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Abstract. As acid deposition decreases, uncertainties inthe F-factor are a significant source of uncertainty in the es-
methods for calculating critical loads become more impor-timate of surface water critical loads and related calculations
tant when judgements have to be made about whether or ndor quantifying lake acidification status, especially now that
further emission reductions are needed. An important aspedcid deposition has declined across large areas of Europe and
of one type of model that has been used to calculate surfacBlorth America.

water critical loads is the empirical F-factor which estimates
the degree to which acid deposition is neutralised before it
reaches a lake at any particular point in time relative to the;
pre-industrial, steady-state water chemistry conditions.

In this paper we will examine how well the empirical F- The critical load concept (CL) has become the basis for
functions are able to estimate pre-industrial lake chemistryreducing the acidifying air pollution in Europe, where the
as lake chemistry changes during different phases of acidifiCL is defined as “a quantitative estimate of an exposure to
cation and recovery. To accomplish this, we use the dynamicone or more pollutants below which significant harmful ef-
process-oriented biogeochemical model SAFE to generate fects on specified elements of the environment do not oc-
plausible time series of annual runoff chemistry for ca. 140cur according to present knowledge” (Nilsson and Grenn-
Swedish catchments between 1800 and 2100. These annugllt, 1988). The concept has proved successful as a basis
hydrochemistry data are then used to generate empirical Fror the European co-operation on emission reductions within
factors that are compared to the “actual” F-factor seen in thehe framework of the UNECE CLRTAP. For large areas of
SAFE data for each lake and year in the time series. TheScandinavia, acid deposition is now declining towards the
dynamics of the F-factor as catchments acidify, and then recritical load (Hettelingh et al., 2008). It is estimated that
cover are not widely recognised. the percentage of Swedish lakes where critical loads are ex-

Our results suggest that the F-factor approach worked besteeded has decreased from 62% in 1980 to 19% in 2002—
during the acidification phase when soil processes buffer in2004. The full implementation of the Gothenburg protocol
coming acidity. However, the empirical functions for es- (UNECE, 1999), signed in 1999, will further reduce the ex-
timating F from contemporary lake chemistry are not well ceedances to about 12% of Swedish lakes in 2020 (SEPA,
suited to the recovery phase when the F-factor turns neg2007). When exceedances approach zero, the uncertainties in
ative due to recovery processes in the soil. This happensata and methodologies for calculating critical load become
when acid deposition has depleted the soil store of BC, andnore important as judgements have to be made of the extent
then acid deposition declines, reducing the leaching of baséo which further emission reductions are needed. These de-
cations to levels below those in the pre-industrial era. An esvelopments call for a careful assessment of the methods for
timate of critical load from water chemistry during recovery calculating critical loads and exceedances.
and empirical F functions would therefore result in critical A key component of the model for calculating critical
loads that are too low. Therefore, the empirical estimates ofoads of acidity for surface waters that was used in Scandi-
navia, among other countries, and recently has been applied
in the US, Canada and other parts of Europe, is the F-factor

Correspondence td:. Rapp in the Steady State Water Chemistry model (Henriksen et al.,
BY (lars.rapp@vatten.slu.se) 1992; Dupont et al., 2005; Watmough et al., 2005; Curtis et
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al., 2005). This paper examines the theory and features obads to the European Effects Programme of the UN/ECE
that F-factor. Time series from a regional application of a Convention on Long Range Transboundary Air Pollution
process-oriented, dynamic hydrogeochemical model, SAFEhave used methods that include the F-factor in some re-
(Warfvinge and Sverdrup, 1992a) are used to predict runoffspect (Posch et al., 1999). Dynamic models are now more
chemistry from Swedish soils between 1800 and 2100. Thavidely used (Hettelingh et al., 2008) but applications of the
corresponding F-factors are calculated and compared to thE-factor based models continue in Europe, North America,
F-factors estimated from the empirical equations used in crit-and Canada (Curtis et al., 2005; Dupont et al., 2005; Wat-
ical load calculations. This enables us to examine the abilitymough et al., 2005).

of these empirical functions to reproduce the dynamics of the

F-factor during the acidification- and the recovery phase, asl-2 What does the F-factor tell us?

well as the implications of these findings for critical loads. . ) . )
The F-factor is defined as the change in the concentration of

base cations divided by the change in the concentration of
sulphate at any particular point in time relative to the pre-

Acidification of surface waters is driven to a large extent by industrial, steady-state water chemistry conditions:
soil acidification. This is a process that involves a change X "

- - [BC*]t —[BC*lo

in a number of catchment parameters, such as soil base ssf= ————

uration and pH, alkalinity and the ANC (Acid Neutralising [SOylt —[SGylo

_Caé) acity) (:f Sot'.l wa;eg_cr;anggls m.Z?JI agldmg ats mteasurethere F is the F-factor (dimensionless) and fend [SQj]
N base safuration, indicate Soit aciCiication but NOt NECES4q e concentrations of non-marine base cations and sul-
sarily lake acidification. Theoretically, if a large change in hate in a lake (eqtl)

base saturation of the catchment soil has occurred due to % '

Present and pre-industrial time are indicated byand

large input of strong acid, the alkalinity and ANC of the lake “o”, respectively, and™ denotes a non-marine component.

may not have changed to nearly ihe same extent. This has The [BCf], is a term of great interest for critical loads be-

to da with the dynamics (.)f_aC|d|f|cat|on;. soils are, to some cause it reflects the weathering rate of the catchment, and
extent, capable of neutralising strong acids and thus undergﬁ“JS the long-term capacity of the soils to sustainably neu-
acidification, which is not immediately expressed in lake pH ralise acid deposition

or ANC. At some point, however, the buffering capacity of In order to solve for [BC],, estimates of F and [S@,,

:22 :gil:scizﬂtesczrlear(% E:g d'?]fi)g;[i\g:ere the input of acids ©are needed. Different ways for egtimating F can be founq in
. ' , D the literature and are discussed in a later section. A review
If it can be assumed that sulphur (S) is not significantly ¢ 0\ 1o estimate [S§], can be found in Wilander (1994a).
retained in the catchment, the relative change in the lake cony,, general, the equations for estimating [3rest on the
centrations of base cations and sulphate provide informatio%ssumption that [S§), is composed of two parts, one from
about the extent to which the lake is undergoing addiﬁca'background deposition, A, and another one from weathering,
tion, and the extent to which lake acidification is buffered by linearly dependent on the concentration of BC in the lake:
the catchment soils. If, for example, the base cations and
sulphate in runoff increase to about the same extent as acifiSQ;] = A +k-[BC*], (2)
deposition increases, then only the soil is acidifying. On the ] ) ]
other hand, a larger increase in the concentration of sulphatl? this paper we assume that the effect of nitrogen (N) is
than in base cations would indicate that the lake is undergonegligible. In pre-industrial time that assumption is proba-
ing acidification. This is the basis of the F-factor, which is a Ply well justified because of low nitrogen deposition. Even
key feature in some empirical models for evaluating the deN Present time, with higher nitrogen deposition, the nitro-
gree of acidification and calculating critical loads of acidity 9€n leaching is small from many Swedish catchments not af-
for surface waters. fected by agriculture (Binkley and dgberg, 1997; &lster,

The F-factor was introduced by Henriksen (1982, 1984).2001). In other areas, for instance the UK and ltaly, ni-

The interplay between soil and water acidification was recog /&€ may be a major acid anion. However, nitrate acts in

nised earlier, however, e.g. in Henriksen (1979) and Dick-t1€ same way as sulphur in the critical load models when it
son (1980). The latter study raised the question of whether ofOMes to the critical load of acidity (the acidifying effect of
not the soil buffering processes could be reflected in the propSUlPhur and nitrogen).  Thus we can illustrate F-factor be-

erties of the acidified waters, i.e. is it possible to “see” soil Naviour without reference to nitrogen.
acidification in lake water? During the 1990's when several _ 1€ Steady State Water Chemistry model, SSWC, (Hen-

important CLRTAP protocols were developed, the F-factor1ksen et al., 1990, 1992, 1993) assumes that the leaching
was widely used, in particular for calculating surface wa- of base cations at the present time is a result of deposition,

ter critical loads (Henriksen et al., 1992, 1993; Posch et al. Weathering, nutrient uptake and ion exchange:
1997). All countries delivering data on surface water critical

1.1 Background

@)
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BC,,, =BC*;+BC, —BC, + BCagx 3) 1.3 Weathering from contemporary lake chemistry

where BG,.. is the non-marine leaching of base cations The immediate use of F for calculating critical loads and the
(eqhalyr1, BC} is the non-marine deposition of base acidification status of lakes is to estimate the pre-industrial
cations, BG, is the catchment weathering rate, B the base cation concentrations. As outlined by Egs. (1) to (4),
uptake of base cations that are removed by harvesting anthe approach is to proceed from the present concentration of
BCaEgx is the net amount of base cations removed from theBC and then quantify how much acid deposition and forestry
soil due to ion exchange reactions. have changed the concentration of BC in the lake (Eqg. 5).
In pre-industrial times it is assumed that deposition andThe latter is taken care of by the F-factor, which estimates
runoff chemistry (as reflected in lake chemistry) were in athe quantity of base cations that are being leached out from
steady state. Hence the net effect on ion exchange is zerthe soils or are removed by harvesting. If estimates ogejgc
(De Vries, 1991). Harvesting is considered negligible in are available, the weathering rate is given by Eq. (4).
pre-industrial times. Assuming that the non-marine depo- As the calculations are based on present lake chemistry,
sition and weathering have not changed from pre-industriathe estimate of the weathering rate might be sensitive to
to present times, we get the following mass balance definingshort-term variation in water chemistry. Ideally, such a prob-
the BC concentration in lake chemistry during pre-industrial lem could be circumvented, if enough representative samples

times. were available, by averaging chemistry over the course of
several years (Wilander, 1994b).
BC, =BC;+BC, (4) In addition to the short-term variation in water chemistry

) . . ) . due to varying weather conditions, there is also a long-term
where BG is tkle non-marine pre-industrial leaching of base \ o riation, associated with acidification and recovery. Natu-
cations (eqha”yr=). If the assumption of a stable depo- 41y it is difficult to separate short- and long-term variation,
sition pf base cations is pot Jusfuﬂed, then the dlfference iNpyt by “long-term”, we refer here to the variation caused by
deposition between pre-industrial and present times has t@hanging acid deposition and other human activities, and not
be '”C'“O,'e,d in Eq. (5). . a changing climate. In this case, the F-factor calculated at

Combining Egs. (3) and (4) shows that the numerator ingny harticular time should be able to predict a stable steady
Eg. (1), after being multiplied by runoff to yield a flux, IS giate pre-industrial water chemistry, regardless of whether
determined by ion exchange and net uptake of base cationsihe sampled lakes are acidifying or recovering. Note that the

" F-factor changes as contemporary water chemistry changes
BCrre. —BC,=—BC,+BCaex ®) i Eq. (1), given that [BC], and [SO4], are constant.

Now the function of the F-factor can be clearly identified: AN €xample of the influence on CL due to long-term
the F-factor is a measure of the fraction of acidity from depo-¢Nanging lake chemistry can be found in (Watmough et al.,
sition of sulphur compounds presently reaching the lake thaf00%)- CL was calculated, using SSWC, for 29 lakes using

has been neutralised by ion exchange reactions in the catctfiata collected 13 years apart. The authors concluded that
ment soil relative to pre-industrial times, taking into account € change in base cation concentration has had a substantial

impact on the estimated CL.
In this paper, we will investigate this long-term variation

neglecting nutrient uptake (B, is to define soil acidifi- " F in detail and see how well empirical F-functions capture

cation as BGey and water acidification as ANG- ANC; the different phases, from pre-industrial chemistry, through
(eqhalyrD. If ANC is defined as: acidification and recovery. To do this we will use the predic-

tions of the SAFE model as a proxy for the development in
ANC =BC*—SQ, (pre—industrial and present times(6) the chemistry of about 140 Swedish lakes between 1800 and
2100. The use of the SAFE model does not provide us with
Then the F-factor can be expressed as: the real truth, but is a good reflection of current knowledge
soil acidification of how soil chemistry controls runoff chemistry during acidi-
(7) fication and recovery. The hydrochemical output from SAFE
. provides all the data needed to calculate both the “real” F-
The expression of F suggests that the F-factor equals onfctor for each year, and empirical estimates of the F-factor
when the lake is not acidifying and all acid deposition goes t0fq; that year. So even if SAFE does not give an absolutely
acidifying the soil. The F-factor decreases as soil processeggrect estimate of lake chemistry, the discrepancies between
are progressively less capable of neutralising incoming acidihe empirical F-factors and the SAFE prediction of F provide
ity, which results in surface water acidification. useful information about the internal consistency of the em-
pirical F's, given a plausible time series of lake water chem-
istry.

any change in forest practices.
Another way of illustrating the function of the F-factor,

F= ——— ————
water acidification+ soil acidification

www.hydrol-earth-syst-sci.net/13/2191/2009/ Hydrol. Earth Syst. Sci., 13, 22912009
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2 Material and methods

18 4
2.1 Time series from the SAFE model 16 |
SAFE (Warfvinge and Sverdrup, 1992a) is a dynamic, multi- 14 |
layer, soil chemistry model, developed with an emphasis on
studying the effects of acid deposition on soils and ground- 12
water. The SAFE model includes a number of processes o
among which cation exchange, chemical weathering and nu- € 10 ~
trient cycling of BC and N are the most important. Sul- E
phate adsorption/desorption is, however, not included in g 8
the model version used in this paper. The inclusion of v
S-adorption/desorption would delay the acidification phase 6 1
and the recovery phase would take longer, but the key con- 4]
clusions would be the same. The PROFILE model is the
steady state version of SAFE and is used to calculate the ini- 5 |
tial steady state conditions. Additional descriptions of the
model and their applications can be found in Warfvinge and 0 I LLLLELLLELLEELL ”
Sverdrup (1992b), Sverdrup and Warfvinge (1992) and Al- 0 2 4 6 8 10 12

veteg (1998).

The SAFE model has usually been applied with the soil
depth limited to the rooting zone. However, there are studie
where SAFE has been applied to catchments using estimat
average soil depth, and lateral water flow through the soil lay-
ers to represent run off chemistry. In Martinson et al. (2003a,

b), SAFE was applied to the G1 and the F1 catchment at Laké¢n the SAFE model, all ammonium is assimilated by vegeta-
Gardspn, Sweden. The focus there was to add sulphate adtion or nitrified. That is why NH is lumped with the anions
sorption/desorption to SAFE. One of the conclusions (2003a)f strong acids.

was that prediction of the timing of recovery improved when  Two subsets of sites were identified by selecting the low-
this process was added. The latter study (2003b) concludedst and uppermost quartile of cumulative acidity correspond-
that the long-term influence of adsorption on recovery wasing to cumulated deposition acidity below 3.3 and above
limited. In an earlier study, Warfvinge et al. (1995) reported 7.5eqnT? (Fig. 1). The sites from the lowest quartile are
that long-term patterns of lake pH predicted by SAFE werelocated in Northern Sweden, and those from the uppermost
similar to those reconstructed by paleolimnological investi- quartile are situated near the West Coast of Southern Swe-
gations. den, (Fig. 2). Hereatfter, the subsets will be referred to as

In this study we use results from a regional application“South” and “North”.
of SAFE to 273 Swedish forest sites, distributed all over
Sweden. Input data were parameterised according to AI12.2 Time series of the F-factor
veteg (2004). Soil water chemistry was calculated for each
year between 1800 and 2100. Here we use time series of soll
water chemistry at 0.5 m depth for calculating the F-factor. 2-2-1 The F-factor from SAFE

Cumulative acidity meq m2

ﬁi'g. 1. Frequency plot of cumulative acidity of the precipitation
m 1800 to 1980. Number of forest sites is 273.

2.1.1 Dividing data according to cumulative acidity From time series of SAFE soil water chemistry at 0.5m

: . L depth, we can calculate the F-factor for each year between
The cumulanvg acidity of the preC|p|tat|on (Eq. S) reflepts 1800 and 2100 as defined by Eq. (1). This offers us a way
the external acid load on the forest sites for a period of time, investigate how F changes during acidification and recov-
here 1800-1980: ery. Pre-industrial conditions, [B(,, [SG,],, are given by

1980 TR
. .- . the situation in 1800. Thus the F-factor at any yeaan be
Cumulative acidity=) " Acidity; 8)  calculated from SAFE as: yye
i=1800
where the cumulative acidity is given in eq Fsaren = [BC*]; — [BC*]1800 (10)

We have defined the acidity of the precipitation
(eqnm2year?) as:

Acidity =
Depso, + Depvo, + Depel + DepnHa — DeNatcarmg+k — (9)

[SO1: —[ST;l1800

Hydrol. Earth Syst. Sci., 13, 2192201, 2009 www.hydrol-earth-syst-sci.net/13/2191/2009/
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The alkalinity in Eqg. (12) in this paper was calculated from
ANC (Eq. 14) using the CBalk approach (Bishop et al., 2008)
(Eq. 15).

ANC; = [BC*]I — [SO};]I (14)
alkalinity, = ANC; —6.3-DOC (15)

In the SAFE model, a default value of soil solution DOC
equal to 3mg L1 is used for the horizon at 0.5m.

In order to solve Eq. (13), it has to be combined with
Eq. (1), so that F and [Bt, are solved for iteratively. Thus
F is a function of [BC], as well as [BC],. Note that
[BC*]1800is not substituted for [BY,, as in Eq. (10). How-
ever, we use [SHisooas [S{], in Eq. (1) because the fo-
cus is on investigating the empirical estimates of the F-factor
from contemporary water chemistry, and not on different ex-
pressions for estimating [$).. In practise, [SQ), is calcu-
lated empirically from [BC];, for instance as suggested in
Wilander (1994a):
[SOFZ]O =5+0.05 [BC*][ (16)
where the concentrations are giverpiag L1,

It should be noted that Eqgs. (11) and (13) are valid for

Fig. 2. Location of sites with cumulative acidity higher than F between 0 and 1, while Eq. (12) also is valid for F values
7.5eqnr2 (>75th, filled squares in subset South) and lower than outside this interval. In the following, these three expressions
3.3eqnT? (<25th, open circles in subset North). Each subset in- for the F-factor, Egs. (11), (12) and (13), will be referred to

cludes 69 forest sites.

2.2.2 The F-factor from empirical functions

as Fecr (), FaLk () and Fecxo(). Each of the three empirical
F-factors is calculated for every year from 1800 to 2100 and
compared to Eargy)-

In practical applications of the SSWC and related models,2.3 Time series of the critical load of sulphur

when no measurements of [Bf; are available, F has to be

estimated. There are three empirical equations in the literg,o 1, time series of runoff chemistry and F we can calculate
ature that make use of some aspect of contemporary Watgfe corresponding critical load of sulphur, defined as (UBA,

chemistry to estimate F:

i) (Brakke et al., 1990):

LT [BC*]t

(if [BC*]t>400ueq L1, then F=1)

ii) (Bernes, 1991)
F() =0.8-arctar{0.0043 (alkalinity, +200))
(alkalinity in ueqL™1)

iiiy (Poschetal., 1997):

[BC,

131

F(t) =1—exp(— )
(BC*], in neq L™1)

www.hydrol-earth-syst-sci.net/13/2191/2009/

(11

(12)

(13)

1996):
CL(S) = Q-([BC*], —ANCiimit) —BC, (17)

where CL(S) is the critical load of sulphur (eqHayr—1), 0

is the long-term average of runoff and AlNgk is the critical
chemical value above which no long-term effects occur on
aquatic biota.

The non-marine, pre-industrial leaching of base cations,
BC}, is calculated from Eq. (1) usingskrer), Fecxq)
Fecror) and Faik ). For the sake of simplicity we ignore
BC, in Eqg. (17), i.e. we do not take into account that some
acidity should be subtracted because of timber harvesting.
Therefore, we do not calculate a true CL(S). Nonetheless, for
the comparison of different CL(S) due to different F’s, this is
of no importance as all cases ignore BCA default value
of ANCiimit (20eqL™1) was selected as it has been used
widely for critical load calculations in Sweden (Henriksen et
al., 1992; Posch et al., 1997; Rapp et al., 2001a).

Hydrol. Earth Syst. Sci., 13, 22912009
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3 Results Table 1. F-factors of all yearsi(=301) and sitesi{= 138).

3.1 The dynamics of the F-factor :
Percentiles

The F-factor indicated by the SAFE model changes dramati- Sth 25h 50th  75th  95th

cally over the years (Fig. 3). In the South, the F-factor varies FsaFey —-13 -04 04 07 13
between 0.9 and 1.4 for the first hundred years, taking into FecH () 0.0 01 02 04 10
account 50% of all data sites. After 1900, F decreases and FeCto(r) 60 01 03 05 038
turns negative at about 1980. Between 2010 and 2030 F FALK (1) 062 05 06 06 08

varies between-0.8 and—1.4, whereupon it starts increas-
ing gradually until it turns positive in 2100. The F-factor in

the North follows the same pattern but the changes are not as SoUTH NORTH

large as in the South. )
The F-factors estimated from empirical relationships, *
Fecr (), Fecro) and FaLk () do not change as dramatically 05

as Fsarer), (Fig. 3). Fcr(y, and Bcro( in the South vary ™= 0]
between 0 and 1, starting from 0.2-0.5 in 1800 and then
gradually increasing to 0.2-1.0 in 1970, whereupon they de-

crease and level out at zero between 2000 and 2030. Eventu 2 2
ally, Facr(;) and Fscro() increase slightly to 0-0.4 in 2100. il - =
FaLk () in the South starts with an F of 0.6 and is stable until 05 Lo oz NPT el SO N
1950, when it starts decreasing and turns negative at 1970 foct s ] "1 el
Between 1950 and 2000af () varies between-0.4 and o s
0.6. Around 1990, K.k () turns positive again whereupon it 2 2
increases gradually to 0.4-0.6 in 2100. Similar gagfg, the 2 2
changes in the North forde+(;, Facro() @and FaLk ) Show = "
the same pattern but the variations are smaller. L EEREEER Lz ]
The discrepancies between the empirical F's aggdrE " o5
become more evident if the difference between each F and s s
Fsareq) is plotted versus time, (Fig. 4). In the South, F- 2 2
factors from empirical relationships tend to underestimate F 2 2
during the first 130 years after 1800. Then, between 1930 N "
and 1990 the discrepancies become smaller, whereupon th- Vg~ o5 ] =
discrepancies start increasing again. In the North, for the ™ s ' 05 |
first 180 years, the F-factors are in reasonable agreemen | s ]
with Fsarg;) but then after 1980 the discrepancies become -2 2

1800 1850 1900 1950 2000 2050 2100 1800 1850 1900 1950 2000 2050 2100

as large as for the south.

The large difference betweerskrg;) and empirical F's  Fig. 3. F-factors calculated by the SAFE modekArg, and esti-
after 1990 have to do with the negative F's predicted by themated by empirical relationshipsgE+ ), Facro() and Fark (),
SAFE model. The F-factor turns negative because*|pC for South and North using [BG; and [SJ]; generated by SAFE
decreases below [BG, in Eq. (1), provided that [SO%, for each year in the time series. The 25th, 50th gnd 75th percentiles
does not decrease below [§. This lower [BC], occurs are shown, thus 50% of the North ?nd Sc’)’uth 5|Ees ha\{? values be-
after a period when acid deposition has depleted the soil storg’een .the upper ar.'d lower Ilngs. North an.d. South represent
of BC, and then S deposition declines, reducing the Ieachingc'ltes with low and high cumulative acid deposition, respectively.
of BC to levels below those in the pre-industrial era.

A general overview of all F values, for year and site is pendent on [BC],. The variation of ik () is the smallest
given in Table 1. The variation in F for the study sites, ex- of all F's. Faik () is @ continuous function of present alka-
pressed as differences between the 95th and 5th percentile, limity, which is clearly demonstrated. Alkalinity in the North
largest for lsarg:). The variation of ke, and Fees, () has changed moderately compared to the South (Fig. 3). As
is much smaller. This has to do with Egs. (9) and (11)a consequence aFk () for the South decreases dramatically,
being defined for F values between 0 and lgcf;) and in contrast to the North. An interesting feature ofik )
Fecro() Show about the same dynamics, (Fig. 3), which isis that it produces F-factors less than zero (Fig. 3), as also
expected as both are functions of [BC Note that even found in Fsargy). The discrepancies betweegadrg;) and
though Eg. (11) is a function of only [B,, it has to be  Faik () are larger than betweerskrg,) and either kc)or
solved together with Eq. (1), and thugdr, is indeed de-  Fgcro()-

Hydrol. Earth Syst. Sci., 13, 2192201, 2009 www.hydrol-earth-syst-sci.net/13/2191/2009/



L. Rapp and K. Bishop: Surface water acidification and critical loads 2197

1.6 150
— — -9FBC*t
12 1 e 9FBC*o i Oy
aFalk 100 1 R7EY
0.8 a - E :
e |'SAFE (t),(=0) North g ¢ North
04 1 a g 50 - A
= - — -CL(S) FBC*(Y | .
OF 0 - A = \ s
...................... s L T k £
04 | ARSI i g g 0 CL(S) FBC*o(t) ‘5\““‘4'"_:_.
L(S) FALK(t
-0.8 1 50 CL®) ®
12 e C|_(S) FSAFE(t), (=constant)
1800 1850 1900 1950 2000 2050 2100 -100
1800 1850 1900 1950 2000 2050 2100
1.6
12 A
South
0.8 South
0.4 4 ﬁ‘g
(5}
dF o :ﬁ
©
04 A =
08 | gHer  Nees I
H

-1.2

1800 1850 1900 1950 2000 2050 2100

. L . 1800 1850 1900 1950 2000 2050 2100
Fig. 4. Deviation (the 50th percentile) fromgrrg) expressed as

dF;=F; —FsaFg;) Wherei=BC*(r), BC} () and ALK(r) for North
(top) and South. “North” and “South” represent sites with low and
high cumulative acid deposition, respectively.

Fig. 5. Time series of the critical load of sulphur (the 50th per-
centile), eqhalyear 1, for the North (top) and the South of Swe-
den as estimated from the empirical F-factors. Note that according
to the theory behind the SSWC model and critical load estimates,
these CL (and pre-industrial chemistry) should have been a stable
feature of each site that does not change with the y&an ‘which

an estimate of CL(S) and [BT, is made from contemporary water
chemistry. “North” and “South” represent sites with low and high
cumulative acid deposition, respectively.

3.2 The F-factor and CL(S)

There are considerable discrepancies betweggd-and

F calculated from empirical relationships. Therefore, the
critical load of sulphur will differ as well, (Fig. 5). As
Fsare is calculated from Eq. (1), CL($3aFg:) Will be con-
stant and the variation of CL(8c* (), CL(Skscror) @nd 4 Discussion

CL(S)raLk (1) is caused by how these empirical F-factors re-

spond to the variation in water chemistry predicted by SAFE4.1  The dynamics of F

over time as acid deposition changes.

In the North, CL(S) calculated bygk:,() and Fec«) are  In this paper we have explored the F-factor with an emphasis
fairly constant until 1980. Then CL(S) decreases g&f) on its dynamic nature during acidification and recovery. Par-
and Fgcr,(;) overestimate F in comparison withskrg). ticular regard has been paid to how well the SSWC model can
CL(S)aLk ) Starts decreasing about 1900. predict a stable, steady-state, pre-industrial water chemistry,

In the South, the variation in CL(S) predicted by the empir- (and the associated CL) from contemporary water chemistry
ical F’s is greater, which is expected since the deposition haghat changes as acidification and any subsequent recovery
changed more compared to the North. In addition, variationgprogress. The use of a dynamic biogeochemical model, in
in soil characteristics are larger in the South. For the firstthis case SAFE, is essential as it takes into account the in-
150 years CL(Sksc(1)» CL(S)kBcro(r) and CL(SpaLk () are  teraction between the solid and the liquid phase in the catch-
about the same. After 1950 CLE@)k+(;) and CL(S}ecro(r) ment, which is exactly the function to be simulated by the
decrease as in the North. The rapid increase in Gla(R)) F-factor.

is caused by a decrease in alkalinity so thaldr,) turns neg- The results suggest that the real F, here represented by
ative (Fig. 3 and Eq. 10). After 1980 CL(R) k() decreases Fsarg), declines from a positive value during the acidi-
as in the North. fication phase and then turns negative during the recovery

phase. A positive F means that soils neutralise inputs of acid-
ity. Theoretically, the F-factor turns negative during recov-

ery when the depleted base cation storage slowly is replen-
ished by means of weathering and BC deposition. During
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the replenishment phase, the concentration of base catiorlarge amount of data is needed to attain spatial representa-
in runoff can fall below the pre-industrial level. Naturally, tivity. Swedish CL calculations have, therefore, been based
weathering, BC deposition and forest harvesting are not conen a few lake surveys with the possibility that the results
stant in time, nor in the SAFE model, so there are severabre affected by the lack of a reliable average for the water
combinations of factors contributing to negative F-values. Achemistry in the lakes sampled. Even with use of more dy-
negative F value is also discussed in Brakke et al. (1990namic models, this balance between spatial representativity
where the authors claim that negative F-factors are possibland temporal stability must be considered.
after a large reduction in sulphur deposition. Even F-values A more serious and fundamental drawback of SSWC was
higher than 1 were predicted by SAFE during the first 150demonstrated by this study which showed that the surface
years for the South. This happens when flidncreases  water critical load estimated for a site changes with the phase
more than [SG), in Eq. (1). This in turn suggests that the of acidification/recovery when a lake is sampled. We refer to
acidity of the precipitation decreased for a time period due tothis as the long-term variation. This feature of SSWC is fun-
increasing deposition of anthropogenic base cations. Sullidamentally contrary to the critical load concept, which treats
van et al. (1990) used diatom data from Adirondack lakes forthe CL as an inherent property of an ecosystem. In theory,
estimating F-factors, and they found values ranging from 0.5even if lake surveys in 1900 and 1980 overcame the prob-
to 1.5. Thus it seems that F-values less than 0 and larger thaem of short-term variations in surface water chemistry, they
1, as calculated by the SAFE model, are indeed reasonableould give very different estimates of the critical load (and
and have been reported by other studies (Brakke et al., 199@re-industrial chemistry). The latter survey, in the acidifica-
Sullivan et al., 1990). tion phase, would generally give significantly lower critical
Even though the North, with a small cumulative acidity, is loads. A subsequent lake survey, during the recovery period,
much less acidified than the South, the F-factor indeed turnsvould give yet another CL and pre-industrial chemistry. The
negative during the recovery period there as well. It seemsritical load would be too low as the F-factor is too high in
likely that the F-factor is very sensitive to small changes incomparison with the “true” F-factor. The only way to resolve
soil- or runoff chemistry. Therefore, even a moderate recov-this problem would be to find an empirical formulation that
ery phase has a significant impact on the F values. gave the true F-factors based on a sample of surface water
This study suggests that although the empirical F valueghemistry at any point in time. That, however, is a challenge
were not so far off from Earg,) during the time when the F-  that remains to be addressed.
factor was introduced, around 1980, they all deviate substan- An alternative approach to calculate CL, that would cir-
tially from Fsargy) during the recovery phase. This implies cumvent the problem with changing lake chemistry, is to use
a variation in the pre-industrial surface water chemistry, andsoil properties (Rapp and Bishop, 2003). There are, however,
CL, estimated from the empirical F-factors. Changing esti-challenges with that approach as well, especially in terms of
mates of the steady-state pre-industrial water chemistry at data acquisition and how to define the catchment hydrology.
site is manifestly incorrect, and indicates that the empiricalNevertheless, the promise of a surface water CL based on soil
F-factors are not well suited to the situation when soils startsproperties is that it would be more stable than lake chemistry.
recovering after a decline in acid depositionALE(t) is a It should be noted that critical load mapping has moved to-
special case as it turns negative for the sites exposed to higyards dynamic modelling that includes the variation of soil-
acid loads, though at a different time thagaFe;). Thus the — andlake chemistry over time (Warfvinge etal., 1992). Steady
estimated critical loads from empirical F functions and water state models that worked reasonably well when acid deposi-
chemistry during recovery would be too low.The negative F-tion was large, are being replaced by more realistic acidifica-
factors for Rk ;) correspond to a low alkalinity in runoff, tion models but also much more data intensive models. Dy-
not a decline in acid deposition as fog&g;). The impli-  namic models offer more possibilities to relate model results
cations of these discrepancies on critical loads as calculatetp observed data in contrast to steady state models where ex-
from the SSWC for official Swedish national data from 1995 ceedances does not necessarily indicate current damage. In

(Rapp et al., 2002) are discussed in a later section. Curtis et al. (2001) the relationship between exceedance of
the critical load and current chemistry is explored in a way
4.2 Short- and long-term variation of CL(S) which also involves the dynamic aspect of the F-factor.

Another feature of the long-term variation is increasing
An important feature of the critical load concept is the long- trends in DOC observed across much of the N Hemisphere
term perspective. Input data should as far as possible rephere (Monteith et al., 2007). This DOC increase has implica-
resent long-term averages. Moreover, input data, criterigions for the calculations of pre-industrial chemistry because
and processes should be formulated so as to attain a londhe acid/base status of the water will increase (Erlandsson et
term sustainability. Effects of short-term variation in cli- al., 2008).
mate, and thus water chemistry, on critical load estimates can
be minimised by averaging over a series of measurements.
Temporal averaging, however, can be problematic since a
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Table 2. Results of F-factor scenarios expressed as the proportion
of exceeded lakes and the total amount of exceedances. Note that
negative exceedance (critical load is not exceeded) is set to zero.

Proportion of Exceedance
Scenarios exceeded lakes % eghgear?
1. Standard case 22 1530 Exceedance Exceedance
/hal
2. F standard — 50% 14 1380 s e i
3. F standard — 0.3 15 1330 _— -50%
4. F standard — 0.6 9 950 0- 200
[ 200 - 400
[ 400 - 700
I 700 - 1000
I 1000 - 2000

4.3 How important is the F-factor, really?

The comparison betweerskrg;) calculated directly from
the SAFE water chemistry time series, and F’s calculated
from the same time series using the empirical relationships
employed in critical load calculations revealed thahfe,

in general, is lower thandc+ (), Fecror) @and Faik ) after

about 1990. Even if we do not claim that SAFE provides us <>
with the “truth”, the result suggests that the expressions of F, SK
widely used in calculations of critical load of acidity, misses 0’:’
an important link to soil chemistry during the recovery phase > X
and will thus give estimates of both critical load and pre- ‘ﬁ < Exgelf]cﬁnrce Execeligjmrce
indusrial chemistry that depend on the phase of catchmeni g "~ F standard F standard
acidification/recovery. S5 23 e
In 2003 the official critical loads for Sweden were based ‘&3“00’
on alake survey carried out in 1995 (Rapp etal., 2002). From )‘;"’:%' 4
the developments in this paper, there is reason to believe tha " '047‘):09 .
. ¢ gf

the F-factors used in these calculations are overestimated. It
order to evaluate the importance of F for the CL calculations,
four different exceedance scenarios were carried out using
Fec+(,)» which was the method employed in calculation of
Sweden’s surface water critical loads from 1990 to 2003. TheFig. 6. Exceedance (S+N) of critical load for Swedish lakes using
first-order acidity balance (FAB) model (Posch et al., 1997)different “F-factor scenarios”, expressed as 95th percentile in each
was used for this instead of SSWC, but the role of the F-2500 kn? square. The first-order acidity balance (FAB) model, con-

factor is exactly the same when SSWC is embedded in FABSidering sulphur and nitrogen simultaneously, has been used. The
as when SSWC is used on its own. calculations are based on 2377 lakes. Deposition data are from

1997, eqhalyr1.

1. Standard case, F is calculated from Eq. (11)

2. Decrease all F's by 50% where acid deposition is greatest. If the F-factor is decreased
by 50%, the proportion of exceeded lakes falls to 14% and

the exceedance falls to 1380 eqhgeart. The result of

4. Decrease all F's by 0.6 scenario 3 when the F-factor is decreased by an absolute

The results are presented as the 95th percentile of exceedan gount of 0'3_' thus inc!uding 6% negative F values, is about
on the sub-EMEP grid (5050 kn?), across Sweden using the same as in scenario 2. It appears that there are a great
deposition data from 1997 (Kindbom et al., 2001), (Fig. 6) number of lakes with small exceedances as the exceedances

The sum of all exceedances and the proportion of exceedego not decrease as much as the proportion of exceeded lakes.
lakes are also presented (Table 2) cenario 4, including about 20% negative F values should

The standard scenario results in 22% exceedance of thge interpreted as an extreme scenario but in accordance with

lakes included in the calculations and the total exceedance i§SAFE®D): OIn this case, the proportion of exceeded Izikes be-
1530 eq halyear®. Lakes with large exceedance are situ- ©°M€S 9% and the exceedance falls to 950 & jiear .

ated in Southern Sweden, and the West Coast in particular,

3. Decrease all F's by 0.3
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In Henriksen (1995) the importance of uncertainties in F Brakke, D. F., Henriksen, A., and Norton, S. A.: A variable F-factor
was evaluated. The author concluded that F was not a large to explain changes in base cation concentrations as a function of
source of uncertainty in comparison with the critical chem-  strong acid deposition, Verh. Verein. Int. Limnol., 24, 146-149,
ical value, ANGmit. In that study, however, only F values  1990.

between 0 and 1 were considered and thus the uncertaintig!rtis: C- J., Reynolds, B., Allott, T. E. H., and Harriman, R.:
associated with F were smaller The Link Between the Exceedance of Acidity Critical Loads for

Freshwaters, Current Chemical Status and Biological Damage:

A Re-Interpretation, Water Air Soil Pollut. Focus, 1(1-2), 399—

413, 2001.
Curtis, C. J., Botev, I., Camarero, L., Catalan, J., Cogalniceanu,

D., Hughes, M., Kernan, M., Kaek, J., Korhola, A., Psenner,
Our results suggest that while the F-factor worked best within - R, Rogora, M., Stucik, E., Veronesi, M., and Wright R. F.:
the acidification phase when it was introduced, the empiri-  Acidification in European mountain lake districts: a regional as-
cal F functions used for estimating F will be significantly in ~ sessment of critical load exceedance, Aquat. Sci., 67(3) 237-251,
error during the recovery phase, when acid deposition has 2005.
gone down considerably. The reason is that the F-factoPe Vries, W.: Methodologies for the assessment and mapping of
should turn negative when the concentrations of base cations critical loads and of the impact of abatement strategies on forest
decrease below the pre-industrial level during the recovery SOiIS, The Winand Staring Centre for Integrated Land, Soil and
phase, provided that the predictions of the SAFE model ar%.water Research, 109, Wageningen, The Netherlands, 1991.
reasonable. As a consequence, critical loads would be too 'Cks.on’ W.: Properties of ac'd'.f led Wat?rs' Ecological impact of

. o L . acid precipitation, in: Sandefjord, Drald, D., and Tollan, A.

low during the recovery phase if the emplrlc_al F functl_ons (Eds.): SNSF project, Oslo, Norway, 75-83, 1980.
were used to estimate the F-factor. Another important ISSUypont, J. J., Clair, T. A., Gagnon, C., Jeffries, D. S., Kahl, J.
we want to emphasise is the way in which models such as s_ Nelson, S. J., and Peckenham, J. M.: Estimation of Criti-
SSWC will give different estimates of pre-industrial condi-  cal Loads of Acidity for Lakes in Northeastern United States and
tions (and therefore critical loads) depending on when a lake Eastern Canada, Environ. Monit. Assess., 109, 275-291, 2005.
is sampled in the course of its acidification/recovery. This isErlandsson, M., Folster, J., Laudon, H., Weyhenmeyer, G. A., and
a fundamental drawback that is not consistent with the con- Bishop, K.: Natural variability in lake pH on seasonal, inter-
cept of critical loads where the aim is to capture the long- annual and decadal time scales: Implications for assessment
term steady-state chemistry in the pre-industrial period, as a ©f human impact, Environ. Sci. Technol., 42(15), 5594-5599,

- . o . o doi:10.1021/es8005157, 2008.

is for calculating th ility of a si ler ifi X . ) .
basis for ca C.u at g.t eab t.y'o asite to tolerate a spec CF'c‘JIster, J.: Catchment Hydrochemical Processes Controlling Acid-
level of sustained acid deposition.
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