment to be represented by essentiaily three homo-
geneous compartments representing the biomass (soil), soil solutica and stream/ground
water. Five chemical processes are taken to govern the response of surface water quality
to acidic deposition from the atmosphere. These are: (i) anion rention by soils:
(v) cation exchange by soils; (iii) solubility and mobilization of Al; (iv) weathening of
minerals as a source of base cations; (v) dissociation of carbonic acid (resulting from
clevated partial pressure of COy in soils). Alkalinity is generated by formation of

bicarbonates when CO,, under high partial pressure in the soil, dissolves with the soil
water;

CO, + H,O = H* + HCO, (N

Soil Al chemustry ts assumed to be controlled by the equillibrium of a solid phase of
alumimum hydroxide with free H * ions;

3H* + A{OH),(s) = AP* + 3H,0. (2)

The Al released may complex with F, SO, or OH but generally exchanges with base
cations as the trivalent Al ions are retained by the soil matrix in preference to mono-
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or di-valent base cations;
ALY # 3BCOX(s) = AlX,(s) + 3BC (3}

where X represents an adsorbed phase and BC © represents 2 base cation. Cation
evclrange equihbria aie evaluated using Gaines-Thomas cxpressions.

Dynamic smwelation of strean and soil water chemistry is achieved by coupling the
equitibria concepts (Equauoas (1) 1o (3) with dvaamic mass budgeis for cach base
cation and strong acid anion in the soil modcl. Sulphate has an adsorbed phase in the
soil and the relabonship between adsorbed phase (£, meq kg ™'} and concentration of

dissolved sulphate (SO 7+, meq m~?) in soil water is assumed 10 be described by a
Langmuir asotherm (Singh, 1984) of the form;

(s037)
C +(50:)"

EPRl S

where £,,,, 18 the maimum adsorption capacity of the soil (ineq kg~ ') and Cis the half
saturation concentration (meq m ™).

Acid anians are inked to base cation by assuming az charge balance for soil water

and so the movemeni of strong acid anions through the soil is accompanied by leaching
of base cations from the sail.

The mathematical representations of these processes and detailed model structures
are discussed by Cosby et of. {1985a, b, 1986b).

2.4, APPLICATION TO ALLT A MHARCAIDH

The MAGIC modei has been applied using the pattern of deposition showa n Figure 2
{Warren Spang Laboratory, 1983) to produce historical recontructions of streamwater
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Fig. 2. Sulphate deposition pattern 1845-2125 assuming constan depasition since 1985

WATE 303/6




A MODELING S1LDY OF LONG-TLRM ACIDIFICATION

and soi chemistry. An automatic calibration procedure was utilized to provide optimal
values for the paramelers governing the chemical reactions. A Rosenbrock technique
formed the basis of this opumization procedure and this was applicd n (wo stages.
Initialy an anion eptinization was carried out in £, and nitrate and ammonia uptake
rates, thereby obtaining a best fit for the concentration of anions in the streamwaler.
In the sccond stage the optimal values for the anion parameters are incorporated and
the weathering rates of basc cations, sclectivity coefficients controlling base cition
cxchange and partial pressure of soil CO, are opiinvized 1o produce a best fit to preseat
day observed streamwater concentrations and base saturations in catchment soils. The
optimization procedure was apphed assuming the catchment to consist of entirely
organic soil, minerat soil, or of a “mean’catchment soil.

Optimized weathering rates, selectivity cocefficients, pCO, and £,,, are given 10
Table IV. Comparison of the three catchment soil types shows consisient weatherning
rates although selectivity cocfficients vary considerably between soils reflecting dif-

TABLE 111

Optimized values for selectivity coefficient (5) weathening rates (W), pCO, and £_, 1n the organic, nunczal
and mean catchment soils; observed weathenng rates in brackets

Organic Mineral Mecan
WCA(meqm~Tyr™ ) 24.7(0.8) 117 03M 233
45{8.0) 4.6
WNa(megm Tw™") 206¢3.5) 17930 8) 17
WK (meqm Tyt 27429 1.0{26.1} 08
S CA -0.33 194 X7
S Mg -017 253 1.49
S Na -0.23 025 -0.21
SK 0.39 22 -032
P21 (aum) 2.0 20 10
E..{meqkg™") 0 9 144

ferences in soil base saturations. The most significant difference between, the optimized
solutions, however, lies in the anion budget and in particular the £, The optimized
E,.'s lor the organic and mineral soils are zero and nine, respectively, whereas the
optimal £, (or the mean soil is 14.1. The fact that this lies outside the range of the
organic and mineral soil values may reflect an instability in the model or optimization

procedure but is more likely a reflection of the physical characteristics incorporated in
the application of the Langmuir isotherm.

3. Results
3.1. CATCHMENTS RESPONSE

Present day stream chemustry had been reproduced by the model (Table ) regardless
of the soul lype used. pH is predicted to be 0.5 units lower than observed but this is

WATE 3037
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dircetly attnbutable to the inclusion of organic matter in both soils and streamwater,
Further mrodel runs excluding the organic components reproduce observed stream pH
without affecting any other parameters. Clearly further work is pecessary on this aspect
of the MAGIC model as organic maiter simply acts as a further source of 1 * und no
account is taken of cation complexation and chelation. Table HI also shows that
predicied base saturation for 1986 is well reproduced with the exception of K. This is
duc 10 the low opumal value for K weathering rate,

Figure 3 shows the reconstrucied and forescast response of pH, alkalinity, Al and
sulphate in the stream and the percemtage base saturation in the sod for the three model
runs. Results are shown as mean annual concentratons and assume model fixed
parameters (¢.g., rainfall quality and quanuty, evaporation, ¢tc.) are constant through
time. All of the curves converge around 1986 but show very different patterns pror 1o
that ime. The organic soil shows the most variable response as a result of the very low
£, .and conscqucently a very rapid response to changing acidic input. Both the mineral
soil and the mean soul respond much more sinoothly to changes in input due to their
abihty to adsorb sulphate. Following 1986 further changes in stream chenustry occur
but these tend towards an equibibrium value because of the constant level of inputs. The
organic soil is the least acidic due 1o the high base saturation maintaining a supply of
base cations and the absence of adsorbed sulphate. This is also seen in the equilibium
values reached for sulphate, alkalinity and total Al.

3.2, SULPHATE ADSORPTION CHARACTERISTICS

The levels of soluble and adsorbed sulphate were measured in the three major soil types
in the Allt a Mharcaidh (n.b. the alpine and peaty podsols are lumped together for the
model application). Figure 4 shows the accuimutlation of high levels of adsorbed sulphate
in the lower mineral honzons, particularly those containing sesquioxides. The high level
of soluble sulphatc in the organic hodzons is due to mincralized $ associated with the
organic matter. The levels of sulphate in these soils vindicate the choice of a relatively
high value for C (half saturation cocflicient) for cach of the soils and this represents a
measured soil water sulphate concentration from the lower mineral honzon,

Studies were undertaken to assess whether the mineral soils were capble of adsorbing
further inputs of sulphate. The adsorption isotherms for the peaty podsol are shown in
Figure 5 and indicate that the mineral horizons can adsorb sulphate from solutions at
similar concentrations (o those found in the field. Furthermore, if 2 Langmuir isotherm
ts used 10 describe the adsorption characteristics of these soils it is likely, from these
data, that £_, will be a high value. Peat has a limited ability to exchange sulphate on

any available positively charged sites on the organic matter but has no real capacity for
adsorption as in the mineral soils.

3.3, ASSESSMENT OF WEATHERING RATES

Rate of loss of basc cations in the catchment scale has been calculated by Mellor and
Wilson (1987) by comparing the chemical composition of individual soil horizons with
that of the parcnt material (Table 1V). Their data show that in absolute therms K and

WATE 30318
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Fig. 5. Sulphate adsorplion isotherms of the four horizons of the peaty podsol profile.

Na exhibit greater rates of loss than Ca and Mg. If the results are recalculated in terms
of element loss as a percentage of the original total in the parent materia! Ca and Mg
are lost more rapidly than Na and K. From the model optimisations for the three types
of soil, however, Ca and Na consistently show the highest weathering rates. It should
be remembered though that the figures of Mellor and Wilson represent a total elemental
loss rate from the catchment and as such are not direct estimates of weathering because
changing inputs and biomass uptake will directly affect cation exchange processes in
the soil.

4. Discussion

MAGIC is capable of reproducing present day stream and soil chemistry and the
chemical and physical charactenistics of the soil determine the pattern of change both
histonically and in the future. The different model responses for the soil types represent
the range of stream chemistry which might be expected in using a *‘mean’ soil type for
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the catchment, assuming all other model parameters can be correctly specificd. From
this point of view the effect of the different soil types on water quality implics that key
soil parameters and model variables are determining catchment response to incoming
acidity. This analysis has highlighted the importance of sulphate dynanics within the
soil is a major determinant of stream chemistry. It is esseatial that further work in the
ficld and laboratory be undertaken 10 improve the specificaton of the Langmutr
parameters, in parucular the half satueation values required 1o run the model give values
far greaier than any sulphate concentrations found o the field. Nevertheless, the soils
in the Allt a Mharcaidh catchment have a high sulphate adsorption capacity which is
surprising and contrary to the findings of Wnght ez 2/, (1985} who applied MAGIC 10
four lakes in the U.S.A ., Norway, Sweden, and Scotland. They concluded that ac all
four sites where young, post-glacial podsolic soils dominated, the choice of parameter
values for sulphate adsorbtion was not of critical miprotance because such soils typically
have litile ability 10 adsorb sulphate. Clearly, in the case of the Allt a Mharcaidh, where
similar souls exist, this does not appear to be the case.

Onc of the major difficuldes encountered in the apphcation of the model was
accurately specifying the quantity and quality of inputs, both of which are highly vanable
from year 1o year, and are difficult to measure (Fernier er af., 1988). Clearly both the
mean annual rainfall quantity and quality directly affect the chemical budgets and so
also partly determine the sulphate adsorption charactenistics. In terms of rainfall quality,
a discrepancy in inputs will affect both weathering rates and sclectivity coefficients
becauwe model calculations are dependent upon an input-output balance. Increasing
inputs will lower opumized weathering rates and vice versa, and a change in the relative
concentrations of ions in precepitation will affect the magnitude of the sclectivity
cocfficients.

IFuture work must concentrate on assenssing the seasitivity of the mode! to changes
in deposition parameters and work on a multi-box approach to model the two catchment
soil simultaneously by incorporating some flow routing structures is currently in
progress.

In terms of the Surface Water Acidification Programme the choice of the Allt a
Mharcaidh catchmeant as a wransitional site is vindicated in that scrious stream acidifi-
cation has not yel taken place and the model predictions suggest that a drop in
streamwater pH will occur even if depaosition levels are maintained at present values.
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ABSTRACT

A regional model of stream  water quality in Wales is  presented  which
reconstructs the historical trend for acidification and predicts the effect of
several pollutant deposition reduction policies.  ‘The chemical model used to
predict surface water chemistry from deposition chemistry, via the soil is the
MAGIC model.  The regional methodolopy used is a two stage coupling of
Monte Carle simulations with a calibration procedure designed to produce a
coarse fit to the joint distribution of the key stream water quality variables.
The regional model is based on data from the Welsh Water Authority Survey
of 1983-1984 .in which strcams and lakes were sampled on a weekly basis for
the peried of a ycar. The modelling results reveal a significant decline in
water quality across the region since industrialisation. The model predicts that
40% of the streams and lakes within the region have suffered a decline in
mean yearly pH o of preater than 0.5, Future predictions indicate that a 30%
reduction in deposition would halve the present rate of acidification  and
maintzin present day stream  quality levels.  Reductions of the order of 60%%
are requited to cnsure a significant recovery in most sites.




Introduction

Industriat complexes and power plants have historically been sources for
chemical by-products expelled as waste pases. These may take the role of
pollutanis when borne by wind to environmentally scnsitive areas.  The
pollutants may be brought to the ground by dissolving in rainfall or may be
caught on the leaves and branches of tall vegetation. Passage through the
catchment may be fast, along near surface routes, or slow, through the soil,
where important chemical interaction takes place between soil matrix and soil
water. Prolonged contact with polluted water may induce a gradund acidification
of the soil with concomitant acidification of any streams or lakes draimng the
catchment. The effect may be of devastating ccological consequence, inchuding
loss of fish and other aquatic species.

There s a need to identily the acid sensitive arcas in order 1o assess the
potential environmental damage and to investigale methods to halt or reverse
the trend in affected arcas. Two methods in pacticular have been highlighted
as important candidates for relieving the impact of acidification.  The first is &
reduction in the emission of pollutants and the second is addition of a
ncutralizing agent to targetted sensitive sites  The prescription of the most
effective remedy requires assessment of the different management strategics
proposed in terms of financial and enviconmental costs.  An important link in
the chain of cause and ecffect from cmission to ecological impact is the
transmission of acidity from deposition to the stream and lake waters.  This
focuses upon the chemical status of soil matrix and soil water which greatly
affect stream water quality. The soil accumulates changes itnduced by the
proximity of pollutant through time. This heightens the umportance of the
historical trends for emission and depositon, which must be incorporated into
any estimaiion of the rate and magnitude of acidification and the likely
recovery.  The -complexity of the problem allows accurate cvaluation of
management strategies o be achicved only through the use of mathematical
models.  ‘These must represent the key processes believed to influence the
long* term acidification of the soil and must be applicable for long term
regional analyses.  An example of a model which incorporates cmissions,
transport, soil and lake acidification and forest impact is the RAINS model
(Alcamo et al, 1987). Tlis sulphur based model also includes a cost analysis
submodel to provide a complete contro! strategy evaluation tool. A second
example is  the Model of  Acidification of Groundwater  tin Catchments
(MAGIC), which looks at the surfacc and soit waters from acid deposition to
stecam emergence. This soil based model represents five processes of major
importance to soil acidification and is sufficiently adaptable to bc uscful for
long term peediction on either a site oy a regional basis. It is driven by aad
decposition trends since the industrial revolution and may be uséd for
evaluating the effect of proposed future deposition scenarios.  The results of
the MAGIC model have been used to drive biological models of trout density
and survival and interverbrate species and floral  community absence  or
presence (Ormerod et al, 1988). When linked to a model relating emissions
and depositions the MAGIC model may clearly play an important role as a
link in an overall control strategy evaluation exercise. This present study uses
the MAGIC model to make a regional simulation of the acid sensitive arcas
within Wales and (o make a preliminary assessment of the ability of the
region to recover. Evidence for acidification in Wales has accrued from many




investigations including studies of fisherics, forest and moorland soils, geology
and hydrochemistry.  There are two main sites for hydrochemical investigation
in Wales, namely Plynlimon (sce Hormung et al, 1986; Necal et al, 1986} and
Llyn Bnanne (Stoner ¢t al, 1984). These have shown some cffects of
acidification.  In 1984 the Welsh Water Authority attempted to investigate the
extent of the acidification throughout Wales through a year long survey of
streams and rivers in a subregion of Wales. The subregion was selected from
a knowledge of geology, soil type, and land use from which the region of
preatest acid  susceptibility was deduced.  Rainfall and stream water qguality
were investigated across the region.  The results indicate that a section of the
streams monitored are becoming aadified in terms of the chemical indicators:
alenumum, alkabnity and pH.  An earlier modelling study of the Welsh region
was  undertaken by Musgrove et al. (1988) who attempted to simulate the
marginal distobutions of the yearly means of the important chemical variables
across the region.

The present study uses o refined method that produces simulations which are
consistent with the covariance structure of the important chemical variables.
This method was developed by Hornberger et al. (as yet unpublished} who
applied 1t to a survey of Norwegian lakes. A refinement is also made to the
alamimum  submodel  that enables a good match of simulated to  observed
chemistry for aluminium in Wales. This is important since aluminium exerts
a strong  influence on  aquatic biological  species and s one of the key
indicators of acidification In streams.




Description of survey region

Between  October 1983 and  Scptember 1984 the Welsh  Water  Authority
undertook a regional survey of streams and rivers within an arca of Wales
believed to be sensitive to acid deposition.  One hundred and- twenty streams
were sampled on a weekly basis, with sixteen of them being sampled at more
than one point. ‘The locations of the sampling points are shown in Fig. I
During the same period rainfall quality was monitored at forty-four sites
throughout Wales. The mean yearly rainfall concentrations are summarised in
Table 1. A breakdown of the resvlts by region shows the most acidic rain-falls
i the uplands of mid and North Wales (Donald, 1988). The east of Wales is
seen to receive the highest concentrations of the acid pollutants, sulphate and
nitrate. It also receives high levels of ammonia and calgium, which partially
buffer the ranfall.  Meanm pH at cach of the sites varied from 4.4 10 5.0

The study is underliin by rocks of the Cambrian, Ordovician and  Siturian
Seriecs.  In the wupland  areas  the soils arc thin and  base-poor.  The
combination of slowly weathering rocks and thin, poor soils gives the region
is vulnerability to acid deposition.  Prolonged acid deposition may induce a
leaching of the base cations from the soil, reducing the buffering ability and
allowing the surface waters to become acidic.  The study area lies mainly in
the region of high rainfall acidity and is consequently of prime interest in the
investigation of acidification in Wales.

The mean yearly results are presented in Table 2. The pH of streams varies
across the region from 42 to 7.3 with a mean of 56. The wvery high
maamum level for calcium of 862 peq? and the maximum magnesium
concentration of 393 peqfl were both measured at the site on the lsle of
Anglesey where there is a large industrial source, At this site, the alkalimty
is also a maximom for the region at 1104 peg/l The mean annual sodium
and chloride levels are strongly corrclated. A linear regression  model  of
sodium on chloride in the surface water predicts o stope of 69 and an
ntercept of 34 peqfl with an Resquared value of 93, Sea salt concentrations
arc  high, reflecting the near coastal location for most of the region.  The
area is mountainous and rainfall is high with a lacge orographic input.  The
predominant weather pattern sweeps air from the Atantic Ocean and the Irish
Sea, which lic to the west of Wales.  The high mean sulphate concentration
in the streams includes o large component in excess of marine origin sulphate.
The presence of the sulphate in the streams is balanced by base cations in
the well buffered catchments and by hydrogen and  aluminium in the more
acidic sites.  This [eaching of aluminium into the streams 15 environmenially
damaging and of prime interest in the study of acidification. The partial
pressures of the carbon dioxide in the streams have been deduced for the
strecams using the cquilibrium relation given by the following equation:

{H*} {HCO;}
_— K Eq. 1
{CO,aq)) co2

CO, is the partial pressure of carbon dioxide present in the stream.

KCO?. is an equilibrium constant.




This cquation is used by the MAGIC model to determine stream bicarbonate
concentrations, with CO2 as a parameter for the model. The median value
for CO, in the streams is 4 times the atmospheric partial pressure of carbon
dioxide. This value was used in the model with the soil CO, partial pressure
set cqual to ten times the stream value,




Description of the Chemical Model

The Model of Acidification of Groundwater In Catchments (MAGIC) was used
to simulate the region. MAGIC is a dynamic model of scil and Stream
chemistry in catchments. Developed by Cosby ct al. (1985a-and b) MAGIC
simulates long term acidification in soils by incorporating several key soil
processes in a lumped parameter representation. The catchment may be
represented by one or two 'boxes' of homogencous soil conditions. In each
box the soil characteristics arc sct to mean values in either topsoil. subsoll or
the soil as a whole, depending upon the model structure used. A mixing
tank collects the water draining the soil thus acting as a strear.  Hydrologic
partitioning 18 catered for in the two-box version of MAGIC and wn the single
box case an effective rainfall amount is assumed 1o pass through the box and
into  the  stream. An overall  cquilibrivm  within the  soi) is assumed,
incorporating the effects of five major soil processes believed to be important
in the acidification of catchments.  The cation exchange process allows mutuil
regulation of base cations.  ‘The model uses the Gaines-Thomas cquilibrium
relationship (Gaines and Thomas, 1953) to formulate the representation of this
process. This is particularly suvitable for long term modelling as it allows the
form of the exchange relationships to vary with individual cation content in
the soil. Thus cation depletion, one of the features of acidification in soils,
may be cffectively modelled. A sccond process allowed for in MAGIC is the
dissolution of carbon dioxide wunder high partial pressure in the soil 10
produce bicarbonate (c.f. equation 1). This may generate alkalinity to buffer
the acidity in the soil.  Upon emerging into the stream however, the soil
water relcases a large part of its carbon dioxide content, thercby consuming
alkalinity in the stream.  The role of carbon dioxide in the system is one of
resisting  acidification  and promoting recovery when  acidic  stress is  relieved.
Sulphate adsorption on the soil is a third process represented in MAGIC. A
simple equilibrium model is uscd, incorporating the langmuir isotherm. This
process affects the timing of acidification and recovery and may also affect the
extent of degradation. The fourth soil process in MAGIC is weathering of
base: cations.  This is wsually incorporated by specifying the weathering 10
occur at a constant rate throughout time.  This term introduces i source of
cations to aid soil recovery and also to  partially counter the  tiend  in
acidification to remove base cations from their cation exchange sites on  the
soil. The final process represented s that of alumimium mobitisanon.  In the
soil this is represented by an equilibrivm with an assumed phase of Gibbsie.

Under acidic conditivns aluminium may be reicased by the soil to lwelp provide
the cation content required to balance the net charge on the amons filienng
through the soill.  The soil water emerges into the stream where the chemical
balance is further altered as a result of carbon dioxide degassing.  This alfects
the hydrogen and aluminium concentrations which adjust to maintain an ionic
balance. In the stream the aluminium is usually represented by an equilibrium
with a phase of Gibhbsite. For the Welsh regional data Neal et al (1938)
show that the aluminium levels arc better predicted when cither  allowing
precipitation of aluminium in the -stream only when saturation occurs or by
disallowing aluminium precipitation in the stream. The latter submodel is
used in the present simulations. In the MAGIC mode! allowance is made for
the cffects of temperature and ionic strength on the cquilibria and also for
complexation of aluminium in soil and ‘in stream. The cquilibrivm constants




ar¢ mainly taken from relevant literature. The Gaines-Thomas equilibrium
expressions require either the base cation fractions or their selectivitics to be
specificd  prior to  calculating the initial equilibnum levels. The change n
equilibrium  level is computed thercafter at each time step by tracking the
predicted change in base fractions with fime.  Initial conditions are usually
taken for the yecar 1844, this being a representative year prior 1o
industrialisation and its concomitant emission of pollutants, The catchment is
assumed to be in its pristine condition at this time. The soil and strecam
water concentrations are  calculated using a specified background level of
precipitiiion concentration to feed the model.  These concentrations may be
setequal to the measured sea salt  contribution  in current  precipitation
concentrations.  The weathering rates are specified and  the mode! proceeds.
Mass and flux balances are kept for ol key anians and cations and are used
i the dynamic submodel section (Cosby ct al, 19854, b).  Acadificanon in the
modcl catchment is driven by the trend of acid apjon deposttion.  The shape
of this trend line for the UK is taken from the Warren Springs l.aboratory
report of 1983 which presents a reconstruction of the chronological variation
it sulphate  emissions.  The magnitude of the trend for cach pollutant s
found by scaling this trend fine and by constraining it to pass through both
the 1844  Dbackground level and the 1984 measured concentration.  The
hydrologic partittoning 1s assumed to be constant through time.




Regional Application of the MAGIC model

The MAGIC model may be adapted for modcliing on a regional basis by the
simple introduction of Monte Carlo techniques, The idea is to assimilate
regional variability into the model. From one site to the next and within
cach site there will be different weathering rates for base cations, different soil
depths  and  porosity, different  rainfall, cation exchange capacities and
exchangeable basc fractions on cation exchange sites.  There will also be
different chemical inputs from precipitation.  In the model these entities are
cach  represented by 3 model parameter. For any one site there s
combinatton  of parameter  values  that  will  correspond  with  the  lumped
cquivalent  that 1o theory could be measured on site.  In practice  the spot
measurement  of some  of the model parameters and  the cilculation of o
lumped average for the catchment 15 extremely difficult. As a result the
madel parameters are calibrated te produce a parameter set that yields a close
fit to the observed streamwater quality data.  The values for each parameter
in the cabibration exercise are restricied (o ranpes within which the site values
are expected to lic.  Across a region the range within which a paramecter may
lic includes the variability from site to sitc and is thus larger than the range
for any one site. Monic Carlo analysis allows the paramcter to vary across a
wide range. The essence of the technique is to run the model repeatedly
until sufficient information is obtained. For each mun some of the maodel
paramcters take a value randomly drawn from previously defined population
distributions.  These distributions may be of any type but arc usualiy uniform,
triangular or normal. A different distnbution may be used for cach
parameter, if required. The idea is to combine the simulations f{or each run
and to calibrate the model from the ensemble.

The calibrated set of model runs will have a distribution of parameters that it
is hoped wouid ‘adequately match the distributions of the observed cquivilents
were  they available.  Any knowledge of 1he bkely covariation of parameters
may be built into the Monte Carlo stage by specifing joint distributions for
the ‘varying parameters.  For example, if there existed correlations  between
ramfall and clevatton and between depth of soil and clevation, then o relation
between rainfall and soil depth may be deduced.  Usually little is known of
the parameter covariation and they arc assumed to be independent For
regional analysis with the MAGIC model the aim is to use the Monte Carlo
techmque (o match  the distributions  of surface  water chemistry  across  the
region.  The Monte Carlo runs provide many  simulations  which, i the
parameter ranges are sufficently  wide, should span the range of  observed
chemistey.  These  simulations  are cmployed in a  calibration  procedure  to
discard simulations with predictions that are not witnessed within the region
and to tighten the model fit. Threc calibration techniques have  bLeen
employed in previous analyses using MAGIC. The first is a trid and error
iterative estimation of the a priori parameter distributions. A few hundred
rens are performed and the predicted marginal chemical  distributions  are
compared with the observed. Some simulations are discarded to provide an
approximate best fit and the a posteriori parameter distributions of the
accepted simulations are used as a priori distributions in a sccond Monte
Carlo phasc. This process is repeatcd two or three times before performing a
large final set of runs, to provide smoother predicted distributions.  This
technique has been employed by Cosby et al. (1983) who looked at the




Norwegian Lake Survey of 1974 A second technique requires the collection
of a large pool of simulations which arc resampled to match the observed
jomnt  distributions, Each of the axes of the response variables are divided
into classes and an observed relative frequency is  calculated for cach  bin
formed in multuvariate space. Simulations falling within each bin are randomly
resampled  ta  reproduce  the overall relative  frequency  structure.  Several
different scts of resampled simulations may.. be  assimilated and compared in
order to look at the uncertainty of the procedure.  This type of analysis was
performed by Hornberger et al. (1988} who also looked at the Norwegian
Lake Survey of 1974, The third calibration technique uses the same initial
procedure as the second.  That is a large pool of simulations is assimilated
and a sclative  frequency count is made  on the observed discrete  joint
distrtbutions. This third technique then forms the overall relative frequency
count of all the simulations and compares simulated to obscived.  Weights are
assigned 1o cach simulation to provide a weighted relative frequency count that
18 identical to the observed.  Weights are calculated for each bin as the ratio
of relative frequency count for observed to that for simulated.  All simulations
Iying within the bin are attnibuted to the bin weighting.  Stmulations lying in
bins where there are no observations have a weight of zero.  Observations
lying in bins where there are no simuiations cannot be matched. By altering
the wos class interval or by transforming any one variate the bin  stiucture
may be adjusted.  Each  strategy will have o different  relative  frequency
structure. With large bins the overall fit of simulated to observed is coarse
and with small bins the number of simulations required to cover cach bin 13
large and the number of unmatched observations increases.  Allernative
strategies are compared to find the one with the best combination of matched
observations and the precision of fit. Hornberger, Cosby & Wright (as yet
unpublished) present an apalysis of the Norwegian Lake data using  this
approach. The third calibration technique is the one employed in this present
analysis.




Application to Wales

MAGIC has been applied to several individual sites within the study region
(Whitehcad et al, 1987a, b). The calibrated set of parameters formed the
basis of the parameters that were assumed to be constant across the region.
The one box version of MAGIC was chosen to run the analysis.  Twelve
parameters were subject to Monte Curlo uncertainty (Table 3).  These were
assumed to cncapsulate the greatest vanabibty across the region. Qp is the
mean  precipitation volume per year assumed to  fall uniformly across the
region.  During each run Qp is held constant throughout the timescale of
simulation.  This parameter  couples with o specificd depth and  porosuty to
enable  the soll pore water volome 1o be calculated.  Variability in the
paramcter Qp thus incorporates variability 1 soil depth and porosity to some
extent. The hydrologic yield is fwed and is set to 0.85 for Wales. Thus
15% of the rainfall s assumed (o evaporate. The 1984  rainfall
concentrations of Cl and excess NO, and SO, were sct for each model run
by randomly sampling pre-set  distributions. Within  the  model  chloride s
assumed to be conservative aflowing (he o priori chloride rainfall concentration
distnibution to be calculated from  knowledge of the stream  chloride
concentration  distribution and the yicld. The sea salt contnibution toward
precipitation concentrations is determined by multiplying the C2  concentration
in rainfall by the respective sea salt ratios. Background precipitation in 1844
was set cqual to the present day sea salt concentrations.

The trend of excess sulphate and nitrate deposition through time s scaled by
the SO, and NO, parameters. The shape of the trend is taken to be equal
to the overall mean emission curve for the UK reported by Warren Springs
Laboratory (1983). The true shape of the trend line for Wales may deviate
from the overall trend line but has not been reported and is  hitherto
unknown. It may be possible 1o set the pollutant deposition time trend from
that for industrial soot particles deposition.  These are determined as part of
the procedure in the reconstruction of pH changes in Lakes from the diatom
contént of a lake bed core (Batterbee et al. 1988). These analyses have been
performed at several sites in Wales and Scotland and the work may eventually
allow a breakdown of the mean emission trend into regional deposition trends.
The scating ensures that the magnitude of the predictions is reasonable,  The
ume trend in the remaming  chemical  concentrations  in precipitation s
determined by using the present day excess concentrations over sea salt to
scale the trend line.  The present day rainfall concentrations used are shown
in Table 1. These concentrations are the same for each model run,  Nitrate
in the soil is assumed to be taken up by plants.  The model allows an
uptake rate to Dbe specificd  with  time Apart  from this and the
concentrating effect of evaporation, nitrate is assumed to pass straight through
to the stream. The modcl uptake rate for Wales was set to 45%. CEC is
the cation exchange capacity within the soil. A wide variation in CEC was
allowed for in the Monte Carlo simulations reflecting the high variability of on
site measurements.  Each seil horizon within  the catchment may have a
different CEC value and the lumped model parameter must  allow  for
uncertainty by specifying a wide range in value. WECA, WEMg and WEK are
the weathering rates of calcium, magnesium and potassivm  respectively. The
sodium weathering rate was set to zero and the soil and stream sodium was
sct directly from the sodium to chlonide regression tine mentioned  earlier.




ENA, EMG, ECA and EK uare the fractions of the cation exchange sites
occupicd by sodium, magnesium, calcium and potassium in 1844, ‘Thesc are
requited o initialise the probiem and the ranges specified are deduced fiomn
knowledge of present day fractions and knowledge of the trend for base cation
fractions 1o decrease under acidification.  The total cation exchange capacity
within the soil is held constant during each run.

The carbon dioxide partial pressure in the soil and stream was set to 40 and
4 times the atmospheric partial pressure respectively. The stream value was
set from the observations of bicarbonate and hydrogen.  These settings were
held constant for cach run, The wvalue of the aluminium  equilibrium
constant was  set at log (4, 1/’:1131.) = 855  As mentioned previously  the
aleminium  submodel for the stream was ‘turned off, with the stream  levels
remaining the same as the soid levels.  “This allowed a fan Ot 1o the datr at
the same time as  chminating  one  parameter. An anterpretation of  the
submode! s that there s no net aluminiem precptation in the stream on i
nean  yedrly  basis. Other  hypotheses that could have been used  include:
allowing precipitation only when saturation of aluminjum occurs i the stream;
having a diffcrent phase of aluminium in ecach site; having a depletable finite
store of aluminium encompassing a range of solubilities in the pnstine state as
the catchment acadifies the more soluble phases are flushed from the soil, ion
exchange of aluminium in the soil, with a finite store; using 2 two box verston
of MAGIC, with a mixing box at soil carbon dioxide partial pressure before
release into the stream; and fitting an empirical curve to the data which s
assumed constant through time. FEach of the alternatives need to he examined
before  concrete  aluminium  predictions may be made. The soil  sulphate
adsorption within the model was set from the single site apalysis of Welsh
catchments by Whitehead et al. (1988). The Langmuir isotherm was set with
a half saturation constant of 150 meqg/m’.

The model was run 2,000 times drawing  the  parameters  from  uniform
distributions whose maxima and minima arc given in Table 3. The results
from these runs were used in the calibration phase of the analysis

Six streamwater variables were used to calibrate the model, with the remainder
acting as free variables whose closencss of fit could be used as o criterion for
cvaluating the model performance.  The six varubles were sclected  for  their
mportance both in terms of their magmtude and vanabidity v the observed
data and in terms of their influence on the biological species in the stream.
Calcium and magnesium determine the stream water hardness, nitcate, sulphate
and chloride provide the acid anion content in the stream. ‘The sticam
sodium was deduced  from chlotide and their regression hine  detailed  carlicr,
Alkalinity is related to pH and to aluminium in the model such that given o
vatue of alkalinity, the pH and aluminum are also known.  The ‘binning'
procedure for forming the relative f{rcquency structure for  cbserved  and
simulated entailed setting 2 maximum  and a mimmum  lonit for  accepting
simulations. The range formed on cach axas was divided lincarlly to form the
bins.  The number of divisiens on each axis was allowed to vary to form
alternative calibration strategics. By taking many divisions the number of
observations matched decreases as the bin size  diminishes. By taking few
divisions the model fit becomes coarse. The stratepy that was accepred finally
is shown in Table 4.

Calcium, sulphate, alkalinity and chloride were each apportioned five - divisions,




magnesium had two and nitrate three. Increasing the pnumber of divisions for
magnesium or nitrate greatly reduced the number of observations that was able
to bLe simulated. A coarser fit to these variables was accepted.  An
altcrmaiive would have been o run the model further 1o sece whether the gaps
in the mismaich could be filled. The total number of individual bins that
had onc or more observations in them was 74, Of these 19 had no
matching simulation. The observations lying in these 19 bins were- thus unable
to be represented in the regional simulation along with the observatians at the
extreme unacidic end of the distributions, which were precluded by the
maximum cut offs uscd in forming the bins. In total 35 of the obscrvations
could not be matched.  These were mostly unacidified catchments apart from
the three with the lowest pH values.  These 3 observations had  alkalimtics
given by -35, -90 and -100 peql whercas the model predicts alkalinities, for
the corresponding pH values, of less than -200 pegd.  The obszivations m the
tall ends of the distributions could have been forced into bins by transforming
the data using loparithmic or power term  transforms.  [n total 252 of the
onginal 2000 simutations were accepted by the calibrated fitter.  Weights were
given to cach of the 252 simulations, as described previously, thus forcing the
relative frequency of simulated to observed, using the bins, to be identical.




Results

The parameters that ted to the 252 successful simulations are presented in
Table 3. It is evident that these successful parameters span the complete
range allowed for in the Monte Carlo analysis. A comparison of observed and
simulated chemistry is presented in Tables 5 and 6. Good fits of mean value
are obtained for each of the four variables that were assigned five axis
dwisions in the calibration procedure (ca, SO, alkalinity and Cl). A good fit
15 also achicved for magnesium despite only allowing for two divisions in the
cabbration phase. The closeness of the fit 10 the remamming vanables 1s very
good considering that they were set as free vanables and did not take part in
the  cabbration procedure  (exeepting NOj).  The  lowest  alkahiny  of  the
accepicd uns was -127 geqA. This is despite setting the bin mimimum  to
250 pegd (Table 4). The Jowest alkalinity b thus collected no matched
observations and simulations and the cffective number of atkalinity bins used is
4. The fit of simulated to observed distributions is thus expected to be
slightly worse as 2 result.  None of the other calibration variables had
‘redundant” bins.  Figure 2 shows the observed and simulated marginal
distnbutions for Cl, alkalinity, SO, and Ca. The matches are good on the
whole although some fine structure is unable to be reproduced. Exact
matches would require more Monte Carlo runs and a finer bin structure in
the calibratton procedure.  ‘The  simulated  distributions  incorporate  the
simulated weightings.  Table 6 presents the observed and simulated corrclation
structure.  The process of weighting the simulations from the joint relative
frequency distributions allows a coarse match to the joint distributions.  The
table shows a close fit for most correlations, with the majority of simulated
correlations being within .1 and most of the remainder within 2. ‘The worst
overall fit is for kK, which is one of the vanables that was not uwsed n the
calibration procedure.  The mean value of k is 14 weg! (Table 5).  This is
small compared with the other three base cations and the consequences of a
poor fit to the correlation of K with the remaining vanables are slight. The
very high simulated correlations for  alkalinity with Al and  pH  reflect the
stroig model relationship. The fact that the observed correlations are also
gh andicate that these relationships are good approximations for this Welsh
region.  The overall regional sunulation is thus scen 1o be quite good for the
95 more acidic catchments that the model is able 1o simulate. The extent of
acicibcattion of the region since pre-industrial times can be seen by comparing
the present day stream chemistry with the stream chemistry  predicted by the
model i calculating the background conditions of 1844, The model predicted
changes i mean chemistry trom 1844 o 1984 as {oftows:  the mcan pld
dropped fram 64 1o 5.6, mean afkalinity has declined from 63 to 3 pegfl, and
the mean sum of actd anions (CI + SO, + NO,) has more than doubled
from 278 to 584 wpcqgN. Breaking down the pH changes reveals that 40 of
the catchments have a simulated pH drop less than .5, 37 catchments show a
pH drop between .5 and 15 and 18 catchments show a drop in pH greater
than 1.5 units. The number of catchments represented in any particular
chemical class is determined by summing the weights of all the simulations
falling  within that class.  Figure 3 shows the regional weighted marginal
distributions in 1844 and 1984 simulated for alkalinity, calcium, sulphate and
hydrogen.  Also shown are the model predictions for equilibrivm  with a
pollutant deposition loading that is 70% of its present level.  The model may
take up to 10 years from the end of the deposition reduction period to arrive




at s final cquiltbrium.  The precise number of years taken is dependent upon
the rapuiity of the change and the strength of sulphate adsorption in soils
across the region.  With high sulphate adsorption the recovery process may be
delayed.  The alkalinity across the region is seen to slightly deteriorate further
under a 30% reduction in deposition.  Calcium shows a slight return toward
the 1844 conditions whereas the hydrogen remains more or less the same: The
large change in sulphate from 1844 1o 1984 reflects the enormity of pollutant
loading since industrialization.

The accepted model parameters were fed back inte the mode!l im an attempt
to assess the ability of the region to recover from acidification. Several future
deposition scenarios were used and the final equilibrivm stream  water  quality
variables were saved.  Figure 4 shows the effect of reduction in pollutant
deposition on both alkalinity and  pli. The future forecasts arc compared
with the present day. The figure indicates that a reduction of 30% in
pollutint  deposition  1s required  to halt  acidification in Wales  and  thai
reductions greater than this may start to reverse the acidification in most sites.
All sites show a4 recovery of at least .2 in pH under a 70% reduction
scenario. Table 7 shows the results for 30%, 50% and 0% reductien in
deposition,  these  reflecting  scenarios  that  are  currently  belicved  to be
achicvable.  Qverall, by decreasing deposition of pollutants it is seen that the
alkalimty and pH will rise whereas the base canon concentrations will fall. This
decline in base cation concentration in the stream is due to the decline in
acid  anion  pollutants. Less cations are required to make an ionic charge
balance and so less cations are removed from the soil. Thus deposition
reductions may lead to a recovery in the base cation fraction on the soil
cation exchange sites leading to a recovery in stream acidity.




Discussion and Conclusions

A regional model of a part of Wales, believed to be sensitive to  acid
deposition, has becen presented. The model has bLeen used to predict the
extent of acidification through the iegion and has enabled a dose-cffect type
of relationship, for reducing the deposition of acid pollutants, te be predicted.
The model has been tested against present day joint distributions of water
chemistry. The simulated range of pHl decline across the region s
compatible with that reported by Batterbee ¢t al. (1988), who looked at the
evidence  for  acidification  of =everal fakes, in the same study region, using
diatom  analysis. ‘The  obscrved  present day  chemistry s fitted well by the
model providing confidence for predictions and reconstructions.  Assuming the
catchments across the region to be broadly similar in response to acidification,
the present day chemistry may represent the response of any once site through
tume. The idea s that all of the catchments will be at a Jdilferent stage of
acidhfication. Some will have been poorly buffered from the start and will be
highly acidificd whereas others will have been buffered to a greater extent.
Collectively  they may allow a  substitution of space for time in the
interpretation of the sampling variable.  If this is the case then predictions
using  the same relationships may be assumed to be reasonable.  Another
indirect way of testing the model is to use the predictions to {eed biological
models of fish density, survival and floral and macroinvertebrate speciation. The
result of this two stage modclling may be compard with biological evidence for
trends in acidification. For example there may be arecdotal evidence of fish
loss from streams and  jakes which may allow the timing of keystones in
acidification to be pinpointed.  Ormerod et al. (1984) use the results of this
present analysis to feed such  biological models.  The tming of acidification
has not ULeen presented as the key to the time trend is the deposition
scquence of pollutants since 1844, The model uses reported mean emissions
for the UK in that period to predict the deposition trend line, This may or
may not accurately portray the actual trend line felt in Wales, Further
evidence is required and  this may come  from the record of Thistorical
deposition  of carbonaccous soot particles in lakes.  These are assumed to
originate in coal burning, which is also one of the processes that emits
pollutants o the atmosphere. The model has been wsed to indicate possible
future trends for acidificaton in Welsh catchments. It must be remembered
that reductions an deposition were used in the analysis. Vo sce how these
relate (o reductions o cemissions a model of atmosphenc pollutant  transport
must be wsed and applied to Wales,  Several models of this type have been
devised and it 45 eowvsaged thad the modetr hnk from enssion 1o deposition (o
stream water quality and jts biological consequence s a real possilulity,




TABLI: 1. Rainfall at fifty sites in wales 1983/84

i Mean Median Standard Minimum  Maximum
Deviation

4.7 a./ 0.56 44 5.0

47.7 41.0 38.6 99 102.2

Me 42.6 33.4 43.8 17.4 177.8
Na 137.0 1245 171.2 62.5 5109
K 8.6 73 54 4.7 218
SOy 118.7 110.8 343 52.0 217.1
a 176.1 1621 1925 96.8 525.0
HCO4 513 387 499 229 1149

(atl unuis peq/l. except for pH)




TABLE 2 Mean yearly stream chemistry over 130 sampling sites in

Wales
Mean Standard Minimum Maximum
Deviation
pH 5.6 0.7 4.2 73
Ca 1309 917 40.4 862.3
Mg 1115 113.4 44.4 3932
Na 2201 62.0 149.1 640.0
K 134 9.8 5.4 89.0
SOq 1537 1.4 491 507.4
0 2674 86.2 167.0 918.0
HCO, 755 873 07 604.1
H 1.9 3.4 0.05 24.0
Alk 30.6 1254 - 2009 1103.9
PCO, 7.25 16 10 512
Al 6.3 43 0.7 243

(Units are an peg/l except for AP (umol/L), pH and PCO, (PCO, x 10733 s
the partal pressure of carbon dioxide in the stream in atmospheres).)




TABLE 3. Ranges for the parameters used in the Monte-Carlo
simulations for Wales. The parameters are defined in

the text.
MONTE CARLO ACCEPTED
RANGES SIMULATIONS
a priori a4 postertori
Weighted
Parameter  Umnits Min Max Mean  S1* Min Max
or cm 120.0 230.0 1773 295 1224 2298
Cs peqfl. 167.0 400.0 2434 340 1758 3792
SO, peqfl 20.0 2250 797 349 203 2110
NO, peq/l. 2.4 140.0 465 220 4.1 1257
CEC megim ¢ 10.0 300.0 1487 870 100 2994
WE CA  meg/m Jyr ! 05 150.0 835 380 1.1 1499
WE MG meg/m “Hyt 03 500 213 139 09 499
WIE-K meg/m " dyr ! QS 10.0 5.3 27 0.5 9.9
ECa 0.5 20.0 11.1 53 0.6 199
1:Na (.5 5.0 28 1.3 .5 0.5
EK 0.5 5.0 2.1 1.2 0.5 0.5
EMg fns 20.0 9.2 S0 ns 199

(The a priori distributions are all rectangular.  *S.D. stands for Standard
Deviation).




TABLE 4 Calibration procedure: bin selection for final calibration

Variable Minimum Maximum Number of
{uea) {req/) axis divisions
Ca 40 230
Mg 49 160
S0, 50 300
Alkalinity -250) 160
Cl 160 400
NO, 0 60

Total acceptance simulations:
Total obscrvittions matched:

Number of occupied bins:

252
95
74




TABLE 5 Comparison of simulated and observed stream chemistry

{observed in brackets)

Variable Mean Min. Max

pH 5.6 (5.6) 45 (4.2) 6.5 (6.6)
Ca 105 (106 42 {(40) 200 (208)
Mg 87 ( 86) 40 (44) 160 (135)
Na 206 (202) 152 (149) 295 (289)
K 14 ( 11) 4.6 (54) 38 (35
50, 138 (133) 52 (49) 284 (277
CL 246 (244) 176 (107) 379 (365)
Alkalinity 2.8 (2.9 <127 (-141) §4  (90)

Total Al 0.16 (0.18) 01 {02) 0.96 (0.67)
NO; 25 (20) 23 (7.1 60 {(60)

Units are pegd cexcept for aluminium (mp1) and pH.

Total A® is total inorganic labile aluminium,




-

TABLE 6 Simulated and observed correlation matrices

4)  Simulated, vsing weighted corrclation:

Total

i SO, Na K Mg Ca pH Al Alk NO,
Cl. " d 03 3 1 3
SO, 2 4 s 2 2 1
Na 13 K] . 0 3
K 0 0 2 0 .1 0
Mg S
Ca 0 =
pld 2 5
Total Al 0-.5 4 8
Alkalinity o1 5 .6 13
NO, 3 | 3 .0 . 3 1 2 2
b) Obscrved:

Total

Ci SO, Na K Mg Ca pH Al Alk NO,
Cl. 3 2
S0, 25 3
Na 725 v 0
K < 2 5
Mg k!
Ca 36
pH 4 5
Total Al O 2-3
Alkalinity O 5 5
NO, 3 - S 2 4 g - 0




TABLIE 7 Stream concentrations in equilibrium with reduced

depositions.

a)  Effect of a 70% reduction in deposition

Variable Mean Standard Minimum Maximum
Deviation
pil 6.0 0.3 4.7 0.9
Ca peqll. 72.1 17.7 14.3 150.8
Mg peqg/l. G40 7.8 39.0 9.8
Na upey/l. 2017 16.0 152.6 293.5
SO, neg/L 62.6 7.4 339 105.1
Cl peg/l 2464 23.0 175.8 3793
Alk peg/l. 288 18.7 - 002 118.2
A? mg/L 06 03 006 0.41
b) Lficct of a 50% reduction in deposition
Vanable Mean Standard Minitnum Maximum
o Deviation
pH 5.7 03 4.5 65
Ca ueqgfl. 77.1 18.0 168 1516
Mg uegfl 07.7 83 402 102.2
Na peq/L 202.6 16.0 152.8 293.8
SO, ueq/L 838 114 38.8 155.7
Cl peq/l 240.4 230 175.8 3792
Alk pegflL 123 209 923 92.9
Al mg/l 009 63

09 06




1ABLE 7 continued

c) Elfect of a 30% reduction in deposition

Variable Mean Standard Minimum Maximum
{Deviation
pH 5.4 (.4 4.5 6.5
Ca ueq/ll 8#0.7 18.8 17.1 134.3
Mg ueqil. 696 91 402 117.6
Na peg/l. 2032 16.0 1528 2942
SO, weq/lL 104.8 15.5 43.7 203.6
Cl peq/l, 246.4 23.0 175.8 3792
Al ueqg/L 08 25.7 - 1257 823
Af mg/l. 17 .10 01 90
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Regional modelling of acidity in the Galloway region in South Hest
Scotland

Musgrove T.3.*, Whitehead,P.G.! and Cosby, B.J.?

! Institute of Hydrology, Wallingford, Oxon, UK.
? Dept. of Environmental Sciences, University of
Virginia ,U.S5.A

ABSTRACT

Regional scale surface water characteristics of the Galloway area of
south west Scotland are simulated using the HAGIC nodel of acidification
of groundwater in catchments. Data from several studies within the area
are pooled to provide a large, single data set for calibrating the model.
The Monte Carlo technique is enployed with the HAGIC model to produce a
wide ranging mode! response encompassing the observed chemical features of
the region. The simulation indicates that a substantial portion of the
Galloway area has been significantly acidified during the past 140 years
and that future sulphate deposition levels nust be reduced significantly
in order to achieve even partial recovery.

INTRODUCTION

The south west region of Scotland (Figure 1) Is believed to be
particularly vulnerable to the effects of acidic deposition, MHright and
Henrikson (1979). Reports of long term changes in acidic status of lakes
and streams combine with reports of a decline in fish populations to
present a picture of concern to freshwater fisheries and environmentalists
alike (Battarbee and Flower, 1986, Burns et al., 1984). Action to reverse
the observed trends can only be effectively prescribed once the processes
Within the catchment scils that transform acidic precipitation into stream
water pollution are understood. Practical experimentation in the
laboratory and in the field can help to explain part of the story. The
picture for soils, however, Iis obscured in the field by their
heterogeneous nature, and in the laboratory by the inability to exactly
reproduce field conditions. Mathematical models are very useful as an aid
to undestanding the intrinsic processes in conplex systems such as the
soil-water chemical interaction through time and space. By using models,
hypotheses may be tested by simulating processes and the results compared
to their measured counterparts. Useful information may often be deduced
irrespective of the outcome of the comparison.




In this study we use a well documented and extensively used nmodel of
groundwater in catchrents {the MAGIC model) to perform & regiona! analysis
of lakes and streams in South Wesi Scotland. Instead of wmodelling each
take and stream separately we pool them al!l and node! the overall
probability density functions of water cnemistry variables. We use the
Monte Carlo technique Lo run the model 880 ULimes, taking for each run a
different set of parameters randomly sampled from specified distributions.
The runs that enable us to match the observed distributions are
investigated to determine the sensitivity of the nmodel results to the
individual parameters. The changes that have occured in the region as a
result of increased deposition during the past 140 years are simulated and
a possible future scenaric of deposition is investigated.

ANALYSTS OF CHEMICAL DATA IOR THE GALLOWAY REGTOH

The Galloway Region of South West Scotland contains many lochs and
streams that drain moortand, foresl and paslture catchments. The bedrock
consists nainly of lower palaeozoic rocks of Ordovician and Silurian
systers with a feuw intrusions of Cranite of the Old Red Sandstone era
(Harriman et al., 1986). These catchments have only a thin covering of
unconsol idated glacial till, often closely related to the nature of the
underlying rocks (Greig, 1971). Many catcaments in the region are covered
by a blanket layer of peat of between 50 and 100 c¢m thickness. The
southern part of the region is reported to have a higher calcite
availability than the northern part. (Welsh et al., 1986, Edmunds and
Kinniburgh, 1986}. The mean yearly rainfall ranges from .8 to 2.4 metres
with a mean of 2.0 metres. The concentrations of the major ions indicate
three inportant sources: terrestrial input of Ca. Mg, Al HCOy as products of
weathering; atmospheric pollution input of H,NH4,NOy and 50,: and
atmospheric input of seawater salts Na,Cl Mg and S04 {Wright et al., 1980)
The distribution of these ions varies spatially with a regional character.
Concentration of all the major ions is higher nearer the coast to the
south. Pollutant concentrations are higher as a result of the location of
the sulphur enission areas to the south and the south east of Galloway.
HWeathering is highest in the more calcareous Silurian and Ordovician rocks
to the south rather than the slowly ueathering harder Granitic intrusions
to the North. Sea salts are more evident nearer the coast. The pH of
precipitation is 4.1 to 4.4 and contains a large excess sulphate
proportion (Wright and Henrikson, 1979). The region as a whole 1is
believed to be highly sensitive to acidic deposition and is therefore a
useful area for scientific study.

Data sets from four separate investigations in Galloway were used in
the study. Firstly, Edmunds and Kinniburgh (1986) sampled sites during the
wet sunmmer of 1985 as part of a larger survey of groundwaters throughout
the United Kingdom. They took spot samples from springs, shallow wells,
boreholes and river baseflow from a 20 km by 25 km area extending from
Wigtown in the south to Loch Macaterick in the north and from the River
Luce to the east to the Waters of Ken to the west. The study encountered
the full range of Galloway bedrock but sampled few coastal sites.
Secondly, Wright and Henrikson {1979} took spot samples from 72 lochs and
39 streams during the wet period in 19-26 April, 1979. The data was
compared to an area of similar acidic susceptibility in Norway. The area
of study was 70 km by 50 km and covered the entire Galloway region. These
samples thus enveloped the complete spectrum of Galloway chemistry.
Thirdly, Flower et al. (1987) looked at the water quality and diatom
content of 34 Galloway lochs in November 1984 and again in July 1985. The




study area once again encompassed the whole of Galloway. Finally, Harriman
et al. (1986) sampled 22 lochs and 27 streans, looking at their chemistry
and their fish populations. The region of study was limited rainty to the
Granitic area between loch Dee and loch Doon in a 20 kn by .5 km area.

A summary of each data sel is presented in Table 1. It is seen that
the highest nean pH levels werc recorded by Flower et al (1985) in their
July sample and by Edrunds and Kinniburgh (1985}, for whom the shallow
well and borehole samples show the rmore alkaline groundwater chenmistry.
The latter study also shows the highest base cation concentrations. The

data from Harviman et al. (198%5) shows low base concentrations indicative
of the slowly weathering, acidic Granite region away f‘ror the coast and
the eaission sources. Of the aajor anions, S04 levels are more or less
similar at approxipmately 158 nca/=3, but i is nore variabie ranging from

148 to 385 neq/mi.

The vprobability density distributions of corresponding cheaicals
within data sels are roughly triangular wilk a tail of varying length. The
ta:l values affect the mean resulis noiable 1 by shifting then fron their
respective median values. This effect is ¢reatest for the three data sels
with a low number of samples. The distribution of pH has threc peaks, at
4.5,6.1 and 7.1, for cach of the studies except for that of Harriman et
al. who sample the rost acidic area and hence oniy show the lower two.

The data werc pooled together to yield a large data set whose sanmples
covered a variety of conditions produced by both spatial and tenporal
variation within the region. The sanples were all taken within a five year
period, and it was assumed that the pooled sct could represent the mean
state of the region during those five years. The time scale of the model
is large compared to this and the errors introduced by such an approach
were considered to be outweighed by the benefit of utitising all of the
cata to get a nore accurate representation of region as a whole during
that time. The overall nean results are presented in Table 1. Probabiliity
density functions showing the three peaked pH distribution and the long
tailed “"triangular" distribution for calciur, but aiso typical of each of
the najor ions, are shown in Figure 2.

A cluster analysis was performed on the data in an attempt to
categorize groups of data linked by a comnon chemical make up. The ninimum
variance method of Ward was used to cluster the data (Ward, 1963} and the
algorithms used were those available in the Statistical Analysis Systenms
computer package {(SAS user quide, 1983). The clearest division of the
data was obtained by foraming six clusters. Two main clusters contained 322
and 74 of the total sample of 453 sets of measurements, and four minor
clusters effectively accounted for the long tails of the distributions for
the appropriate chenicals. Table 2 shows summaries of the two major
clusters. Cluster 1 has a mean pH of 5.3 and includes all the low pH
sites. Concentration of all major ions is low, e.g. mean Ca is 83 meq/m3
and nmean S0, is 120 meg/m’®. This is contrasted by Cluster 2 which has high
values for ions (Ca is 412 meg/m*® and SO, is 216 meq/m*, see Figure 2,
with a mean pH of 6.4. The differences may be interpreted by assuming that
cluster 1 contains the more acidic sites on and around the Granitic
regions to the north of the Galloway region, and that cluster 2 represents
the area with Silurian and Ordovician bedrock near to the coast. Cluster 2
chemistry thus reveals the prevalance of higher deposition rate of sea
salt and of atmospheric pollutant and also the higher source of weathered
minerals. The main interest focuses upon cluster 1 as representing the
most acid sensitive subdivision, and here only the simulation for cluster
1 is presented.




TABLE 1

A SUMHARY OF DATA FROM EACH STUDY

(MINIMUM, MEAM, STANDARD DEVIATION, HAXIMUM)

Data set pH

Kinni- atn 4.2
burgh mean 5.8
& std .85
Ydmunds max 7.3
(1986)

kright min 4.3
& Hen- mean 5.4
rikson std .92
{1980} max 7.6
Harri- rin 4.2
man mean 5.2
et al. std .6
(1986) max 8.0
r lower min 4.4
et al. rean 5.5
{1984) std .9

max 7.0
flower min 4.5
et al. mean 6.0
(1985) std 1.3

max 7.2

overall mean 5.65

Al

.01
.21
.21

.D1}
.19
.18
1.1

.01
.17

.62
.21
.11
.43

.07
.27

.59

.21

Na

96
271
153

1095

101
210
113
761

100
143

29
257

1748
286
138
765

135
276
164
717

248

all aeq/m® except Al( mg/i)}

K Ca Mg
0. 19 16.5
26.7 329 158
65.3 38.7 111
644 2136 1242 1
1 b 21
19.8 174.5 107
16.1 300 95
176 181: 403
3 15 34
9 139 78
2.3 92 31
13 1325 428
4.6 14 38
13.4 134 121
12 114 83
56.3 400 340
3.1 23 37
14.7 166.3 116
14.6 142 88
64 518 1356
21.5 248.6 132

Cl!

28.2

253
192
291

37
233
143
930

100

148.6
32

232

90
385
179
935

87
298

163
899

250.4

504  HO3
37.5 0.
159 q9.
112 125.
1041 728
&7 0.
163.8 35.
71 65
478 460
88 1
150.5 1%.
36 6.
279 45
54
161.5 17
85 31
358 171
70.8
139 7.
67 7.
320.6 131.
158 37

LN SIS W]

[N I 1]
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TABLE 2 SUMHMARY OF THE TWO MAJOR CLUSTERS

Variable nunber mean standard ninumun maximun
devialtion
CLUSTER 12
Al 322 . 312 .16 .01 1.05
Ca 322 82.9 52.9 6.0 339.3
Cl 322 189.8 80.1 28.2 541.5
504 322 120.3 42.7 37.4 341.5
nh 322 5.34 79 4.18 7.38
NO3 322 8.75 13.3 3.57 89.0
Mg 322 53.0 11 .7 16.5 31¢.2
Na 322 1847/ GC.7 1.0 404.3
¥ 322 8 5 1i.4 2.6 i30.5
CLUSTER 2.
Al 14 1772 L1l Q0 4
Ca 74 4221 120.0 1956.1 748.5
Cl 74 332.2 135.5 87.4 63..7
504 74 216.5 80.9 99.9 449.7
pH 74 6.4 .56 5.38 T.44
HO3 74 54.8 57.8 3.57 298.4
Mg 74 204.9 13.1 90.5 477.2
Na 74 361.3 110.2 169.6 776.1
K 74 31.6 30.4 2.5 181.6

DESCRIPTION OF MODELLING TECHNIQUES

The region was modelled wusing the Model of Acidification In
Catchments (MAGIC}, developed by Cosby et al. (1985a and b). This is a
lunped parameter long term simulation mode! of soil and surface water
quality. In the MAGIC model, five soil processes are identified as holding
the key to understanding the acidification processes in soils. These are:
fornation of alkalinity in the soil from dissolution of carbon dioxide
held at high partial pressure (Reuss and Johnson, 1985); mineral
vweathering of Dbase cations as a source within the catchment:; anion
retention by the soil, e.g. sulphate adsorption:; aluminium mobilisation
and dissolution of &luminiunm ninerals: and cation exchange by the soils.
Dynanic variation in the catchment soil condition is included in the mcdel
by forming a mass balance for each of the major anions and cations
(presented by Cosby et al. 1985b). Equilibrium is assumed for each time
step with changes between time steps monitored by the ion flux budgets.
The sulphate subsection of the model is investigated in detail by Cosby et
al. (1986b). Initial conditions for the model are calculated by assuming
an equilibrium with background chemistry prior to industrialisation in
1844. This background chemistry is calculated using the present sea salt
rainfall contribution as the 1844 precipitation concentration, and by
taking the weathering rates to be constant throughout the time period
considered by the model. Deposition of SO4, CL, NOj are specified as an
input to the model. The trend of Sulphate deposition during the past 140
years is taken from findings of the Warren Springs laboratory in 1983. The
effect of catchment flora is modelled as sink terms for the appropriate
ions. Neal et al. (1986) and ¥hitehead et al. {1987) use this facility to
simulate the effect of forest growth on stream acidity. The mode! has a
simple component for the additional effect of organic chemistry, which has
been applied by Lepisto et al. (1987) to simulate an organically rich




catchaent in eastern Finland. An analysis of the uncertainties inherent in
the model is proffered by Horaberger et at  {1986), whereas Husgrove et
al. (1987} investigate the ©precision of the sigulation results.
Verification of the nodel has been attempted by comparing model
simulations to palaeocological reconstructions of pH for sites in Norway,
Scotland, Sweden and America {(Wright et al., 1986). The use of the model
for regional enalysis 1s illustrated by the study of Cosby et al. {(1987),
who sinulate the regional characteristics of the chemistry of 208 lakes in
Horway.

For this study the model was set up for Monte Carlo analysis. In this
technique, several arbitrary parameters are randomly selected from a
prescribed parent distribution prior to running the nodel. This is
repeated nany times in order to build up a set of runs, cach with a
different set of paramcter values. The stetistical properties of the
collection of runs are then anatysed. Examples of this technique app!lied
Lo water qua:ity problers are presented isn Whilehead and Young(1979), Spear
and Hornberger (1980a and b} and Spear and Hornberger (1983). The tuelve
independent nodel parameters that were varied are: the mean annual
precipitation, QP; the sulphate deposition vate for 1982, SO4; the cation
exchange capacity, CEC: the weathering rates of the base cations, WECA,
WENA, WEMG. WEK: the log;g seclectivily coefficients SALCA, SALMG, SALNA,
SALK; and the therrodynamic equitibriur constant for the aluninium
hydroxide dissolution, KAL.

The results of the present analysis were investigated using the
generalised sensitivity apprcach of Spear and Hornberger (1980a and b).
This method compares the simulations that accurately reproduced observed
features of chemistry (the “behaviour criterion") with those that did not.
It then investigates the nerits of the hypothesis that the set of
parameters giving rise to a successful simulation and the set of
parameters failing to do so have the same parent distribution. This
hypothesis is tested for each parameter individually assuming them to be
independent. The force with which the hypothesis is rejected is strongest
for those parameters to which the achievement of a successsful result is
most  sensitive. A pattern recognition technique based on the
Fukunaga-Koontz transformation (Fukunaga and Koontz, 1970) is employed to
determine any |inear combinations of parameters that the model response is
sensitive to. This technique has been previously applied to MAGIC by
Hornberger et al. (1986) and Cosby et al. (1987).

MONTE CARLO RESULTS

Coshy et al (1986a) set up the MAGIC model to simulate one of the
Loch Dece catchments. This catchment is located in the middle of the region
described by cluster 1. For the present analysis we initialily set up the
mode! in the sane way in order to simulate cluster 1. Table 2 indicates
that for cluster 1 the effect of NO; is small. This is possibly due to a
near equilibrium between the input sources to the catchments and the plant
uptake sinks within the catchment. The uptake rate was set more or less to
balance the source for this simulation. The ranges from which the
parameters that were drawn in the Honte Carlo anailysis are shown in table
3. The mode indicates the peak for the trianqular distributions (a
negative mode indicates that the distribution was rectangular}. The
specified ranges are wide in order to encompass the entire spread of
parameter combinations that are able to reproduce cluster 1 chemistry. The
extent of the range is limited, however, to those values that may be
experienced in the field. The behaviour constraint was chosen such that a
run was considered successful if its simulated chemistry for 1982 fell
within the range of values betwcen the appropriate 5 and 95 percentiles of




the cluster 1 chenmistry.

Of 880 runs, 530 were successful in reproducing the features of
cluster 1 regional chemistry, and tihese are suammarised in Table 3. Table 4
shows the behaviour constraint "windows" .and a summary of the simulated
chemistry. Figure 3 shows the observed and simulated prebability density
functions of the cluster for (1,504 and Ca. Good fits about the mean value
are seen for Ca ,Cl and S0, and the shapes of the simulated distributions
for these three variables are also good. The fits are worst at the tail
ends, resulting from either specifying a too narrouw range of parameter for
the Monte Carlo analysis or from the saapling of the triangular
distributions failing to pick up the extrencs. The simulated distribution
fecr pH  is compared Uto tLhe c¢hserved distribution in Figure 3. The
simulation enabled the complete range of piH value, presenl in the region
defined by cluster 1, to be reproduced. The bias towards reproducing the
lower pl chemistry possibly lies with the aodel being set up to reproduce
a poorly bhuffered, highly ac:dic catchnent response. Whilst this 1is
adequate for the majority of cluster 1 sites, it may be iess good for the
renainder. A.lernatively, a belier rotch ray alsc have been achieved by
selecting the parareters fror rore sophisticated distributions than the
rather crude trianqular ones that were used. By matching nore closely of
the uppermost part of the pH distribution, the upper tail end of the other
distributions would also have been better matched.

TABLE 3 PARAMETER VARIATION FOR THE MONTE CARLO
STHULATION
Range for successful
Monte Carlo variation sinulations

PARAMETER MIN HAX HMODE HMEAN STD MIN HMAX
QP 1.2 3.0 2.0 1.70 .50 1.2 3.0
504 50 220 150 121.5 32.4 52.2 184.1
CEC 40 250 120 178.5 119.9 40.0 229.
WECA 10 250 85 69.4 45.1 10.1 162.2
WEHG 0 50 25 13.4 8.9 6.5 39.4
WENA 0 50 25 10.3 6.93 .1 29.0
WEK 0 30 10 3.7 2.52 .1 10.5
SALCA -1 5 3 2.08 1.28 -7 4.8
SALMG -1 5 k! i.87 1.24 -.9 4.7
SALNA -3 3 0 .08 1.22 -2.9 2.9
SALK -3 3 0 .03 1.28 -2.8 2.9
KAL 8 11 9.5 9.65 .6 8.1 10.9

(WECA,WEHG, WENA,WEK and S04 have units of meq m ’year ', QP is in metres
depth over the catchment,CEC in meg/kg)




TABLE 4 SUMMARY OF BEHAVIOUR CRITERION WINDOWS AND THE SIMULATED
CHEMISTRY THAT SATISFIED THE BEHAVIOUR CRITERION
FOR CLUSTER i

behaviour criterion windows successful runs
Variable nin max nean min max
pH 4.4 7.6 5.4 4.3 6.5
Ca meg/m® 20 245 91.5 21.5 224
Mg " " 18 190 27 19 85
Na " " 10 330 196 11 372
K" " 3 35 12 3 34
sS04 " 40 245 115 39 242
NO3 9 25 16 9 22
10 B 79 350 203 125 401

REGIONAL CHEMISTRY CHAMGES OVER TIHE

The historical changes in the disiributions of values of the
simulated chemicals were ascertained by saving the output for 1844 and
1982. The future deposition was modelled as a linear decrease to 30% of
the 1982 level by the year 2001. This is merely one of many possidbie
scenarios and is used only to illustrate the potential use of the model
for regional prediction. The regional levels of chemical concentrations in
2060, under this deposition sequence,were also looked at. The results are
shoun in Figures 4 and 5.

For cluster 1, the HAGIC model shows a large drop in both pH and
alkalinity over the past 140 years. The pH level falls by .8 pH unit and
alkalinity falls by approximately 70 meg/m®. This is in accord with the
findings of Battarbee and Flower {1985), who report changes in pH level of
up to 1.0 pH unit during the same period, for those lochs in the Granitic
region of Galioway. A small recovery is seen during the future scenario.
The smal!l size of this recovery reflects the depletion in the soil of base
cations (to between 2 and 5 % in 1982). The low rate of soil weathering in
the region enable only a slow recovery rate. The sulphate distributions
clearly show the shift in regional concentrations simulated as the result
of industrialisation. The preindustrialised levels are between 0 and 38
meq/n’®, whereas the 1982 levels are much higher with values between 42 and
130 meq/a’. The 2062 levels are reduced by about 30%, closely matching
the decline in sulphate deposition. This confirms the status of the soil
as having low suiphate adsorption capability. Aluminium is seen to
increase in extent over the years, up to 36 meq/m’ for the most acidic
lakes. The majority of sites, however, show only a small increase. Of the
base cations, Calcium levels are seen to rise only slightly, whereas
magnesium levels show a much more substantial rise. The future scenario
shows small decreases in these cations, as a result of the partiat
recovery of the soil.

SENSITIVITY ANALYSIS

The results of the generalised sensitivity analyslis are presented in
Table 5. This describes the difference between the distributions of
parameters that give rise to a "behaviour" and those that do not. The
Mann-WHhitney statistic {(M-W) indicates whether the distributions are
significantly separated along the parameter axis, and the
Kolmogorov-Smirnov statistic (K-S) gives the greatest separation of the
two corresponding cumulative distribution functions. In both cases, a




large number indicates a high significance and sensitivity of simulation
te that parameter. The greatest sensitivity as indicated by these two
statistics is seen for QP (M-W of 3.19) and for WECA (K-S of .219}
respectively. Parameter 504, the 1982 deposition level, is high in both
cases. HECA has a high value for the K-S statistic and a low value for H-W
statistic. This indicates that one of the two distributions (behaviours or
non-behaviours) is centrally placed within the demain of the other. The
central distribution for HECA is the one for behaviours, showing a peaked,
triangular distribution with a well defined band of acceptance. Thus,
whilst the WECA parameter was outside the range 10 to 162 req m ’yr !,
there was no chance of a successful sizulation.

A nethod based on the Fukanaga-Keontz pattern recognition technique
was used to look at the sensitivily with respect to linear combinations of
the oparameters. This analysis reveals two eigenvectors of Thigh
sensitivity., The first was more sensitive than any individual parameter,
“ith H-¥ of 3.53 and K-S of .214. The ueight of each component of the
normal ised eigenvector indicates the relative importance of thal component
in explaining the variance associated with it. In this way the nost
iaportant conponents were S0,, explaining 53% of the variance, and WeCA,
explaining 22%. The results indicate that the succes of the rnodel in
reproducing the regional characteristics for areas of high acid
susceptibility is strongly dependent on the sclection of values for the
WECA, SO4 and QP parameters (Lhe weathering rate of calcium, the sulphate
deposition rate in 1982 and the mean annual rainfall during the duration
of the simulation).

TABLE 5 RESULTS OF THE GENERALISED SENSTTIVITY ANALYSIS

conparisorn of bechaviours to non-behaviours

paraneter Mann-Whitney Kolmogorov-Smirnov
Z statistic d statistic

QP 3.19 .139

504 2.19 .204

CEC 1.59 .105

WECA .76 .219

WENG .51 .045

WENA .26 .052

WEK .52 .065
SALCA .26 .079
SALKMG 1.21 .096
SALNA .24 .042

SALK 1.08 .092

KAL .01 .054
DISCUSSION

This analysis tends to confirm both the view that the Galloway region
is susceptible to acidic deposition and the view that a significant change
in soil conditions has occurred during the past 140 years. Falls in pH
level of up to one pH unit have been discovered for the Galloway by
Battarbee and Flower (1985) using the method of reconstrucion from study
of diatom assemblage in the sediment of lochs. The simulation results show
a drop in nean level of .8 pH unit. This is increased by the inability to




match the highest portion of the 1982 pH distribution at the same tinz as
matching its low end. This inability also spills into the sizulated
distribution for alkalinity, Dby cutting off the highest levals in the
siaulation. 4 feir view of the changes caused by the acidificaton
processs can still be gleaned however, by noting that the lakes with
higher alkalinity in 1982 are also-those with the higher alkalinity in
1844. Hence the simulated results are valid for those lower alkalinity

lakes that it represents well. The recovery under 30% deposition reduction
in deposition 1s seen to be slight due to the depletion of base cation
resource  on the &vailable cation exchange sites on the soil. In

particular, alkalinity levels are seen to recover very little in the most
highly acicified lakes.

Overell The sinulation was successful using triangular distributrons
for the parareters in the Monte Carlo anzlysis. Better reproduction of the
present day distributions could have been achieved using nore corp!icated
distributions Lo describe the paramaters. noting that certain results 7in
the behaviour criler:on are nore tuned in to particular parareters. for
exarnle, Calciun levels are strongly affected by its weathering rate and
selectivilty cocfiictent. The lack of availlable data for verification of
the node! caiibration, however linits the usefulness of such a study.
dithout verification, fine points raised by such & sirulation night be
rere cuirks of the rodel. The sinulations obtained work only under the
assumption that the wmodel structure 1is valid and that its lumped
representation of paraneters i1s valid on a regional basis. This is a
difficult assumption to prove and one is able only to look at the
simulations and see whether the model appears to represent the- region
well. Given the assumption to be valid there are many uncertairties
within the model itself that neced to be borne in mind when interpreting
the results or when wusing the model to project assumed deposition
scenarios into the future. [lincertainties arise in measurement of bdoth
precipitation and stream chemistry as a result of both intrinsic
uncertainty in the measuring technique and in the representative nature of
the sampling plan used. In this study the results of five surveys are
used, four of which are single sample surveys. The findings of each
survey have been pooled to produce an observed chemistry that may average
out, Lo a degree, any unrepresentative feature of any one survey. Each
submode! within MAGIC also has an uncertainty to be associated with it.
The true shape of the sulphate deposition trend curve, used to define the
timing of precipitation pollutants, has been estimated and errors may
seriously affect the timing of the onset of acidification. This aspect of
the model has been investigated by Hornberger et al., 1986, who looked at
the effect of uncertainty on a single site prediction using HAGIC. The
aluminium submodel contains a cubic equilibrium between aluminium and
hydrogen activities. Assuming an equilibrium mode! to be valid, there is
uncertainty in the order of the relationship. A fit to observations at one
point in time may be found for many different orders and the future
predictions and past reconstructions may be very different for each one.
Honte Carlo simulations are an cxcellent means of encountering the
complete range of model response to uncertainty in parameters. The
sensitivity of the model simulations to parameter value on a single site
basis is presented by Husgrove et al., 1988, who use the Monte Carlo
rethod to generate estimates of the uncertainty of model predition. The
results for pH are in excellent accord with palaeocological pH
reconstructions for the same site. On a regional bhasis, the model appears
capable of simulating well the main buik of the chemistry distribution but
is less able to match the extreme values.




CONCLUSIONS

The MAGIC lumped parameter model of groundwater in catchments can be
coupled with Honte Carlo trechniques to provide a useful method of
simulating long term regional response to acidic deposition. The
"sensitivity of simulation to parameters in the model is seen to be
dependent on the weathering rate of calcium, the level of deposition of
sulphate and the mean annual rainfall for a region With low weathering
rates and low sulphate adsorption. The response of the region to a future
deposition scenario is gleaned from the model and after a prolonged period
of deposition the ability of the region to recover from the historical
decosition sequence is seen to decrease throughout the lifetime of the
deposition sequence. Major future reductions in deposition are required
Lo produce a significant recovery in the Galloway region of South West
Scotland.
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Figure 3 Cluster 1 Distributions
Simulated and Observed
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Figure 4

Cluster 1

Simulated Change

o.vaJ_ ' 1.0
1
(4]
g Sulpnate :
¥
: H
Z N I
g 0.20- / g
o o
5 | ﬂ_ ;
Z.a541 | E
2 X __ <
N
: _ _ -
" 5
£ L 5
o 06.10- i o
> __ “.u
o
J

—

Through Time

Atuminium

H o
< \ 2
€ C.C54 3
2 | £
a
. i
i \ ‘o .
| ! . ||t\.r|p|__-|.-n...rnn..lnll-.r.r |nlnhlllll-lrh.
0O T T T T i o 130 200.0 10.0 200 30.0
o MIEASESUIVALINTSG PEA LITAE HICAJECUIVALENTS PER LITRE
Tu_l_ .90~ . ¢ g
x | Alkclinity
I v
S0 . i " ¢
& 1 .M.
5 _ ! G
g ! g |
- _ i 2 _.
a I (=3
S o __ Coo.ses
L | 1 =
L |
5000 2 .
x _ = i
= . = aeb !
.m q.¢ e _ r-l. 0.00¢ J
¥ i . \ & K
= \
R =
” .\ N = [y ..1
2 | AN 2 L
o 0.2 € 0002
= £ .
g 8
£ -y s
s o . : i L : 0.930 S ] .
.0 ¢ s 5.0 5% 6.C 89 - 100 0. 100 200. 300.
s ALXALINT1Y HICACEDUIVALENTS PEA LITRE
057 evel FUTURE SCENAKID 30% REDUCT oM
1=532 Leveal
— 1%4¢ leved




o

£5

PROSABILITY D&NSITY FUNCTION OROINAT

o

PAOBABILITY DENSITY FUNCTION ORDINATES

|
© 0 0060600600606 06006006 000090009

Cluster 1

Simulated Change Through Time

L0140 -
008 A
006 -
004 -
2052 ovel
Qe Lavel
.002 - ST
1844 Lavel
.000 - T — T T —
50.0 100.0 150.0 200.0 250 .0
MICROEGQUIVALENTS PER LITRE
-025 1
.020 4
Magnes 1um
015 -+
.010
= | o 1
005 J # % X 2062 Level
18982 Level
1844 |evel
N
'--“\ ¥
U=t
.000 . — e — !
50.0 100.0 150 .0 200.0 250.0

MICROEQUIVALENTS PER LITRE




The demand for long-term scientific capabilities concerning the
resources of the land and its freshwaters is rising sharply as the
power of man to change his environment is growing, and with
it the scale of his impact. Comprehensive research facilities
(laboratories, field studies, computer modelling, instnumentation,
remote sensing) are needed to provide solutions to the
challenging problems of the modern world in its concern for
appropriaie and sympathetic management of the fragile systems of
the land's surface.

The Terrestrial and Freshwater Sciences Directorate of the
Natural Environment Research Council brings together an
exceptionally wide range of appropriate disciplines (Chemistry,
biology, engineering, physics, geology, geography, mathematics
and computer sciences) comprising one of the world's largest
bodies of established environmental expertise. A staff of 550,
largely graduate and professional. from four Institutes at eleven
laboratornes and field stations and two University units provide
the specialised knowledge and experience to meet national and
international needs in three major areas:

*
Land Use and Natural Resources
*
Environmental Qualily and Pollution

*

Ecology and Conservaton






