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Abstract 
Critical loads models for acidity underpin the negotiation of international strategies for the abatement 
of acid deposition through emissions controls. In Great Britain and Scandinavia, critical loads for 
freshwater ecosystems are calculated with the First-order Acidity Balance (F AB) model, which 
provides a catchment based estimate of deposition reduction requirements of both sulphur and nitrogen 
species in order to protect a selected aquatic target organism. The F AB model is here applied to a 
national freshwaters database for Great Britain using three deposition scenarios generated with the Hull 
Acid Rain Model (HARM). Critical load exceedance and changes in two important chemical indicators 
(nitrate and acid neutralizing capacity) are assessed for 1990 baseline deposition levels, planned 
emissions reductions under existing international commitments (REF scenario), and a potential 
stringent deposition reduction scenario under a multi-pollutant, multi-effect strategy (EI O scenario). 
Model outputs indicate that the proportion of sampled sites exceeding their critical load will be reduced 
by sixty-four and seventy-eight percent respectively under the two future deposition scenarios. Planned 
reductions in emissions under the REF scenario will protect most Scottish freshwaters, but substantial 
areas of the English and Welsh uplands will remain exceeded. Most of the required reductions in acid 
deposition for both Scotland and Wales would be met by the more stringent EI O scenario. In the most 
sensitive areas of northern England, even greater reductions in both S and N emissions than those 
described under the EI O scenario are required. While S remains the most important source of acid 
deposition even after future reductions, freshwaters in sensitive areas cannot be protected by abatement 
of S emissions alone. There is a clear need for a strategy to reduce N deposition if British freshwaters 
in sensitive areas are to be protected. 

Introduction 

Critical loads maps have for several years been used to inform policy makers at both 
national and international levels of the spatial distribution of sensitive ecosystems and 
the extent of damage caused by acid deposition ( e.g. CLAG, 1994, Posch et al., 
1997a). Critical loads modelling for various ecosystems provided a major part of the 
scientific input into the negotiation of the Second Sulphur Protocol under the 
Convention on Long Range Transboundary Air Pollution, which was signed in Oslo 
in 1994 (UNECE, 1994 ). 

For freshwater ecosystems, relatively simple steady-state models were used to 
determine critical loads for sulphur deposition, for example the Steady-State Water 
Chemistry (SSWC) model (Henriksen et al., 1992) and the diatom model (Battarbee 



et al., 1996), and national maps of critical loads of sulphur to freshwaters have been 
published (e.g. CLAG Freshwaters, 1995, Henriksen et al., 1998). 

After the signing of the Second Sulphur Protocol, which committed the signatory 
nations to major reductions in sulphur deposition, international attention turned 
towards the increasingly evident problem of nitrogen deposition. Surface waters had 
been showing signs of elevated nitrate concentrations which were attributed to 
atmospheric sources in sensitive upland areas (e.g. Brown, 1988, Aber et al., 1989, 
Aber. 1992, Stoddard, 1994, Allott et al., 1995a, Lepisto, 1995). There was therefore 
an obvious demand for a critical load model for both S and N deposition, since the 
previous freshwaters models could not account for the relative complexity of N 
cycling processes in catchments compared with sulphur. 

A model developed for just such a purpose is the First-order Acidity Balance (F AB) 
model (Posch el al., 1997b ). This model provides a "critical load function" (CLF) 
which quantifies the deposition reduction requirements for either N or S, given the 
value of the other. Deposition loads of S and N can be compared with the CLF in 
order to determine whether the critical load is exceeded, and if so, whether S or N 
deposition or some combination of both must be reduced in order to protect a water 
body. 

Since the F AB model is process based, it can be used to determine the likely effects of 
different potential deposition scenarios, i.e. it is not limited to the calculation of 
critical load exceedance for current loads of total acid deposition (S+N) only, as were 
previous freshwaters models (Allott el al., 1995b, Harriman et al., 1995). It therefore 
provides a useful tool for assessing the long term effects of future reductions in acid 
deposition. such as those planned or implemented for S under the Second Sulphur 
Protocol. With a new protocol for nitrogen soon to be negotiated, and with further 
reductions in S deposition proposed under new European Union initiatives, the F AB 
model provides a means of testing the combined effects of future loads of S and N 
deposition. 

Two scenarios based on planned and potential reductions in acid emissions have been 
used as inputs into the Hull Acid Rain Model (HARM: Metcalfe el al., 1995a), which 
provides estimates of S and N deposition based on the anticipated changes in 
emissions. Here we use the F AB model in combination with HARM modelled 
deposition data to assess the potential impacts of two future deposition scenarios, plus 
a selected baseline for comparison, on a national dataset of British freshwaters. 

2. Methods: model descriptions and input data requirements 

For critical loads work in Great Britain , the selected critical chemical parameter for 
freshwaters is acid neutralising capacity (ANC), with a critical value of O µeqr 1 

(CLAG Freshwaters, 1995) which has been shown to represent a 50% probability of 
damage to brown trout populations in extensive studies in Norway (Lein et al., 1992). 
The F AB model must therefore determine the deposition loads of S and N which will 
depress ANC below this value in the long term (Curtis et al., 1998a). 
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Two distinct modelling tasks are necessary in order to provide the required data. First 
is the derivation of the critical load function for each of the freshwater sites in the 
dataset. The second aspect is the calculation of appropriate S and N deposition data 
for these sites which can be related to the CLF to determine whether the critical load 
is exceeded, and by which species. 

2.1 lvfodel description and input data: the F AB model 

The formulation of the F AB model and its application to the British freshwaters 
dataset is described in detail in Curtis et al. (1998a), and only a brief description is 
given here . 

The basis of the F AB model is a charge balance incorporating inputs, catchment 
retention or removal processes, and leaching outputs of acid anions (Posch et al. 
1997b): 

N,.i.:p 

Suer 
Nupt 

N,111111 
Nucn 
Nrcl 

= 
= 
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AN leach = 

I
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total N deposition 
total S deposition 

(Equation 1) 

net growth uptake ofN by forest vegetation (removed by harvesting) 
long term immobilisation of N in catchment soils 
N lost through denitrification in catchment soils 
in-lake retention of N 
in-lake retention of S 
acid anion leaching from catchment 
fraction of forested area in the catchment 
lake:catchment area ratio 

All units are expressed in equivalents (moles of charge) per unit area and time. 

It is assumed that there are no other inputs of S or N (e.g. from agriculture) and that 
there are no other significant processes in operation which affect the catchment budget 
of acid anions. The proportion of total N deposition which is delivered as NH4 + is 
assumed to be either retained within the terrestrial catchment or nitrified. 

Various sources are used to provide the necessary input data; their derivation is 
described fully by Curtis et al. (1998a, 1998b), and summarised below. Deposition 
inputs are discussed separately in Section 2.2. 

Water chemistry was based on the analysis of one-off dip samples, according to the 
methodology described in Harriman et al. (1990), from a national network of 14 70 
freshwater sites across Great Britain ( excluding the Isle of Man, for which soils data 
were unavailable). The lake and stream sites were selected to represent the most 
sensitive water body on a 10km square grid basis (20km in non-sensitive lowland 
areas), with lakes selected in preference to streams where possible (Kreiser et al. , 
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1993). For each of the study sites, a catchment outline was defined on 1 :25,000 scale 
topographical maps and digitized using a Geographical Information System. 
Lake to catchment ratio (r) was obtained from the digital catchment estimates of lake 
and catchment area. Surface water runoff was calculated for each catchment by the 
overlay of digital catchment boundaries onto a 1km grid resolution dataset of annual 
mean runoff for the period 1992-94. Leaching fluxes of major ions from each 
catchment were calculated from water chemistry and catchment weighted runoff 
estimates. 

Net Nupt was based on a single uptake rate of 0.279 keq ha· 1 yr"1 
( or c. 4 kgN ha· 1 yr-1

) 

for coniferous forest only (Emmett and Reynolds, 1996, Curtis et al., 1998a). The 
proportion of coniferous forest cover (f) was derived from the ITE Land Cover Map of 
Great Britain (Fuller et al., 1994) by overlaying digital catchment boundaries. 

Catchment weighted soils data were obtained by the overlay of digital catchment 
boundaries onto digital soils maps at a scale of 1 :250,000 to obtain the proportion of 
each major soil type for every catchment (Curtis et al., 1998a). Rates of N 
immobilisation and denitrification were estimated for each catchment using literature 
based default values for each soil type (Hall et al., 1997). 

The in-lake retention of S and N was calculated with a kinetic equation (described 
fully in Curtis et al., 1998) using literature based mass-transfer coefficients (Ss = 0.5 
m yr·' for sulphur, SN= 5 m yr· 1 for nitrogen), estimated runoff, and lake to catchment 
ratio (Kelly et al., 1987, Dillon and Molot, 1990). Note that for stream catchments, 
the lake to catchment ratio is zero and there is no in-lake retention of S or N. 

With all the components of the mass balance of S and N now in place, it is possible to 
define the critical load function bv calculating a critical value of acid anion leaching - ~ ~ 

(AN1cac1i), The SSWC model is employed to determine the pre-industrial base cation 
leaching rate, which is deemed to represent the long-term, sustainable supply of base 
cations from weathering and excludes any shorter term provision of base cations from 
the soil exchange complex (Henriksen et al., 1992). Given the sustainable supply of 
base cations and a selected critical value of ANC, the critical leaching flux of acid 
anions (Lcrii) can be calculated: 

• 
Lcrit = Q ([BCJo - [ANCcrit]) (Equation 2) 

• where [BC]0 is the pre-industrial concentration of non-marine base cations from the 
SSWC model, Q is runoff, and [ANCcrii] is selected to be 0 µeqr 1

• 

Substitution of Equation 2 into the charge balance of the F AB model (Equation 1) 
provides those combinations of S and N deposition for which AN 1each = Lcrit· If AN 1each 
is greater than Lcrii for a given combination of S and N deposition, the critical load is 
exceeded. There is clearly no unique combination of S and N deposition which 
defines the critical load of acidity, because a reduction in one species would permit an 
increase in deposition of the other to achieve the same net flux of acid anions (and 
therefore acidity). The critical load function defines the range of paired values of S 
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and N deposition which equate to the critical load of acidity (Bull, 1995, Posch et al., 
1997b, Curtis et al., 1998a). 

There are three key points on the CLF wliich signify individual thresholds for S or N 
deposition. The maximum allowable deposition of sulphur, called CLmaxCS), at which 
critical load is not exceeded, can only occur when N deposition is zero. Similarly, the 
maximum allowable deposition of total N, CLmaxCN), is only possible when S 
deposition is zero if the site is to be protected. There is an additional threshold for N 
deposition, CLmin(N), which indicates the minimum level ofN deposition which leads 
to nitrate leaching and can therefore contribute to critical load exceedance. The 
derivation of these terms is explained fully by Posch et al. (1997b) and Curtis et al. 
(1998a). 

For any combination of S and N deposition, the F AB model will predict the potential 
leaching of sulphate and nitrate, and hence of ANC, thereby determining whether the 
critical load is exceeded. If S deposition exceeds CLmaxCS) then it must be reduced in 
order to protect the site, regardless of N deposition. Similarly, N deposition must be 
reduced to less than CLmaxCN) regardless of S deposition. For situations where neither 
threshold is exceeded but the critical load is exceeded, there is a choice between 
reducing S deposition or N deposition, or some combination of both, in order to 
prevent critical load exceedance. 

2. 2 HARM modelled deposition scenarios 

The national S and N deposition data used here were generated at the 10 km x 10 km 
grid scale by the Hull Acid Rain Model (HARM: Metcalfe et al., 1995a), a receptor
oriented. Lagrangian statistical model which can operate at the regional scale. HARM 
is driven by emissions of S02, NO, and NH3 across Europe at a spatial scale of 50 km 
(Barrett and Berge, 1996) and emissions of S0 2, NOx, NH3 and HCI across the UK at 
a spatial scale of IO km (Salway et al., 1997). Emissions may be varied on a country 
by country basis across Europe to reflect planned or proposed emission reduction 
requirements and on a source or sector specific basis across the UK due to the more 
detailed nature of the UK inventories (Metcalfe et al., 1995b ). HARM has undergone 
considerable validation. HARM performs particularly well for S and oxidised N, but 
when compared with a reduced N dry deposition field derived from concentrations 
modelled using FRAME (RGAR, 1997) underpredicts substantially. As a result, the 
HARM modelled current deposition underestimates the relative importance of total N 
deposition compared with the RGAR estimates. Overall, however, HARM compares 
favourably with the outputs of other deposition models when tested against measured 
and interpolated data in the UK (RGAR, 1997). Modelled deposition data may 
therefore be used in conjunction with the F AB model to assess the extent and 
magnitude of exceedance across Great Britain under a range of possible future 
scenarios. 

Two emission reduction scenarios, relating to planned and potential measures for 
emissions reductions within Europe, are considered here and their effects on national 
critical load maps for freshwaters are compared. These scenarios are based on those 
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described in a recent report to the European Commission and UNECE (Amann et al., 
1998) in which current legislation, nationally planned emission reductions and a range 
of acidification, eutrophication and ozone scenarios were all taken into account. 

The "Reference" Scenario for the year 2010 

The officially adopted or internationally announced ceilings on national emissions 
resulting from the Second Sulphur Protocol of the UNECE form the basis of the 
'·Current Reduction Plan" (CRP) Scenario. In addition, the Current Legislation (CLE) 
Scenario considers the impacts of adopted national or international legislation for 
emission control (as opposed to national emission ceilings), against a background of 
projected future energy consumption. These two emissions scenarios have been 
combined to assess the most likely outcome in terms of emissions reductions; the 
most stringent of the two for each individual country is used in the Reference (REF) 
scenario (Amann et al., 1998). The REF scenario was constructed for the purpose of 
assessing the likely environmental impacts of the current emission strategies through 
its application in critical loads modelling exercises. 

Under the REF scenario SO2, NO, and NH 3 emissions across Europe are reduced by 
61 %, 40% and 14%, relative to 1990 levels, by the year 2010. Under this scenario EU 
countries are expected to achieve greater reductions than non-EU countries. In 
HARM these reductions are achieved through scaling current (1994) emissions on a 
cell by cell basis for each country within the UNECE European Monitoring and 
Evaluation Programme (EMEP) grid domain. Emissions from natural oceanic sources 
and international shipping are not abated in this scenario. 

UK emission targets under the REF Scenario are listed in Table 1. These targets were 
represented in HARM as a series of spatially disaggregated emission grids with each 
emission grid relating to a specific source category. Emission estimates for each 
source category were provided by the National Atmospheric Emissions Inventory 
(Culham. Oxfordshire) after consultation with government departments (the 
Department of Trade and Industry. the Department of Transport) and the Environment 
Agency. and are largely based on energy projections listed in Energy Paper 65 (DTI , 
1995). Spatially disaggregated totals for SO2 and NO-.: emissions are listed in Table 2. 

The .. E 1 O'' Scenario 

The stated ultimate target in the Fifth Environmental Action Programme of the 
European Union is to achieve no exceedance of critical loads throughout Europe. 
However, this is deemed unattainable in the short term, given economic and 
technological constraints. hence an interim target is under consideration. Integrated 
assessment modelling on a European scale with the Regional Air Pollution 
Information System (RAINS) model has been directed towards identifying the most 
cost-effective gap closure strategy (Amann et al., 1998). "Gap closure" implies a 
closing of the gap between current levels of ecosystem protection and ultimate target 
levels (Bull. 1995). 
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Many different methods of attaining gap closure targets have been assessed through 
integrated assessment modelling, resulting in the definition of several scenarios at the 
European level, with names like "bl" or "b5" (Amann et al., 1996). These scenarios 
are essentially "moving targets" because even at the national level, there are many 
different factors to be accounted for, such as national controls on the sulphur content 
of fuels or legislation to control emissions from shipping; there is as yet no single 
definitive emissions scenario. 

Table 1: UK emission ceilings used in HARM deposition scenarios (kilo-tonnes) 

Species 1990 Base REF Scenario E 10 Scenario 

3754 
2800 

329 

980 
1161 
298 

385 
1123 
277 

Table 2: UK emissions of SO2 and NOx under the REF Scenario (kilo-tonnes) 

Source Type SO2 NO._ 

Point Sources (Power Stations, Refineries, Industry) 551.5 451.6 
Buses 1.6 37.2 
Diesel Cars 5.1 39.6 
Petrol Cars 22.2 125.0 
Heavy Goods Vehicles 11.1 163.5 
Light Goods Vehicles - Diesel 2.8 14.9 
Light Goods Vehicles - Petrol 0.9 1.1 
Motorcycles 0.1 0.9 
Railways 1.7 19.8 
Other Stationary Sources 340.7 196.3 
Ships in Port 42.3 111.1 

Total 980.0 1161.0 

Despite the minor changes and adjustments which are frequently made to these 
potential scenarios, it is still instructive to select a particular example in order to 
assess the utility of the F AB model and the general spatial pattern of impacts in terms 
of critical loads exceedance at the national level. Here we adopt the "E 1 0" scenario 
(Amann et al., 1998). El0 represents a joint optimisation to address problems 
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resulting from acidification, eutrophication and ground level ozone. For acidification 
the scenario aims to achieve 90% gap closure of accumulated excess acidity. 
Accumulated excess acidity is a function of critical load exceedance, expressed as a 
flux of acidity to a site, and the area of the site, summed for each site within a 150 x 

150 km EMEP grid square. All ecosystems are included in its derivation, not just 
freshwaters. This joint optimisation approach increases NOx controls, but relaxes the 
requirement to reduce SO2 emissions compared with a scenario to address 
acidification alone (Amann et al., 1998). 

Under the E 10 scenario SO2, NOx and NH 3 emissions across Europe are reduced by 
73%, 53% and 26% relative to the 1990 base year making this scenario much more 
stringent than the REF scenario. These reductions were achieved through scaling 
current ( 1 994) national EMEP emissions to meet the required targets. Emission 
targets for the UK are listed in Table 1. Under this scenario, SO2 emissions are 
reduced by 87% relative to 1990 levels. NOx and NH3 reductions are less severe in 
comparison (60% and 16% respectively). 

Creating a reasonable distribution of UK emissions under this scenario is not a trivial 
task given the severity of the SO2 emission reductions. We therefore assumed that all 
coal-fired power stations would be closed apart from Drax, Ratcliffe-on-Soar and 
Longannet, which would be operating with FGD or equivalent. Remaining point and 
area emission sources used in the REF scenario were then scaled down to meet the 
specified national targets for SO2 and NOx under the E 10 scenario. NH 3 emissions 
were also scaled on a flat rate basis. 

Base Year ( 1990) Deposition 

Deposition associated with the two future emissions reduction scenarios (for 2010) is 
compared with HARM modelled estimates of deposition for the base year 1990. Base 
year deposition was determined from a model run in which current (1994) European 
(EMEP) and UK emissions were scaled to the 1990 totals listed in the Fifth Interim 
Report (Amann et al., 1998). For comparability, all three HARM deposition data sets 
\\'ere deri\'ed using 1961-1990 rainfall field in the calculation of wet deposition 
(Barrow et al., 1993). It is therefore assumed that there are no changes in total 
deposition levels due to variations in mean rainfall for the assessment years of 1990 
and 2010. 

3 Modelling results and inter-comparison of HARM deposition scenarios 

The most significant outputs of the F AB model are predictions of nitrate, ANC and 
deposition reduction requirements for S and N. Changes in sulphate leaching under a 
fixed deposition load are expected to be less significant because of the relatively 
minor role of S in biological cycling within catchments, compared with N. 

The F AB model outputs under the three HARM deposition scenarios are described 
below with respect to the most impacted areas as indicated by published critical load 
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exceedance maps using the SSWC and diatom models (CLAG Freshwaters, 1995). 
The approximate locations of these regions are indicated in Figure 1. 

3.1 Predicted differences in nitrate leaching 

The discrepancy between measured rates of nitrate leaching and those predicted by the 
F AB model have been discussed in previous studies (Curtis et al., 1998a, 1998b ), but 
in general relate to the longer term, sustainable basis of critical loads definitions 
compared with transient catchment processes currently in operation. Measured nitrate 
levels are shown for comparison in Figure 2a. 

The F AB model predicts that nitrate leaching would greatly increase from measured 
values (Fig. 2a) in sensitive upland areas across almost the whole country (except for 
north west Scotland) under a constant deposition load (HARM 1990 data - Figure 2b ). 
The upland waterbodies of England and Wales are nearly all predicted to have nitrate 
concentrations of at least 20-50 µeqr 1 upon reaching steady-state with 1990 
deposition levels. Even in central areas of northern Scotland, where low deposition 
levels coincide with high denitrification and immobilisation rates (due to the 
predominance of waterlogged soils), there are still small predicted increases in nitrate 
leaching. It should be noted, however, that UK NOx emissions fell between 1990 and 
1995 from 2897 to 2295 k tonnes. 

In contrast. the nitrate concentrations predicted by F AB in some lowland areas ( e.g. 
Eastern Scotland) appear to decrease in the future. This is an artefact of the model 
assumptions. whereby only atmospheric N sources are included as net inputs to 
catchments: in those areas where measured nitrate levels indicate agricultural runoff , 
the predicted concentrations may be lower, depending on the relative contributions of 
agriculture and total N deposition at each site. In lowland England, measured and 
predicted nitrate leaching are both very high, but any apparent links between the two 
are probably spurious. Measured nitrates in south east England are often high because 
of the predominance of intensive agriculture (and therefore fertilizer inputs) and 
urban areas in this region (INDITE, 1994). These sources of N are not included in the 
F AB model formulation, and the high nitrate concentrations predicted by F AB are due 
to relatively high deposition inputs in regional terms. Atmospheric inputs are, 
however. likely to be small relative to agricultural and urban inputs (INDITE, 1994). 
This shortfall of the model rarely presents a problem in practice because those water 
bodies subjected to unquantified agricultural inputs of nitrogen are almost exclusively 
insensitive to acidification. In such cases, it is likely that base cation rich soils were a 
prerequisite for agriculture and so the surface waters will have a naturally high ANC 
(Allott et al., 1995). 

Comparison of measured nitrate (Fig. 2a) and predicted nitrate under 1990 deposition 
levels (Fig. 2b) which remained fairly constant over the freshwaters sampling period 
(RGAR. 1997) shows that nitrate leaching had not reached predicted levels by the 
time of sampling. This observation is consistent with the F AB model's basis in a long 
term steady-state situation, which had evidently not been reached at the time of 
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sampling. Other studies have indicated that predicted nitrate levels using the F AB 
model are far greater than those currently observed, reflecting transient, elevated rates 
ofN retention in catchments (Curtis et al., 1998b). 

Figure 1: Selected regions of acid sensitive freshwaters in Great Britain 
(from Curtis et al., 1998a) 

N 

t 
100 

0 kms 100 

GALLOWAY 

ENGLAND 

Under the HARM REF scenario, the reduction in N deposition associated with greater 
use of catalytic converters on motor vehicles leads to much lower predictions of 
nitrate in all freshwaters than under 1990 deposition levels (Fig. 2c). The change 
relative to measured values is more complex (Fig. 2a). In Scotland, nitrate 
concentrations are predicted to decline from measured values across most of the 
country apart from areas centred on the Trossachs and the English border (Fig. I), 
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where small increases are found. In Wales, the northern Pennines and the North 
Yorkshire Moors, increases are predicted, while other sensitive areas experience little 
change or a slight decrease. The predictions of lower nitrates across lowland England 
are spurious for the reasons discussed earlier, i.e. because agricultural inputs dominate 
the N budget. 

If the ultimate deposition reductions associated with the HARM EI 0 scenario were 
achieved, then the F AB model indicates a slight reduction in nitrate leaching relative 
to the REF scenario (Fig. 2d), with similar regional changes from measured 
chemistry. The main difference from the REF scenario is a reduction in nitrate 
leaching from the 20-50 µeqr 1 range to the I 0-20 µeqr 1 range in the northern 
Pennines and Lake District, while nitrate from atmospheric sources would virtually 
disappear from freshwaters in a greater proportion of Scotland. The deposition of N 
would be so low that the catchment sinks for nitrogen would effectively intercept all 
N, thereby preventing any from being leached in runoff. Current nitrogen retention 
rates are very large but significant leaching indicates a degree of nitrogen saturation 
(Stoddard, 1994), so the prediction of zero nitrate leaching under the EIO scenario 
indicates a return to N limitation in some areas, which may have biological 
consequences in catchments where atmospheric inputs of nitrogen may for years have 
acted as an important nutrient source. 

3. 2 Predicted differences in ANC 

The predicted changes in acid anion leaching would result in an equivalent decrease in 
ANC. and where predicted ANC is less than 0 µeqr 1 the critical load is exceeded. 
Patterns of measured (Fig. 3a) and predicted ANC under contemporary deposition 
loads are discussed by Curtis et al. (1998a). 

If HARM 1990 deposition loads remained constant, there would be a decrease in 
ANC at many sites (Figure 3b), most significantly in sensitive upland areas. In 
northern Scotland and upland Wales there is a greater distribution of sites with 
negative ANC values compared with current measured ANC, while the Pennine 
region is affected mainly by a decrease in ANC at sites which have already acidified 
to below zero ANC. 

The reductions in deposition associated with the HARM REF scenario are sufficient 
to lead to major reductions in acid anion leaching which elevate ANC to positive 
levels in all but the most acidified areas (Figure 3c). Under the REF scenario, the only 
strongly acidified regions are the Pennines, Lake District and North Yorkshire Moors, 
with a few other negative ANC values at sc_attered locations in other sensitive parts of 
the country but few in Scotland. 

Further reductions in deposition are associated with the HARM EIO scenario and have 
an even greater effect on predicted surface water chemistry (Figure 3d). Very few 
negative ANC values are predicted for Scotland and Wales, but clusters of acidified 
sites still persist in the ultra-sensitive Lake District, North Yorkshire Moors and 
especially Pennine regions. 
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3. 3 Further deposition reduction requirements indicated by the F AB model 

One of the major benefits of the F AB model is that it can be used to determine which 
acid species (S or N) needs to be reduced in order to protect impacted sites. Using a 
colour coding system based on the requirement to reduce S or N deposition, it is 
possible to map the options for deposition reduction requirements (Figure 4). This 
approach has previously been described by Curtis et al. (1998a). 

The HARM 1990 deposition data indicate that the majority of sites exceeding their 
critical loads require a mandatory reduction in S deposition in order to attain non
exceedance, i.e. the critical loads are currently exceeded by sulphur alone (Fig. 4a). In 
much of the far north and north-west of Scotland, N deposition is irrelevant in terms 
of acidity critical loads; only sulphur reductions are required, because no nitrate 
leaching is predicted ( or observed in the measured data - see Figs. 2a-2b ). At the 
majority of sites outside this region of north-west Scotland, initial reductions in S 
deposition could be followed by further reductions in either S or N deposition in order 
to protect the sites, i.e. some nitrate leaching is predicted and so critical load 
exceedance could be reduced with N deposition reductions. Significantly, the most 
impacted areas of the Pennines, Lake District and North Yorkshire Moors, plus a few 
sites in south-east England. require mandatory reductions in both S and N deposition , 
i.e. either sulphur or nitrogen deposition alone is sufficient to cause critical load 
exceedance. This indicates that measures to reduce sulphur alone, as in the Second 
Sulphur Protocol, will be insufficient to protect the most sensitive freshwaters in these 
areas unless N emissions are also reduced. 

The F AB model indicates that by 2010. under existing commitments to reduce S 
deposition and with associated decreases in N deposition under the REF scenario , 
large areas of Britain will be protected from acidification, including most of Scotland 
and Wales (Figure 4b). A few· sites in upland Wales, Dartmoor and south-east 
England are still exceeded, but in general a further reduction in either S or N 
deposition would suffice to protect them. Since the reductions in N deposition under 
the HARM REF scenario are small relative to the reductions in S, the regions most 
impacted µnder the HARM 1990 deposition levels are still experiencing widespread 
exceedance of critical loads under the HARM REF scenario (Fig. 4a-4b). However, it 
is not just N deposition which requires further reduction to protect these sites; further 
reductions in S deposition are also mandatory across much of the Pennines. 

The level of protection afforded under the HARM El0 scenario is more dramatic , 
although the benefits relative to the HARM REF scenario are small compared with the 
transition from HARM 1990 to HARM REF deposition levels (Figure 4). Only a very 
small number of isolated sites are still exceeded in Scotland or Wales, and only one 
Scottish site, in Galloway, is still affected by N deposition. However, even under the 
very stringent reductions of the E 10 scenario, many of the exceeded sites in England 
still remain unprotected. The Pennines, central Lake District and North Yorkshire 
Moors regions would still be highly impacted, and further reductions in both S and N 
are mandatory across much of the Pennines and at the few remaining exceeded sites in 
south east England. 
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Figure 2: Measured and modelled nitrate concentrations in the British freshwaters 
mapping dataset 
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Figure 3: Measured and modelled ANC concentrations in the British freshwaters 
mapping dataset 
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Figure 4: Deposition (emissions) reduction requirements according to the FAB model under HARM deposition scenarios 
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Intercomparison of the number of freshwater sites falling into each of the mapped 
deposition reduction categories for the various deposition scenarios provides a 
measure of the effectiveness of the emissions reductions strategies adopted (Table 3). 

Of the sampled population of 1470 lake and stream sites, 295 sites (20%) exceed their 
critical loads under the HARM 1990 deposition load. Of these, more than 80 percent 
require mandatory reductions in S deposition while a quarter would be exceeded by S 
orN alone. 

The deposition reductions associated with the HARM REF scenario will protect 
nearly two thirds (64%) of the sites which were exceeded in 1990, leaving only 106 
sites (7% of the sampling population) unprotected. Around one third of the exceeded 
sites require further mandatory reductions in N deposition in order to be protected, 
while two thirds require further mandatory reductions in S deposition. 

Additional deposition reductions under the HARM ElO scenario would increase the 
number of protected sites to nearly four fifths (78%) of those exceeded at 1990 levels, 
with only 4.4% of the total sampling population remaining unprotected. While the 
implementation of the HARM REF scenario emissions reductions would leave only a 
third of sites unprotected relative to 1990, the HARM El O scenario would leave more 
than sixty percent of sites unprotected relative to the HARM REF scenario. In terms 
of the number of sample sites protected, the additional benefits provided by the more 
stringent E 10 scenario are relatively small, compared with the initial gains of 
implementing the REF scenario. 

Table 3: Deposition reduction requirements modelled by FAB under three 
HARM deposition scenarios 

Acid species Number of sites in scenario 
required reduction 1990 REF ElO 

None (not exceeded) 1175 1364 1-105 
Sonly 37 14 10 
S, then S orN 129 24 7 
Both Sand N 75 32 27 
Either Sor N 54 36 20 
N, then S orN 0 0 1 
Total exceeded 295 106 65 

4 Discussion 

The predictions of the modelling exercise have to be considered in the light of the 
limitations of the critical load models, the HARM deposition model, and the data used 
as inputs to HARM to describe future emissions reductions. 
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-1.1 Uncertainties associated with critical load models 

There are several sources of uncertainty within the critical load models. For example, 
a single chemical sample, used to calculate the sustainable leaching rate of base 
cations which can buffer acid inputs in the long-term, is assumed to represent mean 
annual chemistry despite the short-term chemical variability of freshwaters (Curtis et 
al., 1998a). 

In a national model application, general assumptions have to be made regarding the 
rates at which various N retention processes operate in different soil and vegetation 
types. A single value for N uptake in forest is used, despite known regional variations 
in tree species, productivity, harvesting practice etc. which will significantly affect the 
N budget over a harvesting cycle. Denitrification is calculated from catchment soil 
cover estimates, with low, medium and high rates allocated to soils on the basis of 
their general drainage characteristics, but there is likely to be very significant spatial 
and temporal variation at much smaller scales than can be accounted for in such a 
large number of catchments. Very few data are available for denitrification rates in 
British moorland soils so the uncertainty in these figures is not known. Perhaps the 
greatest single source of uncertainty lies in the determination of sustainable N 
immobilisation rates in soils, since the values used are estimated from long-term N 
accumulation rates in the soil profile over the period of soil formation, which extends 
back several millennia before the relatively recent phenomenon of acid deposition and 
elevated N loads from the atmosphere (Curtis et al., 1998a). 

Despite the various uncertainties in the definition of the critical load function and 
associated with the catchment data inputs, an important consideration is that the 
national freshwaters critical loads dataset provides a consistent method for evaluating 
the potential effects of different emissions abatement (and therefore deposition 
reduction) scenarios. While there is uncertainty associated with the critical loads 
calculated for individual sites, on a regional and national basis the critical loads data 
provide a uniform measure of sensitivity to acidification for comparison with any 
given load of atmospheric deposition of acidity. However, if the scenarios are to be 
compared directly. it is necessary to consider the uncertainties associated with the 
deposition data in some detail. 

-I. 2 Uncertainties associated with HARM deposition data 

One problem with HARM deposition data is that the model does not perform well in 
predicting dry deposition of reduced nitrogen, a shortfall common to most deposition 
models in the UK (RGAR, 1997). Although HARM performs well relative to other 
models in reproducing wet ammonium deposition, it nevertheless tends to 
underestimate. More significant is the tendency of HARM to underestimate dry 
reduced N deposition, with a much greater difference from measured values relative to 
wet deposition. Since the F AB model assumes that reduced N which is not retained 
within the terrestrial catchment will be nitrified to nitrate, there will be an associated 
underprediction of nitrate leaching and therefore of critical load exceedance. 
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In a previous application of the F AB model to the British freshwaters dataset using 
interpolated deposition data from measurements at a national monitoring network of 
sites, the relative importance of N deposition was found to be much greater than with 
the most comparable dataset used here, the HARM 1990 data (Curtis et al., 1998a). 
This difference is largely due to the apparent underestimate of reduced N deposition 
from the HARM model. Any reliable quantification of these underestimates, however, 
requires a high quality map of reduced N dry deposition based on measurement data. 
Such a map is not available at present, but should be possible in the near future using 
data from the DETR's new rural ammonia monitoring network. The effects of model 
underprediction of N inputs are likely to be greatest in Wales and the south west and 
least in Scotland north of the central valley. 

With respect to the known underestimation of N deposition with the HARM model, 
the predictions of increased nitrate leaching, ANC decline and critical load 
exceedance must be considered as "best case" scenarios. The regional picture of 
deposition reduction requirements for nitrogen could look much worse if N deposition 
were increased. For example, Curtis et al. (1998a) found that on the basis of 
deposition estimates for N interpolated from measurements at a national network of 
sites (RGAR. 1997) the role of Nin causing acidification relative to S deposition was 
much more significant. 

-1.3 Uncerrai111ies in emissions estimates 

In addition to the uncertainties associated with model structures described above, 
there are also uncertainties in the emissions data used to drive the HARM deposition 
model. There are uncertainties with current emissions inventories because the sources 
of each pollutant cannot all be known, and emissions estimates are often based on 
assumptions that cannot be quantified (RGAR, 1997). 

Emissions of SO2 and HCl are predominantly governed by fuel content and 
consumption. Fuel consumption for large combustion sources is well quantified on an 
annual basis, but the S content of fuels is very variable and smaller combustion 
sources are more difficult to quantify. The overall uncertainty in emission estimates of 
SO2 has been stated as 5-10% (RGAR. 1997). 

The uncertainty associated with emissions of N oxides is less well known, because of 
the importance of diffuse sources (e.g. road vehicles), but has been estimated with 
Monte-Carlo methods to lie in the range 20-30% (RGAR, 1997). For reduced nitrogen 
the uncertainties are much greater (INDITE, 1994). 

Since future deposition scenarios are based on expected reductions in emissions which 
have not yet been realised, it is impossible to estimate the uncertainty in predicted 
emissions. The uncertainty associated with current emissions inventories are described 
above, but for future scenarios there is the additional question of whether targets will 
ever be met. However, the purpose of this modelling exercise it to ascertain the 
potential effects of possible emissions and deposition reductions, and it is beyond the 
scope of this paper to discuss the likelihood of their implementation. 
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The REF scenario represents a "best estimate" of current commitments to reduce 
emissions in Britain and Europe, and may be regarded as the most likely outcome in 
terms of deposition for the target year of 2010. The inputs to the E 10 scenario are less 
certain, but it is considered here as a typical example of the major reduction scenarios 
which are currently under discussion at the international level within Europe. In this 
sense, the E 10 scenario indicates the order of magnitude of possible outcomes under 
the forthcoming Second Nitrogen Protocol of the UNECE. 

5 Conclusions 

The F AB model runs using the two future HARM deposition scenarios indicate that 
major reductions in critical load exceedance relative to a 1990 baseline would result 
from both of them by 2010. While more than 20% of sampled sites were exceeding 
their critical loads under HARM 1990 deposition levels, only 7% are left unprotected 
under the REF scenario, and this proportion is reduced to 4.4% under the more 
stringent E 10 scenario. Since these sites were selected to represent the most sensitive 
freshwaters (Kreiser et al., 1993) in Britain, these figures should be over-estimates of 
the proportion of the total population of British freshwaters for which critical loads 
are exceeded. 

Although there may be uncertamtles in the exact numbers , it is evident that the 
potential magnitude of the deposition reductions considered would be sufficient to 
afford long-term protection to a great majority of the sampled freshwater sites in 
Britain. It is also apparent that the additional benefits provided under the E 10 scenario 
compared with current commitments to emissions reductions (REF scenario) will be 
relatively small. 

The HARM deposition data indicate that while N may be a significant contributor to 
acidification in freshwaters, S is still the main cause for concern, even after the full 
implementation of the Second Sulphur Protocol. At the most impacted sites, both S 
and N deposition will have to be reduced, even after the drastic decreases associated 
with the E 10 scenario. Not only are the planned reductions in S deposition insufficient 
to protect all freshwater sites in Britain, but regional problems of acidification will 
persist unless N deposition is also reduced in sensitive areas. Given the known 
underestimation of ammonium deposition with the HARM model, it is likely that the 
maps presented here are ·'best case'· outcomes. 

The utility of the F AB model for the assessment of the likely impacts of different 
deposition scenarios has been demonstrated, and the potential contribution of such 
modelling work to the negotiations of a future nitrogen protocol is clear. Model 
outputs can be fed into integrated assessment models at the European scale in order to 
perform cost-benefit type analyses on the various possible abatement measures and 
strategies. At the regional scale, the F AB model provides a coherent picture of future 
chemical change and damage assessed as critical load exceedance. 

19 



Acknowledgements 

Runoff data at the 1 km scale were provided by the Institute of Hydrology, 
Wallingford, UK. The authors are grateful to colleagues at University College London 
for help with fieldwork and the national catchment digitizing programme. This work 
was funded by the Department of Environment, Transport and the Regions. 

References 

Aber, J.D. (1992) Nitrogen cycling and nitrogen saturation m temperate forest 
ecosystems. Tree 1 (1), 220-224. 

Aber, J.D., Nadelhoffer, K.D., Steudler, P. and Melillo, J.M. (1989) Nitrogen saturation 
in Northern forest ecosystems. BioScience 39 (6), 378-386. 

Allott, T.E.H., Curtis, C.J., Hall, J., Harriman, R. and Battarbee, R.W. (1995a) The 
impact of nitrogen deposition on upland freshwaters in Great Britain: a regional 
assessment. Water, Air and Soil Pollution 85(2), 297-302. 

Allott, T.E.H., Battarbee, R.W., Curtis, C.J., Kreiser, AM., Juggins, S. and Harriman, 
R. (1995b) An empirical model of critical acidity loads for surface waters based on 
palaeolimnological data. In: M. Hornung, M.A. Sutton and R.B. Wilson (Eds.) 
Mapping and modelling of critical loads for nitrogen: a workshop report. 
Proceedings of the Grange-Over-Sands Workshop, 24-26 October 1994. Institute of 
Terrestrial Ecology, Penicuik, pp.50-54. 

Amaim. M., Bertok, I., Cofala, J., Gyarfas, F., Heyes, C., Klimont, Z., Schopp, W., 
Simpson, D., Hettelingh, J.-P. and Posch, M. (1996) Cost-effective control of 
acidification and ground level o:::one. Second Interim Report to the European 
Commission. DG-XI. IIASA, Laxenburg, Austria, 111 pp. 

Amann. M .. Bertok. I., Cofala, J., Gyarfas, F .. Heyes, C.. Klimont, Z., Makowski. M., 
Schopp. W. and Syri. S. (1998) Cost-effective control of acid[fication and ground
/eve/ o:::one 51

" Interim Report, May 1998. Part A: Methodology and databases; 
Part C: Acid!fication and eutrophication scenarios. IIASA, Laxenburg, Austria. 

Barrett. K. and Berge, E. (Eds.) ( 1996) Transboundwy Air Pollution in Europe. 
DNMI. Oslo, Norway. Parts 1 and 2. EMEP/MSC-W Report 1/96. 

Barrow, E., Hulme, M. and Jiang, T. (1993) A 1961-90 Baseline Climatology and 
Fwure Climate Change Scenarios/or Great Britain and Europe. Part I: 1961-90 
Great Britain Baseline Climatology. A Report Accompanying Datasets Prepared 
for the ·'Landscape Dynamics and Climate Change·• TIGER IV Consortium. 
Climate Research Unit, School of Environmental Sciences, University of East 
Anglia. Norwich, UK. 

Battarbee, R.W., Allott, T.E.H., Juggins, S., Kreiser, AM., Curtis, C. and Harriman, R. 
( 1996) Critical loads of acidity to surface waters - an empirical diatom-based 
palaeolimnological model. Ambia 25(5), 366-369. 

Brown, DJ.A. (1988) Effect of atmospheric N deposition on surface water chemistry 
and the implications for fisheries. Environmental Pollution 54, 275-284. 

Bull, K.R. (1995) Critical loads - possibilities and constraints. Water, Air and Soil 
Pollution 85 (1 ), 201-212. 

20 

f 

r 
[ 

[ 

[ 

[ 

C 
[ 

[ 

L 

[ 

[ 

[ 

[ 

r 

[ 

I 



r 
r 
[ 

L 
f 
[ 

[ 

[ 

L 
D 
L 
[ 

[ 

L 
[ 

L 
[ 

L 

l 

CLAG (1994) Critical Loads of Acidity in the United Kingdom . UK Critical Loads 
Advisory Group, Summary Report to the Department of the Environment, February 
1994. ITE, Penicuik, 61pp. 

CLAG Freshwaters (1995) Critical Loads of Acid Deposition for United Kingdom 
Freshwaters. Critical Loads Advisory Group, Sub-group report on Freshwaters. ITE , 
Penicuik, 80pp. 

Curtis, C.J., Allott, T.E.H., Bird, D., Hall, J., Harriman, R., Helliwell, R., Kernan, M., 
Reynolds, B. and Ullyett, J. (1998a) Critical loads of sulphur and nitrogen for 
freshwaters in Great Britain and assessment of deposition reduction requirements 
with the First-order Acidity Balance (FAB) model. ECRC Research Paper No. 16, 
University College London, London, 28pp. 

Curtis, C.J., Allott, T.E.H., Reynolds, B. and Harriman, R. (1998b) The prediction of 
nitrate leaching with the first-order acidity balance (F AB) model for upland 
catclm1ents in Great Britain. Water, Air and Soil Pollution 105, 205-215. 

Dillon, P.J. and Molot, L.A. (1990) The role of ammonium and nitrate retention in the 
acidification oflakes and forested catchments. Biogeochemistry 11, 23-43. 

DTI (1995) Energy Projections for the UK. Energy Paper 65. Department of Trade 
and Industry, The Stationery Office, London . ISBN 0-11-515365-9. 

Emmett, B.A. and Reynolds, B. (1996) Nitrogen critical loads for spruce plantations in 
Wales: is there too much nitrogen? Foreslly 69 (3), 205-214. 

Fuller. R.M., Groom, G.B. and Jones, AR. (1994) The Land Cover Map of Great 
Britain: an automated classification of Landsat Thematic Mapper data. 
Photogrammetric Engineering and Remote Sensing 60, 553-562. 

Hall. J.. Hornung, M., Freer-Smith. P., Loveland, P., Bradley, I., Langan, S., Dyke, 
H .. Gascoigne , J. and Bull, K. (1997) Current status of UK critical loads data -
December 1996. ITE Monks Wood. UK, 22pp plus appendices. 

Harriman. R .. Gillespie. E., King, D., Watt. AW., Christie, A.E.G., Cowan, A.A. and 
Edwards , T. ( I 990) Short-term ionic responses as indicators of hydrochemical 
processes in the Allt a'Mharcaidh catchment, western Cairngorms, Scotland. Journal 
(?/ Hyclrology 116, 267-285. 

Harriman. R .• Allott, T.E.H., Battarbee, R.W., Curtis, C., Jenkins, A. and Hall, J.R. 
( I 995) Critical loads of nitrogen and their exceedance in UK freshwaters. In: M. 
Hornung. M.A. Sutton and R.B. Wilson (Eds.) Mapping and modelling of critical 
loads .for nirrogen: a workshop reporl. Proceedings of the Grange-Over-Sands 
Workshop, 24-26 October 1994. Institute of Terrestrial Ecology, Penicuik, pp.39-49 . 

Henriksen. A., Kamari, J., Posch. M. and Wilander, A. (1992) Critical loads of acidity: 
Nordic surface waters. Ambia 21(5), 356-363. 

INDITE (1994) Impacts of nitrogen deposirion in terrestrial ecosystems . Report of the 
Unired Kingdom Review Group on Impacts of Atmospheric Nitrogen. UK 
Department of the Environment, London, 11 Opp. 

Kelly. C.A., Rudd ., J.W.M., Hesslein, R.H., Schindler, D.W., Dillon, P.J., Driscoll, 
C.T., Gherini, S.A. and Hecky, R.E. (1987) Prediction of biological acid 
neutralization in acid sensitive lakes . Biogeochemistry 3, 129-140. 

Kreiser. AM., Patrick, S.T. and Battarbee, R.W. (1993) Critical acidity loads for UK 
freshwaters - introduction, sampling strategy and use of maps. In M. Hornung and 
R.A. Skeffington (Eds.): Critical Loads : Concept and Applications. ITE Symposium 
No.28, HMSO, London, pp. 94-98. 

2 1 



Lein, L., Raddum, G.G. and Fjellheim, A. (1992) Critical loads of acidity to .freshwater 
-fish and invertebrates. Fagrapport No. 23, NIVA, Oslo, Norway, 36pp. 

Lepisto, A. (1995) Increased leaching of nitrate at two forested catchments in Finland 
over a period of 25 years. Journal of Hydrology 171, 103-123. 

Metcalfe, S.E., Whyatt, D.J. and Derwent, R.G. (1995a) A comparison of model and 
observed network estimates of sulphur deposition across Great Britain for 1990 and 
its likely source attribution. Quarterly Journal of the Royal Meteorological Society 
121, 1387-1411. 

Metcalfe, S.E ., Whyatt, D.J., Derwent, R.G., Bull, K. and Dyke, H. (1995b) Spatial 
variability in emissions reduction strategies for sulphur and nitrogen in the UK. 
Water, Air and Soil Pollulion 85(4), 2619-2624. 

Posch, M., Hettelingh, J.-P., de Smet, P.A.M. and Downing, R.J. (Eds.) (1997a) 
Calculcaion and mapping of crilical thresholds in Europe: Status Report 1997. Co
ordination Centre for Effects, RIVM Report No. 259101007, Bilthoven, Netherlands, 
l 63pp. 

Posch. M .. Kamari, J., Forsius, M., Henriksen, A. and Wilander, A. (1997b) Exceedance 
of critical loads for lakes in Finland, Norway, and Sweden: reduction requirements 
for acidifying nitrogen and sulphur deposition. Environmental Management 21(2), 
291-304. 

RGAR (1997) Acid deposition in the United Kingdom 1992-1994. Fourth Report of the 
Review Group on Acid Rain, June 1997. AEA Technology pie, Culham, UK, l 76pp. 

Salway, A.G., Eggleston, H.S., Goodwin, J.W. and Murrells, T.P. (1997) UK 
emissions of air pollutants 1970 to 1995. AEA T-1746. 

Stoddard, J.L. (1994) Long-term changes in watershed retention of nitrogen: its causes 
and aquatic consequences. In L.A. Baker (Ed.), Environmental Chemisfly of Lakes 
ancl Reservoirs, ACS Advances in Chemistry Series No. 237, American Chemical 
Society. Washington. D.C .. pp.223-284. 

UNECE ( 1994) Protocol lo the 1979 Convenlion on Long Range Transbozmda,y Air 
Pollution on Further Reduclion of Sulphur Emissions. Document ECE/EB.AIR/40. 
UNECE. New York and Geneva, 106 pp. 

?? 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

C 
l 
( 

[ 

l 
L 
l 
l 




