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I INTRODUCTION

The UK National Focal Centre (NFC) at CEH (previously ITE) Monks Wood is
responsible for co-ordinating critical loads mapping activities in the UK and compiling
national critical loads data sets and maps from data supplied by UK experts. In 1998 the
UK NFC produced the report "Status of UK Critical Loads and Exceedances, Part 1 —
Critical Loads and Critical Loads maps" (Hall et aL, 1998). This report documented the
methods used to calculate national critical loads and the critical load values based on
these methods were submitted to the Coordination Centre for Effects (CCE) in the
Netherlands in January 1998. The CCE arc responsible for compiling critical loads data
sets and maps at the European scale from national contributions.

Since the 1998 report was published, research by UK experts has lead to changes in some
of the data sets used to calculate critical loads. However, much of the information given
in the 1998 rcport (Hall et aL, 1998) remains relevant today. This document highlights
the changes that have been made to national critical loads calculations since that time. It
should be noted that the methods applied in the UK for calculating acidity and nutrient
nitrogen critical loads continue to conform to the methods recommended by the
International Cooperative Programme on Mapping and Modelling (UBA, 1996), under
the United Nations Economic Commission for Europe (UNECE) Convention on Long-
Range Transboundary Air Pollution (CLRTAP).

Acidity critical loads for non-woodland ecosystems (ie, acid grassland, calcareous
grassland and hcathland) are still based on the empirical acidity critical loads map for
soils. The Simple Mass Balance (SMB) equation continues to be applied to woodland
(coniferous and deciduous) ecosystems, though changes have been made to some of the
input parameters and a new criterion has been used to determine acidity critical loads for
organic forested soils. The methods for deriving empirical acidity critical loads for
freshwaters remain unchanged. However, new data on base cation deposition, base
cation uptake and nitrogen uptake, have led to new values for the maximum critical loads
for sulphur and nitrogen for all ecosystems; these critical loads are used in the calculation
of critical load exccedances.

The methods and values used to define empirical critical loads for nutrient nitrogen for
terrestrial ecosystems remain the same as in the 1998 report (Hall et aL, 1998). The
nutrient nitrogen mass balance equation for woodland ecosystems now includes revised
values for nitrogen uptake. However, the critical loads for woodland ecosystems are
based on the minimum of empirical and mass balance values.

National critical loads data, taking these revisions into account, were submitted to the
CCE in February 2001.

A summary of the changes made to critical load calculations and the minimum and
maximum values across the UK are summarised (Appendix 3) and maps of the old (1998)
versus ncw (2001) calculations presented (Appendix 4).



2 CRITICAL LOADS OF ACIDITY - TERRESTRIAL ECOSYSTEMS

Two methods are used in the UK for calculating acidity critical loads for terrestrial
ecosystems: the empirical approach is applied to non-woodland ecosystems and the
Simple Mass Balance (SMB) equation to woodland ecosystems.

	

2.1 Empirical —soil-vegetation systems: acid grassland, calcareous grassland and
heathland

The empirical acidity critical loads for soils continue to be used for the non-woodland
ecosystcms (i.e. acid grassland, calcareous grassland and heathland). The methods used
to define the ecosystem areas and assign critical loads is unchanged from 1998 (Hall et
at, 1998). The current form of the SMB equation is only suitable for woodland
ecosystems; further work on parameterisation and testing of the equation would be
required to apply the SMB to non-woodland ecosystems in the UK.

	

2.2 Simple Mass Balance (SMB) equation

The SMB equation is the most commonly used model in Europe for the calculation of
acidity critical loads for forest ecosystems. In the UK we apply this method to coniferous
and deciduous woodland ecosystems, except for wooded areas on peat soils, where the
SMB is inappropriate; in such areas empirical critical loads of acidity are applied (Smith
et. al., 1993). ). The SMB equations used are given in Appendices 1 and 2.

Chemical criteria and limits
In 1998, the critical chemical criterion uscd in the SMB for all soil types (other than
peats) was a critical molar Ca:Al ratio of one. However, recent work (Hall a at, 2001a
& 2001b) has highlighted that the Ca:Al ratio is more appropriate for mineral soils than
organic soils; for the latter a critical pH is considered to be more suitable. This finding
was confirmed at the recent UNECE Workshop on Chemical Criteria and Critical Limits,
held in York 19-21 March 2001, where one of the recommendations was that critical pH
was the preferred criterion for organic soils. Therefore, in preparing critical loads for the
February 2001 data submission to the CCE, a Ca:Al ratio of one was applied to forested
mineral soils and a critical pH of 4.0 to forested organic soils, with the exception of peat
soils, where empirical critical loads continue to be used. The pH value of 4.0 is
rccommended in the UNECE Mapping Manual (UBA, 1996).

Gibbsite equilibrium constant
The values for the gibbsite equilibrium constant (Kg,bo),which simulate the relationship
between aluminium and hydrogen ions in soil solution, have been set separately for
mineral and organic soils. The value now applied to mineral soils (950 m6/eq2)was
previously applied to all soil types. For organic soils, a value of 9.5 m6/eq2has been



used. These values are based on the percentage of organic matter in the soil and are
recommended in the UNECE Mapping Manual (UBA, 1996).

Calcium deposition inputs to the SMB
When using the Ca:Al criterion in the SMB, values for total (wet plus dry, marine plus
non-marine) calcium deposition to woodland need to be included in the critical load
calculations (Appendix 1). Previously the 20km data for 1992-94 had been used. This
has now been updated to the 5km resolution data for 1995-97, provided by CEH
Edinburgh (Smith et al., 2000; Smith & Fowler, 2001).

Base cation, calcium and nitrogen uptake
The methods used to estimatc base cation, calcium and nitrogen losses by the uptake and
removal through the harvesting of forests and woodlands, arc unchanged from those
given in the 1998 report (Hall et at, 1998). The uptake values used still represent the
theoretical maximum removal, which assume that potential timbcr yields are achieved, ie,
no correction is made for the "best guess" of the actual timber yield. As this method can
overestimate timber removal, it represents a "worst case" for base cation removal and a
"best case" for nitrogen removal (Hall et al., 1998).

Calcium uptake values are required for the SMB equation, when using the Ca:Al
criterion. Base cation uptake values for are needed in the calculation of the maximum
critical load of sulphur (CLmaxS), and nitrogen uptake values for deriving the minimum
critical load of nitrogen (CLminN) and mass balance critical loads of nutrient nitrogen.

Since 1998, further research has been carried out by Forest Research to improve the
estimates of uptake values for coniferous and deciduous trees. They concluded that the
1998 values were too low because: (a) they excluded biomass removal during forest
thinning; (b) they used very low wood nitrogen concentrations due to measurements on
linear cores, which underestimate the contribution from sap wood. Therefore, Forest
Research investigated the effect of adding thinnings into the uptake estimates for their
Forestry Level II sites. The new uptake values provided by Forest Research are given in
Table 1; the values arc based on results for three Level 11 oak sites for deciduous
woodland and four Level II sitka spruce sites for coniferous woodland. The oak sites are
all on calcium-rich soils, so uptake values for deciduous trees on calcium-poor soils were
derived empirically. The average values for the coniferous and deciduous sites are used
in the national critical loads mapping exercise. However, it should be recognised that
there are still uncertainties with this approach, since this provides only:

three default values for calcium and base cation uptake (coniferous on all soil
types, deciduous on calcium-poor soils, deciduous on calcium-rich soils);
two default values for nitrogen uptake (ie, no separation for calcium-rich and
calcium-poor soils necessary for nitrogen);

These default values are then applied to appropriate areas (see below) at the national
scale. A range of uptake values for coniferous and deciduous woodland, for more sites of
different soil types across the UK would improve the critical load calculations further.



Forest Research will recommend further revisions to these figures in the future when they
have improved nutrient concentration data available for all IO Level II sites.

We have also changed the method used to identify areas of calcium-rich and calcium-
poor soils. In 1998, we used a 1km map, which divided soils into three sensitivity classes
depending on their base saturation and pH (Hall et at, 1998). However, we werc
concerned that this did not accurately reflect the calcium richness of the soils across the
UK, leading to uptake values being inappropriately assigned in some areas. Therefore,
for the 2001 data submission, we used the 1km map of calcium weathering rates (also
used in the SMB equation), assigning those grid squares with a low weathering rate (ie,

0.5 keq yean the calcium-poor uptake value, and squares with a higher
weathcring rate the calcium-rich uptake value. We believe this gives ,a better

representation of areas of calcium-rich and calcium-poor soils at the national scale.

Table I.
Base cation, calcium and nitrogen uptake values for coniferous and deciduous woods.

Woodland Type Uptake Values (keq ha- yea( ) Uptake Values (keq ha- year- )

Conifers

0:7) , 0.5

0.33 0.5

Deciduous

Deciduous
Ca- oor soils

Janua
base
cations

1998
calcium nitrogen

Februa
base
cations

0.253 0.117 0.279 0.25

0.613
Ca-rich soils

0.516 0.278 0.85

0.171 0.076 0.278 0.4

2001

calcium nitrogen

0.12 0.5



3 CRITICAL LOADS OF ACIDITY —FRESHWATER ECOSYSTEMS

Two empirical models have been used in the UK to calculate sulphur and acidity critical
loads for freshwaters: the Diatom model and the Steady-State Water Chemistry (SSWC)
model. In addition, to provide the critical loads needed for the calculation of exceedances
(ie the minimum and maximum critical loads of sulphur and nitrogen) for work under the
CLRTAP, the First-order Acidity Balance (FAB) model has been used.

	

3.1 Empirical models

The methods for calculating empirical acidity critical loads for freshwaters (ie, the
Diatom model and the SSWC model) remain unchanged. However, the number of sites
to which the models have been applied has increased, with an extra 25 sites in Great
Britain, bringing the total to 1470, plus 140 sites in Northern Ireland, giving a total of
1610 sites in the UK.

	

3.2 First-order Acidity Balance model

FAB is a catchment-based model and therefore takes into account catchment specific data
such as deposition, forest areas and lake to catchment ratios. To derive these parameters
the catchment boundaries and areas are required. The boundaries for the additional 25
sites in Great Britain have been defined on Ordnance Survey maps and digitised under
the DETR Freshwater Umbrella contract at University College London (UCL). The grid
references for the 140 sites in Northern Ireland were provided to the Department of the
Environment in Northern Ireland (DOE NI), whose GIS staff used an Ordnance Survey
Northern Ireland digital elevation model (DEM) to define the catchment boundaries and
calculate the catchment areas. However, for 36 of these sites it was not possible to
determine the catchment boundaries from the DEM, so these were defined and digitised
manually at UCL.

Many of the input parameters to FAB (eg, catchment-weighted estimates of nitrogen
immobilisation and denitrification) remain the same as those used in 1988. The
catchment-weighted runoff values for Great Britain are still based on the 1941-60 data
set. However, for the sites in Northern Ireland catchment-weighted values based on
1961-90 runoff data were provided by DOE NI. The areas of forestry in the catchments
in Northern Ireland were determined from the CORINE land cover map (CORINE,
1994).



4 Critical Loads of Nutrient Nitrogen

Critical loads for nutrient nitrogen (CL.N) can be calculated using two different
methods, empirical and mass balance (UBA, 1996). In the UK the empirical, mass
balance, or both of these approaches, have been used to calculate nutrient nitrogen critical
loads for the same terrestrial ecosystems for which acidity critical loads are determined.
Nutrient nitrogen critical loads have not been calculated for UK freshwaters. The small,
upland catchments selected for the calculation of acidity critical loads arc not considered
to be at risk from eutrophication (ie excess nitrogen as a nutrient), since they are more
likely to be phosphorous, rather than nitrogen limited systems.

4.1 Empirical critical loads of nutrient nitrogen

The empirical critical loads of nutrient nitrogen applied to terrestrial in the UK (Hall et
aL, 1998), have not changed since 1998. In addition to the values previously agreed upon
in the UK for acid grassland, calcareous grassland, heathland and deciduous woodland,
an empirical value (13 kg N ha4 yean has now been assigned to coniferous woodland
ecosystems, on the basis of changes in ground flora. This value has been assigned to
areas of coniferous woodland by selecting those 1km squares where the coniferous
woodland class (ic, class 16) on the combined CEH Land Cover Map of Great Britain and
the CORINE land cover map covering Northern Ireland (Hall et aL, 1998), occupies >5%
of a grid square.

However, following the UNECE Workshop on Chemical Criteria and Critical Limits
(York, March 2001), it has been agreed that there will be a UNECE Workshop in
Autumn 2002 (probably November) to review the empirical critical loads for nutrient
nitrogen. This will incorporate the results of recent research on the effects of excess
nitrogen deposition on plants and habitats, to review and revise the values where
necessary. Following this workshop the UK will revise its empirical nutrient nitrogen
values accordingly.

4.2 Mass balance critical loads for nutrient nitrogen

The mass balance approach has been used to calculate critical loads for coniferous and
deciduous woodland ecosystems. In 1998, for deciduous woodland, the minimum value
from the empirical or mass balance approaches was used to set the critical load for each
1km square of this woodland ecosystem. In 2001, it was agreed that the same approach
should be applied to coniferous woodland ecosystems, hence, the assignment of an
empirical critical load as described above. This means that national maps of nutrient
nitrogen critical loads for woodland ecosystems are set to protect either changes in
ground flora or excess nitrogen leaching, depending on which method gives the lowest
critical load value in any grid square.



The mass balance equation for CLmaN is:
CLnwN = Nu+Ns+Nte(aco+Nde

	

Where N. = nitrogen uptake
= nitrogen immobilisation

Nle(acc) = acceptable level of nitrogen leaching

Nde = denitrification

The derivation of, and values for N, Nde and Nieo„d remain unchanged from the 1998
report (Hall et al., 1998). 'The nitrogen uptake values for the woodland ecosystems have
been revised as described in Section 2.2 above, while the values for other ecosystems
have not been changed.



5 Critical Loads Function

The Executive Body of the CLRTAP adopted the Protocol to Abate Acidification,
Eutrophication and Ground-level Ozone in Gothenburg (Sweden) on 30 November 1999.
The Protocol sets emission ceilings for 2010 for four pollutants: sulphur, oxidised
nitrogen, ammonia and Volatile Organic Compounds (VOCs). Consequently, in addition
to examining the impact of excess nitrogen as a nutrient (ie, eutrophication), it became
necessary to consider the combined acidifying effects of both sulphur and nitrogen
deposition. To examine these effects, the so-called "Critical Loads Function" (CLF) was
developed in Europe (Posch a aL, 1999; Posch & Hettelingh, 1997; Posch a aL, 1995;
Hettelingh et 1995). The CLF defines separate acidity critical loads in terms of
sulphur and nitrogen, referred to as the "minimum" and "maximum" critical loads of
sulphur and nitrogen. These "new" acidity critical loads can be compared with sulphur
and nitrogen deposition using the CLF (Hall et aL 1998, Hall et aL, 2001c). The effects
of excess nitrogen as a nutrient are considered separately. The sections below describe
any changes made to the calculations of these "new" acidity critical loads in preparation
for the data submission in February 2001.

5.1 Maximum Critical Load of Sulphur (CL„,..„S)

For terrestrial ecosystems, CL...2.,Sis based on the acidity critical load values but also
takes into account the net base cation deposition to the soil system and base cation
removal from the system:

CL„„uS= CL(A) + BC&T-BC.
Where CL(A) =acidity critical load (empirical or SMB)

BCdep = non-marine base cation less non-marine chloride deposition
BC„ = base cation uptake by vegetation

The acidity critical loads used in this calculation are those described in Section 2 above.

For the calculations of CL„,„,r,S'for the 1998 data submission we used 20km non-marine
base cation values for 1992-94 minus a modelled estimate of non-marine chloride for
2010 (Hall et at, 1998). However, since other countries in Europe use present day values
only, this was discussed with UK experts and we agreed to compare longer-term mean
values of BCdep, with those for 2-3 years and the values previously used. The latest
available deposition data are for 1995-97 at 5km resolution; however, problems were
identified in thc non-marine deposition values in this data set, which have been reported
back to NETCEN (via Cal Edinburgh) for clarification, hence these data have not been
used. Comparisons of B'Cdepvalues for 1986-91 (5km resolution data) with those
previously used (ie, based on non-marine base cations for 1992-94 and modelled non-
marine chloride for 2010) showed that although the maximum values for 1986-91 were
higher, the mean values across the country were lower than those previously used.
However, we decided to use the 1986-91 5km data as longer-term mean values, rather
than continuc to include a modelled estimate of non-marine chloride for 2010.



Values for BC„ remain unchanged for acid grassland, calcareous grassland and heathland.
For the woodland ecosystems the new BC„ values described in Section 2.2 and listed in
Table 1, were used.

The calculation of CL„,„,,,Sfor freshwater ecosystems remains unchanged since 1998 (Hall
et al., 1998).

	

5.2 Minimum Critical Load of Nitrogen (CL„,b,IV)

The calculation of CL„,I„Nfor terrestrial ecosystems has been changed since that used in
the UK in 1998 (which excluded denitrification), so it is now consistent with the UNECE
Mapping Manual (UBA, 1996):

CL,,„„N= Nu+Nri-Nde
Where N„ = nitrogen uptake

N, = nitrogen immobilisation
Nde = denitrification

N, data are thc same as in 1998, based on soil type. Uptake values for woodland
ecosystems have been modified according to Section 2.2 and Table I of this report.
Uptake values for other ecosystems remain unchanged. Values for Nth,are based on soil
type (Hall et at, 1998). The inclusion of Aide in the equation and revised nitrogen uptake
values for woodland ecosystems have lcd to increased CLm,„NI values

The calculations of CL„,,„Nfor freshwater ecosystems remain unchanged since 1998 (Hall
et al., 1998).

	

5.3 Maximum Critical Load of Nitrogen (CL„,aN)

CLN is calculated for terrestrial ecosystems as:
CL„,„,,N= CL„„„N+ CL„,arS

Changes to the input data used in the calculations of CL„,,„Nand CL„„uS have led to
changes in the values of CL„,a,N. However, for most ecosystems the changes are very
small (less than 0.1 keq ha1 year.' for mean values).

The calculation of CL„,„„N for freshwater ecosystems remains unchanged since 1998
(Hall et at, 1998).
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Appendix 1

SMB equation using Ca:Al ratio as chemical criterion (mineral soils).
NB. Base cation (BC) terms here only relate to calcium.

CL(A) = ANC, —ANCufrno
Where:

= critical loads of acidity (calculated in eq had yean
[using units given here divide CL(A) by 1000 to give keq hi' yeaf ']

= Acid Neutralising Capacity produced by weathering (eq had yeard)

= critical leaching of ANC (eq hi' yea(d)
= -Airekrio —fitercrio

= critical leaching of Aluminium (eq hi' yea(')
= ((I.5 • BC,,)/ Ca:AI) " 1000

= calcium leaching (keq hi' year')
= BC„ - BC

= net uptake of calcium (keq had yeard)
= minimum (u, BC„)

= calcium uptake (keq had year' ), see values in Table 2.

= calcium availability (keq had year.)

= maximum (Co,.. + Caag, —BC„„„, 0)

= calcium weathering (keq had year )

= total (marine plus non-marine) calcium deposition for woodland
1995-97 (keq had year. 1)

= minimum calcium leaching (keq had year')
Q • [BC] • 0.01

= runoff (metres year")

= limiting concentration for uptake of calcium (2peq 11)

= critical leaching of hydrogen ions (eq had yeard)
= (1.5 ((BCk * 1000)/ (Kgtho * CO:A0))113 (Q 10000)213

= gibbsite equilibrium constant (mineral soils: 950 [m6/eq2])

= Calcium:Aluminium ratio = 1

CL(A)

ANC.

ANCemo

Aluuno

BC

BCa

Ca,,

Cadet,

[BC1]

Hk(ert0

Kgibb

Co:Al



Appendix 2
SMB equation using critical pH as chemical criterion (organic soils).

CL(A) = ANC. —ANCIekno
Where:

CL(A) = critical loads of acidity (calculated in eq hal yearl)
[using units given here divide CL(A) by 1000 to give keq hal yearl]

ANC. = Acid Neutralising Capacity produced by weathering (eq hal yearl)

ANCtefrno = critical leaching of ANC (eq hal yearl)
= Q (IN + LAU)

= runoff (m3 hal = mm runoff * 10)

[11] = hydrogen ion concentration (eq m-3)
= lo(.pH)* woo

pH = critical pH (4.0)

[AI] = aluminium concentration (eq n13)
Kgibb* H3

Kgsbb = gibbsite equilibrium constant (organic soils: 9.5 [n.16/eq2])
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Appendix 4: Maps of critical loads based on the old (1998) versus the new (2001)
calculations.

The following pages contain ecosystem maps of:
The maximum critical loads of sulphur (CLma/S))
The minimum critical loads of nitrogen (CL,,,,,,,(N))
The maximum critical loads of nitrogen (CL,,a(N))
Critical loads of nutrient nitrogen (anaN))

The text in the main body of the report describes the derivation of these critical loads
and should be read in conjunction with viewing these maps.
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