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Abstract

The model of acidification of groundwater in catchments (MAGIC) has been calibrated to 94 catchments in Wales, enabling the
quantification of regional response to reduced emissions under the second sulphur protocol and incorporating the potential impact
of future changes in afforestation. To calibrate the model the methodology utilises, for each site, the best available data derived
from databases which are consistent across the whole region but which vary in spatial resolution. The calibrated model closely
matches observed stream water chemistry across the region. The predicted future response is a reduction in acidity of surface
waters in the region. The recovery is less marked at forested catchments, and some forested sites undergo a further decrease in
acid neutralising capacity (ANC). The predictions from the multiple-site method are statistically consistent with those produced
by an alternative regional modelling method which is based upon Monte-Carlo procedures. The multiple-site method, however,
has the advantage of providing future predictions which are also spatially distributed across the region.

Introduction

The link between atmospheric deposition of acidic oxides
and acidification of soils and surface waters is now well-
established and has led to the negotiation of international
agreements to curb emissions, most recently based upon
the critical load or source-receptor concept (Murlis, 1995;
Grennfelt ez al., 1995). In support of these negotiations,
dynamic models have played a key role in assessing the
potential for ecosystem recovery from acidification
(Jenkins et al., 1997, Werner and Spranger, 1996). To
date, the focus of these studies has been model applications
to individual headwater lakes and streams over a large gra-
dient of atmospheric deposition and encompassing a broad
range of biogeochemical environments (e.g., Forsius ez al.,
1997). Such applications have enabled model sensitivity
analyses (Jenkins and Cosby, 1989), validation against both
palaeoecological pH reconstructions (Jenkins ez al., 1990),
and ecosystem manipulation experiments involving both
increased and decreased acidic deposition fluxes (Cosby ez
al., 1995), links with biological status (Ormerod ez al.,
1989) and assessment of land use impacts, particularly the
impact of plantation forestry (Cosby et al., 1990; Jenkins
et al., 1997).

With the increasing recognition of the importance of
dynamic models in assessing the time-dependence of crit-
ical loads and the potential damage to areas where critical

loads remain exceeded in the future, has come the desire
to extrapolate model applications from small catchments to
whole regions. Such a development in modelling strategy
will potentially provide policy makers with a spatial reso-
lution capable of representing the impacts of emission
reduction strategies and providing a statistical basis on
which to formulate economic assessments.

In the UK, the MAGIC model (Cosby et al., 1985a,b)
has been extensively applied to individual sites across the
UK (Jenkins ez al., 1997). Two procedures for regionali-
sation of MAGIC in the UK have also been developed;
these are Monte-Carlo and multiple-site calibrations. The
Monte-Carlo procedure uses frequency distributions
derived from observations of the soil and surface water
chemistry and physical characteristics within a region to
calibrate the model; thus, specific soil and water data for
each catchment are not essential. This approach (Sefton
and Jenkins, 1998) simulates the response of the whole
population of lakes and streams over time, but cannot dis-
tribute predicted changes in space. The multiple site tech-
nique uses best available information for the chemical and
physical characteristics of soil and water at many sites in a
region and makes regional assumptions where data are
missing. This has the benefit of enabling prediction in time
and space, but may be limited by availability of data at a
sufficient level of resolution either to calibrate the model
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adequately at each site or at enough sites to enable statis-
tically relevant predictions relating to the region as a
whole. This paper describes an application of the multi-
ple-site approach to Wales to determine the adequacy of
available data, to assess the performance of the modelling
techniques, and to predict regional hydrochemical
response under currently-agreed future reductions in S
emission. The assumptions, calibration and predictions
from the multiple-site method are also compared with a
Monte-Carlo model application to Wales described by
Sefton and Jenkins (1998). The basic data for this model-
ling analysis were collected and compiled as part of the
Welsh Acid Waters Survey (WAWS) undertaken to assess
the current status of acidity in surface waters in Wales and
to determine changes since a previous survey 10 years ear-
lier (Stevens et al., 1997).

The MAGIC model

MAGIC is a process-oriented dynamic model for the long
term reconstruction and future prediction of soil and sur-
face water acidification at the catchment scale (Cosby et al.,
1985a,b). The model consists of: (i) soil-soil solution equi-
librium equations in which the chemical composition of the
soil solution is assumed to be governed by simultaneous
reactions involving sulphate (SO4) adsorption, cation
exchange, dissolution and speciation of inorganic and
organic carbon; and (ii) mass balance equations in which
fluxes .of major ions to and from the soil and surface water
are assumed to be governed by atmospheric inputs, mineral
weathering, net uptake by biomass and loss to streamwater.

MAGIC uses a lumped parameter approach to; (i)
aggregate the complex chemical and biological processes
active at the catchment scale into a few readily described
processes; and (ii) lumped catchment characteristics to
represent the spatial heterogeneity of soil properties
throughout the catchment. Dynamic simulation of soil and
stream water chemistry is achieved by coupling the equi-
librium equations with the dynamic mass balance equa-
tions for each of the major cations.

Data sources and assumptions

The application of the multiple site approach to Wales
involved calibration of MAGIC at each of 102 sites
included in the WAWS in 1995 using consistent databases
to derive model parameter values and driving variables.
The study region covers most of Wales (Fig. 1) but is
focussed in the upland areas in the west. The region is
underlain by Cambrian, Ordovician and Silurian rocks
which are generally resistant to chemical weathering and
regarded as acid-sensitive (Hornung ez a/., 1990). Rainfall,
runoff, stream and soil chemistry, land use and atmos-
pheric deposition data for each site were derived from a
variety of sources and at different spatial and temporal
resolutions.
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Fig. 1. The study region and location of the 102 sites in the Welsh
Acid Waters Survey.

DEPOSITION FLUXES

Bulk deposition samples were collected during 1995 from
19 sites across the region, and these data were interpolated
to provide estimates of wet deposition on a 20-km grid
(Stevens et al., 1997). These values were then modified,
using the mean altitude of each grid cell, to account for the
variation of rainfall and ion concentrations in rainfall with
altitude due to orographic enhancement mechanisms
(Fowler et al., 1989). Within MAGIC, chloride (Cl) is
treated as conservative and is assumed to be in steady state
with respect to input-output flux at each time step.
Consequently, at moorland catchments the wet-deposited
Cl input flux, derived from the 20-km deposition grid, was
compared to the stream output flux at each site and inputs
were modified as necessary; the difference was assumed to
represent dry and occult deposition. All Cl enhancement
was assumed to derive from a marine source, and is added
as neutral salt, thereby not affecting the pH of the rainfall.

Sulphate is not strongly adsorbed onto the exchange
complex in most upland UK soils which are relatively
young and not deeply weathered. Consequently, it was
assumed that SOy is in steady-state at present, with no sul-
phur (S) adsorption within the catchment systems. If S
adsorption has occurred historically in soils within the
region, recovery times are likely to be greater than those
predicted by the model. No detailed geochemical evidence
is available on a regional basis to make any site-specific



assumptions regarding S inputs from weathering, so this
source has been disregarded. Some sites, however, may
have an internal geological source of S which contributes
to natural acidification. The deposition flux is enhanced to
represent dry deposition of anthropogenic S to the catch-
ment as SO». '

The increased deposition flux attributable to the ability
of the tree canopy to filter pollutants from the atmosphere
results in higher stream output fluxes (Stevens et al.,
1997). At forested sites, therefore, the extra deposition
required to balance the output fluxes of Cl and SO4 must
represent both the dry deposition assumed for moorland
sites as well as the extra flux from the forest filtering effect.
For each forested site, therefore, it was assumed that the
present-day deposition enhancement at the nearest moor-
land site would also occur at the forested site irrespective
of the existence of the tree canopy, and the canopy filter-
ing effect only provides deposition in excess of that
received at the moorland site.

The mass balance method for estimating the dry and
occult deposition of Cl and SO4 is not applicable to nitro-
gen (N) species due to their strong retention in most ter-
restrial ecosystems and, as a consequence, steady-state
with respect to stream outputs cannot be assumed. Instead,
dry deposition of NOx and NHx, as monitored during the
WAWS and interpolated to provide a 20-km grid for
Wales, was used. The values were enhanced to account for
forest filter deposition based upon the amount of forestry
in each grid cell. N deposition to a moorland catchment
that is located in a predominantly forested cell is, there-
fore, likely to be overestimated and at some forested sites
the converse is likely to be true. The values obtained from
the dry deposition grid were added to those of the oro-
graphically-enhanced wet deposition grid to provide total
N deposition.

Non-marine base cation concentrations in bulk deposi-
tion are very small and changes through time are not
important relative to cation exchange and weathering
fluxes in this region. ’ o

The cumulative effect of atmospheric deposition since
pre-industrial times was modelled on an annual time step
and driven by changes in anthropogenic S and N emission
over time. The historical trend in wet deposited non-marine
SO4 was assumed to follow the sequence described by the
Warren Spring Laboratory (DOE, 1983; 1990). The
sequence reflects the pattern of increased industrial growth
from the onset of industrialisation in the mid-to-late 1800s.
As increases in energy consumption accelerated, emissions
of acidic oxides increased. The peak in emissions in the
1970s was followed by international agreements to curtail
the emission of non-marine SO4 in the early 1980s. NO3
and NHy deposition were assumed to have increased since
industrialisation in accordance with the estimated NOx
emissions in the UK (DOE, 1983; 1990). All other ions in
bulk deposition were assumed to remain constant through-
out the historical reconstruction and for future forecasts.

Regional modelling of acidification in Wales

LAND USE

Three processes in MAGIC simulate the impact of
afforestation on acidification of soils and surface water: (i)
enhanced dry and occult deposition (Mayer and Ulrich,
1977), (ii) ion uptake by growing forests (Miller, 1981),
and (iii) decreased water yield concentrating pollutants in
surface waters (Neal ez al., 1986). Uptake, enhanced depo-
sition and stream discharge were all specified at each time
step and were calculated with respect to forest age and the
percentage of catchment covered. Of the 102 WAWS
study sites, 57 are forested, and the planting year and spa-
tial coverage of each stand at each site were provided by
the Forestry Enterprise (pers. comm.). These data include
clearfelling and rotation and provide a detailed forest his-
tory from implementation of the conifer afforestation strat-
egy in the UK during the 1940s to the present day.

The time sequence of increased deposition due to forest
filtering was represented as a linear increase from moor-
land (zero canopy filtering) to forest at canopy closure
(maximum canopy filtering). This general pattern was then
modified at each site as a function of the age and cover of
each stand at each time step (Jenkins et al., 1997).

Base cation uptake by the trees was specified at each
time-step and followed a sequence through time which
described the net effect of the growth of the forest (Cosby
et al., 1990). Nitrate (NO3) uptake was described as a
catchment net retention calculated simply as the difference
between input and output flux at the present day. This
percentage was assumed to be constant throughout the
model simulation. At forested sites, the input flux included
the estimated filter deposition of N. As stream concentra-
tions of ammonium (NHy) were consistently low in all
stream samples, net retention of NH4 was set to 100%.
This extremely simplified representation of N is likely to
introduce significant uncertainty into the prediction of
future catchment responses in areas with large N deposi-
tion. Alternative models incorporate a detailed representa-
tion of nitrogen dynamics, e.g. NUCSAM (Groenberg et -
al., 1995) and SMART 2 (Kros er al., 1995); however,
these fail to account for the link, established by a number
of empirical studies (eg. Tietema and Beier, 1995) between
N leaching and the carbon:nitrogen (C:N) ratio of forest
soils. This research suggests that future increases in N
deposition will decrease soil C:N, promoting increased net
mineralisation. Recent new developments of MAGIC have
focussed upon nitrogen dynamics and on the inclusion of
C:N as a key factor controlling N leaching (Wright ez al.,
1998). _

Runoff yield was assumed to decrease in response to
increased evapotranspiration from a pre-planting level of
10% (moorland catchments) to 20% at canopy closure.
Canopy closure was assumed to be at 20 years age for all
stands. At each site, this general pattern was modified with
respect to the amount of mature canopy cover in the catch-
ment at each time step.
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